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ABSTRACT: In this paper we make a further step towards a dispersive description of the
hadronic light-by-light (HLbL) tensor, which should ultimately lead to a data-driven eval-
uation of its contribution to (g — 2),. We first provide a Lorentz decomposition of the
HLbL tensor performed according to the general recipe by Bardeen, Tung, and Tarrach,
generalizing and extending our previous approach, which was constructed in terms of a
basis of helicity amplitudes. Such a tensor decomposition has several advantages: the role
of gauge invariance and crossing symmetry becomes fully transparent; the scalar coefficient
functions are free of kinematic singularities and zeros, and thus fulfill a Mandelstam double-
dispersive representation; and the explicit relation for the HLbL contribution to (¢ —2), in
terms of the coefficient functions simplifies substantially. We demonstrate explicitly that
the dispersive approach defines both the pion-pole and the pion-loop contribution unam-
biguously and in a model-independent way. The pion loop, dispersively defined as pion-box
topology, is proven to coincide exactly with the one-loop scalar QED amplitude, multiplied
by the appropriate pion vector form factors.
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1 Introduction

The anomalous magnetic moment of the muon, a, = (g — 2),/2, is one of the very rare
quantities in particle physics where a significant discrepancy between its experimental de-
termination and the Standard-Model evaluation still persists. A robust, reliable estimate of
the theoretical uncertainties is thus mandatory, especially in view of the projected accuracy
of the forthcoming (g — 2),, experiments at FNAL [1] and J-PARC [2], to settle whether
this discrepancy can be attributed to New Physics.

The uncertainty on the theory side is dominated by hadronic contributions, see
e.g. [3-5], the largest error arising from hadronic vacuum polarization (HVP). Since HVP
is straightforwardly related to the total ete™ hadronic cross section via a dispersion rela-
tion, the evaluation of this contribution is expected to become more accurate within the
next few years [6] thanks to upcoming improvements in the experimental input,! although
reducing further the present sub-percent accuracy will be challenging. This implies that
hadronic light-by-light (HLbL) scattering is likely to soon dominate the theory uncertainty
in aM.2 Using previous approaches [11-22], systematic errors are difficult, if not impossible,
to quantify. A novel strategy is required to go beyond the state of the art, to avoid or at
least reduce model dependence to a minimum, make a solid estimate of theoretical errors,
and possibly reduce them. Lattice QCD is a natural candidate to achieve this goal, but it
is not clear yet if or when this method will become competitive [23-25]. Alternatively, as
we recently argued [26], it is possible to establish a rigorous framework based on dispersion

'For a recently suggested alternative approach to determine the leading hadronic correction to a,,, based
on space-like data extracted from Bhabha scattering, see [7].

2At this order in the fine-structure constant also two-loop diagrams with HVP insertion appear [8].
Higher-order hadronic contributions have been investigated in [9, 10].



theory that directly links aELbL to experimentally accessible on-shell form factors and scat-
tering amplitudes [27], contrary to what has been previously conjectured [12, 24, 28, 29].3

Our dispersive formalism is based on the fundamental principles of unitarity, analytic-
ity, crossing symmetry, and gauge invariance. The derivation of such a systematic frame-
work becomes challenging due to the fact that HLbL scattering is described by a hadronic
four-point function whose properties are significantly more complicated than those of the
two-point function entering HVP. Besides the opportunity to achieve a data-driven evalu-
ation of aELbL, this approach allows us to unambiguously define and evaluate the various
low-energy contributions to HLbL scattering, most notably pion pole and pion loop.

The key result of [26] was a master formula giving the contribution to aELbL from
the pion-pole term and intermediate w7 states expressed in terms of the pion transition
form factor and helicity partial waves for v*v* — 7. In the present paper we reformulate
this approach in a more general context, by employing a different generating set for the
Lorentz structures of the HLbL tensor. This new set, which we constructed following the
prescription by Bardeen, Tung [31], and Tarrach [32] (BTT), has the property of being
explicitly free of kinematic singularities and zeros [33]. Therefore, the scalar coefficient
functions associated with each Lorentz structure of this generating set are also free of
kinematic singularities and zeros, and thus fulfill a Mandelstam double-dispersive repre-
sentation. Further motivation for deriving such a BTT set is provided by the fact that the
role of gauge invariance and crossing symmetry becomes fully transparent, with constraints
from soft-photon zeros incorporated automatically. Moreover, the absence of kinematic sin-
gularities makes it much easier to perform the angular averages necessary to calculate the
contribution to (¢ — 2), — indeed both the derivation and the final form of the master
formula are simplified considerably in the present setting, and allow for a simpler inclusion
of partial-wave contributions beyond S-waves. In the derivation of the master formula it
is very useful to perform a Wick rotation of the integration variables. This has been al-
ready used in several papers in the literature without ever addressing an important subtlety
which is relevant in the present case: namely if the Wick rotation goes through without
changes even if the integrand is a loop function showing anomalous thresholds. We discuss
this point in detail and prove that this is indeed the case. Finally, the BTT formulation
facilitates the proof that both pion-pole and pion-loop contributions are uniquely defined
in the dispersive approach, and confirms the relation to the pion transition form factor and
the pion electromagnetic form factor given in [26]. We explicitly proof that the scalar QED
(sQED) pion loop dressed with pion form factors (denoted by FsQED in [26]) is identical
to the contribution from 77 intermediate states with a pion-pole left-hand cut (LHC).

In summary, this paper contains three main results: (i) the explicit construction of
the BTT decomposition of the HLbL tensor; (ii) the derivation of the master formula
expressing the HLbL contribution in terms of the BTT scalar functions; (iii) the proof that
in the dispersive approach the FsQED contribution is uniquely defined. Everything which
goes beyond the FsQED contribution is amenable to partial-wave expansion and will be
discussed in full detail in a forthcoming publication.

3For a different approach aiming at a data-driven evaluation of aELbL, based on a dispersive description
of the Pauli form factor instead of the HLbL tensor, see [30].



The present paper is structured as follows. In section 2, we first review some aspects
of the process v*v* — 7w, mainly as an illustration of the techniques that we apply after-
wards to HLbL. In section 3, we derive the decomposition of the HLbL tensor into a set of
scalar functions that are free of kinematics. In section 4, this BTT decomposition is then
used to derive a master formula for aELbL that is parametrized by the corresponding scalar
functions. We verify the validity of the Wick rotation of the two-loop integral in the calcu-

ELbL, even in the case of anomalous thresholds in the HLbL tensor. In section 5,

lation of a
we derive a Mandelstam representation of the BTT scalar functions, and, by comparison
to the loop formulation of the SQED pion loop, demonstrate that it indeed coincides with
the contribution of 77 intermediate states with a pion-pole LHC. We conclude with an
outlook in section 6, while some of the lengthier expressions and derivations are collected

in the appendices.

2 The sub-process v*v* — 7w

As a prelude, we discuss in this section the process v*v* — mw, which will become im-
portant as a sub-process when we write down a dispersion relation for the HLbL tensor.
Because the Lorentz structure of v*y* — w7 is much simpler than the one of light-by-light
scattering, it also allows us to illustrate a technique for the construction of amplitudes that
are free of kinematic singularities and zeros, which we will apply afterwards to the more
complicated case of HLbL. In order to render this analogy manifest, we slightly change
conventions compared to [26]: we identify here y*~4* — 77 as the s-channel process instead
of v*m — ~*m. This assignment is slightly unnatural when it comes to constructing dis-
persion relations for a process with these crossing properties, see [34-37], but makes the
inclusion into the unitarity relation in HLbL more straightforward.

2.1 Kinematics and matrix element

Consider the process
et (ke (k) = et (kz)e™ (kv (@)y*(a2) — et (ks)e™ (ko) (p1)7"(p2), (2.1)
shown in figure 1. At O(e?), the amplitude for this process is given by
iT = v(k1)(—ieva)v(ks)u(ks)(—teys)u(ks)

. . B v
—i qtq\ —i 0q \ .
X — <9w - (1-¢-5 > — " - (163232 WQWﬁﬁ(plap%%),
q1 q1 q3 5}

(2.2)

where £ is an arbitrary gauge parameter for the photon propagators and the tensor W;}S is
defined as the pure QCD matrix element

Way (prp2,q1) =i / dx e (n (p1) 7 (p2)| Tk (2) jem (0) }10). (2.3)

The contraction thereof with appropriate polarization vectors may be understood as an
amplitude for the off-shell process

(g1, M)7* (g2, A2) = 7 (p1)7 (p2), (2.4)



Figure 1. v*y* — 71 as a sub-process of ete™ — ete nr.

where A1 2 denote the helicities of the off-shell photons. We define the connected part of
such a matrix element by

(7 (p1) 7" (P2)|7* (a1, M) (g2, Aa))
== M) @) [ty e T (0 ()1 o) [T ) ()0
=— 2" 6W (p1 +p2 — @1 — @)y (@) (42) (2.5)
X / dta e (m (1)1 (p2) | T{ Gben () e (0) }10)

=ie?(2m)* W (p1 + p2 — @1 — @)y (@) (a2) WEy (p1,p2. q1)-

The helicity amplitudes are given by the contraction with polarization vectors:
et (@)e? @)Wy (p1,p2,q1) = €M AOHT (2.6)

We introduce the following kinematic variables:*

s:= (g1 + @) = (p1 + p2)*,
t:=(q—p1)® = (g2 — p2)°, (2.7)
u=(q1 — p2)* = (g2 — p1)*,

which satisfy s+t +u = ¢} + ¢35 + 2M?2.

2.2 Tensor decomposition

The tensor W/~ can be decomposed based on Lorentz covariance as (we drop isospin
indices)

WH = g™ Wi + ¢ qy Wy, (2.8)

“In this section 2 only, s, t, and u refer to the Mandelstam variables of v*~v* — 77 and not to the ones
of the HLbL tensor.



where we abbreviate ¢; = {q1,¢2,p2 — p1} and where double indices are summed. The
ten coefficient functions {W7, WQU } cannot contain any kinematic but only dynamic sin-
gularities. However, they have to fulfill kinematic constraints that are required e.g. by
gauge invariance, hence they contain kinematic zeros. Conservation of the electromagnetic
current implies the Ward identities

AWy = g¢gWy =0, (2.9)

hence a priori six relations between the scalar functions {W7, WZij }. Only five of them are
linearly independent and thus reduce the set of scalar functions to five independent ones.

We now construct a set of scalar functions which are free of both kinematic singularities
and zeros. We follow the recipe given by Bardeen, Tung [31], and Tarrach [32]. As was
shown in [32], the basis (consisting of five functions) constructed according to the recipe
of [31] is not free of kinematic singularities. However, a redundant set of six structures can
be constructed, which fulfills the requirement.

In the case of v*v* — mm, there exists in addition to gauge invariance and crossing
symmetry of the photons also the crossing (Bose) symmetry of the pions, which is responsi-
ble for additional kinematic zeros. In fact, this can be used to circumvent the introduction
of a sixth function, reducing the set again to five scalar functions free of both kinematic sin-
gularities and zeros. This was first derived in [38] in the context of doubly-virtual nucleon
Compton scattering.’

We define the projector

H v
=g - RO (2.10)
q1 - 42
which satisfies

qy-[/u/ = QZQII;U/ =0,

(2.11)
Iu/\W)\u = W;,L)\I)\l/ = W,u,ua

i.e. the tensor W#¥ is invariant under contraction with the projector, but contracting the
projector with any Lorentz structure produces a gauge-invariant structure.

We apply this projector for both photons:

5
Wi = Ly L, W =T, B, (2.12)
=1

5This does not mean that the Lorentz structures are independent in all kinematic limits, hence Tarrach’s
conclusion that no minimal basis exists is not invalidated. We thank J. Gasser for bringing this to our
attention.



where

_ q'uqy _
=g - 221 By =W,
a1 - q2
2 2 2 2
T gy — UBGE Bl | (1adsab By = W2,

a2 a-¢  (a-e)?

2 M v B ov 2 Moy
= 41929 q2 - 4349149 4192 - 93454 5
T — ghgy — UG _ 190 @ 241 By = W3,
q - q2 q - (q1 - q2)
o _ oy Bhe @ gdbds | B a3gh By — W
4 q34s 2 4 2 5
q - q - G2 (q1 - q2)
1387, 17 Moy
= q1 ° 43454 q2 - 934341 q1 - 4392 - 9395 qq = 33
T = q5q5 — 223 _ kS B , By = W35,
b 33 q - Q2 q Q2 (q1 - q2)? 2+ (2.13)

As the functions B; are a subset of the original scalar functions, they are still free of kine-
matic singularities, but contain zeros, because the Lorentz structures contain singularities.
We have to remove now the single and double poles in ¢; - g2 from the Lorentz structures
T!". This is achieved as follows [31]:

e remove as many double poles as possible by adding to the structures linear combina-
tions of other structures with non-singular coefficients,

e if no more double poles can be removed in this way, multiply the structures that still
contain double poles by ¢ - g2,

e proceed in the same way with single poles.

It turns out that no double poles in g; - g2 can be removed by adding to the structures
multiples of the other structures, hence TQ‘L Yo, Tf ¥ have to be multiplied by g1 - ¢2. The
resulting simple poles can be removed by adding multiples of T}". In the end, we have to
multiply T " by q1 - g2 in order to remove the last pole. We then arrive at the following
representation:

W =Y T.B;, (2.14)

where

T = q1 - 29" — dhf,

T = qia39" + a1 - e2di'ds — aidsds — a3dl' Y,

T} = qiaz - 439" + a1 - 42dl' s — alahds — 42 - asal'al (2.15)
T = 31 - 439" + a1 - a5 05 — Bas ey — a1 - a3¢hdb,

T = q1 - 9392 - 39" + @1 - 2 ds — @1 - 43005 — a2 - g3 at



_ 1 2 2 2 2
B, = Wy — 19 2W212 _ N Q32 1s %20 Q32 32 q1 - 4392 - Q3W
q1 - q2 (Q1 : Q2) ((h : Q2) (Q1 : Q2) (q Q2)
~ 1
By = W2
q1 - q2
~ 1
B3 = Wy?
q1 - q2
. 1
B4 - W2327
q1 - q2
~ 1
By = W33,
q - Q@ 2 (2.16)

The Lorentz structures (2.15) agree with the basis used in [26], upon g2 — —q2, p1 — —p1
due to crossing and the identification

~ 2 ~ 2 ~ 1 126 ~ 2 ~ 26
TLMV - Tl[ ,uz]ﬂ T 2,uv — T3[ ,ugﬂ T37MV = 5 ZL;U]/’ T47/U/ - TEE ,uz]n T57N ZT[,}U]/
(2.17)

As shown by Tarrach, this basis is not free of kinematic singularities and zeros [32]. The
structures T form a basis for ¢1-g2 # 0, but are degenerate for ¢;-g2 = 0. This degeneracy
implies that there is a linear combination of the structures Ti“ “ that is proportional to gi - go:

@32 T8 — Bar - 3T — an - 3T + GBTE = g1 - T3, (2.18)
where
T = (gldy — a1 - 030} (B35 — @2 4345 - (2.19)

Hence, in order to have a generating set even at g; - go = 0 this sixth structure 74" has
to be added by hand. Projected on the basis, it gives coefficients with poles in ¢ - go.
Although the basis is not free of kinematic singularities and zeros, we have found the exact
form of the singularities:

5 6
v=> TuBi=) T,Bi (2.20)
i=1 i=1
where
Bl - Bla
32 — By + q1 - 4342 - qug,
q1 - q2
2
B _ 92%1 - 43
R (2.21)
2 .
By = By — 4192 93367
Q1 QQ

Bs = Bs + 44 4% g
q1 - q2



The functions B; are free of kinematic singularities. The tensor structures can be written
in terms of the Mandelstam variables ¢ and u as

T = q1 - 429" — d5df s
T3 = qiazg" + a1 - 2ai'as — didyas — azaial,

. 1 1
TV = q1 - di'ds — Gidyds — 5= u)qigh” + 5t —walal,

) 1 1 2.22
T = a1 adies — gdbal + 5t —wag"™ — St - w)dha, 222
. 1 1

T8 = g1 -l — (¢ — )0 + 1t~ ) (alef — ).

- 1 1

T§" = qigsdas + 5 (t — w) (dfas — diaf'ay) — 5 (t — )05

The derivation of the Lorentz decomposition for v*v* — ww up to this point should
illustrate the techniques that will be applied to the much more complicated case of HLbL
in section 3. In the case of v*v* — 7, there is in fact a solution to get rid of the additional
redundant structure without introducing kinematic singularities [38]. The necessary steps
are discussed in the next subsection. Note that it is an open question whether an analogous
procedure to get rid of all redundancies in HLbL exists, see the discussion below (3.29).

2.3 Kinematic zeros due to crossing antisymmetry

We have now constructed a redundant set of six Lorentz structures. All kinematic con-
straints from gauge invariance are implemented and the scalar coefficient functions B; are
free of kinematic singularities. However, due to the crossing symmetry of the pions, ad-
ditional kinematic zeros are present in the functions B;. As noted in [38], this can be
exploited to eliminate the redundancy and to work again with basis coefficient functions
free of kinematic singularities and zeros.

Since the two-photon state is even under charge conjugation, so must be the two-pion
state. Therefore, the isospin I = 1 amplitude vanishes. Bose symmetry implies that the
amplitude and hence the tensor W#" is invariant under p; <> po or equivalently g3 <> —gs.
Under this transformation, the tensor structures Ti“ Y are even for i = 1,2,5,6 and odd for
¢ = 3,4. Hence, B 256 are even, while B34 must be odd. They contain a kinematic zero
of the form

B3,4 = (t — ’U,)BgA, (2.23)

where 3374 are free of kinematic singularities.

Crossing symmetry of the photons requires the invariance of W#*” under ¢; < ¢,
@ <> v. While T{f 5,5,6 are invariant under this transformation, we observe the crossing
relation 74" < T4". Hence, for fixed Mandelstam variables, By 256 and B3 — By are even
under ¢} ¢ ¢3, while Bz + By is odd and contains a kinematic zero ¢ — ¢3.

We make a basis change

5 6
W =Y Ti,A =Y T5,B;, (2.24)
=1 =1



where

Ty =T},
" =Ty,
T = (t —u) (T4 — T4, (2.25)
T =T,
T = TP,

i.e. we trade off the combination T; Y + T" which is even under photon crossing, against

the Tarrach structure 73" and absorb the kinematic zero in ¢t — u into T4”. The projected

basis functions are then:

AIZBla
t—u)? Bs+ B
Ay = By + & ) 2
2 q1 — 43
ASZBS—B4 qi +q3 B3+ By
2 2 g-q¢’ (2.26)
B + By
Ay =Bs - 2q¢3——
14
B3+ By
A5:BG+(S_Q%_Q§)ﬁ'
q1 — 43

The apparent kinematic singularities in q% - q% are canceled by the corresponding zero in

Bg + E4. Hence, the basis functions A; are free of both kinematic singularities and zeros.

2.4 Helicity amplitudes and soft-photon zeros

In the following, we construct the helicity amplitudes with the momenta and polarization

vectors in the s-channel center-of-mass frame. We define the particle momenta as

q1 = (Elhaoa 0, |(T|)a

q2 = (EQQ’ 0,0, —’gﬂ),

p1 = (Ep, [P| sinf cos ¢, |p'| sin O sin ¢, |p| cos 9), (2.27)
p2 = (Ep, =[P sin 0 cos ¢, —|F| sin 0 sin ¢, —|p| cos 0),
where
o _sta—a S_s—da+a . AN6.d.6
Ey =\/¢i +7%= 2, Ep=\G+7t=—="2, 7= (541, 4)

ox(s):=14/1

AM2

= —2\/§ ,

(2.28)

. Ma,b,c) :=a* +b* + 2 — 2(ab + be + ca). (2.29)

S



The scattering angle is then given by
t—u t—u

z:=cosbll = —— = . 2.30
AT onlN 5. o) (230
We define the polarization vectors by
1 .
E:I:(Q1) - :Fﬁ(ov 17 :I:Zv 0)7
L.

60(Q1) = a(|q |7 Oa Oa Eq1)7

(2.31)

1 .
Ei(QQ) = :Fﬁ(oa]-a:':lao)a
1 S
60(‘]2) = g(_‘qLOvO’ qu)‘

The longitudinal polarization vectors are normalized to one for & = \/g . However, as the

off-shell photons are not physical states, the choice of & has no influence on any physical

observable. The fact that the dependence on the normalization has to drop out in the end

provides a useful check on the calculation, so that we will keep &; general in the following.
The helicity amplitudes are then given by

1 1
Hyy=H _=—5(s- @ —a3) A — g3 A + 55— AMZ)M2(s)2°(q; + ¢3) As
1 2 — 2)?
- (-at -+ (DS @) ) A
1
+ 5(1%(15(8 —AM?2)(1 - 2%) As,
1
Hio=Hoo = 3o - 0201 = ) (s & = @)A1 + 20234 ).
2
Hyo=—-H_yg :fé ;(3—4M§)zx/ 1—22 <)\12(8)A3—(s—i—q%—q%)A4—q%(s—q%+qg)A5>,
2 /9
f%+=—Hb==i;VZ@—4M%ZV1—ﬁ<Mx$Av%s—q?+£ﬁh—£@+q%ﬂ@AQ,
q2q2 1 1
H()() = a7 — A1 — *(S — q% — qg)Ag — *(8 — 4M7%))\12(S)22A3
&1& 2 s
1
+ (s —AMZF)2" Ag + yrChe AM3) (5* = (¢f — 43)°) Z2A5>, (2.32)

where A12(s) := (s, ¢3,q3). Since the functions A; are free of kinematic singularities and
zeros, we can read off from these equations the soft-photon zeros [39, 40]. In the limit
q1 — 0, the Mandelstam variables become

s=q3, t=u= M2 (2.33)

We conclude that the helicity amplitudes must vanish at this point apart from terms
containing a dynamic singularity, which will be discussed in section 2.6. The second soft-
photon limit, g5 — 0, leads to

s=q}, t=u=M?2 (2.34)

and the same arguments apply for the helicity amplitudes.

~10 -



Crossing symmetry of the photons implies that under the transformation q% > q% (and
fixed Mandelstam variables), Hy, Hy_, and Hyy remain invariant, the other two helicity
amplitudes transform as Hyg <> Ho4.

2.5 Partial-wave expansion

To make the connection to [26], we briefly discuss the consequences of the decomposi-
tion (2.32) for the kernel functions that appear in partial-wave dispersion relations for
v¥*v* — 7. Partial waves are most conveniently defined for helicity amplitudes. Using the
formalism of [41], we write the partial-wave expansions as

Hyx(s,8,u) = Z(QJ + 1)d;]n0(z)hJ,A1A2 (s), (2.35)
J

where d;,, is the Wigner d-function, m = |A; — A2|, and the helicity partial waves hx, x,
depend implicitly on the photon virtualities ¢7 and ¢3. Since the isospin of the two-pion
system is I = 0, 2, only even partial waves are allowed. For m = 0, i.e. Hy4 and Hyg, the
partial-wave expansion starts at J = 0, otherwise at J = 2. Note also that dJ,(z) = Py(2)
are the Legendre polynomials.

The partial waves can be obtained by projection:

1 1
hiana(s) = 5 [ dedhole) s, (5:2) (2.36)

Since the functions A; are free of kinematic singularities and zeros, they are appro-
priate for a dispersive description. To this end, the Roy-Steiner treatment of [36] can be
generalized to the doubly-virtual case. One starts by writing down hyperbolic dispersion
relations

ImA; (s, 2)

s’ —s

1 [ 1 1 1
- dt'ITmA; (¢, v/ —
+7T/to mAi(t,v) t’—t+t’—u t'—a)’

with hyperbola parameter a [34]. If we invert (2.32) to express the A; in terms of the

1
Ai(s,t,u) = A?Om(s,t,u) + / ds'
s 2
M (2.37)

helicity amplitudes and insert the partial-wave expansion both on the left- and right-hand
side of the dispersion relation, we obtain a set of Roy-Steiner equations

hi(s ZZ / ds'K",(s,s"\mhy j(s") + ..., (2.38)

where 7,5 € {1,2,3,4,5},

hyi:=hyiy, hjo:=hyi,

(2.39)
hjsz = &2 ~Shj40+ 3 “shjor, hja:= %hJ,Jro 3 “shjosr, hys:= %h@oo,
q 1 a3 1 4192
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and K f]jj, are integral kernels. The ellipses in (2.38) stand for the contribution of the partial
waves of the crossed channels. The normalization of the helicity amplitudes is reabsorbed
in (2.39), so that the partial waves h;; remain finite in the limit ¢? — 0.

If only S-waves are taken into account, the relation between the scalar functions and
the helicity partial waves in the s-channel is given by

(2ho,1(s) — (s — ¢ — @3)ho5(5)) , (2.40)

In this case, the scalar functions depend only on s. If we take into account D-waves as
well, the scalar functions Asz, A4, and As no longer vanish, but they depend only on s,
while the scalar functions A; and As are now second order polynomials in £ and u. The
explicit expressions are given in appendix A.

For the diagonal kernel functions in (2.38), we find:

1 8/ _ q2 _ q2
11 AN 55 AN 1 2
Kgo(s,8) = Kgo(s,8') = s — s A12(s')
s s —AM2? Aia(s) (1 s —qi — @3
s 8 —AM2 M\a(s') \ s’ — s A12(s")

5 — 4M? 1 s —q¢? — ¢
K (s.) = (505 - 585%).

Ky (s, s') = K33 (s, ) =

s — 4M? A2(s)
[s' s —4M? Aa(s) 1
K33 n_ /55 o
22(5,5') s 8 —AM2 N\o(s') s’ — s’
/ _4M2 1 S/_q2_q2
i n_ /558 T B 1 2\
22 (S’ S ) s s — 4M72r s — s )\12(5/) (241)

Because we use here a different basis, the kernel functions are slightly different from the
ones given in [26]: in order to avoid fictitious poles in q% - qg, one has to work with the
linear combinations hg o & ho o, which are symmetric/antisymmetric under @ < ¢
The remaining difference to [26] is a polynomial, which can be reabsorbed into subtraction
constants.

2.6 Pion-pole contribution

In order to define the contribution to y*v* — 77~ due to the exchange of a single pion,
we employ a dispersive picture. In this subsection, we demonstrate in detail that the pure
pion-pole contribution in the sense of unitarity is exactly the Born contribution in scalar
QED (sQED), multiplied by pion vector form factors. The dispersive picture cleanly defines
this as the correct dependence on the photon virtualities q?. We also discuss the different
meaning of Feynman and unitarity diagrams in this context.

To keep the presentation as transparent as possible, we omit subtleties due to isospin
conventions here and simply present the plain SQED expressions. Compared to [26], this
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results in an overall sign for the amplitude of v*v* — 777 ~. For HLbL, this convention
has no effect, but the choice in [26] is advantageous when transforming to the isospin basis
and reconstructing partial waves in accordance with Watson’s theorem [42].

We assume that the asymptotic behavior of v*y* — 777~ in the crossed Mandel-
stam variables t and u permits an unsubtracted fixed-s dispersion relation® for the scalar

functions:

A (s, t,u) = + + — dt' ——— + — du

- (242
t—M2  u—M2 T [ t—t ™ Jans2 u —u (242)

ﬁf;t(s) ﬁf,u(s) 1/00 /Df;t(t/;s) 1/00 /ﬁf;u(ul;s)

s
2;tu

cuts. Both are determined by unitarity. Consider the ¢-channel unitarity relation:

Im' <€2(27r)45(4) (p1+p2— @1 — @)t (QI)Q//\Q*(_QQ)WHV(])MP%QI)>

where pj, ,, denote the pole residues and D;, , the discontinuities along the ¢- and u-channel

1 (v [~ (2.43)
=253, (H / dh) (ms (ki 7~ (p2)* (=2, A2)* s (ki (=p1)™ (an. M),
n ™ \i=1

where S, is the symmetry factor for the intermediate state |n) and we denote the Lorentz-
3k

[Tk If we single out the one-pion state from the sum over

invariant measure by dk =
intermediate states, we find

1 —
= 5 [ 206 a1~ pr = K) (= )+ ) Y GDFY (@) (244)

where F is the electromagnetic form factor of the pion, defined by

(7T ()i )7 (9)) = (k +p)* F ((k —p)*). (2.45)
After performing the trivial integral, we obtain
Il W = FY (1) Fy (a3) w6 (t — M7) (a5a) — dhds — dyai + ads) - (2.46)

t- and u-channel are related by p; <> pa:
I W = FY () FY (3) mo(u — M2) (a5 — dial — diaf + ). (2.47)

Note that these expressions are only gauge-invariant due to the presence of the delta
function: the contraction of the bracket in (2.46) with ¢} or ¢4 is proportional to ¢ — M2

If we project the imaginary parts of W#" onto the scalar functions, making use of the
delta function, we obtain

Im; Ay = Fy (¢1)Fy (q3) m(t — M),

2
Imf Ay = ——5——FY (¢) FY (¢3) wo(t — M3),
S—4q7 — 45
u Vi 2 Vi 2 2 (248)
ImTrAl = F7r (ql)Fw (q2) 7r5(“ - Mﬂ')?
2
Imi Ay = ————FY (6)FY (g3) 76(u — M),
S$—4q1 — 45

SWhether a fixed-s dispersion relation for y*y* — 77 requires subtractions or not has no influence on
the pion pole. Therefore, also the Mandelstam representation for the pion-box contribution to the HLbL
tensor, which we discuss in this article, remains unaffected by possible subtractions in the sub-process.
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while the one-pion contributions to the imaginary parts of the remaining scalar functions
vanish.

The pion-pole contribution to the scalar functions is therefore

o
=3
|

1 1
P @ @ (it )

2 1 1 2.49)
ATI':_FV 2FV 2 (
4 w(%)w(%)s_q%_q% t—Mﬁ—i_u—Mﬁ ’

AT = AT = AT = 0.

We compare the pion-pole contribution with the Born contribution in sQED:

2117V
ie WBorn K %

1 L
= ie?(2p — ¢t") (25 — q2 M2 +ie?(2ph — ¢ (2pY — qg)m + 2ie?gh,
(2.50)

and read off the Born values of the scalar functions:

1 1
A]130rn:_< + >’
t— M2 u— M2

A4Born — 2 < 1 + 1 ) ’ (251)

s—qi—aq \t—M  u— M
A2B0rn — A?orn — Agl)%orn —=0.

We find that the pion-pole contribution corresponds exactly to the sQED Born contribution
multiplied by electromagnetic pion form factors for the two off-shell photons.” Note that, if
we think in terms of unitarity diagrams, we have now considered the pure pole contribution
to the scalar functions. However, in terms of Feynman diagrams in sQED this corresponds
to a sum of two pole diagrams and the seagull diagram.® It is important to be aware of
the different meaning of a topology in the sense of unitarity and a Feynman diagram, see
figure 2. As will be shown in section 5, it is exactly this distinction that makes the sQED
pion loop in HLbL coincide with box-type unitarity diagrams representing 77 intermediate
states with a pion-pole LHC, although, in terms of Feynman diagrams, it is composed of
the sum of box, triangle, and bulb topologies.

"Therefore, the dispersive definition of the pion pole (2.49) coincides with the gauge-invariant pole
contribution of the ‘soft-photon amplitude’ in [43]. We thank S. Scherer for pointing this out.

8The equivalence of the pion pole and the Born term is surprising given the fact that (2.50) contains a
term with g*”, while the imaginary parts (2.46) and (2.47) do not. Tracing the above steps backwards, one
sees that in the ¢- or u-channel imaginary parts the coefficient of g** is proportional to (t — M2)§(t — M?2)
or (u— M2)5(u — M2) and hence vanishes due to the delta function.
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PO R PEPIO%

Figure 2. Correspondence of the pion-pole contribution to y*y* — 777~ in terms of unitarity
diagrams and the Born contribution in terms of sSQED Feynman diagrams. The dashed lines in the
unitarity diagrams indicate a cut line, hence the internal pion is on-shell.

3 Lorentz structure of the HLbL tensor

3.1 Definitions

In order to study the contribution of HLbL scattering to the anomalous magnetic moment
of the muon, we need first of all a description of the HLbL tensor. The object in question
is the hadronic Green’s function of four electromagnetic currents, evaluated in pure QCD
(i.e. with fine-structure constant a = €2/(4r) = 0):

M7 (g1, g2, q3) = —i / d'wdtydtz e TRV O T (b (2)5¢0n(Y) i (2)i8 (0)}0)-

(3.1)
The electromagnetic current includes only the three lightest quarks:
Jha = aQ7"q, (3.2)

where ¢ = (u,d,s)” and Q = diag(%, —%, —%)
The contraction of the HLbL tensor with polarization vectors gives the hadronic con-
tribution to the helicity amplitudes for (off-shell) photon-photon scattering:

Haopan = 6 (@) (@) (—gs)ey” ()T (g1, 2, g3). (3.3)

For notational convenience, we define
q1:=k=q +q+gs. (3.4)

The kinematics is illustrated in figure 3.
We use the following Lorentz scalars as kinematic variables — these are the usual
Mandelstam variables:

si=(n+@)° t=@+p)? uv=I(e+aw) (3.5)

which fulfill (we will take k? = 0 at some later point)
4
s+t+u:2qi2::2. (3.6)
i=1

Gauge invariance requires the HLbL tensor to satisfy the Ward-Takahashi identities

(&, a5, 43, a7 Mo (91, 42, g3) = 0. (3.7)
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Figure 3. Kinematics of the light-by-light scattering amplitude.

3.2 Tensor decomposition
In general, the HLbL tensor can be decomposed into 138 Lorentz structures [13, 44, 45]:
H,uy)\o — g;wg/\o Hl + g,u)\gzla H2 + g,u,aguk HS

+ >0 gad W+ Y G I+ Y 9" T

k=124 j=1,34 =1,3,4
=123 1=1,2,3 A 24
VA o 7 vo W /\ Ao 1 1/
+ > G+ Y ¢ T, + Z gVl gy I
i=2,3,4 i=2,3,4 =234
1=1,2,3 k=1,2,4 j=1.3.4 (3.8)
75N 75PN
+ Y > didiand iy
=234 k=124
J=1341=123
138
_ LW/\UHA
- —1
=1

The 138 scalar functions

{EZ} = {H17H27H37Hilﬁﬂ ij’Hzlvnzk’Hg Hz]kl} (3'9)

Jb (K

depend on six independent kinematic variables, e.g. on two Mandelstam variables s and
t and the virtualities q%, q%, qg, and qz. They are free of kinematic singularities but
contain kinematic zeros, because they have to fulfill kinematic constraints required by
gauge invariance. The Ward identities (3.7) impose 95 linearly independent relations on
the scalar functions, reducing the set to 43 functions.

As we did in section 2.2 for the case of v*y* — wm, we will now construct a set
of Lorentz structures and scalar functions, such that the scalar functions contain neither
kinematic singularities nor zeros. Compared to v*vy* — 7w, the application of the recipe
given by Bardeen, Tung [31], and Tarrach [32] is much more involved. Again, the recipe by
Bardeen and Tung does not lead to a kinematic-free minimal basis (which would consist
here of 43 scalar functions).” Following Tarrach, we will construct a redundant set of 54
structures, which is free of kinematic singularities and zeros.

9We use ‘basis’ in a loose terminology: as we will discuss in section 3.3, a basis in the strict mathematical
sense consists of 41 elements due to two peculiar redundancies in four space-time dimensions.
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In a first step, we define the two projectors

Hov A0
Iy = g" — 2N ;I =g — a5 , (3.10)
q1 - q2 g3 - qa

which have the following properties:

nrl2 12
Eil INV =0, Q5I/W =0,
A 734 34
q3I/\a =0, C]ZI/\U =0,
IH#/H — II* IV’VH —TILY
12 Hu'vde = 2X8) 12 e = Hp do»
AN A /
I34 H,ul/)\’o = HMV ) Ig4UH'LW>\U/ = H“l,)\o'7 (311)

i.e. the HLbL tensor is invariant under contraction with the projectors, but the contraction
of every Lorentz structure produces a gauge-invariant structure. Hence, we project the
tensor

vio _ pii 7'y AN jolo
27 = Iy 1Y I5g 15,7 Wyyrngr
138

_ p 7'v AN 1olo T =,
- 2112 112 34 134 L;L’l/’)\’o’ —1
i=1 (3.12)
138

43
_ N = N Ao o
=Y E =Y IV E
i=1 j=1

Only 43 of the 138 projected structures L YA% are non-zero, i.e. all constraints imposed
by gauge invariance are already manifestly implemented. Since the projected structures
are still multiplied by the original scalar functions =;, no kinematic singularities have been
introduced into the scalar functions. We now have to remove the kinematic zeros from the
scalar functions by removing the single and double poles in ¢; - g2 and g3 - g4, which are
present in the structures L' A7 We adapt the recipe of [31] (cf. section 2.2):

e remove as many (g1 -q2, ¢3-q4) double-double poles as possible by adding to the struc-
tures linear combinations of other structures with coefficients containing no poles,

e if no more double-double poles can be removed in this way, multiply the structures
that still contain double-double poles by either ¢ - g2 or g3 - g4 (the choice is irrelevant
in the end),

e proceed in the same way with double-single, single-double poles, etc. until no poles
at all are left in the structures.

As already mentioned, it is again impossible to avoid introducing kinematic singularities
into the scalar functions by applying this procedure [32]. However, the only step where
kinematic singularities can be introduced is the multiplication of the structures by ¢; - ¢o
or g3 -qy (i.e. the division of the scalar functions by these terms). This means that the only
possible singularities are (double or single) poles in ¢ -g2 or ¢g3-q4. The precise form of these
poles can be easily determined: they correspond to degeneracies of the obtained basis of
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Lorentz structures in the limit ¢ - g2 — 0 and/or g3- g4 — 0. Therefore, the 43-dimensional

basis has to be extended by additional structures, which are found by studying the null-

space of the present structures in the mentioned limits. 11 such structures can be found.

The extended generating set of 54 structures exhibits all possible crossing symmetries in a

manifest way.

Explicitly, the resulting representation of the HLbL tensor reads

where

T{W/\U _ ,uz/aﬂe)\cr’yts

Tflj)\a “w

A7 = ZT‘“”\" i (3.13)

q1,923493~946>

9] —q1- q29“”> ((Jiqg —q3- q4gA">,
v v A o Ao Ao A o
a1 —q1- 929 )(Q1'Q4 <Q1q3—Q1'Q39 )+Q4Q16]1'Q3—Q1C]1(J3'Q4>,

q —q1- qu“”) <q2 Q4 (q?qg —q - Q39M) + a3 —qaSa - q4>,

A
T = q§ (cn 302 - oY — @2 a3q1 - quai g™+l dl (qfqz g3 — B - qg)

A A
q —q1- qw‘“’) <(J2 q1- 93 — G192 - q:s) (Q‘z’m Q4 —q1q2 - Q4>=
(q @ -qa—dlar - Q3> (QEQM — ¢{53d5 + g (quz " g3 — g4qo - q4)

+9” <Qé\Q3 TR Q3> +g’\y(Q§Q2 Q4 — G543 - Q4))7

a1 @i — @ udi EG @ ue @ (qgfgk“ —~ qgf”) )

A
—q (q1 quq2 - q3959"7 — @2 - quq1 - q3959"7 + 45 4 (qi’qz g1 —g5q Q4>

+ a1 304595 — a2 - 3di i + @1 3q2 - g3 (qu‘“f q“sz"”))
+q3- Q4( (Q?qff —q- Q49A“> (ngg —q2 - qw"”)

- (quZ —q2- qw”) (qé‘ qf —q1- qsg‘“’>)-

These structures satisfy the following crossing symmetries:

T = ool 11"7] = Coa[T{™] = CaalCra[T{]] = CaalCas [1{"*]]

= Cy3 014[TWMH Coa[Ca3[Caa[T{" )] = Cas[CaalCa[T{" )],
T,ul/)\o _ C12 Tw/)\a] o [T,uu 0'] 634[012[TMV/\JH _ C24[C13[TMV)\UH
= C23[Ca[T}"7]] = Caa[C13[Caa[ T ]]] = Cas[Cra[Caa[ TL 1],

TiLg/)\o _ Cg4 C [T,Lw)\o'“
T,ul/>\a Tul/)\a] Cg4 [Té/il/ ] Cg4 [CIQ[T?ﬁVAO—Ha
T,uu)\a o C34 /u/)\o],

Tis"" = —Cia[Tls ") = —Ca[Tis "] = Caa[Cr2[Thy ],

[
[
[
T#V}\U [T;U/)\U]
[
Ciof
[T.
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where the crossing operators C;; exchange momenta and Lorentz indices of the photons ¢
and j, e.g.t”

Ciolf] == flp = voqu < q2), Culf]l:=f(p < o,q < —qa). (3.16)

All the remaining structures are just crossed versions of the above seven structures, as
shown in appendix B.1. Since the HLbL tensor IT**A? is totally crossing symmetric, the
scalar functions II; have to fulfill exactly the same crossing properties of the corresponding
Lorentz structures as given in (3.15) (note the antisymmetric crossing relations in Ilyg).
Therefore, only seven different scalar functions II; appear, together with their crossed
versions. These scalar functions are free of kinematic singularities and zeros and hence fulfill
a Mandelstam representation.!! They are suitable quantities for a dispersive description.
The subset consisting of the following 43 Lorentz structures forms a basis:

(BA7) {TiuuM’i €{1,...,21,23,25,27,29,30,33,...,36,38,...,45,49, .. .,53}}.

(3.17)
The corresponding scalar coefficient functions II;, defined by
43 )
H,UJ/)\O' _ Z Béﬂ/)xani? (318)

=1

exhibit kinematic singularities in ¢ - ¢o and g3 - q4. The exact form of these kinematic
singularities can be determined by projecting (3.13) on this basis. The relation between
the basis coefficient functions II; and the scalar functions II; is given in appendix B.2.

While crossing symmetry is manifest if the HLbL tensor is expressed in terms of the re-
dundant set of 54 structures, it is partially obscured in the basis of 43 elements. Still, many
basis functions II; are related by crossing symmetry, see (B.3) in appendix B.2. The basis
coefficient functions are completely specified by crossing symmetry and 9 representative
functions, e.g.

{ﬁ1,ﬁ4,ﬁ7,ﬁ9,ﬁ19,ﬁ21,1:[36,1:[39,1:[40}- (3.19)

We stress again that our decomposition (3.13) is both manifestly crossing symmetric
and gauge invariant. In particular, this implies that all soft-photon zeros [39] of the helicity
amplitudes (3.3) are already implemented, in contrast to the helicity basis employed in [26].
In this case, only specific combinations of basis functions were free of kinematic singularities
and zeros and thus admitted a dispersive representation, while the soft-photon constraints
needed to be imposed by hand. The BTT set (3.14) provides a Lorentz decomposition that
incorporates soft-photon constraints and avoids kinematics by construction. On the other
hand, the main motivation for choosing the helicity basis was that the unitarity relations

0The composition of two crossing operators is understood to act e.g. in the following way:

Ci2[Cas[f(q1, 42, g3, qa)]] = Cr2[f(q1, a3, g2, 94)] = f(g2, 43,91, 44).
11p principle, the crossing antisymmetry of I149 implies a kinematic zero. We ignore it here and show in

appendix F.3 that this zero has no impact on the dispersion relation for the HLbL tensor.
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in the form of helicity partial-wave amplitudes become diagonal. Of course, this will not
be true in the BTT basis, so that the derivation of an explicit dispersive representation for
the BTT amplitudes requires a basis change. In practice, this change between BTT and
helicity bases proceeds by means of (3.8) as an intermediate step: the helicity amplitudes
can be easily expressed in terms of (3.8), while the remaining basis change can be performed
along the lines explained in appendix C.

3.3 Redundancies in the Lorentz decomposition

Because the set of 54 scalar functions is redundant, there is obviously an ambiguity in
the definition of the coefficient functions. However, crossing symmetry and the absence of
kinematic singularities restrict this ambiguity in a very specific way. The shifts

II; — II; + o011, (320)

leaving the HLbL tensor IT**A? invariant are easily found by requiring that the basis ele-
ments f[i remain invariant. We find

51_[1 = 0, (5H4 — O,
07 = —q2 - q3q2 - a9, Ollig = q1 - quq2 - 3A19, Oll31 = —q3 - @19, (3.21)
037 = q1 - 2 A3z, 0Il49 = q1 - @2 Ao,

where the shifts have to satisfy

A1g = Ci12[A1g] = C34[A1g] = C34[C12[A19]],
Ag7 = Coa[Agr] = Ca3[As7] = C34[As7] = C24[C34[As7]] = C24[Ca3[As7]], (3.22)
Agg = —Cra[Ayg] = —Ci3[Agg] = —Cra[Ayo] = —Ca3[Ayg] = —Caa[Asg] = —Cau[Ayg] = ...

The ellipses in the last line stand for the permutations that are not listed explicitly: Ayg
is symmetric (antisymmetric) under all even (odd) crossing permutations. The shifts 0TI,
that are not specified follow from the crossing relations (B.1).

Apart from the redundancy introduced by extending the basis to a set of 54 elements,
there exists another ambiguity in the definition of the scalar function. As it was pointed
out in [46], the 138 initial Lorentz structures of the HLbL tensor fulfill two linear relations
in d = 4 space-time dimensions. This is not obvious in a covariant notation, but can be
easily shown in an explicit reference frame. The two linear relations can be translated
into two linear relations between the 43 basis elements (which means that these structures
actually do not form a basis in a strict sense). Therefore, in four space-time dimensions
there are only 41 independent scalar functions, which matches the number of fully off-shell
helicity amplitudes. This is analogous to the case of v*y* — 7w, where the number of
helicity amplitudes (5) also matches the number of independent scalar functions.

The two linear relations can be further translated into relations amongst the 54 el-
ements of the redundant crossing-symmetric set of Lorentz structures. In fact, it turns
out that expressed in this way, the two relations become particularly simple. They are
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given by:

54
> etTi =0, (3.23)
i=1
where

ol =—s+ttu, cf=—s—t+u, cj=—bs—t+tu, ct=2-s+u), ct=—s+t+5u,

C7 =g = Ci7 = Clg = Clg = Cy = Cpg = Cy = C39 = C33 = 4,

Cl1 = Cly = €13 = Cly = Chy = Cyy = Co5 = 35 = —4,

Cyr = Clg = Cly = Clig = C31 = Cjp = 2,

C%,s = Czlxo = 04113 = 04114 = 04119 = Cézx = -2, (3.24)

and

2 =s—t+u, c%z—s—t—i-u, cd=2(—t +u), cgz—s—f)t—i-u, cgzs—t—h’)u,
2

2 9 _ 9 _ 2 _ 2 2 _ 2 _
€y = Clp = Ci5 = Clg = €1 = Chy = Co7 = Cog = 4,

2 2 _ 9 _ 9 _ 9 _ 92 9 _ 9 _ 9 9 _ 9 _

C]] = Clg = Cl3 = Cly = C{y = Ci3 = Cyy = C5 = Chg = Cjg = C5y = —4

2 2 _ 92 _ 9 _ 9 _ 9o _

(38 = Cjg = Cj3 = Ciq = C51 = Ch = —2,

2 2 _ 92 9 _ 9 _ o _

C39 = €y = Cjp = Cj5 = C50 = C53 = 2, (3.25)

and where all unspecified ci1 2 are zero. Eq. (3.23) is most easily verified by contracting
the equation with the 138 tensor structures. We have checked explicitly that the matrix

{L¥ ”)‘ULﬁV/\U}Z-k is of rank 136. The linear relations between the structures imply the

following ambiguities in the scalar functions:
I = 1L + ¢ f1 + € fa, (3.26)

where fi o are a priori unspecified functions free of kinematic singularities. The requirement
that the scalar functions satisfy crossing relations of the same form as (3.15) and (B.1)

imposes crossing relations on the functions f1.a:
J1 = Cua[fo] = Caa[Cra[f1]] = Caa[Crs[f1]] = Cralfi] = —Cra[f1] — Cus[f1]. (3.27)

Let us write

(g + Caa[Cr3[Iag]] + C1a[lag] + Cr4[Cas[C13[ILao]]])

(g + Ca4[Cr3[Iag]] — C1a[lag] — Cr4[Cas[C3[Mao]]]) (3.28)

+ % (T149 — Co4[Cy3[TT49]]) -

The first bracket in this expression is given by Il49 — II59 — II53 + II54 and has exactly the
crossing properties of fi. Therefore, the ambiguity can be fixed by the condition

a9 — 5o — 153 + II54 = 0. (3.29)
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Very recently, a Lorentz decomposition of the HLbL tensor into 72 redundant struc-
tures has been presented in [47]. A comparison with our redundant set of 54 structures, as
first given in [33], has been performed, confirming the absence of kinematic singularities.
By studying systematically the irreducible representations of the permutation group Si,
the authors of [47] aim at constructing a minimal basis consisting of 41 totally crossing
symmetric elements free of kinematic singularities. Note, however, that [47] neither pro-
vides this basis nor a concrete recipe for how to obtain it. Therefore, it remains to be seen
if a minimal basis free of kinematic singularities exists at all. For our purpose the question
whether such a basis exists is immaterial, since for a dispersive representation of the HLbL
tensor all that is required is a decomposition into scalar amplitudes free of kinematic zeros
and singularities.

To conclude this subsection, we stress that the presence of kinematic singularities in
any known basis requires us to work with a redundant set of 54 Lorentz structures and
scalar functions II;. Although the redundancy of the Lorentz structures introduces an
ambiguity in the functions II; (which is already very restricted by crossing symmetry and
will be further restricted by analyticity), this ambiguity will cancel in the calculation of any
physical quantity such as (9—2),,. In particular, this implies that the additional redundancy
in d = 4 dimensions does not affect our calculation in any way, since the minimal set suited
for a dispersive representation still involves 54 functions. In the rest of the paper we will
continue to work with the BTT amplitudes defined in (3.14).

4 HLbL contribution to (g — 2),

In section 4.1, we review the definition and calculation of a,, as well as general techniques
for the calculation of aELbL (see e.g. [48]). The well-known general formula requires still
a rather long calculation before a number can be finally obtained. For the pion-pole
contribution, these steps have been worked out long ago [19]. With our complete set of
54 kinematic-free structures (3.13), this procedure can be repeated for the whole HLbL
contribution in full generality, as we explain in sections 4.2 and 4.3. In section 4.4, we
study the validity of the applied Wick rotation in the presence of anomalous thresholds.

4.1 Projector techniques

The T-matrix element of the interaction of a muon with the electromagnetic field is de-
fined by

TH(p1;p2) = —e{u” (P2, 52)|jem (0) [~ (P1, 51)), (4.1)

where e = |e|. Diagrammatically

= iT"(p1,p2) = (—ie)u(p2)I* (p1, p2)u(p1). (4.2)
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Assuming parity conservation, the vertex function I'* can be decomposed into form fac-

tors as
.O"kal/
D (p1,p2) = VM i (k?) — i = Fa(k?), (4-3)
my,
where k = p; — po and o"’ = %[7“,7“]. F1 is the electric charge or Dirac form factor,
F, the magnetic or Pauli form factor. The anomalous magnetic moment of the muon is
given by
1
4w = 59— 2 = F0). (4.4)

We expand the vertex function I'* to first order in powers of k*:

0
I'*(p1,p2) =" (p,p) + kv —T"(p1,p2 +...
( ) (p;p) o, ( ) -, (45)

= V) +ET* () +...,

where p := 3(p1 + pa2).
Using projector techniques together with angular averages (see [19, 48]), the anomalous
magnetic moment of the muon can be calculated as

(-3 (50)-12)0)

Tr ((p + mu) 0" A7) (P + ) D (0))

(4.6)

48m,,

2 12
2
We are interested in the contribution of the HLbL tensor to a,, diagrammatically

where now p? =m

= (—ie)u(p2) Ty, (P1, P2)u(p1), (4.7)

where

d'qy d'go (pz +d,+ my) (7j1 — gyt my)

HLbL(pl P2) (271.)4 (271.)4 T (p2 n Q1)2 _ mi A (pl - QQ)Q — m%ﬂ (4 8)
: .

— ST (g1, 92,01 — P2 — 41 — o).
Q1(I2(p1 —P2—q1— q2)

X

The HLbL tensor is defined in (3.1). Differentiating the fourth Ward identity in (3.7) with
respect to k, = (q1 + g2 + ¢3),, yields

0
Hap(q1, @2,k —q1 — q2) = _kU%Huqu‘<QI7 a2,k —q1 — q2). (4.9)

12Note that we have defined k as outgoing, resulting in the different sign of the second term with respect
to [48].
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It was already argued in [49] that II,, ), vanishes linearly with & (i.e. the derivative con-
tains no singularity), and so must THPL. This is easily verified with our tensor decom-
position (3.13). Therefore, the HLbL contribution to the anomalous magnetic moment is

given by
B = e I ()b 1 m) T ) (4.10)
48m,,
where
0
TPl (p) = =T (1, p2) (4.11)
Ok k=0
We use the Ward identity (4.9) to write
dtqy d* +q,+m —dq,+m
FI;ILbL(phm) _ 66/ CI14 CJ247H (}”2 %2 M)Z ,y)\ @1 g22 u)2 Y
(Qﬂ-) (277) (p2 + q1) —my (pl - Q2) —my (4 12)
1 0 ’
X k7 =11 q, 92,k —q1 — q2).
q%q%(pl —po—q1— @)% OkP o (415 G2 1 2)
Taking the derivative and limit leads to the well-known expression
FHLbL(p) _ 6/ d4(]1 d4Q2 A (]/H- 511 + mu) 7)\ (]if - 512 + mu) "
o enient pra)y—ms (p—a)7—m s
y ! O s (a1, g, ) |
5o T g A twAac\d, 42, K —q1 — q2
0765 (q1 + g2)? koM k=0

4.2 Loop integration

In order to compute the contribution to (¢ — 2),, one has to take the trace in (4.10) and
perform the two-loop integral of equation (4.13). Five of the eight integrals can be carried
out analytically with the help of Gegenbauer polynomial techniques [50]. To this end, we

employ the representation of the HLbL tensor in terms of the 54 Lorentz structures T VA,

HLbL _ € / d'qy d'go 1 1 1
" 48my, J (2m)* 2m)* i3 (q1 + @2)? (P + @1)? — m2 (p — q2)? — m?

X T (9 m) 7 )+ mu) B+ dy + m) B —dy m)n”) (414)
54

9
X z; (WTW/\U(%,(D, k—q — C]2))

a

I1;(q1, g2, —q1 — q2)-
k=0

It turns out that there are only 19 independent linear combinations of the structures T} VAT
that contribute to (¢ —2),. It is possible to make a basis change in the 54 structures

54 54
Hw/)\o _ Z Tlfw/)\aHi _ ZT,L'HV)\Uﬂiv (415)
i=1 =1

in such a way that in the limit & — 0 the derivative of 35 structures T/ A7 Sanishes.
Although this change of basis does not introduce kinematic singularities into the scalar
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functions II;, it somewhat obscures crossing symmetry. The 19 structures Ti“ A7 that
contribute to (g — 2), can be chosen as follows:

{fviuu)\a i=1,..., 19} _ {,TZHV)\U

12X, UUAT  VAC  ArUAT VAT UVAT
U{T39 + Ty Ty Tag ™5 T =T 7 -

i=1,...,11,13,14, 16, 17}
(4.16)

The corresponding 19 scalar functions I1; are linear combinations of 33 scalar functions 11;,
see appendix D. The 21 scalar functions not involved in these relations

fn

are irrelevant for the calculation of (g — 2),,.

i =12,15,18,23, 24,27, 28, 29, 30, 32, 35, 36, 37, 38, 41, 44, 45, 48, 49, 52, 53} (4.17)

The HLbL contribution to (g — 2), can now be written as

GHIPL _ _66/ d*qr diqo 1 1 1
g 2m)* 2m)* a3 (g1 + q2)? (p+ @1)? —m? (p — q2)? — m?2
19 (4.18)
x> Tiqr, g2 ) i1, g2, —q1 — q2),
i—1
where
Ti(q1,q2;p) = o <(,?j +m) [V A1+ m )V P+ dy + m)Y (P — by + mu)7”>
m

(4.19)

O
X (WTW,\U(Qb 9@, k—q — Q2)> .

and the II; are needed for the reduced kinematics

s=(@+@)? t=¢, u=q, 4, G aG=(@+aq@)? k=¢=0 (420

The explicit result of the trace calculation and the contraction of the Lorentz indices is
given in appendix E.1.

We can reduce the number of terms contributing to (¢ — 2), further by using the
symmetry under the exchange of the momenta ¢; <+ —¢o: the loop integration measure
and the product of propagators are invariant under this transformation, while the kernels
T; transform under g; <> —¢o as

Tl — Tl, TQ — Tg, T4 — T4, T5 — ng,

Tr +— TS: Ty +— T127 Tip «— T13, Ty «— T147

T15 < T15, T16 < Tw, T17 S T187 T19 < —T19- (4.21)
For the reduced kinematics (4.20) the exchange q; <> —¢o is equivalent to the crossing
transformation ¢ <> u, ¢7 < ¢3. With the help of the crossing relations of the scalar

functions II;, it is easy to check that the II; transform analogously to the kernels T3, i.e.
ﬂl — ﬂl, ﬂg — ﬂg, f[4 — ﬂ4, ﬂ5 — f[(;,
7 +— I, My +— g, Tho +— s, Ty +— Ty,

f.[lg, — ﬂ15, ﬂlﬁ — ﬂlﬁ, ﬁ17 — ﬁlg, ﬂlg < —ﬂlg. (422)
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Therefore, it is convenient to write the HLbL contribution to (g —2), as a sum of 12 terms:

d'q d* 1 1 1
qHLbL _ _66/ g1 a°q2

a 2m)* ) G (a1 + 2)? (p+ @1)? —m2 (p— q2)? —m2
12 (4.23)
x> &T (a1, g2 )i (a1, 42, — 1 — q2),
7=1
where
ijli=1,...,12} = {1,2,4,5,7,9,10,14,15,16, 17,19},
{131 F=A } (4.24)

{&li=1,...,12} ={1,2,1,2,2,2,2,2,1,1,2,1}.

Note that the first two terms in this sum correspond to the well-known result for the pion-
pole contribution [19] (up to conventions: exchange of 1) and TQ, the explicit factor £ = 2,
and symmetrization of T}).

In (4.23), the integrand depends on the five scalar products q%, q%, q1-q2, p-q1, and
P - q2, where the dependence on the last two is given explicitly (the scalar functions only
depend on ¢?, ¢3, and q; - g2). Therefore, five of the eight integrals can be performed
without knowledge of the scalar functions. The same integrals as in the case of the pion-
pole contribution occur [3, 19], which have been solved with the technique of Gegenbauer
polynomials [50]. This method has been applied before to the full HLbL contribution in
the context of vector-meson-dominance and hidden-local-symmetry models [51, 52].

We perform a Wick rotation of the momenta q;, g2, and p (see section 4.4) and denote
the Wick-rotated Euclidean momenta by capital letters Q1, Q2, and P. Note that Q% =
HLbL

2 N2 _ .2 p2 _ 2
—qi, Q3 = —q3, P* = —m,,. Since a,

direction of the momentum P of the muon, hence we can take the angular average by

is a pure number, it does not depend on the

integrating over the four-dimensional hypersphere:

dQy(P)
HLbL 4 HLbL
a, —/ 5.2 Ou - (4.25)

The kernels 7} are at most quadratic in p, therefore we need the following angular inte-
grals [3]:

/ dQ4(P) 1 1 1 arctan [ 2%
272 (P + Q1)2 + mi (P — Q2)2 + ml% N m%ng 1—2z27 ’

/ dQ4(P) 1 _ 1-of
212 (P +Q1)*+m2 2m2 7

/ dQ(P) 1 _1- ok (4.26)

212 (P — Q2)? +m? 2m2 '

dS24 (P) P-Q (1—of)?

/ 212 (P + Q)2 +m3 = Qi@ sm2
dQ(P) P-Q _ (1 —ok)?

/ 2n? (P Qo2 tmE —Q1 - Q278m,% ,

— 96 —



where 7 = cosfy, defined by Q1 - Q2 = |Q1]|Q2|7, is the cosine of the angle between the
Euclidean four-momenta Q1 and @2, and further

4m?
O-ZE = 1 + Q72Ma R12 = |Q1||Q2|x7 T =V 1- 7-23
V i (4.27)

z = W(l — o)1 - ob).

4.3 Master formula

After using the angular integrals (4.26), we can immediately perform five of the eight loop
integrals by changing to spherical coordinates in four dimensions. This leads us to a master
formula for the HLbL contribution to the anomalous magnetic moment of the muon:

20(3 00 o'} 1 12 _
it = 200 /0 0Q / dQ / arVT= QR3S TH(Qu, Qo T)TL(Q1, @a, 7), (4.28)
0 -1 i=1
where Q1 := |Q1], Q2 := |Q2|. The hadronic scalar functions II; are just a subset of the 11;

and defined in (D.2). They have to be evaluated for the reduced kinematics

== _Qg = _Q% - 2Q1Q2T - Q%a t= _Q%) U = _Q%7
P=-Gh d=-0h BB Q-2 -Gh F=d=0.

The integral kernels T; listed in appendix E.2 are fully general for any light-by-light process,

(4.29)

while the scalar functions II; parametrize the hadronic content of the master formula.
In particular, (4.28) can be considered a generalization of the three-dimensional integral
formula for the pion-pole contribution [3]. It is valid for the whole HLbL contribution and
completely generic, i.e. it can be used to compute the HLbL contribution to (g — 2), for
any representation of the HLbL tensor, irrespective of whether the scalar functions are
subsequently specified dispersively or taken from a model calculation. For an arbitrary
representation of the HLbL tensor, the scalar functions II; can be obtained by projection,
see appendix C and appendix F.2.

An analogous master formula was derived in [26] in the case of a helicity basis for
the HLbL tensor. This step in the calculation is completely equivalent, in both cases

the calculation of aELbL

proceeds via an evaluation of the trace in (4.10) and subsequent
reduction of the two-loop integral with Gegenbauer techniques. From a technical point of
view, the BTT approach offers several simplifications, since the D-wave-related amplitudes
in [26] require another angular average to define the & — 0 limit as well as more complicated
Gegenbauer integrals than the standard ones given in (4.26).

In close analogy to the pion-pole contribution [19], the main benefit of the master
formula (4.28) is the fact that it contains only a three-dimensional integral, and thus
is well-suited for a direct numerical implementation. In particular, the energy regions
generating the bulk of the contribution can be identified by numerically integrating over 7
and plotting the integrand as a function of @1 and Q2 [19, 51-53].

Before turning to the main part of this paper, the foundations for a model-independent
calculation of the scalar functions II; by making use of dispersion relations, we next consider
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a subtlety in the application of the Gegenbauer integrals in (4.26). To obtain these integrals
a Wick rotation has been performed, whose validity might be questioned if the HLbL
tensor possesses non-trivial analytic properties. For instance, already a simple triangle loop
function would give rise to anomalous thresholds due to the integration over all photon
virtualities, see [54-56]. In the following subsection, we prove that the Wick rotation
remains valid even in the presence of anomalous thresholds.

4.4 Wick rotation and anomalous thresholds

Performing a Wick rotation before calculating a loop integral is a standard procedure.
The applicability of this transformation depends on whether the integrand is free of sin-
gularities in the region swept by the integration path during the rotation. In our case
we have to perform the two-loop integral (4.23), with an integrand containing products of
propagators multiplying functions satisfying a Mandelstam representation, so having the
analytic properties of one-loop functions. The case of the propagators is standard. The
one-loop functions occurring in our integrand, however, need some more discussion. The
complication is not due to the presence of cuts instead of poles: cuts of loop functions are
usually on the positive real axis above some threshold, and the functions are evaluated
on the upper rim of the cut. The Wick rotation can be applied without problem even in
these cases. The need for a more detailed discussion is due to the presence of anomalous
cuts — cuts which appear first in three-point functions and which, depending on the value
of the momenta squared of the external legs, may intrude into the first Riemann sheet
away from the real axis. In the present paper we need to deal with three- and four-point
one-loop functions, such as Cy(s;q?,¢3) and Do(s,t;q3,45,q3,q3) (see appendix G). For
a discussion of the analytic properties of these loop functions, see [55, 57-60]. We will
illustrate what happens in the presence of such anomalous cuts by discussing the case of
the Cy function: the conclusion is that the Wick rotation can be applied without problem
even in these cases.

The function Cy(s; ¢?, ¢3) has an anomalous cut for ¢? > 0, ¢3 > 0, and ¢? +¢3 > 4m?,
where m is the mass of the particle running in the loop (assuming it is only one mass).
The origin of this anomalous cut is that Cy admits a dispersive representation having a
discontinuity on the positive real axis for s > 4m?. The discontinuity, however, has itself
a cut between the branch points:

39
si=q 4+ ¢3 — 1 2 73 \/q1 — 4m?2)g3(q3 — 4m?2). (4.30)

While for q%Q < 0 these branch points lie on the second Riemann sheet, for g7 > 0, ¢3 > 0,
and ¢? + ¢3 > 4m? one of them moves into the first Riemann sheet by crossing the real
axis above s = 4m?. In this case the dispersive representation of the function Cj needs to
be modified by adding a further integral along the anomalous cut from 4m? up to sy. The
most convenient way to see how the branch points move as a function of ¢¢ and ¢3 is to
introduce the variables [55]

2 2(1—&)2'

qg; =-—m 3 (4.31)
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The upper half-plane of the complex variables %2 are mapped onto the upper unit semicircle
of unit radius: the negative real axis of qZ-2 is mapped onto the segment 0 < & < 1, the
region 0 < q? < 4m? onto the semicircle & = €%, with 0 < ¢; < 7, and finally the semiaxis
4m? < q? onto the segment —1 < &; < 0. The branch points st can be expressed as follows
in terms of these variables

s (1-6)? (-8 (1-6)01-8)? 01-§0-8 (4.32)

m2 &1 ) 26182 ST

and from this it is easy to check that s_ always stays on the second sheet, whereas s
moves into the first one under the conditions given above. It is important to stress that
when it enters the first Riemann sheet, s, stays always below the real axis, either on its
lower rim (for ¢? < 4m? and ¢ < 4m? or for ¢? > 4m? and ¢3 > 4m?), or into the lower
complex half-plane (for ¢? < 4m? and ¢2 > 4m? or vice versa), in contrast to what is shown
in figure 2 of [55].

When we perform the Wick rotation for ¢; and ¢y (to avoid weird trajectories in
the complex s-plane we rotate both simultaneously), their squares (in Minkowski space)
become transformed into minus their Euclidean squares (—QZZ), and can only take negative
values. But also s = (g1 + ¢2)? is mapped onto sp = —(Q1 + Q2)?, which equally can
only be negative. If we start from a positive value of s and perform the Wick rotation, the
trajectory of s follows an arc in the upper complex half plane and lands on the negative
axis at sg. The potential danger is if we start from s > 4m?, just on the upper rim of
the cut, but the Wick rotation moves it away both from the normal as well as from the
anomalous cut, which, as mentioned above, is always below the real axis. If we start from
negative values of s we also follow an arc in the upper complex half plane and land at
sg < s, without ever coming even close to the cuts.

The discussion above is still incomplete, however, because we have so far neglected the
fact that as we make the Wick rotation not only s moves, but also the ¢ and with them
S+, which determines where the anomalous cut is. In principle, sy could move into the
complex upper half-plane and interfere with the trajectory of s during the Wick rotation.
An explicit calculation shows, however, that this does not happen: at the end of the Wick
rotation both qi2 have become —QZZ and therefore negative, which implies that the positivity
conditions required for the existence of the anomalous cut are not fulfilled anymore. The
trajectory of s; during the Wick rotation is shown in figure 4. There one sees that in
all possible cases s; moves through the unitarity cut back into the second sheet, so that
indeed, the anomalous cut disappears. The two figures show the two possible cases, where
the anomalous threshold enters the physical sheet. Figure 4(a) shows the trajectory of the
anomalous threshold for a fixed value of 0 < ¢ < 4m? and ¢5 varying from —oo to oo
(solid line, light gray indicates the part of the trajectory on the second sheet, whereas the
part on the physical sheet is shown in black). Figure 4(b) shows the analogous trajectory
for a fixed value of q% > 4m?. The dashed lines are intermediate trajectories, when the two
momenta are simultaneously Wick rotated by the same phase. The dotted lines indicate
the movement of selected points on the trajectory of the anomalous threshold during the
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Alin(s) A Tm(s)
@ — o0

(a) 0 < gf < 4m?® (b) 4m? < ¢}

Figure 4. Movement of the trajectory of the anomalous threshold s; during the Wick rotation.
The thick gray line on the real axis is the unitarity cut for s > 4m?2. The solid line denotes the
trajectory of s, for a fixed ¢> > 0: the anomalous threshold enters the physical sheet through
the unitarity cut when ¢3 increases. The dotted lines show the movement of s; when ¢; and go
are simultaneously Wick rotated: it retreats through the unitarity cut into the second Riemann
sheet. The dashed lines show intermediate trajectories of s during the Wick rotation. The part of
the trajectories that lies on the second sheet is shown in light gray, the part on the physical sheet
is black.

Wick rotation. All points of the trajectory that originally lie on the physical sheet move
back through the unitarity cut into the second sheet.

As a further check we have calculated numerically a simplified toy example that exhibits
all relevant features discussed above. We consider

d'qy [ d'q m? 1 s
@ = . de | dyAe,y)™
. /(2”)4/(277)4 (@2 + i€) (a3 + ic) (s + ie) (s — m2 + ic) /0 A GO
(4.33)

where
A(w,y) = M7 —ays —2(1 -z = y)gi — y(1 -z = y)g; — ie. (4.34)

The function defined by the last two integrals is proportional to the Feynman-parameter
representation of the triangle loop function Cy(s;q?,¢3), while the remainder of affy is
chosen in as close analogy to the real HLbL integral as possible, including a sufficient
number of propagators to make the integral converge. In the standard loop-integral ap-
proach the intricacies due to anomalous thresholds are automatically taken into account
by the ie-prescription in (4.33) and (4.34), leading to the following Feynman-parameter

2
1 1—a1 log (1 + @%>
toy — _ [ ¢ d d /d e
a‘u / x/ y/ xl/ 2 = iEl,y)AQ(.Il,CCQ,.fg,fE,y)Q’
1

Aq(r1,y) =1 — 21 +219(1 —

representation

(x2 + 961372/)2

xgm . (4.35)

Ao(x1, e, 3, 2,Y) = (1 — xg)Al(:Ul,y) + :Ug(xg + x12(1 — x)) —
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In analogy to the HLbL master formula (4.28) the Wick-rotated representation becomes
(the @; have been rescaled by m,,)

R TRV e A

A(:J: y) = m——i—:vag—i-:U(l —z— )Ql +y(l—x— )Q% (4.36)
m

We checked numerically that indeed the representations (4.35) and (4.36) are identical.
This confirms that the Wick rotation is permitted despite the occurrence of anomalous
thresholds, all signs of which disappear in the Feynman parameterization as long as the ie-
prescription is applied consistently. Similarly, the final result for the Wick rotation displays
no remnants of the anomalous thresholds. As shown in figure 4, in this case the deeper
reason can be traced back to the trajectory of the anomalous threshold during the Wick
rotation towards the second sheet.

Finally, we note that the above discussion of the anomalous threshold of the triangle
diagram is already sufficient for the full HLbL calculation. Box diagrams do not lead to
further complications, since, in the master formula (4.23), the limit £ — 0 is taken before
the Wick rotation of the loop momenta, hence the analytic structure of box diagrams is
already reduced to the one of triangle diagrams.

5 Mandelstam representation

In the previous section, we have obtained a master formula (4.28) for the HLbL contri-
bution to the anomalous magnetic moment of the muon, where the hadronic dynamics is
parametrized in terms of the scalar functions II;. Since these functions are free of kinematic
singularities and zeros, they are the quantities that should satisfy a Mandelstam represen-
tation [61]. We need to determine seven scalar functions that are not related to each other
by crossing symmetry. Due to the complexity of the problem, we cannot obtain an exact
solution for the scalar functions but have to rely on approximations. Our strategy is to
order the contributions to the scalar functions by the mass of the intermediate states. The
lightest intermediate states are expected to give the most important contribution, heavier
states are suppressed by the higher threshold and smaller phase space. In this paper, we will
consider the two lowest-lying contributions: one- and two-pion intermediate states in all
channels, i.e. pion-pole and pion-box topologies. These two contributions can be described
without any further approximation. Of course, pion-pole and pion-loop contributions have
been considered before in various model calculations. The important point of the dispersive
approach is that these contributions become unambiguously defined: the pion pole, with
on-shell pion transition form factor, corresponds precisely to one-pion intermediate states,
and the sQED pion loop dressed with pion vector form factors to two-pion intermediate
states with pion-pole LHC. The explicit proof of these identifications will be presented in
this section, based on a Mandelstam representation for the BTT scalar functions.
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5.1 Derivation of the double-spectral representation

For the derivation of a Mandelstam representation of the scalar functions, we follow the
discussion in [62]. We assume that the photon virtualities ¢? are fixed and small enough
so that no anomalous thresholds are present. A parameter-free description of the HLbL
tensor and therefore an unsubtracted dispersion relation is crucial. The behavior of the
imaginary parts, which is determined by the asymptotics of the sub-processes, does indeed
suggest that no subtractions are needed. Furthermore, even a quark-loop contribution to
the HLbL tensor has an asymptotic behavior that requires no subtractions.'® Hence, for a
generic scalar function II;, we write a fixed-t dispersion relation without any subtractions:
Pis N Pi N 1/°° dS,Imsﬂﬁ(s’,t,u’) N 1/°° du,lmuﬂﬁ(s’,t, u')

2 2 !
=Mz u—Mz [ 42 s'—s m

)

t ¢
I (s, t,u) = ¢; + ’
s AM2 u —u

(5.1)

where ¢! is supposed to behave as %ir% ¢t = 0 and takes into account the t-channel pole.
%
The imaginary parts are understood to be evaluated just above the corresponding cut. The

primed variables fulfill
s’—l—t—l—u':E::Zq?. (5.2)

If we continue the fixed-¢ dispersion relation analytically in ¢, we have to replace the
imaginary parts by the discontinuities, defined by

1
D (s = % (I (8" + i€, t,u') — IL(s" — e, t, '),
’ i

1 (5.3)
f;u(u’) =5 (IL(s' t, 0 + ie) — IL(s, t,u' — ie))
hence
¢ ¢ t (o t (o
Pi; Pi; 1 >~ ,Di(s) 1 > D, (u)
t _ it 238 ;U - 1718 - 17 nu
IT; (s, t,u) = ¢; + PP +u—M7% +7r/4M72rdss’—s +7T/4M72rduu’—u . (54)

Both the discontinuities as well as the pole residues are determined by s- or u-channel
unitarity, which also defines their analytic continuation in . While pg; s are due to a one-

¢

i:s.u are due to multi-particle intermediate states, see figure 5.

pion intermediate state, D
We limit ourselves to two-pion intermediate states and neglect the contribution of heavier
intermediate states to the discontinuities.

First, we study the pion-pole contribution by analyzing the unitarity relation:

T (e (2m) 150 (g1 + g2 + g5 — a1 Hxxa ) (5.5)

=> 2;1 <H/d}i> (7" (=43, A3)7" (g4, M) Ins {pi )" (V" (g1, A )7 (g2, A2)Ims {pi}),

13Contrary to possible subtractions in the sub-processes, the presence of subtraction constants in the
HLDbL scalar functions would imply a contribution to a, that is not determined by unitarity.
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Figure 5. Intermediate states in the direct channel: pion pole and two-pion cut.

where S, is the symmetry factor of the intermediate state |n). We consider now only the
70 intermediate state in the sum:

Im7 <64(27r)45(4)(ql +q+q3— CI4)H>\1/\2,/\3>\4)

1 [~ (5.6)
_! / dp (1" (a3, Aa)7 (an M) |70 () (" (a1, M) (g2 A2) [7°()).

2

After reducing the matrix elements and using the definition of the pion transition form
factor

Z/ d'z 70| T{jtt, ()5 (0) H' (p)) = P qappFroers (0, (q — p)?), (5.7)
we find

1 —~
I IPA7 = —5 / dp (27)*6™W (1 + g2 — P)e" P71 442503, 145

2 2 2 2 5.8
X .FTI—O,Y*,Y* (q17q2)f7r0'y*7* (q37 q4) ( )
= —7T5(S — Mg)EN/VOZB6>\0"Y§q1aq218q37q45~/—"71—07*,y* (q%’ q%)fﬂ_o,y*,y* (q%a qi) .
By projecting onto the scalar functions II;, this leads to
t -FWO,Y*,Y* (q%, q%)]:ﬁo,y*,y* (q%, qi) 2 = 1’ 5 9
Piss = . (5.9)
0 i# 1,
and, analogously,
t 'FTFO’Y*’Y* (q%, qz)fﬂov*v* (q%, qg) 1= 3, 5.10
Piju = ) (5.10)
0 i # 3.

In order to identify the discontinuities, we project the unitarity relation selecting two-
pion intermediate states:

1nZ™ ((2m)'0 (1 + g2 + a3 — a) Fo oo )

= % dpydps (7 (p1) ™ (p2) |7 (—g3, A3)v* (g4, M) (7 (p1) ™ (p2)|7* (91, M)7* (g2, Aa))

+ i dpydpy (T ()70 (p2) 7" (— a5, As)v (ga, )Y (10 (1) 70 (D2) |7 (a1, M)y (20 A2))
(5.11)
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hence

1 ox(s *
R (s) / dQ ( W (p1, p2, 1) W37 (p1, p2, —as)
327 2
1 o
+ §W&)V(p1)P2aQ1)W(§\O (plapzu _(13)>7 (512)

where the subscripts {+—,00} denote the pion charges. The analytic continuation of the
unitarity relation can be obtained if the v*7* — 77 matrix element W#" is expressed in
terms of the fixed-s dispersion relation (2.42) for its scalar functions:

A8 +— ~S;+— ASi+— (4. . s +— .
i =S ) PRI 1 DA (i) e DU i)
- i=1 ! t— M7% O Mz T JaMm2 ! t1 —t T JaM2 ! Uy —u ’
5 ~s;00 ~s;00
v w1 [ D;y (t1; s 1 [ D: 7 (uy; s
Wét) = ZTZ” / dt1M + / dulM ) (5.13)
i=1 T Jamz b=t ™ Jan2 up —u

Note that W[, does not contain any pole terms because the photon does not couple to two
neutral pions due to angular momentum conservation and Bose symmetry.

If we pick the contribution of the pole terms on both sides of the cut, we single out
box topologies:

1 ox(s)
box - 327T2 2

8+ — A8 — ASiT— 55T — *
X/QQZEZ/U”EW<”¢ ®)+pmt(@><%“ ®)+l%“($>,

= -2 w— M2 )\ — M2 — M2
l?j:7

ImﬂTrHul/)\U
s

(5.14)

where the primed variables belong to the sub-process on the left-hand side and the double-
primed variables to the sub-process on the right-hand side of the cut.

We could now apply a tensor reduction to obtain phase-space integrals for the reduced
scalar quantities. The projection on the scalar functions II; would allow us to identify
the discontinuities DE; s due to box structures. The reduced scalar integrals could then be
transformed into another dispersive integral. Together with the dispersion integral ds’ of
the primary cut, this produces the double-spectral representation. The case of the simplest
scalar phase-space integral is explained in [33].

Unfortunately, the tensor reduction is enormously complex because it involves the
inversion of a 138 x 138 square matrix. We will therefore follow a different strategy for the
box topologies. We note that the non-zero pole residues [)fguf contain two electromagnetic
pion form factors for the off-shell photons. These form factors can be factored out and
multiply then the discontinuity that would be obtained by applying Cutkosky’s rules [63]
to the sQED pion loop calculation. This becomes clear from the relation between the pole
terms and the sQED Born terms as discussed section 2.6. Therefore, the box contribution
is nothing else but the sQED contribution multiplied by a vector form factor FY (¢?) for
each of the off-shell photons. As in the case of the sub-process, the difference between
unitarity diagrams and Feynman diagrams is absolutely crucial: the sQED contribution
consists of boxes, triangles, and bulb Feynman diagrams, but corresponds to the pure box
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Figure 6. Unitarity diagram representing the pion-pole contribution in one channel.

topology in terms of unitarity. In section 5.3, we will prove that this identification is correct
and unique.

Finally, there are the contributions with discontinuities either in one or in both of the
sub-processes. They contain for example resonance contributions in the sub-process, but
also two-pion rescattering effects in the direct channel.

5.2 Symmetrization and classification into topologies

In the previous subsection, we have explained how the double-spectral representation can
be derived from a fixed-t dispersion relation by taking the analytic continuation in ¢,
which is defined by the unitarity relation. In the s-channel unitarity relation, a fixed-s
dispersion relation of the sub-process is inserted (in the unitarity relation for the u-channel
contribution, the variable u is kept fixed, which, however, plays again the role of s in the
sub-process). Of course, one could have started with a fixed-u or fixed-s dispersion relation
in the first place. The requirement that this lead to the same result allows us to identify a
symmetric representation, which treats the Mandelstam variables on an equal footing and
therefore implements crossing symmetry. In this symmetric representation, we classify the
different contributions in terms of topologies. Note that in the case of HLbL, we get the
two other possibilities (i.e. taking fixed-u and fixed-s dispersion relations as the starting
point) for free, because we consider a totally crossing symmetric process.

If we compare the three different representations of unsubtracted dispersion rela-
tions (5.4), we immediately see that the contributions in one representation are either
contained explicitly in the other representations, can be understood as part of the respec-
tive constant c!, or correspond to a contribution of neglected higher intermediate states,
as we are now going to discuss.

5.2.1 Pion-pole contribution

First, we consider the pion-pole topology (see figure 6). The fixed-¢ dispersion relation
contains the poles in the s- and u-channel explicitly. Analogously, the fixed-s (fixed-u)
dispersion relation contains the poles in the ¢- and wu-channel (s- and t-channel). The
t-channel pole contribution, which is not explicit in the fixed-t representation, can be
identified with ! as it vanishes in the limit ¢ — co. Hence, the total pion-pole contribution
is just given by

0_ Pi:s Pist Pisu
7 PO (s,tu) = 2 P P (5.15)
! s—M2 t—M2 u— M2
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Figure 7. Unitarity diagrams representing the box contributions.

where the pole residues are products of pion transition form factors:

Pi,s = d;1 ‘Fﬂ'o’y*’y* (q%a Q%)‘Fﬂoy*'y* (Q§v qi)a
Pit = 6i2 ‘Fﬂ'o’y*'y* (q%a q%)’rﬂ'o’y*"/* (Q%7 qz)a (516)
Piju = 0:3 fﬂofy*'y* (Q%a qz)]:frofy*fy* (q%, qg))a

where ¢;; is the Kronecker delta.

Since the Lorentz structures of the usual pion-pole contribution, see e.g. [19], coincide
with the first three BTT structures, this proves that in a dispersive approach the pion
pole is unambiguously defined as given in [26] (and already in [19]), in particular with the
transition form factor defined for an on-shell pion.

5.2.2 Box contribution

For the contribution of box topologies (see figure 7), Mandelstam diagrams prove very
useful for the discussion of double-spectral regions. In figure 8, such a diagram is shown
for the case qf = 0.5M2. A dashed line indicates a line of fixed ¢, used for writing the
fixed-t dispersion relation. The two cuts are highlighted in gray. The discontinuities along
these cuts can be written again as a dispersive integral over double-spectral functions.
The three regions of non-vanishing double-spectral functions are labeled in figure 8 by pg,
Psu, and pgy.

The s-channel cut receives contributions from the double-spectral regions pg and pgy,
according to the unitarity diagrams 7(a) and 7(b), where first the vertical cut, then the
horizontal cut is applied.'® The wu-channel cut receives contributions again from p,, and
from py,,, according to the unitarity diagrams 7(b) and 7(c). In diagram 7(b), the horizontal
cut is now applied first.

Hence, the fixed-t dispersion relation leads to a priori four double-spectral integrals:
one for each of the regions pg and ps, and two for the region pg,. However, it turns out
that the sum of the two double-spectral integrals for the region ps, equals the crossed
version of one of the other double-spectral integrals. This is illustrated for the example of
a simple scalar box diagram in appendix G.3. Therefore, the box contributions constructed

141n fact, each of the shown diagrams corresponds to two topologies because the pion is charged and its
line has a direction.
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Figure 8. Mandelstam diagram for HLbL scattering for the case ¢? = 0.5M2 with double-spectral
regions for box topologies. The dashed line marks a line of fixed ¢ with its s- and u-channel cuts
highlighted in gray.

from a fixed-t dispersion relation are already crossing symmetric and identical to the box
contributions that are obtained from a fixed-s or fixed-u dispersion relation.

This discussion already anticipates the idea of the uniqueness proof in section 5.3:
isolating the pion-pole contribution to the LHC in 77 intermediate states, the double-
spectral functions become identical to the ones of the box diagrams in the sQED loop
calculation. What needs to be shown is that the Lorentz structures in the BTT set not only
produce the right Lorentz structures for the sQED box diagrams, but also that the triangle-
and bulb-type sQED diagrams are correctly reproduced. Moreover, this identification has
to be proven for the full set of BTT functions, including those which cannot immediately
be identified with basis functions due to the occurrence of the Tarrach amplitudes.

5.2.3 Higher intermediate states

Topologies where we replace either one or both of the pion poles in the sub-process by a
multi-particle cut are the last contribution with a two-pion intermediate state in the direct
channel. Such contributions could be captured in several ways, either relying on a partial-
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wave picture or approximating the multi-pion states by an effective resonance description.
While the case of S-waves was already discussed in [26], the BTT formulation facilitates
the generalization to D-waves, since the technical complications related to angular averages
and kinematic singularities, the latter requiring the introduction of off-diagonal kernels,
are avoided. The application to rescattering effects will be presented in a forthcoming
publication.

5.3 Uniqueness of the box topologies

In this subsection, we will prove that the box topologies are equal to the FSQED contribu-
tion (sQED multiplied by pion vector form factors) and that this contribution is unique.
The proof is based on the Mandelstam representation and consists of two arguments:

e the double-spectral densities of box topologies and FsQED agree,

e both representations fulfill an unsubtracted Mandelstam representation.

The argument for the first point is the following: in the case of the box topologies, the
discontinuities are defined by the unitarity relation as phase-space integrals of products of
two pure pole contributions for v*y* — 7. In the case of FsQED, the discontinuities are
most easily found by applying Cutkosky’s rules [63], i.e. by cutting the loop diagrams. We
see immediately that the discontinuities in FSQED are phase-space integrals of products
of two Born terms for v*vy* — nw. In section 2.6, we have already shown that the Born
contribution is the same as the pure pole, hence the discontinuities (and therefore also the
double-spectral densities) of the box topologies and FsQED are equal.

To complete the proof it remains to be shown that the scalar functions in FsQED
fulfill a Mandelstam representation (the scalar functions of the box topologies are defined
by the Mandelstam representation). Apart from the first six scalar functions Iy, ..., I,
which are unaffected by the Tarrach amplitudes, the scalar BTT functions II; are defined
only up to the ambiguity (3.22), so that we cannot compare the representations for these
functions immediately. Therefore, we will derive the double-spectral representation of
the basis functions II; that is implied by an unsubtracted Mandelstam representation for
the scalar functions II; and show that the FSQED basis functions fulfill a double-spectral
representation of this form. This will then complete the proof of the uniqueness and the
equality of the box topologies and the FSQED contribution.

First, we calculate the fully off-shell SQED loop contribution. It consists of six box
diagrams, twelve triangles, and three bulb diagrams:

ie TR, = 3 % +12 % +6x . (5.17)
The three bulb diagrams are given by
3x = 4i€4 (guygAUBO(sa MZa Mf) +gu/\gVUBO(tv Mgv Mg) _|_g,ngV/\BO(u, M72r? MTZr)) )

(5.18)
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where the scalar loop function By is defined in (G.1). One of the twelve triangle diagrams
can be represented as

. 1
—41649)\(7(2(1?(1500((]%7 S, q%, Mg: Mg: Mg) - q'it (Q1V_qg) CI(Q%? S, qgv ME? Mgv Mg)

+ qg (q,f - qg) CQ(Q%, S, qu M72r7 MT2I’7 M72r)
— 29" Coo(q2, s, g3, M2, M2, M2) + 2 (¢ ¢" + ¢'¢5) Cra(d2, s, 43, M2, M2, M?)

—2¢)'q/Cui(ai, 5,43, M2, M7, M7) — 24545 Coa (a7, 5, 43, M7, M3, ME)), (5.19)

where the scalar loop function Cj is defined in (G.4). For the tensor coefficient functions
C;, Cij, we use the convention of [64] up to a normalization factor: 1672Cy = C([]64} etc.
The remaining eleven triangles follow by crossing the external momenta. Similarly, the
fully off-shell formula for the box diagrams can also be expressed in terms of the scalar
four-point function Dy and the tensor coefficient functions D;, D;j;, D;jr, Dijii, but the
result is rather long and need not be reproduced here.

In this way, we obtain a representation in terms of scalar loop functions By, Cy, Dy, and
the pertinent tensor coeflicient functions. Next, we project this expression onto the HLbL
tensor basis (3.18), see appendix C, in order to identify the sSQED contribution to the basis
functions II;. Using FeynCalc [65], we perform a Passarino-Veltman reduction [66, 67] of
the tensor coefficient functions, so that the basis functions are given by linear combinations
of the scalar loop functions:

5P = p; + a; Ao (M?)
+ i Bo(qi, M7, M7) + 07 Bo(d3, M7, M7) + b7 Bo(g3, M7, M) + b Bo(ai, M7, M)
+ b7 Bo(s, Mz, M7) + biBo(t, M2, MZ2) + b} By (u, M7, M?)
+¢2Colq}, 3, s, M2, M2, M2) + ¢}*Co (a3, ¢}, s, M2, M2, M?)
+ci*Colqt, g3, t, M2, M2, M2) + c*Colq3, 3 t, M2, M2, M?)
+¢*Colat, ai, u, M7, M7, M2) + ¢°Co(d3, 63, u, M7, M2, M)
+d;*Do(qi, 43, 43, 43, 5,1, M7, M, M7, M)
+d;"Dolat, 63,43, 43, 5, u, M7, M7, M, M7)
+di" Do(qi, 43, 43, 43, t, w, Mz, M7, M7, M), (5.20)

: J
where the coefficients p;, a;, b,

the Mandelstam variables s, ¢, u. The Passarino-Veltman reduction results unfortunately

cg , d{ are meromorphic functions of the virtualities qz-2 and

in extremely long expressions for the coefficients, which, in addition, contain many kine-
matic singularities. However, at the kinematic points of these singularities the scalar loop
functions fulfill linear relations which cancel most of the singularities. By evaluating the
expressions for the functions ﬁ?QED numerically, we have checked that the only surviving
kinematic singularities are exactly the ones required by the projection of the 54 scalar
functions II; onto the basis (B.2).

-39 —



As already mentioned, the verification of the Mandelstam representation is simplest
for the functions Ily, ..., Ils, because they are identical to the basis functions I, ..., M,
i.e. their projection does not involve kinematic singularities. We have to show that these
functions fulfill a Mandelstam representation of the form (suppressing the ie)

QED
HSQED / pj st (S t,)
; (s,t,u) = -
4M2 sy (8 =8t —t)

P (5, )
L / a (5.21)
™ Jamz2 ut(s’) (8 - 8)(“ - u)

ED
1 PP ()

+ = dt/ du!
7 S Sy =W )

where the borders of the double-spectral regions ¢+, u™t are defined in (G.12).

As the scalar four-point functions Dy are the only ones in (5.20) with a double-spectral
region, we can immediately identify the double-spectral densities:

ED
PiE P (s,t) = d5t(s,t)po(s,t: 4, 43, 43, 43).

ED .
PP (s,u) = (s, u)po(s, s 63, 43, 43, 43), i={1,...,6},

(1) = M,

o w)po(t, u; 61, 43, 43, 43) (5.22)
where pg is the double-spectral density of the Dy scalar loop function, defined in (G.15).
By evaluating numerically the double-spectral integrals (5.21) at some random kinematic
points below the appearance of anomalous thresholds, we have checked that the Mandel-

SQED e ,HZQED indeed agrees with the expression

stam representation for the functions II]
in terms of scalar loop functions (5.20). Even though showing the identity of the two
expressions algebraically would have been desirable, already the sheer size of these expres-
sions has prevented an analytic comparison. However, the numerical check does not leave

any room open for differences.

This result implies that the double-spectral densities of the sSQED box diagrams (5.22)
have the correct form that, when inserted into the Mandelstam representation, the non-
residue pieces can be separated in such a way that all triangle and bulb loop functions
n (5.20) are reproduced with the correct coefficients. The explicit verification of this
property is the crucial point in the argument. Since the double-spectral densities of box
topologies and FsQED agree, this proves the claim for ¢ = 1,...,6.

The remaining basis functions exhibit kinematic singularities. In order to work out
their double-dispersive representation, we can limit ourselves to the seven remaining rep-
resentatives of (3.19). All other basis functions are related by crossing symmetry (B.3).
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We write the basis functions of interest as

—4gs - qall7 = 2(s — sp)TT7 — (u — ua) (t — tp)1I51,
—2g3 - qallg = (5 — )M + (u — up) Iy,
—4gs3 - qall1g = 2(s — sp)TT1g + (u — ug) (u — wp)Tsy,
—4q1 - q2q3 - qallay = (s — 84)(s — 5p)Ta1 — (u — tq) (u — up) sy,
2q1 - @136 = (s — sa)Iu3 — (u — wp)T37,
—2q3 - qallzg = (5 — sp)Tlag — (5 — 5a) 54,
—2q3 - qallyo = (s — sp)Ts50 — (t — tp)TI54, (5.23)

where s, == @2 + 43, sp = ¢ + @3, Ua = @5 + @3, wp = ¢} + 43, ty == ¢5 + q3. Next,
we introduce subtractions for the scalar functions II;: each function is subtracted once or
twice at the subtraction point that appears in the coefficient of the other function II; in the
above linear combinations. For instance, in the equation for IIg, we subtract Iy at u = wu,
and Ilys at s = sp. This leads to representations of the basis functions l:Ii where both
double-spectral contributions are multiplied by a common prefactor (e.g. (s — sp)(u — up)
in the case of ﬂg), while only the subtraction terms, which are single-dispersion integrals,
have different prefactors. The results for these double-spectral representations of the basis
functions II; are given in (F.2) and (F.5) in appendix F.1.

The important point is that in these double-spectral representations both the discon-
tinuities of the single-dispersion integrals and the combined double-spectral densities p;
are unambiguously defined. We do not attempt to split the double-spectral densities into
two contributions from the II;: this splitting involves exactly the ambiguity (3.22). For
the sSQED contribution, the discontinuities and double-spectral densities can be extracted
from the loop representation of the basis functions (5.20) as follows:

e The discontinuities are extracted by taking the appropriate limit of the basis functions
II;. For instance, the discontinuity of the subtraction term of Ilg is obtained by
considering the limit lim (—2g3 - g411o).

U—rup

e The combined double-spectral densities p; are (up to a kinematic factor) just the
double-spectral densities of the basis functions II;. Therefore, they can be obtained
again from the coefficients of the Dg functions in the loop representation, in analogy
to the case of Iy, .. ., Il,.

After having identified all the discontinuities and double-spectral densities in (F.2)

and (F.5), we have checked numerically for random kinematic points (below the appearance

of anomalous thresholds) that the dispersive representations of the functions II; agrees with

QED _ [sQED
= Hyo

the loop representation. It turns out that ﬁzg = 0, hence we can set

3P = . =P =, (5.24)

which also fixes the redundancy (3.23).
This completes our proof of the uniqueness of the pion-box contribution. Cutkosky’s
rules tell us that the discontinuities of the FsQED contribution are the same as the ones
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of the pion-box topologies in the sense of unitarity. The FsQED contribution fulfills the
same double-spectral representation as the pure pion-box topologies. Therefore, the two
representations are the same. Unitarity and Mandelstam analyticity define the pion-box
contribution, i.e. 7w intermediate states with a pion-pole LHC, in a unique way.

Finally, we stress that these calculations also provide a strong test of the Lorentz
decomposition (3.13). Apart from the function II49, which does not receive a contribution
from the pion loop, all scalar functions have been shown to be free of kinematics, so that the
sQED pion-loop amplitude behaves exactly as expected from the general BTT formalism.

5.4 Contribution to (g — 2),

In this subsection, we insert our dispersive representation of the scalar functions into the
master formula (4.28) to obtain the contribution to a.

5.4.1 Pion-pole contribution

With (5.15) and using the master formula (4.28), we recover the well-known result for the
pion-pole contribution to a, [19]:

2 3 e 00 1
aZo_polc — O‘/ dQ / ng/ dr/1 — TQQ?Q%
0 0 -1

372

(5.25)
_ 0 =0
X <T1(Q17Q2,T)H1 P(Q1, Q2 7) + T2(Q1, Q2, 7T} pde(Ql,QmT)),
with
ﬁﬂ’o—pole _ _.FWO,Y*,Y* (— %, —Qg)fﬂ—(),y*,y* (-Q%, 0)
' QF + M7 ’
9 9 9 (5.26)
ﬁﬂ’o-pole _ 7}'770"/*7* (* 15 7Q3)“F7TO’Y*’Y* (7Q2, 0)
’ Q3 + Mz ’

where Q3 = Q2 + 2Q1Q27 + Q3 and the integral kernels T} are given in appendix E.2.

5.4.2 Pion-box contribution

The single-integral discontinuities and the double-spectral densities in the dispersive rep-
resentations of the basis functions (F.2) and (F.5) are quantities that can be extracted
directly from the projected basis functions II;. To the contrary, the separation of the
double-spectral densities p; into the two contributions from the different scalar functions
I1; is not unambiguously possible, which reflects just the redundancy (3.22). However, such
a separation is not necessary: for the calculation of a,, we need the scalar functions II;
only in the limit £ — 0. In this limit, all the scalar functions II; appearing in the master
formula (D.2) can be expressed in terms of single-dispersion integrals, where the discon-
tinuities are directly related to the basis functions II;. All the subtracted double-spectral
integrals, which are not unambiguously defined, drop out in the limit £ — 0.

We stress that the ambiguities in the definition of the BTT functions II; are related
to the fact that these functions are not observables. In the calculation of any physical

— 492 —



quantity, such as helicity amplitudes or the HLbL contribution to a,, any ambiguity due
to the redundancy in the BTT set has to drop out.
The pion-box contribution to a,, is therefore given by

az-box:anQED / dQ1/ ng/ dr\/ﬁQlQ ) ( QQ) ( Qa)

37T2

xZT Ql,QQ, ) SQED(Ql QQa )a (527)

=1

where the functions II; are defined in (D.2). They are linear combinations of the scalar
functions II; in the limit & — 0. The required functions II; can be obtained in this
limit from the basis functions f[i, see (F.8) in appendix F.2. Their explicit dispersive
representation is given in (F.9). In fact, this representation is applicable not only to
the pion-box contribution, but whenever a dispersive representation for the II; can be
constructed. In the special case of the pion box, one has in addition HSQED = HSQED =
H;%ED = 0, hence HSQED 0.

6 Conclusion and outlook

We have derived a decomposition of the HLbL tensor into scalar functions (3.13), following
the general recipe by Bardeen, Tung, and Tarrach, which allowed us to derive a master
formula (4.28) for the HLbL contribution to the anomalous magnetic moment of the muon
(9 — 2)u in terms of scalar functions that by construction are free of kinematic singular-
ities and zeros. In particular, these scalar functions fulfill a Mandelstam double-spectral
representation. In the present work, we have considered only the lowest-lying intermediate
states, pion-pole and pion-box topologies. These two contributions can be studied without
any approximation. The central result is that the pion pole corresponds exactly to the
contribution of one-pion intermediate states if interpreted with an on-shell pion transition
form factor, and the pion-box, i.e. w7 intermediate states with a pion-pole LHC, to the
sQED pion loop dressed with pion vector form factors. These results confirm both the
definition of the pion pole and prove explicitly the validity of the separation of Born and
non-Born 77 contributions given in [26].

Moreover, while the formulation in terms of helicity amplitudes adopted in [26] required
the introduction of off-diagonal kernel functions to account for kinematic singularities, the
BTT version avoids these complications and thus facilitates the generalization to partial
waves beyond S-waves. In order to exploit unitarity in a partial-wave picture, the partial-
wave unitarity relations analyzed in the helicity basis need to be transformed to the BTT
basis, the formalism for which we provided in the present paper.

This treatment is based on fundamental principles of particle physics: gauge invariance
and crossing symmetry are already implemented in the decomposition of the HLbL tensor
into scalar functions. The dispersive description uses analyticity and unitarity to establish
a relation between the HLbL contribution and different on-shell quantities. These on-shell
quantities are in principle either experimentally accessible or can be reconstructed from
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data with dispersive methods. For the two cases covered in this article, the corresponding

input is parametrized by the pion transition form factor F, o.+.+ in case of the pion pole,

and by the pion vector form factor FV for the pion box, botvhwform factors being needed
for negative virtualities of the off-shell photons. For general w7 intermediate states also
information on the partial waves for v*y* — 77 is required. An overview over which
processes can help in the dispersive reconstruction of the pion transition form factor [68—71]
or v*v* — mm [26, 36, 40, 56, 72| is provided in [27].

An extension of the presented dispersive treatment is possible within certain limits.
It is straightforward to include higher pseudoscalar poles, i.e. the n and 1’ mesons by just
adding their contribution in complete analogy to the 7° pole. The input quantities will
be the transition form factors of these heavier pseudoscalars, see [73-75] for work towards
their dispersive calculation. Although these mesons are unstable in QCD, their decay width
is certainly small enough to justify the treatment as a pure pole. A bit more difficult is
the inclusion of higher two-particle intermediate states: an extension to KK intermediate
states is still straightforward, but the experimental input will be less accurate. In general,
the approach applies to the low and intermediate energies < 1.5 GeV, where a few channels
dominate. All model calculations done so far indeed support the assumption that the
lowest-lying singularities govern the HLbL tensor.

A careful numerical analysis of the formalism presented in this paper is in progress.
It will reveal the relative importance of the different contributions and should allow us to
identify which input quantities will have the largest impact concerning the reduction of the
hadronic uncertainty in aELbL. In this way, we are confident that the presented treatment
of HLbL scattering shows a path towards a data-driven and thus less model-dependent
evaluation of (g — 2),.
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A Partial-wave representation for yv*vy* — 7w

Here, we give the expressions for the scalar basis functions of the sub-process v*v* — n,
defined in (2.26), in terms of the helicity partial waves including D-waves:

Ay = Alj(s) {2q%q§ (h0,5(5) + 2(3z2_1>h2,5(s)> —(s—q}—q3) <h0,1<5)+;(3zz_1) h2,1(5)>
n 5vV6 (((¢f — 43)? — s(qt Isqg)) 2 —s(s— @ — ) haa(s)

- Z\\/g (s(ai +@3) — (af — @3)?) 2%ha3(s) + Zﬁ(fﬁ —@3)(s—qi — Q%)Z2h2,4(5)}7
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Ap = Alj(s) {2 (ho,l(s) + 2(322—1)@,1(3)) —(s—¢?—¢3) (ho,s(s) + 2(3,22—1);12,5(3))

- 5\/3(1 + 2%)ho2(s) + 5v/3s2hg 3(s) — 53 (2(qt — gg\z — Ma(s)) 2 ;?i(ZZ }
= G (122 ) 0 24,
MG 41%&%9 ((S 01— @) haals) + 2201 q%Q (q)g)’
&zﬁ_i%ﬁu@(mx@+¢;&wﬁw%gﬁz) .

We note that under ¢@ < ¢3, ha.4 changes sign, while all the other S- and D-waves are
invariant. Therefore, the apparent singularities in ¢7 — ¢3 in (A.1) are canceled by the
corresponding kinematic zero in hg 4.

B Tensor basis and crossing relations

B.1 Crossing relations between Lorentz structures

The redundant set of generating Lorentz structures of the HLbL tensor consists of 54
elements. While seven structures are defined in (3.14), all the remaining structures are
given by crossed versions thereof:

TIAT — ¢y [T, TIA0 — 011,
TIAT — ¢y [T, TIAT — 0y [T,

e Clz[TW’\a], TIAT — 0 Con[ T, TS _ Gy [T,
TIAT _ 0y, [T, TIAT — 0y [Con [T, T _ [T,
TIAT — CoalCg [T, T = ¢ [T, TIAT — Cyu[Ca[THT],
T = CaalCus [Ty, T = CoslCra[ 7))

TIAT — 0y [T, TIAT — Coa [T, TEAT — Cy,[Cas [ TIT],
TIAT — CoalCo[ T, T = Coa [T, TIAT — CpalCra [T,
TIAT — 0y [T, TEAT — ¢y [T, TEAT — Cyu[Cra[TIT],
THAT = CouCra[TH 1), THAT = Cay[Cou[Cra[TH )],

TIAT — Co [T, T = o [T, T — [T,
TIAT — ¢y [T, TIAT — ¢y [T,

TIAT — G CulT), T = 0 [T, T — CalCi [T,
TIAT — ConlCral T, TIAT = CafCaa [T, TIAT — ¢y [T,
TIAT — ColCas[ T, T = Cog[T1), TIAT — €1 [Cas [ TET],
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TiL?ll)\O' _ 624 [CIS[T;?V)\UH’ Tzig»\a _ 612 [T?i{?V)\JL
TE,:BV)\O' _ 612[624 [Tig/)\o]], TE,:Llu)\o' _ C24 [T‘ﬁ;})\a]’ Tg;l/AO' _ Clg[Tﬁ)V)\a]’

T = CoolCis[Thy )], TE = Cas[Cra[Thy ). (B.1)

B.2 Basis coefficient functions

The relation between the 43 basis coefficient functions II; and the 54 scalar functions of
the redundant set can be obtained by projecting (3.13) on the basis. The result defines the
exact form of the kinematic singularities in ¢; - g2 and g3 - g4 in the functions II;:

I, = 1Ty, Iy = s, I3 = 113,
My =10y, 15 = I, I = T,
o q2 - 4392 G4 =~ q1 - 49391 - 44
II; = II; — ———————1l3y, Iy = IIg — —————— 1134,
q3 - q4 q3 - q4
=~ q1 - 44 ~ q2 - g3
Iy = ITg + I, o =1l + g,
g3 44 q1 - 42
2 q4 ~ 1°G3
Il =111 — 2219 T4, Il = II12 — N T4,
q2 q3 - g4
44 ~ q1 - 4q3
I3 =g + g, Iy =1y + s,
" 44 q1 - 42
2" q3 ~ 1°Q4
IIi5 = II15 — 24 IIss, ITi6 = 1116 — N q g,
qa q1 - 42
q1-4q492 - g4 = q1 4392 - g3
ITi7 = 117 — II32, IIg = 1118 — II32,
q1 - 42 q1 - 42
q1 4492 * g3 ~ q1 4392 * g4
ITig = IIyg + 131, IIgg = Iy + 134,
g3 44 q3 " 44
a1 4492 - 43 = q1 - 4392 - g4
I = Iy — IT99, IIgg = Ilag — Ty,
149243 149243 - 44
q1 - 4392 - 44 = q1 - 4492 * g3
I3 = IIo5 — IIs6, Iy = Ilo7 — o,
142943 142493 - 44
q1 - 4aq2 - G3 - q1 - 4392 " Ga
g5 = IIp9 — I3, Iz = 130 — II39,
q1 - q2 q1 - q2
q2 - qa = q1 - g4
7 = II33 + IT I = II34 + g6,
1492493 * 44 149243 - 44
2 q3 ~ 1°q3
IIg9 = I35 — LH% 39 = 136 — B g ,
q1 - 42493 - 44 q1 - 4243 - 44
= q2 - q3 ~ q2 - q4 ~ q1 - q4
II3; = II3s + 147, [I3p = Il39 — 146, II33 = II40 — 46,
g3 - q4 q3 - 44 g3 - q4
~ q1-4g3 ~ q2 44 ~ q1 - 44
IM34 = 141 + 147, I35 = I + Il4s, II36 = 143 + 137,
g3 - 44 q1 - q2 q1 - 42
a2 - 43 = q1-43
[I37 = 1144 — I3, II3g = Il5 — o 2H377
q1 - q2 ~ q2 - 44 ~ q1 - q4
I3 = Iy9 + II54, T4 = 50 — II54, Iy = 51 + 54,
g3 - 44 q3 - q4
~ q2 - g3 ~ q1 - g3
Il = Il59 — I54, II43 = Il53 + II54. (B.2)
q3 - q4 43 q4
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Crossing symmetry for the functions II; implies the following relations between the basis
functions II;:

Iy = Cy4[I4], I3 = Cy3[I4],

IT5 = Cy4I14), Ilg = Cy3[TI4),

Mg = Cyo[II7], 17 = Cou[Ca3[I7]], I1s = Ca3(C1a[TT7]],

1o = Caa[Cr3IIo)], IT11 = Cs4[C24[C13[Mo]]], IT15 = Cs4(TIy),

IT;3 = Ci2[Mo], 114 = C12[Cos[C13[IIo]]], I15 = Cs4[Cr2[Ty]],

I16 = Ca3[Cra[Mo]],

Ilyy = C3a[n], Iy3 = Ci2[a], M5y = C34[Cr2[Ia1]],

Iy0 = Cs4[TI1o), 55 = Co3[C1a[I1o]], Iy6 = C34(Ca3[Cr4[M1o]]],

Iy7 = %023[034[1:[19]], Ios = %613[1:[19],

q1 - 49293 - g4 a1 - 49293 - q4
Iy = *%szx[ﬁw], I3 = *%624[614[1119“
q1 49293 - 44 q1 - 49293 - g4

I31 = Co4[C13[TI36]], I35 = C34[Ca4[C13[M36]]], I35 = Ca3[C14[II36]],

I3 = C12[Co4[C13[M36]]], I35 = Cia[IIs4), I37 = Cs4[C12[T36]],

I35 = C34[M36),

I141 = Ci2[M4o), IT45 = C3a[Il4), Iy3 = C34[Cra[TLs0]]-
(B.3)

C Projection of the scalar functions

Given any representation of the HLbL tensor IT"**? the following procedure allows the
identification of the basis coefficients II; in (3.18):

e write the tensor in terms of the 138 elementary structures (3.8) and identify the scalar
coefficients Z;,

o take the subset consisting of the following 43 scalar coefficients:

(5} = {=ili = 1,2,3,4,5,7,8,16,17, 19, 20, 25, 26, 28, 29,
34,35, 37,38, 43, 44, 46, 47, 53, 54, 56, 57,

(C.1)
94,95,97, 98,103,104, 106, 107,
121,122,124,125,130, 131, 133, 134} )
e perform a basis change according to
I = ZEzPZm (C.2)
i=1

where P is an invertible 43 x 43 matrix, defined below.
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The matrix describing the change of basis

entries:

Py
Py3
P35

’

P4

is sparse and has the following non-zero

1
Q12CI34’
1 q13924 1 1 1 1
= y Pay = 55— , Pas = y Poig=———, Paos = —,
412434 412934 q12934 412434 q712934 412434
1 14923 1 1 B 1 P 1
- ) 4 = "5 9 ) 6 — ) 3,20 — T "5 3,26 — — o5
412934 4712934 q12934 412434 12434 412434
q13914 1 Q13924 1
- 2 T= T 54 — — 2 5,19 )
4124934 q12434 412434 q12434
714923 1 _ 23Q24 1
- 2 6, - 9 4 — 2 7,8 — )
q12934 412934 412934 412434
_ Q3 Q3 414923413 Q3 _ q23
9 ) 4 = 9 2 9 o 186 — 277 8, ) )
412434 412434 412934 412434 d19434
q14 1 1 1
=———>5, 33=— , Pgas = — , Pgao = ;
q12934 2412434 24124934 2412434
_ 923 _ Q23 413924423 _ Q23 _ q24
— 9 ) 4 = 2 5 9 ) 9,5 — 277 A7 — PR
412434 412934 412934 412434 q12934
q23 1 1 1
= T 5 9,33 — ) 9,36 - ) 9,41 — 3
43234 2412434 2412434 2412434
_ % _ 4 q13924914 05 = _ 9
2¢12q34’ ’ 2q12434 403, ’ 2¢12q34 ’ 43yq34”
q14 1 1 1
=——>5, Ps1i=5——, Poosgr=—5——, Proa2=— ;
41243, 2412434 2412434 2412434
_ 9 _ 013954 424 __® 10 = — 424
q12G34~ ’ a3, Qg3 ’ q12q34’ ’ 43yq34’
_ 1 Y
q12q34 ’ 1263,
Q3 _ q13 14923413 - p . q23
- ) 4 — 2 9 ) 12,6 — ) 12,7 — 775 )
2q12q34 2q¢12q34 412454 2q12q34 412934
_ s p _ 1 1 1
— T 9 12,32 — — 5. > 2, - 9 12,40 — )
41243, 2412434 2q12q34 2412434
_ Q23 . Q14Q§3 q23 Q23 P B q23
- ) ) ) 6 — 13,20 — 775 ’
412434 412934 4912934 q12934 19434
_ 1 P q23
q12q34° ’ Q1243
Q4 . Q14 413924414 . p _ q24
— 5 4.4 — 5 o ; 14,5 — ’ 14,7 — — 5
212434 212434 412954 2412434 412934
q13 1 1 1
=——>5, Pz = y, Pragr = y Prags = — )
412434 2412434 2412934 2412934
_ 924 924 4149234924 _ p _ q23
- 9 ) 5,4 — 9 2 9 ) 15,6 — 92 ) 15,18 — =~ 5
412434 412934 412934 412934 q12934
q24 1 1 1
=———, Psga=—5——, Pisgs=5——, Pisa3=— ;
412934 2412434 2q12q34 212934
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q13

q13 149234913

q14

3
= 64 = 16,6 = Prgar = ———
2¢12q34 212434 a3, 2q12q34 01243,
q13 1 1 1
=———, Pisso=5——, Pisss = —5——, Pieao = ;
4124934 24124934 24124934 2412934
_ 42 = 4q23 413924923 = g = — 413
2¢12q34 ’ 212434 a3, " 2qi2q34’ ’ q3yq34’
q24 1 1 1
=——%5, Pirsgs=—5——, Pir3gs=—5——, Pira1= ;
q12954 2q12q34 2q12q34 2412434
2
q14 4234 q14 q14 q14
= , Pigy =522 , Pisg = ——, Pisoao=——5——,
412934 4124934 412934 4124934 q12934
1 q14
= ; Pigos = ——
412934 412434
_ 924 _ 924 4149234924 92 _ q14
2q ) 9,4 — 2 2 9 ) 19,6 — 2 - 8= T "9 )
12434 q12434 q12934 q12434 472434
q24 1 1 1
=——>%, Pig3s = y Pross=—5——, Pioa3=—
41243, 2412434 2412434 2412434
2
_ 413 7 4= q§4q§3 q13 L Py =—T8 Pyig=— 26113 7
q12434 412934 4912934 412934 419434
1 q13
=- s Paogs = —5-,
4124934 q1293,
_ 923 P _ 923 413924423 - _ q13
2q12q347 21,4 — 2q12q 2 9 ’ 21,56 — 2 ) 1.8 —= 775 )
34 12934 q12434 q12434
q23 1 1 1
=—5, Pugs=—5——, Pusse=5——, P = )
41243, 2q412q34 2q12434 2412434
. qua P . Q14 413924414 N _ q13
_2 5 4_2 9 92 ; 22,5_277 ,1 - 2
q12434 q12434 4719434 412934 412434
q14 1 1 1
=———, Posi=———, Posgr=——, Pop=— ;
4124934 2412934 24124934 2412434
_ 424 gy = 424 q14923924 s 6 = _ q14
2¢12q34 ’ 212434 a3, T 2qi2q34’ ’ 432434
q23 1 1 1
=———5, P33 = , Pag3g = , Pozaz = — ;
q12954 2412434 2q12G34 2q12q34
413923 1 413924 1
=—F5—, Pair=——, Prsa=—75"—, Pasos=— ;
412934 412934 4124934 q12934
414923 1 414924 1
=———, Pwos=—"", Pora=—75——, Par1s = ;
412934 q12434 412934 q12434
_ Q%g N Q%g Q14QQ3Q%3 o 13423
C2q12q34” 77 2qu2g34 a2, T 2 P T 2 s
124934 412934 472934
4134914 1 q13
=——5, Pgor=——"—, Pagga=— ;
71293, 412934 2412434
qi13 q13
= — s 3, =
2412434 2¢12q34’
Q13923  23Q244%3 | Q23013 Q13923 1
- 2 ) 9,4 — 2 9 92 ) 9,5 — ) 299 — T
412934 412934 q12G34 2412934 434
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— 50 —

413924 {13423 . 23 . @3
- 9 29,19 — 775 ) s - = ) s -
412434 412934 412434 2412934
q13 Q3
————, Pyu = ,
2412434 2q12434
713923  q3qu@s | (13923 Q13923 B
) A4 = 2 9 ’ 6 = ’ 0,13 — —»
2q12q34 412434 2q12q34 2q12q34 34
414423 _ 134923 - 1B p _ 4923
———5 Pyo20=—75—"—, P3o23=——"—, P32 =
412434 412934 243 2q12q34
q23 _ 923
- ) 0,40 — )
2q12434 212434
q%3 o q%3 CJ13Q24Q%3 . 3 _ q13G23
) 4 = 2 9o ) 31,6 — ) 8= T 9 )
2q12434 2q12434 412934 2q12q34 412934
423924 1 q23
————5, Paiogs=— , P3133 = — ;
q1295 412434 2q12G34
923 L= q23
2q12q34’ ’ 2q12q34’
413914 _ Q14C]24CI%3 414913 _ 13914 _ N394
2¢12q34 ’ 4303, 2q12q34 Y 2q12q34” ’ q3yq34’
1 p q13914 q13
—, P3p01 = — ; 25 = —5, P3231 = ;
q12 71234 412434 2412934
q13 q13
- , P3o 490 = — ,
2q12434 2q12q34
2 9
413924 4139 413924 413924 413424
’ A= %334 ; Py3s = +1, Pi319=—>5—,
412934 412934 4912934 412934 4712934
424 q13 413924
) s = P3 s = 2
q12934 412934 q12434
1 713914923424 1 1 413924
5 Poua=—55—", Paus =5, Paas=5, Pruo0=—5—,
2 412934 2 2 072934
414923 _ p _ q13 _ qus
2 s - 5. _ 34,34 —a. _ s - )
41243, 2q12q34 2412434 2q12q34
q23 1 24 q13
- y Paago=—-—, P3gq0 = , P3g43 = — ;
2q12q34 2q34 2q12q34 2q12q34
423924 _ Q1SQQSQ%4 423924 _ g23424 q13924
5 4 — 5 9 ; 5,5 — ; 58 — T 5 5
212434 412434 2q12q34 2q12q34 412934
1 q23 423924 qo4
—, P3504 = , Pasos =5, P3533=— ;
q12 412434 412434 2412934
q24 _ 9
——, Py = ,
212434 2412434
413914 _ Q13923974 | Q13014 _ 13714 o7 = _ 414923
2q12q34’ ’ a}a3 2q12q34’ T 2qi2q34’ ’ 43rq34”
1 q13 q13q14 q14
—, Pag20 = , P36 26 = 5 3632 = — ;
q12 412434 412434 2412934
q14 _ qu
5 6,40 — 5
212434 2412434



1 413914923924 1 1 q14923
Pyri=o, Pora=—5 5, Pyrs=5, Poreg=5, Psri9=—"%5——,
2 412434 2 2 q12434
P 413924 N q23 _ Q24
37,26 — 5 o 43731 — —5 - > 7,33 — 3 7,35 — )
412434 2412434 2412434 2412434
q13 1 q23
Py7.33 = 5 , P3739 = —, P3741 = y P3rao = — ,
412434 2q34 2412434 2q12G34
2 9
414423 4149 414423 q14923 414423
Psg 0 = =2 ; 6= +1, Psso0=——5——,
412434 412934 912934 q12934 4712934
q23 q14 414423
Ps3g 99 = , P3go3 = — , P3gog = 3
412434 412934 412934
P _ q23924 _ Q14Q24Q§3 424923 423424 _ Q14423
39,2_2 ) 4 — 2 92 2 ) R _2 ) 39,8 — T "9 )
412434 472934 q12434 q12434 d19434
1 q24 423924 423
P3g14 = —, P3go3 = — y Pagoe = ——5-, Psg3a = ;
q12 412434 412434 2412934
q23 q23
P39 38 = — , P393 = — ;
’ 2412434 ’ 2412434
P ai gy Q13424474 B  quag
40,3_2 ) ,_2 2 9 ) 40,5_2 ) 0,7 = T35 )
412434 4124934 412934 q12434 q19434
413914 1 q14
Pyo18 = — 5 P10,20 = — , Pyo31 = s Pyo37 = )
412434 412434 2412934 2412434
qi4
Pyo42 = — ;
’ 2412434
P _ 14G24 o Q13Q14qg4 q144924 Q14924
41,3 — 2 s 1414 — 2 9 ; 0 s 4115 — 7>
412434 412934 2412934 2412934 34
P 413924 14924 q24
41,18 = — 5 Paig=——5—, 24 = y Pyig1=—
712934 412934 2412934
q24 q24
Py 37 = y Ppijgo = — )
2q¢12434 212434
P, - 214924 230407 | q24q14 14924 1
422 — 2 9 4 — 2 92 2 ) 6 — 2 sy 14212 — —»
412434 472934 q12434 412434 q34
P _ Taq23 _ 14924 _ 924 P _ q14
42,18 = — 5 Paooo=——5—"—, Pio2n= y Pyozq = — ,
412434 4124934 412434 2412934
q14 q14
P2 38 = N )
212934 212434
P _ q%4 i q§4 CJ14Q23€I%4 _ 4 Q14924
43,2_2q ) ,—2 5 92 43,—2 ) 8= T 5 )
12434 412434 q12934 412934 4712934
423924 1 424
Pyzis = ———5, Pazgo=———, Pazza = ;
q1295, 412434 2q12q34
424 424
Py338 = ———, Py343 = — ;
212434 212434

where g;; := q; - g;.
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D Scalar functions contributing to (g — 2),,
The following 19 linear combinations of 33 scalar functions 1I; contribute to (g —2),:
I =10 + q1 - gollr,

Iy =1 — = (¢ +q1 - g2) (2TLa7 — I50 — 51 — I54),

N — N

f[3 =1II5 — (q1 ~qo + qg) (21147 — II50 — 151 + I54) ,

ﬂ4 =1y + (q% +q1 - Q2) Ty + (Ch “g2 + qg) 186
s 1
+ (@G +a @) (o aetd)lds — 5 (27 =50 = 1s1) + 5 (¢F — ¢3) U4,
. 1
s =15—q 'Q2H21+§ (1 a2+ 43) (222 — 241 - golls3+ 50 +1151 —II54) — g31147,

. 1
Il = Ig—q1 -q2H25+§ (6 + q1 - q2) (226 —2q1 - goll3a+1I50+ 115 +1154) — g5 1147,

Il; = 7 — Mg — (q1 - g2 + ¢3) Ma1,
Is = IIs — oo — (¢f + q1 - g2) M1,
Ilg = Iy — Iy + g1 - go1l33,

Mo = Iy — gy — (@1 g2+ ¢3) 33,

Il11 = Iy + May — 5,

1o = I3 — o6 + g1 - golT34,

i3 = Iy — a5 — (@ + a1 - q2) T34,

M4 = Iy + g7 + M54,

M5 = M7 + a7 — I50 — 5,

A 1
g = 3 (ITg9 + 4o + Iag) ,

. 1
7 = My — Tg7 + = (M50 + II51 + I54)

2
A 1
Iy = y3 — g7 + 3 (50 + 151 — II54)
N 1
Iy = 5 (50 — 51 +Tl54) - (D.1)

Because of the symmetries under the exchange of the momenta ¢; <+ —g2, only a subset of
12 of these functions appears in the master formula (4.28) for (g — 2),:

I =111 + g1 - gollar,
Il =1, — % (6 + q1 - q2) (27 — 50 — II51 — I54)
O3 =Ty + (¢f +q1 - ¢2) o + (g1 - @2 + ¢3) Mo
+ (i +aq @) (g e+d) s — ; (247 — M50 — IIs51) + % (47 — 5) 154,

1
g =15 — q1 - goll21 + 3 (1 g2 + 43) (2T2p — 2q1 - gollss + 5o + Is1 — IT54) — g31L47,
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Il = Iy — yg — (q1 - g2 + ¢3) Msu,
Ig = Iy — a2 + q1 - g21l3s,

7 = Mo — Moy —

g = I + a7 + 54,
g = ITy7 + Hy7 — II50 — 51,

(@1 g2+ ¢3) L33,

_ 1
ITio = 3 (Ilz9 + 4o + I4e) ,

My =My — y7 + =

_ 1
H12=§(

E Integral kernels

II50 — Il51 + II54)

E.1 Intermediate kernels

(H50 + 151 + Il54) ,

(D.2)

After calculating the trace and performing the contraction of the Lorentz indices in (4.19),
one finds the following integral kernels:

Ti(q1,92;p) =

Tz(fh,fh;]?) =

TS(leQQ;p) =

Tu(q1,q2;p) =

T5(Q17Q2;P) =

Ts(q1,q2;p)

Tr(q1, ;D)

wl oo w\g;w\oo

((fh : Q2)

((q1 - g2)?

)

8, 8 4,
—@Ga)ml — (- @)’ +p-a 3P G0 G2 — 341 42

3

8
+p q (4qfq§ - g(fh : Q2)2> ;

*g ((ih : QQ)2

+p @ (—4QfQ§ +

3

8
3p q1p - q2

8 8 8
3 )23 — fm (B +a-0)@+ 4

8
~q1-q2 (qf + 43+ 2q1 - ¢2)

)
8

g(fh *q2

8 4
my = g3 (p- @)’ + %

3

8
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E.2 Kernels for the master formula

In the master formula (4.28), the following integral kernels appear:
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F Dispersive representations of scalar functions

F.1 Double-spectral representation of basis functions

In order to derive the double-spectral representation of the basis functions II; that is implied
by the Mandelstam representation of the BTT functions II;, we have to apply subtractions
to the double-spectral integrals. For the subtraction of double-spectral integrals at u = wuy,
we use the following relations:

1 1 1 1 (s, u
/d/d/ psu(sl,ul>=2/d/d/ P (5 u)
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s’ —su! s'—s U—UQ

/ /

U — Ug 1 1 s u
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s 7T

t—tu th—1t u — ug
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+ = /dsdt, ; . (F.1)

s'—st'—t v —u

The first two relations appear like subtractions of a single-dispersion integral, while the
(st)-double spectral integral involves two subtraction terms. Analogous relations are used
for subtractions at s = sg or ¢t = ¢g.

We insert in (5.23) once- or twice-subtracted double-dispersion relations for the scalar
functions II; to obtain double-spectral representations for the basis functions II;. The
functions requiring one subtraction are given by
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where the discontinuities are defined as (note that in all second integrals, the variable in
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the denominator should be traded for the integration variable by using s’ +t' + v/ = %)
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and the double-spectral densities are given by
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The densities of the (su)- and (tu)-double spectral regions are defined analogously.
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The more complicated functions requiring two subtractions are
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Again, the densities of the (su)- and (tu)-double spectral regions are defined analogously.
The discontinuities of the twice-subtracted integrals are:
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The signs are determined by the second subtraction.

F.2 Dispersion relation for the pion-box input for (g — 2),

In the limit & — 0, the scalar functions II;(Q1, @2, 7) that are required as an input in the
master formula (4.28) can be obtained from the basis functions IT;. Due to the presence of
kinematic singularities in the basis functions, it is important to reach the limit ¥ — 0 in
a very specific way in order to correctly identify the BTT functions II;. One possibility is
the following:
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The scalar products in these equations follow from the general relations between the BTT
functions and the basis functions (B.2).

Due to the crossing relations, many other equivalent prescriptions exist. The crossing
operator C;; is understood to act on the Mandelstam variables s, ¢, and u as well as on the
qf. In particular, the limits s,, sp, ... are affected as well, which ensures that the limits
taken in the argument of the crossing operators lead indeed to a limit compatible with
k — 0.

We insert the double-spectral representations for the basis functions (F.2) and (F.5)
into these relations. The crossing operator acts on the external Mandelstam variable in
the Cauchy kernels, but the primed integration variables are understood to be unaffected.
We perform the action of the crossing operators on the Cauchy kernels and rename the
integration variables where it is convenient. Finally, we obtain the following dispersion

relations:

I1(Q1, Q2,7) = lim l/“’ dS,W+1/°° DU un)
a0\ ae S+QF maz VHQ3 )]

I(Q1, Q2,7) = lim l/“ ds,w@em+1/w L Cal DY (¢ un)]
e ai—0 \ T Jans2 '+ Q3 a2 '+ Q3 ’

M4(Q1,Q2,7) = lim l/oo ds’lm+1/oo dt'w
U o\ m e SHQE e PG )

II5(Q1,Q2,7) = lim l/OO ds’(ww+l/w dt'w
o =0 \ T Jamz s’ + Q3 Ve '+ Q3 ’
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14(@1, Q) = lim, % AMg i ,cls[cﬁ[li’%;(gs ito)ll 1 /4:; dt,C13[Czi/[?—;;(%t’;tb)H>’
Mo(Q1. Q2. 7) = lim | = /: dtw+1 /4Mﬁd C[D+<Qt>1>
Mi6(Q1, Q2,7) = lim, % /4: s ,624[611[13:62(:/-%)]] L1 AMQ dt/C24[C1;;/[ﬁ7Q(2t’;tb)]]>,
Mr(Q1, Q2,7) = lim, iA;d ,624[612[3762(:'-16&)]] +1/4M2d ,624[612[11762(3’;%)]])7

1 [e'e] Ds;u /. 1 [e%e} Dt;u t/'
M@0 @u = i (1 [ D) 1~ D)),
T Jamz s+ Q3 T Janz '+ Q5
/°° dS/C23[D?2$(S’;Sb)] +l/ g G232 (5 5)]
aM2 s' 4+ Q3 7 Jansz u' 4 QF ’
l/oo ds/cz?)[DfﬁL(S/;ub)} +l/ g G219’ (5]
7 Jansz 5"+ Q3 7 Jamz t”er ’
l/oo dt,DQ?;(t’;sb) +l/°° g P22 (W5 5)
T 41\/[72r t/+Q% ™ 41\/[72r U/+Q% ’

“am
[
(
(
<
<
~am
~am
[
. <1/4°° dt/Déﬁsa’;smi/ﬁ dD<>>
(
[
<
[
(
[
(
[

22(Q1,Q2,7) = lim

H =
31(Q1, @2, 7) Mz t’—l—Q% e u' + Q?

1 / ™ gy Cal s (' 50)] / s CaslD3* (0 50)
T Jam2 s +Q3 W +Qr )

l/oo ds /C14[ (s'554)] l/ C14 a7 (U5 84)]

T Jamz2 s +Q2 ™ u’ +Q2 ’

l /oo ds /C12[Cl4[ (S Sa)]] 4 l/ dt,clg[cl4[D3% (t/;Sa)]]

Vs 4M72r 8 +Q3 T 4]\42 t/_’_Q% )

L[ ayCalulDiE ol 1 ™ g Cr2lCas D5 <u';sa>n>7

I33(Q1,Q2,7) = lim

q3—0

I39(Q1,Q2,7) = li

o(Q1,Q2,7) = lim

M42(Q1,Q2,7) = lim

40 M2 s+ Q3 T Jamr2 u + Q3
1 [ C14[C23[Dt;8(t/,sa)]] 1 614[623[ (u/ sa)ll
H I ) - 1 - dt/ 37 ? 7/ d / ’
16(Q1,Q2,7) = | /4M3, 02 + - " " +Q2
L[ CoulCis[D57 (¢55a)]] | 1 [ Caa[Cra[Dyy" (/s 50)]]
II R R = i - dt/ 37 s 2a 7/ d / 37 s Sa 7
47(Q1,Q2,7) = qglgo - /4M7% P+ Q2 + . U EwGr

1 o) Ds;t /'t 1 o) D:l,;t /;t
50(Q1,Q2,7) = lim 7/ ds’L’zb)—k—/ du,M ’
T Jamz s+ Q3 T Jamz v + Q7

1 [ D3t(g- ¢ 1 [® DY+
51(Q1,Q2,7) = lim —/ ds/w + 7/ dt/CU[SO(’b)]> ’
i ™ J4 4M2

2—0 M2 s+ Q% v+ Q3
L[> CoslCos[DE (:1)] | 1 / Ca3[Caa[Dgy (u'; 1]
I — 1 = dt, 50 ) - d / 50 .
34(@1, Q2 7) = qilglo (W /4M,2; '+ Q3 T aM2 u + Q7 (F.9)
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The limit & — 0 is already taken in the Cauchy kernels. As the numerators only depend
on the integration variables and the q?, the remaining limit to be taken is g7 — 0.

For I1, Iy, 114, and II5 we have randomly chosen a fixed-u dispersion relation. Be-
cause the first six basis functions are not affected by kinematic singularities, we could
equally well choose a fixed-s or fixed-t dispersion relation or use directly the Mandelstam
representation.

F.3 Kinematic zeros due to crossing antisymmetry in HLbL

Here, we discuss in more detail the crossing property of the BTT function II49. According
o (3.15), Il4g and its crossed versions are the only scalar functions with odd intrinsic
crossing properties. Crossing antisymmetry implies an additional kinematic zero, but, so
far, we have ignored this and written down dispersion relations directly for I149. As neither
the pion-pole nor the pion-box topologies contribute to 1149, the treatment of the kinematic
zero in Il49 can be of relevance only for contributions of higher intermediate states than
discussed here. We show here in general that the dispersive representation of the basis
functions is not affected by the presence of the kinematic zero. In particular, the kinematic
zero has no influence on the contribution to (g — 2),,.
Let us denote

]-_-[1234(57 t, U) = H49(Sv t,u; Q%7 q%) qga qz) (FlO)
The crossing properties (3.15) of Il49 are then
234 (s, t,u) = 2834 (s, u, t) = —T15a%3 (s, u, t) = T135%3 (s, t, u). (F.11)

We build symmetric and antisymmetric combinations under exchange of the Mandelstam
variables t and u, but fixed virtualities:

1
Si§34(s,t7u) = 5 (H1234(5 t,u) + H1234(5,u,t)) ,
1 (F.12)
AL (s, tu) == 3 (H1234(s,t, u) — 13534 (s, u, 1))
They fulfill the crossing relations
S0 = S0 0) = ~SB s 0w) = ~SBE G,
A1234( ) A1234(S, u, t) — A?151334( ) A1243(S, t, U) '
and hence exhibit the following kinematic zeros:
51234 tou) = _ _ 51234 s, t,u),
(sitou) = (af — 43)(d3 — a1) 555" (s, 1, u) (F14)

A (st u) = (t — u)Agg(s, t,u).

The functions Sig and A4g are symmetric under the individual exchanges of t <> u, q% > q%,
and q% — qZ. The question arises now if it makes a difference if we write down dispersion
relations for Il49 or rather for §49 and A49. We show in the following that the Mandelstam
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representations are not equal but that the basis functions II; remain unaffected. Therefore,
the kinematic zero has no influence on any physical quantity.

Let us start with the Mandelstam representation of Il49:

1234 1234
S , U
H1234 8 t, u 2/ /dt P49; St t/ t / /d ; P49;su ) )
7T S — S — S — 5 u — U
1234 l) (F15)

+/dt/d’ p49tu
t)(uw —u)

The implicit integration limits are the borders of the double-spectral regions. The crossing
properties of II;9 imply the following relations for the double-spectral densities:

Pigeat (5:1) = —pigsu(s,t) = —pagin(s.1) = plai(s. ),

(F.16)
Pigiu(ty 1) = =g (us 1) = =i (ust) = phon(t,u).

With the Mandelstam representation for II49, we obtain for the functions defined in (F.12):

5’1254( ):1 (1/ds,/dt,ﬁ’}1g2;3$(5/,t/) Allggju(slat/)
stu): 2\ 72

(& =) —1)
+1/M/W@%u> + A )
2 (s" = s)(u' —u)

! W/mﬁ%ﬂm>i%W#U

t'—t)(u — u)

(
1234 (1 pr) _ 1234 (1
AL (5 ¢ ) 11 /ds’/dt/p495t(s’t 2 TEACH D)
2\ 2 s' =)' —1)

(
1 ds' | d ,pig?fu(s’,u) piS%Sé(s u)
=0 Al B S P o7

1 far a0
t)(u — u) ' (F.17)

The crossing properties of the double-spectral densities allow us to factor out kinematic
zeros. In the case of S49, the combinations of double-spectral densities have kinematic

zeros of the form (¢7 — ¢3)(¢3 — ¢2), which can be taken immediately out of the dispersive
integrals, hence we find indeed

o123 (o ) o123t (s ')
51234 . (2 / /dt 49 st / /d ; Y49;su
(s,t,u) = (g1 Q2 )t — t (s"—3s)(u —u)
o
R v P U G
+ / / (W — u) (F.18)

where the 049 denote the double-spectral densities of §4g.
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In the case of Ay9, some algebra is necessary. We subtract in each term the dispersion
integrals so that factors of (f —w) multiply the double-spectral contribution:

i /W@%a@p&mw>

1)
1 / 1 [ g Pi (8 1) — pisia(s's 1)
T s'—sm ¢ — 25

Y 1/w¢%sﬂ>p&maw
s —t7 ! 7228)

+(t—u)— / s’

PR ¥) — PR ¥)

dt’

TR T
= o [ a /pié?’ﬁu(s’,u) ,0}133;2(5 )
S u —u
(s" = 5)( )

/d/ 1 1/du/:0111$%354u(3 yu') = pzllggé(s u')
T s'—sm u/_L s
L1 / gL 1 / 1y Pifi(8' 1) — PSS W)

T u —um 2(u’—2 5)

ok [ oL B
+( B u)ﬁ 5 e — - r_ X=s ’

T (s —s)(u/ —u) 2 (u =)
/ / Pt W) = pigin, (', )
' —t)(u — u)

e 11/dmﬁﬂ o)~ P )
T t—tm w —t
L [ L[ e Pii ) — Pl ()

T u —umw t—au

1 L ) — AR )

t—u)— du’ .

* U)W/ t—tm / (u —u)(t —u) (F.19)

We see that in the sum of these three terms, the one-dimensional s-channel integrals cancel
but that the other subtraction terms do not. Hence we find:

1234 / 1234
o s’ t o s’ u
A1234(s,t,u) t—u / /dt 495t /dS /d/ 498u )
)t —t) (s —s)(u/ —u)
1234 ')
+/dt/d’ ‘“”“
t—t)(u —u)

ﬂ/dt AL () w/d /%’ (F.20)

t—t u —u

where the a9 denote the double-spectral densities of 12149 and where

L[ PBACL) — pEL) 1 ) — PR )
— | ds +— [ du m .
T u —

M) =

200+ — % T
(F.21)
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ma
Figure 9. Bulb diagram.

We learn that writing a Mandelstam representation for Il49 is not equivalent to taking
explicitly into account the kinematic zeros and writing Mandelstam representations for
5'49 and A4g. The difference consists of a contribution with ¢- and wu-channel cuts but no
double-spectral regions.

However, due to the redundancy in the set of BTT functions, IlI49 is not a physical
quantity: the HLbL tensor is defined by the basis functions II;, and the dispersive repre-
sentation for these does not change whether one starts from an unsubtracted Mandelstam
representation of Ily9 or Sio / Ayg. To prove this, we need to study the impact of the differ-
ence terms in (F.20) on the basis functions II;. The double-spectral representations for the
basis functions involving Il49 are given in (F.2). The difference terms in (F.20) obviously
result in a shift of the single-variable dispersion integrals, while the double-spectral con-
tributions are unchanged. Note that the single-variable dispersion integrals involve only
fixed-s representations of Il49 and crossed versions thereof. They have exactly the form of
the difference terms in (F.20), hence the difference between the choices of Tl or Su9/ A9
as the functions to fulfill an unsubtracted Mandelstam representation can be reabsorbed
in a shift of Dfﬁ; and Djj’. This means that the basis functions II; and the HLbL tensor
remain unaffected by the kinematic zero in Il49. In particular, the form of the dispersion
relation for (g —2), in (F.9) is unchanged: the functions Ilsg, II51, and IIs4 are defined by
crossed versions of a fixed-s dispersion relation for II49, where the effect of the kinematic
zero is reabsorbed in the discontinuities of the ¢- and u-channel integrals. Since in the end
the discontinuities will be calculated directly from the unitarity relation, the observation
that the kinematic zero in Il49 does not alter the functional form of the dispersion relation
completes the proof that there are no practical consequences, neither in the construction
of the dispersion relation nor in (g — 2),.

G Dispersive representation of loop functions

G.1 Scalar two-point function

The scalar two-point function [64] corresponding to the loop diagram in figure 9 is given by

s o o 1 [ dY 1
By(p ,ml,mQ)_i/(zﬂ)4 o= (G.1)

We define s := p?>. The two-point function has a normal threshold at s = (mj + mg)2.

According to Cutkosky’s rules [63], the discontinuity is given by:
/2 2,2
20y Bo(s) = Bols + i) — Bo(s — ie) = 2 (5:M1,m3) (G.2)

81 s
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b1

D2

Figure 10. Triangle diagram.

By is divergent and satisfies a once-subtracted dispersion relation:

Bo(s) — Bo(0) = & /( T gy BB (C.3)

T Jimitms)2 (8 — s —ie)s’
G.2 Scalar three-point function

Consider the scalar three-point function [64] corresponding to the loop diagram in figure 10:

1 d*q 1
Co(pt, p3, p3, mi, m3,m3) = / :
pREER TR TR ) @or g — mill(g + p1)? — m3)l(g + pr+ p2)? — m3)

(G.4)

We define s := (p; + p2)? = pg. The scalar three-point function has a normal threshold at
s = (my +mg3)2. The discontinuity along the corresponding branch cut can again be found
with Cutkosky’s rules:

i )‘1/2(57m%7m£2’>) "
aQ) ———.
3272 s (g+p)*— m%
(G.5)

2iAsCo(s) := Co(s +ie) — Co(s — ie) =

Performing the phase space integral leads to:

AsCo(s)

L (25(512 +p}) — (s +A13)(s + Aw) + 5\%2(8))\%2(5)>
167 A% (s)  \25(Baa + p2) — (s + Aua)(s + Ara) — A5 ()AL (s)
(G.6)

where Ay, := p? — p3, Ay :=m?2 — m3, Nik(s) == (s, p?,p?), and :\Zk(s) = A(s,m?,m3).

7

C) satisfies an unsubtracted dispersion relation:

1 [ , ASCO(S/)
Co(s) = — ds' ————~ G.7
o(s) /( (@.7)

I e i
T J (my+ms)? s —s—1e€

As the anomalous threshold appears this dispersive representation needs to be amended
by adding a dispersive integral over the anomalous cut [55-57].
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b1 Pa

may 774

D2 P3

Figure 11. Box diagram.

G.3 Scalar four-point function

Consider the scalar four-point function [64] corresponding to the diagram in figure 11:

DO(p%7p37p§7p4217 (pl +p2)27 (p2 +p3)27 m%a m%7m§7m421) =
1/ dq 1 (G.8)
i) (2m)*[¢? —mi][(q + p1)? — m3][(q +p1 +p2)* — m3][(q — pa)? — mi]
We define
§ = (pl +p2)27
t = (p2 +p3)°,
(P2 p3)2 (G.9)
u = (pl +p3) 5

P:=p +p2=—p3—ps.

In the s-channel, the diagram has a normal threshold at s = (mj + m3)?, in the t-channel
at t = (mg+my)?. For a fixed value of ¢, we find the discontinuity along the s-channel cut:

2iALDq(s,t) := Do(s + i€, t) — Do(s — ie, t)

— i )\1/2(87 m%7 m%) / dQlI 1 1 (Glo)
- 3272 s *(q+p1)? —m3 (¢ —pa)? —mi
The phase-space integral can be transformed into a dispersive integral, see [33, 76]:
1 1 & 1
STXE () S0 (@ —t—ie) /(1 — () (¢ — 1 (s))
where
sy D8 Buda  NPENEE)
' 2 2s 2s 87
2= oo £/ (0F 1) (03 - 1),
o S(Qm% — E/) + 52 + A12A13 (G12)
ar = 172, \x1/2
Mg (8)A157(s)
_s(2mi =) + 5% — AgAgg
Q2= 1/2, \x1/2
Aza” ($)A15(s)
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and

X = pi + p3 + p3 + i,
Y = p? + pi 4+ mi+mi,
Y= p% ~|—pi + m% + mg,
Ag =1} — pis (G.13)
Aip i=m? —m2,
Aik(s) := A(s, 0%, P}),
lek(s) = )\(s,m?,m%).

Since Dy satisfies an unsubtracted dispersion relation, it can be written as

[ee] o0 ! 4/
Do(s, 1) = 12/( ds'/ dt’ po(s, ) (G.14)
t

72 Jmy4ms)? tsy (8 —s—ie)(t —t —ie)’

where

1 1
A5 (s) V(E =17 (s))(t — 17 (s))

po(s,t) = (G.15)

The validity of the double-spectral representation of the box diagram breaks down with the
appearance of anomalous thresholds. The possibility to amend it by adding the contribution
of a dispersive integral over anomalous cuts has not been investigated here, as it is irrelevant
for the (g — 2), calculation.

If we do not take a fixed-t dispersion relation as the starting point but a fixed-u
dispersion relation, we have to take into account that a line of fixed u in the Mandelstam
plane will encounter a right- as well as a left-hand cut:

1 [  AYDy(s', X —u—s
Do(s,t):/ ds' == O(ISv u—s) (@.16)
T J—x s'— s —1€
where
AYDo(s", X —u—¢)
:9(5’—(ml—|—m3)2)D0(sl+i67Z_u_S/);DO(SI_if,Z—u—S/)
)
D /Z— — g 3 _D /2_ o .
+0(2 —u—5 — (mg +my)?) (s, u=s 26)2, o(s', u 5+Zf)’
7
(G.17)
hence
L= AUDy(s', S —u—s) 1 [* AYDy(E —u—t/, '
DO(S,[J;):/ S/ s 0(/87 u S)+/ dt/ + OE U. s )
T (mams)® sooeTe T J (ma+ma)? th—t— e
(G.18)
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Cutkosky’s rules lead to the following discontinuities:

1 1 > 1
Aﬂ)&Z—u—s:,,/‘ dt’ ,
of ) 8 N2 (s) Jer(s) (' =S4 u+s—ie) /(' — )t —t7)
1 1 & 1
AUDo(S —u—t,t =~/ ds’ ,
Dol ) 877)\;/12(15) st (1) (8’—E+u+t—ie)\/ (s —s7)

(G.19)

where sT(t) are defined in analogy to t¥(s) with the proper permutations of the momenta
and masses.
Now, we note that

o0 o0 o o0
/ dt'/ ds' = / ds'/ dt’ (G.20)
(ma+my)? st(t) (m1+ms3)? tt(s’)
and find
Dwﬁ:g/ (w/ A X (5,1, 5, 1), (G.21)
T 2 ’
(m1+ma3) tH(s’)
where
1 1 1 1 1
X(s,t,s',t') = 1/2 / / ! ! ]
8)\/( s —s— zet—t—ze\/ t—tH)t —t) 8 — s+t —t—ie
A () [ (=t ()W — 1 ()
X[t —t+ (s —s5)23 :
( 5120 | 7= s @) — 5 @)
(G.22)
With some (computer) algebra, we can check that
"'1/2 / —
M) [ )+ G
A2 V=N — s () '
so that we find again
! 4l
X(s,t,8,t) = pols, 1) (G.24)

(8" — s —ie)(t' —t —ie€)
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