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ABSTRACT: New particles entering into self-energies of the Higgs boson would necessarily
modify loop-induced couplings of the Higgs, if the new particle carries standard model gauge
quantum numbers. For a 1 TeV new particle, deviations in these “Higgs oblique corrections”
are generically of the order of v?/(1 TeV)? ~ 5%. We study constraints on masses and cou-
plings of new scalars and fermions that can be derived from 5-10% deviations in the Higgs
digluon and diphoton partial widths. To reduce theoretical uncertainties, we present next-
to-leading order QCD corrections to the Higgs-to-digluon coupling for scalars and fermions
in arbitrary representations of SU(3). color group, by applying the low-energy Higgs theo-
rems at two-loop order. As a by-product we provide a new value for NLO QCD corrections
to the top squark contributions to digluon decays that differs from existing literature. We
also emphasize that precise measurements of Higgs couplings to W boson and top quark
are prerequisite to precise determinations of Higgs oblique corrections from new particles.
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1 Introduction

The discovery of the 125 GeV Higgs boson at the Large Hadron Collider (LHC) at CERN [1,
2] ushered in the era of “precision Higgs measurements” to determine properties of the Higgs
boson accurately and search for deviations from the standard model (SM) predictions. Such
an approach often yields insights into the existence of additional particles not present at low
energies. A prime example is the precision electroweak measurements performed at the LEP
at CERN and Tevatron at Fermilab in the past two decades, from which an impressive array
of information and constraints were delivered [3-6]. Among these results the most striking
one is perhaps predictions of top and Higgs masses using data at the Z-pole and measure-
ments of W mass and width: m; = 179:1)2 GeV and my, = 1461%31 GeV. Now the Higgs
boson has been discovered, a program to pursue precision Higgs measurements is in order.

In addition to “predicting” top and Higgs masses, constraints on possible new physics
beyond the SM were also derived from precision electroweak measurements [7-13]. For
a large class of new physics models, corrections to precision electroweak observables are
universal [14, 15], in the sense that they only show up in self-energies of electroweak vector
bosons. There are strong constraints from these “oblique corrections,” pushing the scale
of new physics at or above 1TeV [16, 17|, unless a new parity is imposed [18]. Similarly in
precision Higgs measurements, corrections to self-energies of the Higgs boson constitute a
new class of oblique corrections that are especially sensitive to new physics. They are the
focus of this work.

Why do we expect new physics to enter into the Higgs oblique corrections? The
expectation is based on a theoretical prejudice, ableit a well-founded one, the so-called
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Figure 1. (a) Higgs oblique corrections from new electroweak particles. (b) Contributions from
new electroweak particles to h — vy and h — Zv. (c¢) Electroweak oblique corrections from new
particles.

Naturalness Principle which predicts the existence of new particles to soften the quadratic
sensitivity to ultraviolet physics in the Higgs self-energies. One crucial difference from
the electroweak oblique corrections, though, is that the Higgs mass at tree-level is a free
parameter that cannot be calculated. Therefore a precise measurement of the Higgs mass
will not be able to reveal the size of the Higgs oblique corrections from new physics.

There are, however, other ways these corrections to Higgs self-energies would manifest
themselves, especially when the new particles carry SM color and/or electroweak quantum
numbers. In these scenarios, for every diagrammatic contribution to the self-energies, one
could replace one of the Higgs bosons by its vacuum expectation value (VEV) and attach
two SM gauge bosons to the loop, from which one readily obtains a corresponding dia-
grammatic contribution to Higgs decays to SM gauge bosons [19]. This correspondence is
demonstrated in figure 1(a) and figure 1(b) for new particles carrying electroweak quan-
tum numbers. We see that there is a one-to-one correspondence between Higgs oblique
corrections and decay amplitudes for h — vy and h — Z~. If we replace the remaining
Higgs boson by its VEV again, we see now there is a one-to-one correspondence between
the decay amplitudes and the electroweak oblique corrections, as shown in figure 1(b) and
figure 1(c). This correspondence lies in the heart of the low energy Higgs theorems [20, 21],
which relate amplitudes for the loop-induced Higgs decays into two photons and two gluons
to the QED and QCD beta functions. Therefore, Naturalness Principle not only predicts
new particles entering into the Higgs oblique corrections, but also corrections to the loop-
induced Higgs decays. In addition, whether the quadratic sensitivity in the Higgs mass
is cancelled or not would dictate the interference pattern between SM and new particles
in the loop-induced decays [19]. In the end, we see that loop-induced decays of the Higgs
boson are the new oblique corrections in precision Higgs measurements.

There are many works studying the interplay between new physics and Higgs coupling
measurements [22-52]. In this work we focus on constraints on masses and couplings of
new scalars and fermions from Higgs oblique corrections, concentrating on h~vyvy and hgg



couplings.! Before setting out for the actual analysis, it is instructive to estimate the size of
possible deviations from precision electroweak measurements, which pushed generic scales
of new physics to be at around 1TeV: myp ~ 1TeV. Moreover, it is well-known that the
dimensionality of operators from integrating out new heavy degrees of freedom start at
dimension-six, unless one allows for one dimension-five, lepton number violating operator
giving rise to Majorana neutrino masses [55]. It follows that the size of Higgs oblique
corrections are roughly given by

2
(9( > >~5%, (1.1)
Myp

where v = 246 GeV is the Higgs boson VEV. The above estimate highlights the importance
of making precision measurements.

Precision measurements, however, requires precision predictions. Higher-order correc-
tions in Higgs decays to digluon are known to be substantial [56]. Therefore in this study
we take into account next-to-leading order (NLO) QCD corrections in the digluon decays
of the Higgs, by applying the low-energy Higgs theorems at two-loop order [57-60]. In par-
ticular, we consider scalars and fermions in arbitrary representations of SU(3). color group.
On the other hand, since QED corrections to diphoton decays are small, it is sufficient to
employ LO results. It is worth noting that, along the way, we provide a new computation
for the NLO QCD corrections in top squark contributions to digluon decays of the Higgs,
which differs from the literature. Our result applies when all other supersymmetric parti-
cles such as the gluino are heavy and decouple. In light of null results from recent collider
searches, such an assumption seems quite plausible.

It is also worth emphasizing that constraints and information extracted from precision
Higgs measurements are complementary to those derived from direct collider searches,
for they involve different sets of assumptions. Direct searches always rely on particular
assumptions about the decay modes of the particle being searched for, as well as signal
acceptance rates. For example, searches for final states involving missing transverse energy
can always be invalidated by having the would-be missing particle decay further into visible
particles. On the other hand, it is also possible to reduce dramatically the signal selection
efficiency by choosing some sort of “compressed spectra” so that some, if not all, of the
final state particles are too soft to be triggered in detectors. Measurements in the Higgs
oblique corrections are not based on any of those assumptions. Nevertheless, it is essential
that new particles couple to the Higgs boson in order to show up in Higgs diphoton and
digluon decays. Furthermore, if there is more than one new particles, their effects might
cancel each other in the loop-induced decays. Historically it is evident that a two-pronged
approach of pursuing both precision measurements and direct searches have worked very
well and produced tremendous progress in our understanding of Nature.

This work is organized as follows: in section 2 we consider the leading-order (LO) ex-
pressions for the Higgs partial widths in the diphoton and digluon channels in the presence
of new particles running in the loop. In section 3 we discuss the importance of including

11 Z~ coupling is another Higgs oblique observable that could be measured [53]. However the corrections
there are generically smaller than in hyy and hgg couplings [54].



higher order QCD corrections in the digluon channel when one is interested in an accuracy
of the order of 5%. In section 4 we present NLO QCD corrections to the Wilson coefficient
of the Higgs-to-digluon coupling for new scalars and fermions in arbitrary representations
of QCD color, by applying the low-energy Higgs theorem at two-loop order. Then we
consider benchmark scenarios in section 5, including model-independent scenarios as well
as the stop and stau cases in supersymmetry. Section 6 contains discussions on subtleties
in relating the partial decay widths to the Higgs couplings in the diphoton and digluon
channels, where we also consider an explicit example of composite Higgs models where such
subtleties arise. Finally we conclude in section 7.

2 Leading-order decay widths

The LO analytic expression for the digluon [61, 62] and diphoton [20, 21] partial widths in
the SM are

GF()sz% 9
T(h — gg) = —E%"h | 4 , 2.1
(h—99) = 755 | A ja(7e))| (2.1)
T(h = ~7) = Gra’mj, Ay (7w) + NeQ2 Ay o ()| (2.2)
YY 128203 1(Tw Wy Ary2(Te)| .

where G is the Fermi constant, N. = 3 is the number of color, Q; = +2/3 is the top
quark electric charge in units of |e|, and 7; = 4m?/m3, i = t,W. Below the WW thresh-
old, the loop functions for spin-1 (W boson) and spin-1/2 (top quark) particles are given
by egs. (A.1) and (A.2) in the appendix.

More generally, the LO decay widths in the presence of new particles can be written
as [54]:2

oa?m;, GhvV 20n¢7
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12873 m%/ my /
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In the above the notation V', f, and S refer to generic spin-1, spin-1/2, and spin-0 particles,
respectively. T'(i),i =V, f, S is the Dynkin index of the matter representation defined by
the following relation on the group generators:

Te(T°T?) = T(i) 6% . (2.5)

For SU(N) fundamental representations and adjoint representations 7'(i) = 1/2 and N,
respectively. In addition, dp = 1/2 for real matter fields and 1 otherwise. Qv, Qs and Qy

2For the purpose of completeness we include the effect of new spin-1 particles in the LO expressions,
although in what follows we choose to focus on effects of new scalars and fermions.



are the electric charges of the vectors, scalars and fermions in units of |e|, while N, ; and
N,,s are the number of fermion and scalar colors. The scalar loop function Ag is defined
in eq. (A.3) in the appendix. In the limit that the particle running in the loop has a mass
much heavier than the Higgs, the loop functions approach

4 1
Al‘)blZ*,?, A1/2*>b1/2:§, Ao%bozg, (26)

which are related to the one-loop beta functions by the low-energy Higgs theorem [20, 21].
It is often convenient to think of the loop-induced decays as mediated by higher dimen-
sional operators, except in the case of the SM W-loop in the diphoton decays. For example,
the dimension-five operator responsible for digluon decays of the Higgs in the general case
can be written as [19]

Qs h
‘Chgg = 167 5R b1/2 T(f)

log v log det (M}Mf)

+ Opby T(V)

log 0 log det (MLMV>

+ 6rbo T(S)

0 i
1o log det <MSM5>] GG (2.7)
where M; is the mass matrix of the matter particle by turning on the Higgs VEV. For indi-
vidual particles in the mass eigenbasis, the Higgs coupling to matter particles in egs. (2.3)

and (2.4) are now

grvv 0O 2 29np7 0 gnhss O
=—1 lo 1 2.8
m?, ov ogmy (v), my T ov gmf( v), m% T v ogm§(v) (28)

In the SM, the W boson and top quark masses are given by

1
miy = -~ g*v?, my = —=M\v, (2.9)

4 V2

which in turn imply grww = g%v/2 and g = A\¢/v/2 and

2017 2
myy my v
Therefore in the SM h
(SM) _ a pv 211
Eigg " = 127r o GG (211)

3 The importance of higher order corrections

It is well appreciated that higher-order QCD corrections in gluonic decays of the Higgs are
substantial, increasing the gluon fusion production rate by more than 50% at NLO order
and another 20-30% at NNLO order [56]. Heroic efforts have gone into computing the Higgs
production and decays precisely. In the SM, the typical approach is to take the heavy mass
limit and “integrate out” the top quark to arrive at a five-flavor effective theory:

h
Lot = LOLp + cgﬁf GoGH (3.1)



where ES)CD has the same form as the standard model QCD Lagrangian with five light

flavors. Terms omitted in eq. (3.1) are higher dimensional operators suppressed by powers
of m;. The fields and coupling constants in the effective theory are not the same as in the
full theory; they are constructed order-by-order in perturbation theory so as to reproduce
the S matrix elements of the full theory. This procedure is known as “matching” and
usually performed at the scale u = my, below which the effective theory is valid.

Therefore, in eq. (3.1), a; is the strong coupling constant in the five-flavor effective
theory computed at the scale u: as = as(p). We take as initial condition [63]

as(mz) =0.118 . (3.2)

The Wilson coefficient ¢, encodes all the physics at scales above m; and is computed
through the matching. In the SM it has been calculated to N®LO orders [57-59, 64-66].
The NNLO result is simple enough to show:

o, [2777 67 19 Ny p? ] s 2

S e NP (T A —(—),
R T f96+<16+3>°gm3 -

1+ 0.09891 + 0.00796 + - - - , (3.3)

where in the second line above we have evaluated the Wilson coefficient order-by-order in
as by setting u = m; and Ny = 5. One sees from eq. (3.3) that ¢, has a nice converging
perturbative expansion, where the NNLO correction is below percent level.

The above demonstration suggests the unusually large radiative corrections in the
gluonic decay (and gluon fusion production) of the Higgs arise from computing higher
corrections within the effective theory in eq. (3.1).> As such, the large corrections are
associated with degrees of freedom at scales below m; and insensitive to details of ultraviolet
physics encoded in the Wilson coefficient ¢,. Therefore, if the gluonic decay width of the
Higgs is modified by the presence of heavy colored particles, the heavy degrees of freedom
would only modify the Wilson coefficient ¢y, leaving the large universal corrections within
the effective theory untouched. In other words, we expect that large QCD corrections
should cancel in the ratio of the modified width over the SM width.

In the effective Lagrangian in eq. (3.1), only the leading operator in the limit of in-
finite heavy particle mass is retained. In principle, finite mass effects could be included
systematically by taking into account higher dimensional operators suppressed by m; [68].
In practice, however, it is customary to use a hybrid approach by multiplying the LO loop
form factors in eq. (2.3) by the NLO Wilson coefficient [56]:

a?m? 29,7
IO = 99) = Tz it PR T() = Aya(ry) o1
2
+ 6r T(R) 57 A (1) 510 (3.4)
S

3In fact, it is possible to pinpoint the exact origin of large corrections within the effective theory [67].



where /igl)%to is the large QCD corrections due to soft gluons in the effective theory [69],

3T
Hé\glft021+7r<4—6 f)

— 140427 . (3.5)

We see explicitly that the QCD corrections in £)¥O

soft
previously, SNOIftO is agnostic about the heavy degrees of freedom that have been integrated

are very large . However, as explained

out of the effective theory and hence cancels when taking ratios of a modified gluonic width
over the SM expectation.

Terms neglected in eq. (3.4) include finite m; effects at NLO, NNLO QCD effects as
well as electroweak corrections. In what follows we comment on the importance of these
omitted contributions in the ratios of gluonic decay widths. First let us denote a modified
gluonic width I' by

I'=Tgy+e, (3.6)

where € is the contribution from new heavy particles beyond the SM and generically sup-
pressed by the heavy mass.? The region of parameter space we are interested here is that
the new particle is heavy and the deviation in the width is small,

(’)( ¢ )510%. (3.7)
Fsm

Furthermore, we write the difference between NLO widths and the all-order widths as
T — FNLO 5NLO 5NLO
)
I, = FNLO 4 5NLO
where 5NLO corresponds SM corrections that are neglected so far and 6N© represents NLO

effects from new heavy particles and should be suppressed by the heavy mass. Notice that

6NLO is present in I'*° as well. There are three contributions to (5NLO.

e Electroweak corrections (5%}3 [70, 71]: O(4 SNl\Ijﬁ JTRHO) ~ 3%.°
e NNLO QCD corrections 5&\]7[% [65, 66]: O(éle\I;[Oz IYO) ~ 10%.

e Finite m; mass effects at NLO 5SN1\IZ% [57]: O(éSNI\Ijl% IYHO) ~ 8%.

Therefore, it seems conservative to assume that

5NLO
9] ( ) ~ 20% . (3.10)

NLO
I‘SM

4The only exception to decoupling is a 4th generation quark, which would modify the gluon fusion
production of the Higgs by an order unity factor and strongly disfavored by current data.

5The corresponding number in the reference is for comparing with LO result and therefore slightly larger.

6See footnote 5.



On the other hand, §N© represents contributions to the higher order corrections that are
due to the heavy new particles. Given our assumption of heavy particles in eq. (3.7), we

anticipate a similar power counting for 6N/ 5SNI\17[O:

5NLO

O <5%0) <10% . (3.11)

Indeed, NLO corrections to the gluonic decay width of the lightest CP-even Higgs in the
MSSM is found to be within 5% of the corresponding SM NLO corrections over most of
the parameter space [72]: (SNEQ,, — 6550) /6550 < 5%. Combining egs. (3.10) and (3.11)

we arrive at
5NLO 5SN1\I7IO 5NLO
SM SM SM

Given these estimates, we can now evaluate errors resulting from terms dropped in eq. (3.4):

I I‘NLO < 6NLO 6SN1\L/[O 6NLO
= 1+ — I >
s e U e e
PNLO
~ NLO T O(2%) for MO /O ~ 10% . (3.13)
SM

In the end, we see that, under the assumption in eq. (3.7), taking ratios of NLO approxima-
tion adopted in eq. (3.4) is an excellent approximation when one is interested in a precision
in the order of 5 — 10% in the measurements.

As for new particles contributing to Higgs-to-diphoton coupling, we assume that they
do not carry any QCD color. Therefore the NLO corrections arise only in QED, which is
of the order of a/7 < 0.2% and can be safely neglected.

4 Next-to-leading order Wilson coefficients

In this section we compute the NLO Wilson coefficients in QCD for the digluon decay
width by applying the low-energy Higgs theorems at two-loop level [57-60], which requires
knowledge of two-loop beta functions as well as mass anomalous dimensions of the particle
running in the loop. The appearance of the mass anomalous dimension is related to the fact
that the counter term necessary to absorb the UV divergence in the Higgs-loop particles
vertex is unambiguously determined by the mass renormalization of the loop particle [73,
74]. Since the low-energy Higgs theorem holds in the limit the Higgs momentum vanishes,
the Higgs vertex is then renormalized at zero-momentum transfer by an amount ~,, [56, 60].
Adapting the low-energy theorem to the general case, we arrive at

— (5) ﬁ a a,uu@ 1 9 1 2 4.1
Lot = Lon + SUG“”G as 14y, Ologv ogm(v)”, (41)

where Eé?\)/[ is the SM lagrangian with five active flavors, ., = das/0log p is the two-loop
QCD beta function, and 7, is the mass anomalous dimension.



Using the results of ref. [75], we can write the two-loop QCD beta function f,, for a
fermion in the f representation and a scalar in the S representation:

(f)

O bnbige 2 () {14 &2 p0a(@) +30x(1)]} (42)
(S)
% = by 52 T(S) {1+ 22 [Ca(G) + 6C5(3)] } (4.3)

where the notations are as follows. For SU(NN.) group the Dynkin index T'(R) = 1/2 for the
fundamental representations and N, for the adjoint representation; Ca(S) = Ca(f) = Cr
and C2(G) = C4 are the quadratic Casimir invariants for the fundamental and adjoint
representations, respectively, where Cp = (N2 — 1)/(2N,) and C4 = N.. Again 6p = 1/2
for real matter fields, g = 1 for complex matter fields and the coefficients b; are defined
in eq. (2.6).

The mass anomalous dimensions can be obtained in a momentum-independent subtrac-
tion scheme such as the MS from computing the mass renormalization constant Z,,, which
relates the renormalized mass parameter m to the bare mass mg = Z,,, m, in Dimensional
Regularization in d = 4 — 2¢:”

2
Zm:1+Zm,1gf+---, (4.4)
Ym = —2X G2 Zma - (4.5)

For fermions in the representation f, the calculation of ~,, can be found in textbooks [82,

83]:
2 = 2% 0y(f) . (4.6)
m 2

For scalars the mass anomalous dimension depends on the scalar quartic coupling defined

as follows:

_ 1 20 a é a b cd
V(o) = 5 9" + T Aabed PNOTPDT, (4.7)
2

V(6:67) = m?6" 6" + Lnueq 6707 66" (48)

where the + sign in front of the quartic is chosen because of vacuum stability constraint
and we have normalized the quartic to g2. In addition, Agpeq are totally symmetric in all
four indices for the real scalar and symmetric in the (1,3) and (2,4) indices for the complex

scalar. Then we computed

3« «
() — 2%s _ 5.8 _ E B
Ym e CQ(S) 5R47T M, Ais . Aiiaa s (49)

"The definition of v, in eq. (4.1) is such that vm = —0logm/dlog p.



where the i index in the quartic is not summed over. Also notice that in the literature
the scalar mass anomalous dimension is sometimes quoted as 7,,2 = —9logm?/dlog u =
2 X Y8

Combining the above results, we can now write down the NLO Wilson coefficients for
fermions and scalars in arbitrary representations of SU(3). using eq. (4.1).

5 Benchmarks

In this section we consider two classes of benchmark scenarios. The first is assuming
only a single particle modifying the digluon and diphoton couplings. For the purpose of
illustration we assume that the new color particle in the digluon channel does not carry
electroweak quantum numbers, while the new charged particle in the diphoton channel
does not carry QCD color. Relaxing these assumptions would only make the constraints
stronger because of the the multiplicity of new particles in the loop. In the second class of
benchmarks we focus on stops and staus in supersymmetry where there is more than one
new particle contributing to the Higgs oblique corrections.

For heavy fermions in the fundamental and adjoint representation, the Wilson coeffi-
cients at NLO entering in eq. (3.4) are

11
NLO __ S

3Ja
NLO __ S

For scalar particles in the fundamental and adjoint representations, the NLO results are:

9 A «

O 45 s

Cg(L3) :1+<2+4 >7r’ (5.3)
33 Mg\ as

For the squark case, the quartic coupling from the D term® gives \y5 = Cr = 4/3 and the
NLO correction would be

29
N0 — 14 E(j:’ (5.5)

8If we consider a single charged scalar in QED, eq. (4.9) is consistent with the anomalous dimension
extracted from the renormalization constants computed in, for example, ref. [83] after replacing as — «
and C2(S) — 1. In the case of a (real) color-octet scalar, eq. (4.9) agrees with the anomalous dimension
extracted from ref. [81], if we specialize to the specific form of quartic couplings chosen there: Agped =
2(0abOcd + 0acObd + 0addse). For a (complex) color-triplet scalar, eq. (4.9) agrees with the squark anomalous
mass dimension quoted in ref. [79], when the squark quartic interactions are turned-off. However, after
including the squark self-interactions from the D-term contribution, Aaped = T4 T4 + TATS, eq. (4.9) gives
2as/(37), which is smaller than the number cited in ref. [78] by a factor of 2.

9See footnote 8.
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Color—adjoint Majorana fermion Color—fundamental Dirac fermion
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Figure 2. Contours of constant NLO digluon partial width, normalized to the NLO value in the
SM, as a function of the new particle mass and its coupling to the Higgs. The orange and yellow
region are for deviations within 5% and 10%, respectively. For comparison, we also show in dashed
lines the contour of 10% deviation from only retaining the LO effect in new particles.

instead of 1+ 25a/(67) given by ref. [78, 80, 84].1° For the adjoint scalar with a particular
form of quartic couplings computed in ref. [81], the above expression gives consistent NLO
result.

In figure 2 we present the constraint on the mass and coupling-to-the-Higgs of a new
colored fermion and a new colored scalar from a 5 — 10% deviation in I'(h — gg). In the
both cases we consider a new particle in the fundamental and adjoint representations of
SU(3), color. In the fermion case, we assume the coupling of the new fermion to the Higgs
originates from the dimensional-five Higgs-portal operator:

O; = CXfHTHff . (5.6)

10Recently we were informed that there is a sign error in ref. [78], which, when corrected, would give a
number consistent with eq. (5.5) [85]. Furthermore, the authors of ref. [80] pointed out to us that they
confirmed the 25/6 number by choosing a minus sign for the stop quartic interaction. When that sign is
corrected, they would agree with our result.

— 11 -



Singly charged complex scalar Singly charged Dirac fermion
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Figure 3. Contours of constant diphoton partial width, normalized to the SM value. The color-
coding is as in figure 2.

After electroweak symmetry breaking, O; generates the following coupling of the new

fermion to the Higgs
Y

v
Inf =N =
For A ~ 1TeV, typically Y < 1, to guarantee the perturbativity of the ¢ coupling until

(5.7)

the GUT scale. Measuring the coupling of the Higgs to digluon at the level of 5% would
constrain masses up to around 1.2TeV (1.8 TeV) for fermions in fundamental (adjoint)
representation, having fixed ¢y = 1 and A = 1TeV. In the scalar cases, we assume the new
scalar couples to the Higgs through the Higgs portal operator

Og = csHYHSTS (5.8)

which, after electroweak symmetry breaking, generates the coupling gpss = csv. Assuming
a coupling c¢g = 1, scalar masses at around 400 (700) GeV in the fundamental (adjoint)
representation of QCD could be excluded by a measurement of the hgg coupling at the
level of 5%. These numbers have been obtained assuming Ayg = 0. However, we have
checked that the reach on the scalar mass does not change significantly for Agg ~ O(1).

In figure 2 we also show contours of 10% deviations by taking the ratio of LO partial
widths over the NLO SM partial width in the digluon channel, shown as the dashed lines
in the plot. The bounds are somewhat weakened in this case. For example, the bound on
the mass of the scalar in the adjoint representation would shift from 750 GeV to 650 GeV.
It is also important to recall that that the theoretical uncertainties are larger from the
arguments presented in section 3.

In a similar fashion, using the LO results collected in section 2, we compute the con-
straint on the my —Y and mg — cg planes arising from a measurement of the hyy coupling
at the 5 — 10% level. The results are collected in figure 3 .

The constraints on masses and couplings of new particles could change drastically when
one relaxes the assumption of only a single new particle in the loop. In supersymmetry there
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Figure 4. Contours of constant NLO digluon partial width, normalized to the NLO value in the
SM, in supersymmetry as a function of m; and X, /m;. We also include contours of 122 GeV < my, <
128 GeV in MSSM. In the bottom row we show masses of the light stop eigenmasses (dashed lines)
and heavy stop eigenmasses (solid lines). The constraints from digluon widths are independent of
MSSM when new D term contributions can be neglected. The color-coding is as in figure 2.

are two top squarks that could modify the digluon width [86, 87], while in the diphoton
channel there are two staus that could have important effects [88-91]. In the following
we consider the interplay of two new particles in the digluon and diphoton partial widths,
using stops and staus in supersymmetry as the prime examples.

In the stop case, we use the analytic results derived in section 4 by first diagonalizing
the stop mass matrix to obtain the mass eigenstates and then including the NLO QCD
corrections from eq. (5.5) for each of the mass eigenstates. The stop mass matrix is written
in the flavor basis (f7,fr) as:

m2 +m?2+ Dt me X,
M5=( CR v , (5.9)

my X mth + m? + D’}%
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where

1 2
D} = <2 - 3512”) m% cos 283, (5.10)
2
DY = gsfquZ cos 23, (5.11)
Xy = Ay — taﬁﬁ. (5.12)

In the above s,, is the sine of Weinberg angle. We further define

5 mtg + m? m% — mt2
’]’)’L£ = L 'R s T = 7211 2R . (5.13)
2 ms: 4+ m#%
tr, tr

We then plot contours of deviations in the digluon width as a function of m; and X;/m;, for
two extreme values of r = 0 and r = 0.9 at tan 8 = 30. The outcome is shown in figure 4.

It should be emphasized that the correlations between hgg couplings and the stop
mass matrix in eq. (5.9) are robust predictions of supersymmetry. They are independent
of the framework of minimally supersymmetric standard model (MSSM) and would ap-
ply to less minimal scenarios such as the Next-to-minimal supersymmetric standard model
(NMSSM), when new D term contributions can be neglected. However, for the sake of com-
parison we also plotted in figure 4 contours of constant Higgs mass in MSSM. Assuming
the 125 GeV Higgs is the lightest CP-even Higgs in MSSM and taking into account 3 GeV
theoretical uncertainties in computing the Higgs mass in MSSM, we present contours of
122 GeV < my, < 128 GeV computed from FeynHiggs [92-95]. It should be noted that we
are assuming contributions from other supersymmetric particles such as the sbottom are
negligible and much less than 5% in the digluon width. Under this assumption, we see that,
within the framework of MSSM, the constraints derived from digluon widths are sometimes
complementary to those obtained from the Higgs mass measurements. In particular, in the
region of large r, light stop masses would be disfavored if the digluon width is measured
to be within 10% of SM expectation.

In figure 5 we show the analogous constraints on the stau sector from Higgs-to-diphoton
coupling, where the stau mass matrix is similar to that of the stop in eq. (5.9) with the
replacement m; — m., mtgL/R m%L/R,
ing changes in the D term contributions. In the plot we assume contributions from other

Xy = X, = A;—utan 3, as well as the correspond-

supersymmetric particles such as the charginos can be neglected in the diphoton width.

6 Subtleties in interpreting partial widths

In this section we comment on subtleties and challenges in extracting diphoton and digluon
couplings of the Higgs precisely.

The main issue is related to the fact that the diphoton and digluon couplings are not
observable experimentally. Instead, what can be measured directly is the diphoton and
digluon partial decay widths. In addition to the Higgs oblique corrections discussed so far,
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Figure 5. Contours of constant diphoton partial widths in supersymmetry as a function of m;
and X;/mz. We also show masses of the light stau eigenmasses (dashed lines) and heavy stau
eigenmasses (solid lines). The color-coding is as in figure 2.

the partial widths could be modified if the Higgs couplings to W bosons and top quarks are
shifted away from their SM values. These effects could be parametrized as follows [96, 97]:
1 m? v? me o — v?
L=20,hd"h+2—YLhWIW™ (14+éw - |+ —htt (1+é - |+ 6.1
R <+CW2A2)+U (+Ct2A2>+ o (61
where ¢y and ¢; denote deviations of Higgs couplings to W and top from SM values. On the
other hand, the Higgs oblique corrections that are discussed in this work are summarized
by the operators:
~ v Qg N v [0 2
Cg W m hGZVGHVa s ny W 6_71'NCQt hF/ﬂ,FuV s (62)
where N, = 3 and Q¢ = 2/3 is the top quark electric charge in unit of the electron
charge. The the LO digluon and diphoton partials widths are modified at leading order in
2 /A2
v*/A* [96]:

Gra?m3 2 02 2
IL'(h —gg) = Ws%; (1 + Gt W) A1/2(7't) + ¢4 9A2 b1/2 ) (6.3)
&9 b1 /2 02 v
=T T+ (6 + 21 ) — — 4
suth = am) [1+ (e 327005) ]+ () 64
Gra®m3 2 v
() = T 2 (1 e g ) arw) + 802 (14 53 ) Auatr)
’02 2
+NQ7 ¢y A2 b1/2 (6.5)

- ew A1 () et Ay a(Te)
A1(tw) + NeQF A jo(11)  Ar(tw) + NeQ7 Ay j5(7r)
n NCQ% é’y b1/2 ﬁ
Ai(tw) + NeQ7 Ay jo(71)

Csm(h — vy)

4

+0(%). (6.6)

A2
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We see that, in order to extract the loop-induced couplings ¢, and ¢, we need to disentangle
their effects in the partial decay widths from those of ¢y and é.

In terms of SU(3). x S(2)r, x U(1)y gauge invariant operators, ¢y and ¢ receive con-
tributions from more than one sources. For example, there is one operator that contributes
to both éy and & [96],

CH
Wau(HTH)ﬁ“(HTH) : (6.7)
while the following two operators contribute to them separately [96],
‘w ) <_>1/ v % Cy £
AT (HTJ D H> (D"W,)" wHTH(fo) . (6.8)

There is also an operator cgy that is subleading in weakly-coupled theories [96].

The operator proportional to cg is of particular interest, because it gives a finite wave
function renormalization to the Higgs boson after electroweak symmetry breaking and one
need to re-scale the Higgs field to bring the kinetic term back to canonical normalization:

h—>hmh<1—ch2>, (6.9)
V14 cgv? /A2 2 A2

which has the effect of re-scaling all the Higgs partial widths by a universal amount.
Moreover, in most cases cg > 0 [19], implying all Higgs partial widths receive a universal
reduction, while decay branching fractions would remain the same because the Higgs total
width is reduced by a similar amount. It was pointed out in ref. [96] that cy could be
directly measured from longitudinal scatterings of W and Z bosons. For example,

AWEWE - wiEw) = —=52,
where s is the center-of-mass energy. It would be interesting to consider how cy could be

(6.10)

extracted from Higgs coupling measurements.

There are in fact very well-motivated models where ¢y and é are non-zero. Of particu-
lar interest is the possibility that the Higgs boson might arise as a pseudo-Nambu-Goldstone
boson (PNGB) [100, 101], which idea was revived in the past decade [102, 103]. One rather
curious feature of this class of models is such that, in the Higgs-to-digluon partial widths,
effects suppressed by masses of the fermionic top partners disappear due to cancellations
in ¢, and ¢ [104, 105]. In the end the digluon width only depends on f, the scale corre-
sponding to the analog of “pion decay constant” in PNGB Higgs. In figure 6 we show the
constraining power of 10% deviations in R,y = I'pnar(h — 99)/T'sm(h — gg) for a variety
of PNGB Higgs models, using the results in ref. [105]. It is worth noting that absence of
fine-tunings in the Higgs mass requires f < 1TeV.

The observation that ¢y and ¢; enters into the Higgs partial decay widths into gg and
~7 also highlight the importance of making simultaneous precision measurements on Higgs
couplings to W bosons and top quarks. While recent studies suggest a precision of the
order of 10% (or less) in I'(h — WW), I'(h — gg) and I'(h — 77y) could be achieved either
in a high luminosity LHC or an ete™ machine, the corresponding precision in the deter-
mination of the production rate o(tth) is generally at 10% or worse [98, 99]. Therefore,
it becomes apparent that precise measurements of htt coupling should be among the top
priorities in the future.
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Figure 6. R,, for Higgs as a PNGB. Various curves in the plot represent: the littlest Higgs
(LH) model based on SU(5)/SO(5) [106], the littlest Higgs with T-parity (LHT) based on
SU(5)/S0O(5) x [SU(2) x U(1)]2/SU(2) x U(1) [107], the littlest Higgs with custodial symmetry
(LH_Cus) based on SO(9)/SO(5) x SO(4) [108], and the Minimal Composite Higgs Model (MCHM)
based on SO(5)/SO(4) [109]. Absence of fine-tunings in the Higgs mass requires f < 1TeV.

7 Conclusion

In this work we argued that Higgs couplings to diphoton and digluon constitute a class
of oblique corrections in Higgs physics, in that new particles entering into self-energies of
the Higgs would necessarily induce deviations in Higgs couplings to SM gauge bosons at
one-loop order, if the new particles carry SM gauge quantum numbers. Therefore precise
measurements of these couplings may yield insights and constraints into masses and cou-
plings of new particles. In particular, for a 1TeV new particle the resulting deviations
are generically of the order of v?/(1 TeV)? ~ 5%, which in turn call for precise theoretical
predictions, especially in the digluon couplings where higher-order QCD corrections are
known to be substantial.

We then computed NLO QCD corrections from new fermions and scalars in arbitrary
representations of SU(3). color in the Higgs-to-digluon coupling, by applying the low-energy
Higgs theorems. Along the way we present a new computation of the NLO squark contri-
butions. As benchmarks we showed constraints on masses and couplings of new scalars and
fermions in the fundamental and adjoint representations of QCD from 5-10% deviations in
the Higgs coupling to digluon. In general constraints on particles in the adjoint representa-
tions are more stringent than those in the fundamental representations. In particular, the
allowed region of parameter space for top squarks in supersymmetry was also presented.
Similar constraints on charged particles in the Higgs-to-diphoton coupling were presented
as well.
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Last but not the least, we emphasize that precise determinations of loop-induced cou-
plings of the Higgs require inputs from measurements other than the corresponding partial
decay widths. In particular, precise measurements of Higgs couplings to SM W boson and
the top quark are necessary to extract diphoton and digluon couplings from the partial
decay widths.

In the end, we hope it is clear that much can be learned from a program of precision
Higgs measurements, and precise determinations of loop-induced couplings must go hand-
in-hand with accurate measurements of other tree-induced couplings. Moreover, indirect
probes of new physics from precision Higgs measurements involve different assumptions
from direct searches at colliders. Therefore the two approaches are very much complemen-
tary to each other and should be pursued simultaneously.
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A Definitions of loop functions

Loop functions used in this paper are defined as follows:

Ai(z) = 2?2272 + 327 + 3227 = ) f(=7 )] . (A.1)
Ajp(x) =22 [a7 '+ (a7 = 1) fa™)], (A.2)
Ap(x) = —2? [:1:_1 — f(x_l)] , (A.3)
where
arcsin® \/x , x<1
_ 2

J(@) = —% <log 711_\/7% — z'7r> , x>1. (A.4)
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