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ABSTRACT: With the discovery of the Higgs at the LHC, experiments have finally addressed
all aspects of the Standard Model (SM). At this stage, it is important to understand
which windows for beyond the SM (BSM) physics are still open, and which are instead
tightly closed. We address this question by parametrizing BSM effects with dimension-six
operators and performing a global fit to the SM. We separate operators into different groups
constrained at different levels, and provide independent bounds on their Wilson coefficients
taking into account only the relevant experiments. Our analysis allows to assert in a model-
independent way where BSM effects can appear in Higgs physics. In particular, we show
that deviations from the SM in the differential distributions of h — V ff are related to
other observables, such as triple gauge-boson couplings, and are then already constrained
by present data. On the contrary, BR(h — Z+) can still hide large deviations from the SM.

KEYWORDS: Higgs Physics, LEP HERA and SLC Physics, Beyond Standard Model

ARrRX1v EPRINT: 1308.2803

OPEN AcCESS, (© The Authors.

Article funded by SCOAP. doi:10.1007/JHEP01(2014)151


mailto:pomarol@ifae.es
mailto:francesco.riva@epfl.ch
http://arxiv.org/abs/1308.2803
http://dx.doi.org/10.1007/JHEP01(2014)151

Contents

1 Motivation 1
2 Constraining BSM physics from EW observables 2
2.1 Experimental input values 3
2.2 Z-pole observables for leptons and the W mass 4
2.3 Quarks 5
2.4 Triple gauge-boson couplings 7
3 Higgs physics 8
3.1 New physics effects in h — V ff 10
4 CP-odd operators 12
5 Conclusions 14
A Corrections to V ff couplings and Z-pole observables 16
B ¢q’lv contact-interactions at the LHC 17

1 Motivation

With the first LHC revenues we have begun to gain experimental evidence for all sectors
of the Standard Model (SM). Not having found signs of beyond the SM (BSM) physics,
it is time to ask which directions in the parameter space of “deformations” of the SM are
still unprobed. This can provide a useful guidance for future experiments.

The purpose of this paper is to take steps towards addressing this question. We
will mainly focus on flavor-independent observables, and how these constrain electroweak
symmetry breaking (EWSB) effects in gauge-bosons and Higgs physics. As a model-
independent parametrization of BSM physics, we will use the Wilson coefficients of the
independent dimension-six operators. This is a valid parametrization as long as the BSM
scale is heavier than the electroweak scale, as we will assume here. Instead of an exhaustive
fit to the SM, including all available data, our goal is to show which are the most rele-
vant experiments that constrain the different directions in the parameter space of Wilson
coefficients, and provide the corresponding bounds.

We will classify the bounds in different groups [1]. First, those arising from Z-pole
observables, W mass and some low-energy experiments that constrain, at the per-mille
level, deviations in W/Z propagators and gauge-boson couplings to fermions. In a second
group, we have bounds, a factor ~ 10 weaker, from measurements of the triple gauge-boson
couplings (TGC), that will be crucial to constrain certain directions in the parameter space,



left unbound by the first group of experiments. Finally, we will have bounds from Higgs
physics arising from the recent LHC data.

One of the main purposes of our fit is to extract indirect constraints on possible de-
viations from the SM in future Higgs measurements. In particular, we will find that only
I'(h — Z~) can still hide large deviations from the SM prediction, while deviations in
h — V ff are already constrained by other experiments, as they can be related to TGC
measurements. Since the LHC can in principle do better measurements of TGC from pro-
cesses such as pp — W, Z~, WW, ZZ, this will be a more optimal way to constrain BSM
physics than from h — Vff or VV — h.

There have been several groups also addressing these questions [2-8]. Contrary to ours,
however, most analyses have considered operators one by one, setting the rest artificially
to zero, and the combined effect of more than one operator is rarely taken into account.
The analysis that goes closer in spirit to the one presented here is the one of ref. [2]. Our
analysis differs from theirs in several aspects. First of all, our analysis is extended to include
Higgs physics and tries to understand where BSM effects can be found in future Higgs
measurements. Secondly, and importantly, our choice of basis [1, 9, 10] allows to separate
operators that are constrained at different level. This choice minimizes the correlations
between Wilson-coefficient constraints and makes the results easy to interpret. The analysis
of ref. [2] was made using the basis of ref. [11], and led to ref. [7] to erroneusly conclude that
constraints from electroweak observables were much weaker than what they actually are.

In section 2 we study the constraints on the CP-even Wilson coefficients arising from
electroweak (non-Higgs) observables. In section 3 we present the relevant Wilson coeffi-
cients for Higgs physics, show their constraints, and study new physics in h — Vff. In
section 4 we briefly comment on CP-odd operators. We leave for appendix A the details
concerning Z-pole observables, and in appendix B we show how LHC data can constrain
the relevant four-fermi interactions entering in our analysis.

2 Constraining BSM physics from EW observables

We will assume that the BSM sector is heavy, with a mass scale A much larger than the
weak-scale. This allows us to parametrize in a model-independent way all BSM effects
by dimension-six operators added to the SM [11, 12]. There are many options for the
choice of the dimension-6 operator basis. Here we will follow the basis of [1, 10] that we
find more suitable for our analysis than that of ref. [11], due to its better connection with
experiments. Assuming lepton and baryon number conservation, the full set of operators
in this basis can be found in tables 1 and 2 of ref. [1]: these contain 5 redundancies that
we use to eliminate the 5 operators Qo 2B 2¢ and OlL, O(L?’)l.

In table 1 we show the dimension-6 operators of our basis that enter in the observables
that we are interested in. We assume minimal flavor violation (MFV) [13], that is to say
that the BSM sector respects a U(3)® flavor-symmetry up to corrections proportional to the

SM Yukawa couplings. This allows us to concentrate on flavor-independent constraints. In

~,
particular, MF'V implies that dipole operator for fermions, as well as (iH TDMH )(apy*dRr),
are proportional to small Yukawa couplings and can then be neglected. In the operators
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Table 1. Set of CP-even dimension-6 operators that defines our basis. We are including only

the four-fermion operators that affect our observables. We omit dipole operators for fermions and
. o

Ol = yly,(iH' D, H)(ury"dR) since they are suppressed by light fermion Yukawas under the MFV

assumption. Also Os¢ is not included since it does not enter in our observables. The complete set

of operators can be found in ref. [1].

of table 1 we assume a contraction of family indices ¢,j inside each parenthesis, e.g.,
(QLy"Qr) = (QL*Q%), and y,Qrur = yff@iu]é, as implied by the MFV assumption at
the leading order in a Yukawa expansion. The top quark, having a large Yukawa coupling,
could depart from the MFV assumption. For this reason we will also consider the impact
of treating top operators separately.

CP-odd operators are not included in table 1, since they do not interfere with the SM
contributions to the observables that we are considering. Their Wilson coefficients only
enter quadratically in these processes and can then be neglected at the linear level that we
are working. In section 4, however, we will briefly discuss their implications for TGC and
h—VFff.

2.1 Experimental input values

We take the SM as defined by the 3 parameters g, ¢’ and v ~ 246 GeV, that we relate
with the well-measured values of the Fermi constant G as measured in muon decays,
the fine-structure constant cen,, and the Z-boson mass myz. New physics, parametrized
through the dimension-6 operators of table 1, affects these 3 input observables. The subset
of relevant operators is

cr oy STAPRCT
A£input - 3 OT + P) (OW + OB) + 2 OLL ) (21)
v miy, v
where we have defined )
i = §(CW +cp), (2.2)



and cyw,p are the Wilson coefficients of the operators Oy, g. The orthogonal combination
Ow — Op does not affect the input parameters. Notice that, instead of a common suppres-
sion scale A, we are suppressing the operators of eq. (2.1) by the weak scale, either my,
or v, meaning that we have absorbed the dependence on A into the Wilson coefficients.
With this normalization the Wilson coefficients must be considered smaller than O(1) for
our expansion to make sense.

The modifications of the 3 input observables due to the dimension-6 operators are
given by
6m2Z B

N . N 0GR
— 952§, — o g, %CF
Qem 0w mQZ " Sow Gr

0Ctem PN OL

T (2.3)

where we have defined sg,, = sinfy (and similarly for other trigonometric functions),
being 6y the weak mixing angle, and

S=2, T=cr, (2.4)

characterize the dominant contributions to the W/Z propagators [14, 15].

Our fits for electroweak observables are performed using a y? analysis; the experimental
data including correlations, are taken from refs. [16, 17], while the SM predictions, including
the dominant loop corrections, are taken from refs. [18, 19] (we have checked that our
results including only S and T' agree with ref. [18] at the percent level). Henceforth when
referring to SM predictions to observables we will always be considering predictions given
as a function of these 3 input experimental values, G, e and my.

2.2 Z-pole observables for leptons and the W mass

Among the most accurate experimental tests of the SM, stand the Z-pole observables
measured at LEP-I/SLC, and the Tevatron measurement of the W mass. In a first set
of constraints, we single out the leptonic observables that are measured at the per-mille
level. The relevant dimension-6 operators that contribute to these quantities are, apart
from ALinpus,

€
A»Cleptons = 1)7}220%5 . (25)

It is important to notice that, being at the Z-pole, four-fermion operators can be neglected.
LEP-I and SLC measurements afford only 3 observables for the lepton sector, that we can
think of as FZZL =1(Z — Iily), FlZR = I(Z — Ilglg) and T% = I'(Z — vv). These can
be extracted from the correlated set of observables A;, Ry, agad, I'z defined in eq. (A.6) of
appendix A, where I'Y, =T', — F‘gSible since we assume that there are no extra light degrees
of freedom. The modifications of these quantities with respect to the SM predictions due
to the dimension-6 operators are given by (see appendix A for details)

Ty, .6 STUL 1 /. & X

Z — T_ﬁ’ L = (T— Gr _4sgws> : (2.6)
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ST'R 1 /(. G . e

A e e
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This gives 3 observables to constrain 4 Wilson coefficients. As an additional observable
needed to constrain all 4 coefficients, we take the W mass, whose correction from the SM

— = T— — +2 . 2.
— 2020‘/‘/ |:C9W SQW ( GF + S) :| ( 8)

value is given by

Using this subset of observables, we can fit cr, c‘t, c% and cf’zl. Marginalizing over all but

one coefficient at a time we find the 95% C.L. intervals:

cp € [<5,1] x 1073, ¢ € [~6,0] x 1073, (2.9)
¢ €[~5,00x 1073, e [~12,2] x 1073,

Other four-lepton operators, apart from (’)(L?’L)l, can be constrained by LEP-IT measurements
of the cross-sections ee™ — [T1~ [20]. These operators and their experimental constraints
are completely orthogonal to our analysis and can be studied independently. We will not
pursue them further.

2.3 Quarks

Experimental data for quark physics abounds. The most accurate measurements come,
again, from LEP-I physics at the Z-pole. Assuming flavor-universality, the relevant
dimension-6 operators for this type of physics are, apart from ALiput,

VIS LAPRCVINR: PR
AL quaris = 50} + 50" 4 “LOp + “LO%. (2.10)

Eq. (2.10) contains 4 new parameters that need 4 new observables in order to be con-
strained. We take Ry, F%ad, Ap and A, as defined in appendix A. They are affected by
dimension-6 operators as

ST

I Ye!
o~ 0.7¢] +23 o 03¢k —02¢k 15055, +T - 50 (211)
7 F
O Ry a (3)q u d 2
& = 1.6¢c} —0.05¢;"" = 0.3ck — 0.1cp +0.20s5,,, (2.12)
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S A,
o~ —0.9¢] +0.9 P 23c 42653 (2.13)
Ay q (3)q d 2
o = 0.1c; +0.1¢;”" +0.8cp —0.65s5,,, , (2.14)
b

where 583W is the correction to the effective weak mixing angle:

1 . s .~ 0GR
2 2 20w
589 = 7629 [89 S — 4 (T _ e )

Only the first two observables, F%ad and Rp, are measured at the per-mille level [16] and
(3)

can give strong constraints on c; ? and ¥, since, accidentally, they enter respectively with

(2.15)

large coefficients in eq. (2.11) and eq. (2.12).



The above hadronic observables can be complemented with information from low-
energy measurements. One of the most relevant, due to its high accuracy, is the determi-
nation of the unitarity of the CKM matrix by KLOE and f-decays [21]. This result can
be interpreted as a measurement of the Fermi constant in quark-lepton weak interactions,
Gﬁ?’, normalized to G as extracted from p-decays:

@\ ?
G—P; =0.9999(12) at 95 % C.L.. (2.16)
Dimension-six operators modify this SM prediction:
2
G(Q)
5 (Gf; — 4Bl 42D g Pt (2.17)
which also includes a contribution from 4-fermion operators:
(3)ql
c b
Aﬁquabrk—lepton = 1{)12/ Oédl)/ql . (218)

Now, using recent LHC data [22] for the measurement of the high-energy differential cross-
sections of §g — [v, we can independently constrain C(L?%ql, as shown in appendix B. This
allows us to use eq. (2.17) to put an independent constraint on c(L?’)q. Putting all the
above information together and marginalizing (since the observables eqs. (2.11)—(2.14) are
also sensitive to ALinpus, we must include also the leptonic operators and observables and
perform a global fit: the resulting constraints on the coefficients of ALinpye will be given

in the conclusion), we obtain the 95% C.L. intervals:

¢ e-1,4 x 1073, e [=7,4] x 1073,
% € [-8,0] x 1073, ¢ e [-53,1] x 1073, (2.19)

e =23 x 1072,

It is interesting to consider the case in which operators made of the top quark have
different coefficients from those associated to operators made with the first two families.
This is motivated by the largeness of the top Yukawa coupling that suggests that there
can be large deviations from flavor-universality. We then add the following operator to

our analysis:!

+q3
1
ALygop = CL? (Of + C’)(Lg) 'B) ,  where ¢;® = 5(0%3 + cf’) ®y, (2.20)

that, due to the presence of by, inside the 3rd family doublet @7, gives an extra contribution
to the observables of eqgs. (2.11)—(2.14):
orhad
F}%ad

5A,

ORy 04y
Ay

20.502”13, B
b

~1.8¢; %,
q3

~0.1cf®. (2.21)
g3

g3

The other operators involving top-quarks, (0% — (’)(Lg) %) and Ok, affect only top couplings to gauge
bosons and their constraints arise from top physics at the LHC. We will not discuss them here.



We have now 5 coefficients in the quark sector, eq. (2.10) and eq. (2.20), but also 5 observ-
ables, those of egs. (2.11)-(2.14) and eq. (2.16). KLOE data, which in the flavor-universal
case was only used to slightly improve the numerical constraints, is now crucial to avoid

unconstrained directions. The analysis gives:?

B e[-7,13] x 1072, (2.22)

Other four-quark operators, apart from eq. (2.17), can be constrained by LHC di-jet
measurements [23, 24]. As for the lepton case, these bounds do not interfere with our
analysis, neither are relevant for Higgs physics; for this reason they can be studied in a
separate context.

2.4 Triple gauge-boson couplings

Extra important experimental data needed to further constrain our set of operators is the
measure of the ZWW and YWW couplings. The best measurements still come from
ete” — WTW~ at LEP-II, although LHC data is starting to be competitive. The
dimension-6 operators involved in this process are, apart from eqs. (2.1) and (2.5),

_ Ky Cy + Ky k3w
ALtcc = —5- (Ogw + OuB) + 504 + —5-Osw, (2.23)
miy 2mW miy
where we have defined 1
Wiy = 5 (Hw £ KB) (2.24)

with kgw rp the Wilson coefficients of Opw np, and
O+ = (Ow — Op) = (Ouw — Onug). (2.25)

Notice that in order to connect with the different experiments, we are, for convenience,
working with the orthogonal combinations {Ow + Op, Ogw + Opp, O+} instead of the
original subset {Ow,Op, Ogw,Ogp} given in table 1. It is easy to show that the co-
efficients of O are given by the combinations (c;, & xy;y,)/2. In eq. (2.23) we have not
included the operator O_ since it does not enter in TGC, and it is only relevant for Higgs
physics as we will see later. Indeed, one finds the following contributions to the ZWW and
YWW vertices [25]:

ALzy = igdg?co,, Z" (W_”W/Z, - WJ”’W”_V) +ig (0kzcoy, 2" + dKysp,, AMY) W/;Wj

1g v v -
—I—% ()\ZcQWZ“ + )\WSQWAM YW, pr—Z, (2.26)
where V,,, = 0,V,, — 9,V for V = W=, 7, A, and
7 cCw + KHW 1 _ _
097 = 2 = 5 (e +ey + gy +REy)
0ky = KHW + KHB = 2/1;‘/, Oky = 5912 - tgwémy ,
Az = Ay = K3w . (2.27)

“Introducing this extra parameter slightly alters the limits of eqs. (2.9) and (2.19), as we will show later.



Notice that out of the 5 quantities in eq. (2.26), only 3 are independent if one considers
only dimension-6 operators; we take these to be (5912 , 0k~ and A,. This means that data
from the differential cross-sections of ete™ — WTW ™ can only constrain 3 extra com-
binations of Wilson coefficients that corresponds to those of eq. (2.23): KEV, ¢y + Ky
and rap.® Unfortunately a three-parameter analysis has not been provided by the full
LEP-II collaboration [17, 20], but only by DELPHI [26]. Nonetheless, a small value 3y is
expected in most theories where the SM gauge bosons are assumed to be elementary above
the BSM scale A. Neglecting this contribution (and then taking Ay = 0), we can use the

two-parameter fit of g7 and k., from ref. [17], to obtain the 95% C.L. intervals:
¢y + Ky € [4.4,6.6) x 1072, K}y, € [—5.5,3.9] x 1072, (2.28)

Including in the fit kK3y does not change considerably our results; using DELPHI data [26]
(which is however strongly correlated with ref. [17]) one finds results similar to eq. (2.28)
and kg € [—4,7] x 1072,

3 Higgs physics

We now extend our analysis to Higgs physics. Apart from the operators already introduced
before that could also affect Higgs physics, we have 8 CP-even dimension-six operators that
give contributions only to Higgs physics and not to other SM processes. These are those
operators that can be built from the Higgs modulus, i.e., |H|2. In our basis, table 1, these
operators are

_ch Cy; C6 KBB gele; Cy — Kgy
AﬁHiggs = FOH -+ Z ?Oyf + EOG + mTOBB + mTOGG + To_ 5 (31)

f:tvbﬂ— w w 2 w

which holds for one family, taken to be the 3rd one as it is the most relevant for Higgs
physics. The presence of O_ must be traced back [1] to the fact that the operator Oy =

92 ’H’2W}U/GWCL

. that can obviously affect only Higgs physics, when written in our basis

is given by
Oww =40_ + Opp. (3.2)

Now, the operator Og is in one-to-one correspondence with a deviation in the triple-Higgs
coupling that has not yet been measured at the LHC. Therefore, we will not be considering
it any longer. The 7 remaining operators of eq. (3.1) affect the main Higgs branching ratios,
as well as Higgs production cross-sections at the LHC. In particular, we have that the 4
Wilson coefficients ¢, , c,., kpp, Ky enter respectively in BR(h — bb), BR(h — 77),
BR(h — ~v), BR(h — Z7), while kgg affects o(GG — h); the coefficient cy gives
a contribution to the Higgs propagator and then enters universally in all Higgs processes
(affecting, in particular, vector-boson fusion), while ¢,, modifies the htt coupling that enters
indirectly in BR(h — 7v) and BR(h — Z7~) at the one-loop level [9], and also enters in

30Other Wilson coefficients entering in the process e"e™ — WTW ™, such as those of egs. (2.1) and (2.5),
can be neglected since their constraints, derived in our previous analysis, are stronger than the ones we will
be obtaining here.



the associated production process pp — htt that the LHC can become sensitive to in the
near future. The Lagrangian for these processes is determined by

LML ALy, (3.3)

where
1 _
LM = i(ﬁuh)2+(\f2GF)1/2h[—mf(foR—i—h.c.)+m%ZuZ”+2mI2,VWJW_“ 4o, (3.4)

gives the SM contribution to single-Higgs processes written as a function of the physical
masses, my, mz and mi, = m% (1 + \/1 — 23/27raem/m2ZGF> /2, while

c h 3 -
ALy = TH(auh)Q T [5ghff(foR +h.c.) +0gnz2 2, 2" + Sgnww W, W

2
+ 4I€BBS§WAMVA'U’V + 4lﬁggﬁ GﬁyG“VA + 4thK;Z,YZw,A'“V:| , (35)

gives the contributions proportional to the Wilson coefficients of ALinput, ALtiges, and
also that of Oy in eq. (2.23) that enters in hZ~. The first line of eq. (3.5) includes the
corrections to the SM hf f and hVV interactions (V = W, Z) due to the Wilson coefficients
entering in the input parameters, in the wave-function renormalization of V' and in direct
contributions arising from Op. They read

Ognzz 0GF dSgnww _ , 0mw  6GF Ognff _ dGF

= —cp— —— =2 — , =—cy, — ——. (3.6
ngLI\Z/IZ 2GF giSLII}/I/W mw QGF gfsl%c vs QGF ( )

With the exception of ¢, ., we know from the analysis of section 2 that these effects are small.
The second line of eq. (3.5) gives the corrections to hyy, hGG and hZ~ coupling, where

1 _
Kzy = ==Ky — 253W/£BB. (3.7)

2

The dominant modifications from eq. (3.5) to BR(h — ff), BR(h — ~v), BR(h —
Z7v) and 0(GG — h) can be found in [9]. We confront these with a combination of
ATLAS [27] and CMS [28-30] data (for technical details see ref. [31]). For this fit we also
include the measurements of pp — h — V'V* and vector-boson fusion pp — VVqq — hqq;
there are extra contributions to these processes, as we will see in the next subsection
(egs. (3.9) and (3.10)), but these, we can advance, are found to be small and can be
neglected here. Strong bounds can be found for Wilson coefficients entering at tree-level
in the effective Higgs couplings to GG, vy and Z+, as they arise in the SM at the one-loop
level. Indeed, marginalizing over cy and ¢, we obtain at the 95% C.L.

KGe € [-0.8,0.8] x 1073, kpp € [-1.3,1.8] x 107, kz, € [-6,12] x 1073,  (3.8)

Notice that the constraints on g% kqa are comparable to those on ¢’ 2mg;B, and that the
bound on the hZ~ coupling is quite strong even though the experimental data is only
sensitive to BR(h — Z~) that are ~ 10 above the SM value [32, 33]. For the Wilson



coeflicients cy and ¢,, we do not find significant bounds after marginalizing over the others
(for this reason we do not report them). Although this implies that there is room for BSM
here, we recall that these coefficients cannot be larger than one if we want our expansion
(in higher-dimensional operators) to be reliable.

This ends our analysis for getting the most important constraints on the operators of
table 1. Our results can be particularly useful to bound possible new physics effects in future
new Higgs measurements. We show this below with the example of the h — V ff decay.

3.1 New physics effects in h — V ff

The decays h — Vff (V = W, Z) are potentially much richer than two-body decays,
since the different differential partial-widths can give in principle extra information on
BSM contributions [7, 34-39]. Nevertheless, as we will show, most of the new information
that we could extract from measuring the various differential partial-widths of the decay
h — V ff is already constrained by other experiments.

Contributions to h — V ff can come from corrections to hV'V vertices and contact-
interactions hV ff. Apart from the contributions given in eq. (3.3), we have

h
ALy = 22 [éw (W DWW, +hc) +éz Z,D" Z, + (éw — ¢8)toy ZMD*“’AV]
v
h
ol [CWW WA + czz Z‘“’Z,W] , (3.9)
v
AL _h W A" f Z, fy* 1
wir= S Aawwrr Wulv" £ + gnzer ZufA"f| (3.10)
f=fr.,fr
where D, = 0,0, — U1, and
cw = cw + KW , ¢z = cw + éBtZW ; ¢B =cB+ KHB, (3.11)
1 2 St
cww = KHW , cz7 = §(KHW + kupty,, ) — QCT/’»BB. (3.12)
Ow

Eq. (3.10) gives the contributions to the contact hV f f vertices that is found to be correlated
with those to the V ff vertices:

2 2
ghzff = ;59£ and  gpwyrp = ;59@, (3.13)

where (592 and 59{:1/ are given respectively in egs. (A.3) and (A.11) of appendix A.
The CP-even part of the total amplitude for the process h — V ff can be written as*

M(h— V) = (V2Gp)'2e(q) TV () [AY nuw + BY (p-anuw —pua)] . (3.14)

where ¢ and p are respectively the total 4-momentum of V' and the fermion pair in the J}/
current (J ]ﬁ‘L = fL.RY*fL.R), €* is the polarization 4-vector of V, and we have defined

2 2
V_ v APt tmy
Af —le —I—afiz_m%/,

1 ~, 1 ~
V _ 1V \% vV o_ =W

“We neglect terms proportional to the light fermion masses (see however ref. [38]). Also we omit a
term proportional to C}/Veu,,ag p® ¢® that could be CP-even if CJYV is pure imaginary. None of the Wilson
coefficients of the dimension-6 operators contribute to this term at tree-level.
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The above coefficients are in one-to-one correspondence with the coefficients of the La-
grangians egs. (3.5), (3.9) and (3.10):

09nzz L Oghww
a?:—gé <1+ = +2eQf(ew —CB)toy +vgnzys, a?/z—g‘]:v 1+ o2 ) T VW
Z w
~7 _ f 1+59hzz+2A W f 1+59hww+26
ar 9z < m2Z cz | ay 9w 2m‘2/v w |
b? = SgQCZz, b?/ = 491{VCWW )
b7 = —8eQtoy Kizy (3.16)

where we have not included the universal contribution from cg that drops when calculating
BR. All contributions to the 7 quantities in eq. (3.16) correspond to Wilson coefficients
that have already been constrained by other experiments. Indeed, the terms proportional to
dgnvy of eq. (3.6) and the universal part of the shifts in g‘f/, given in egs. (A.4) and (A.11),
are constrained, as we have shown, at the per-mil level, and can be readily neglected. Sim-
ilarly, kpp that appears in eq. (3.12) is constrained from BR(h — 7). The contributions
proportional to gz that depends, in particular, on c}‘%’d, are also constrained but, as
shown in eq. (2.19), only at the per-cent level. Nevertheless, their effects in total ampli-
tudes squared, when summed over the different flavors, can be constrained much more.
This is due to the interesting relation

had

S o= Y dhogh =202 ST (o) + 08T, 6Gr/Gr), (3.17)
f=quarks v f=quarks v FZ f=quarks

where in the first equality we have used eq. (3.13) and in the second we have used the
hadronic part of eq. (A.9) that is true up to pieces proportional to S, T and 6Gp /G . Since
all quantities on the right-hand side of eq. (3.17) are very well measured (per-mille level),
we obtain a constraint on the effect of gjz7; at this level. Neglecting these terms, we are
left with only 3 Wilson coefficients, ¢, and Hﬁv, that are constrained by the measurements
of the Z(v)WW and hZ~ couplings and whose bounds are not so strong. Using eq. (2.27)
and eq. (3.7), we can relate the 7 coefficients of eq. (3.16) with the 3 experimental values

of 6g%, 0k~ and kz-. The result is

,SM .SM

a? ~ —gé +2eQy (SQQW(Sng — tgwéffv) , a?/ ~ —g{;/ ,
~ S ~ S
a? ~ gé M1+ 200, 097 + 2t§W5/<57) , a}ﬁV = gg{, M1+ Qngéglz) ,

295" SM
b? ~ cg (0ky — 4c29y Kzy) b?/ ~ 29{:{, (0ky — 4K zy) ,

Ow

b? ~ —8eQ oy Kz - (3.18)

We can use the experimental constraints on §g7, 0k~ and Kz, to put a constraint on the

- 11 -



size of these 7 quantities. For example, for the case of h — ZII, we find

1 a] _ 9 = _
alZL € [-0.2,0.1], alZL €[-8,7 x 1072, b €[-2,5]x 1072, bf €[-2,5], %1072,
L L
Saf sa? B o~ B
alZR €[-0.2,0.3], alZR €[-8,7 x 1072, b/, €[-3,2]x 1072, b/, €[-2,5]x 1072,
R R

Although the allowed range in alZL ® is quite large, we notice that their impact
on the total amplitude, when summed over lepton chiralities, is much smaller,
23 11,00 970 | im0 (92)* € [-6,4] x 1072,

It is interesting to notice that in the limit ¢’ — 0 the result of eq. (3.18) is custodial
invariant, i.e., one finds equal corrections for Z and W. This is because, for ¢’ — 0, the
only Wilson coefficients breaking the custodial symmetry are ¢y and cg g [1] that, being
constrained at the per-mille, have been dropped from eq. (3.18). We then find that the
test of the custodial symmetry used at LHC [40] defined as

D(h — WW®) TSM(p — Z2()

N\, = 3.19
WZ=SM(p, 5 WW®) D(h— Z22() (3:.19)
is constrained by
ANyz — 1~ s5., [0.9cw — 2.6c5 + 3kaw — 3951 5]
~ 0.66g7 — 0.50k~ — 1.6k7, € [~6,8] x 1072, (3.20)

where the numerical values of the first line have been taken from [5]. We see that eq. (3.20)
puts a bound on Ay z much stronger than the present direct experimental limit given
by [27]:> (Awz — 1) € [-0.5,0.1].

Along the lines presented here we could also study the corrections from Wilson coeffi-
cients to the Higgs production modes ff — Vh and VV — h that we could similarly show
that are constrained by our previous analysis.

4 CP-odd operators

For completeness, we show here how CP-odd operators enter in TGC and in the process

h — V ff, and how they can be related. These operators are®

Opi = 9°|H|*B.,B" Ous = 92|H[PGL, G

Oy = ig(D"H)'o" (D" H)Wp, , Oy =1ig (D"H) (D" H) By, , (4.1)
1 —~

Oy = gyocase Wi WL, 07"

5The experimental bound on Aw 7z is extracted not only using eq. (3.19) but also considering custodial
breaking effects in vector-boson fusion. The impact of these latter effects is however negligible.

%A CP-odd operator involving 3 gluon field-strengths and the operators iy |H|*>fz H fr+h.c. complete
the list of CP-odd operators; since they do not enter in the observables discussed here, they have been
omitted.
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where VA = et PV, /2 for V.=W, B, G. These operators affect TGC as [25]:

ALy = ig(8Fzc0, 2 +0F 50, A )Wy Wi+ ﬂng (Ao 2 + Xoso A4 )W, W,
w

where

Ry = kg + by, ORz=—t3,0Ry,  Az=X\ =fym. (4.2)
Although the experimental collaborations have not devoted explicit searches for these types
of structures, constraints on the above coefficients can be obtained in a near future. For ex-
ample, ref. [41] finds that with 10fb~! the 14 TeV LHC can potentially obtain |6%,| < 0.06.

The contribution from CP-odd operators to Higgs physics can be read from the

Lagrangian

h - _ o
Aﬁhv‘ﬁ/: = _2; CW,W W+NVW;/,1/ + CzZ ZMVZMV - 2t0W/iZ»y AMVZMV

2
2 Y 9s ~A Apv A
—2K 5 5Shy A A — QI{Gég% GLG" 7, (4.3)
where, quite analogously to the CP-even case, we have
4
g~ > = (Koot ko, =ts )_2897%/ - = fl( -k ) — 282 -
Cww = Faw> Czz = 5\Faw T FaBtow 2 Fpp> K2y = 3 \Fup~Fpw) = 25w BB
w

(4.4)
Finally, the CP-odd contribution to the h — V ff amplitude is given by
M(h = VIp) = (V2Gr) 2 (q) J1" (p) |CF euwap ™ 0| . (4.5)
where we find [42]
1 v 1 "
C}'/:C‘f/_infl?+c}/72 (CyZOfOI"/:VI/)7 (46)
2 p
with
4 =8glc,> N =agl e — (4.7)
f 9727 > f IwCww > :
/C\fZ = —8eQtloy, Rz -
Using eq. (4.2) and eq. (4.4), we find the relations
Z 29£ ~ ~ 2 w (5= ~ 2
cf = o ((FH7 — deogy Rzy — 2829W/£B§) , cf =2y (5/%7 — 4Kz, — 839W/§B§) . (4.9)
Ow
To our knowledge, the only CP-odd observables measured at present are those in
the decay h — ZZ* — 4l [29], but only very weak constraints can be extracted for the
respective Wilson coefficients. Nevertheless, the experimental bound on BR(h — Z+) and
B§‘7 One obtains
similar constraints to their CP-even counterparts, since the interference term involves the

BR(h — ~v) can also be used to constrain the squared of Kz, and &

SM contribution that is one-loop suppressed. Neglecting Kz, and kg5 in eq. (4.9), one
obtains a one-to-one relation between the CP-odd contributions to h — V f f and the TGC
parameter 6k, that can be measured in the near future.

"The CP-odd and CP-even contributions add quadratically in the Higgs branching ratios, giving then
independent bounds on the corresponding Wilson coefficients.

~13 -



crf | ;—_— | ::::::::33_—'_=__%_:::—ch
CRF 1 et ! P -_— I A
B S SRR
Pl = aj .................. 3__ 3 e —— : : : 1cr?
SICCIN == | T ame®e
—0.510 —0.505 0.000 0.605 —01.051 — 1—0}0251 — 10.1 — 10.025

Figure 1. Bounds on the Wilson coefficients of egs. (2.1), (2.5), (2.10) and (2.18), from LEP-I,
SLC and KLOE data (and the necessary information from pp — (v at the LHC — see appendix B).
Solid red lines denote the 95% C.L. intervals after marginalizing over all other parameters (dashed
lines do not include KLOE data); blue lines are obtained by setting all other coefficients to zero.
The global fit including the operator of eq. (2.20) corresponds to the orange lines.

5 Conclusions

We have made a first step towards a complete SM fit, focusing here on EWSB effects in
gauge-bosons and Higgs physics. We have characterized all possible deformations from SM
physics using the Wilson coefficients of the independent dimension-6 operators, the relevant
ones for our analysis given in table 1. Assuming flavor-universality (but also including the
top-quark operators separately) and taking as the input data mz, Gr, aem and my, mp,, we
have grouped the operators according to their impact on the different experimental data.

In a first group we have the operators that can affect the gauge-boson propagators and
their couplings to fermions. These receive strong constraints from well-measured quanti-
ties, mainly the Z-pole observables at LEP-I and SLC, the W mass at Tevatron, together
with the check of the CKM unitarity from low-energy data. The constraints on the cor-
responding Wilson coefficients from a global fit are summarized in figure 1. To stress the
correlation between the various operators, we compare the 95% C.L. contours obtained
by marginalizing all other coefficients (in red) with the contours obtained by setting all
other coefficients to zero (in blue). More data, such as the low-energy determination of
the v-nucleon and v-e scattering or atomic parity violation experiments, could be added
to our analysis. Nevertheless, due to their poorer resolution, we do not expect these data
to affect substantially our results.

In a second group we have operators affecting triple gauge-boson vertices, that con-
trary to the previous group, receive milder constraints. Our basis is suitable for treating
separately these two groups, while other bases, such as the one of ref. [11] used in the fit of
ref. [7], makes this separation more difficult, due to strong correlations between bounds on
different Wilson coefficients. We have 3 (combinations of) Wilson coefficients parametriz-
ing these deviations, given in eq. (2.23). Using the 2-parameter fit of LEP-II [17] where
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Figure 2. Left: bounds on some of the Wilson coefficients of eq. (2.23) from LEP-II TGC data and
BR(h — Z~). Right: bounds on some of the Wilson coefficients of eq. (3.1) from measurements
of the Higgs BR at the LHC. Color code as in figure 1, with green lines including the theoretical
prior on the coefficients cy and ¢, that cannot introduce modifications larger than 50% on SM
predictions.

Ay (and therefore 3y ) is neglected, we have presented bounds on two of them, eq. (2.28).
Even if we allow for a nonzero \,, LEP-II data is expected to be able to constrain all
the 3 coefficients at the per-cent level [26], but a combined three-parameter fit is still not
available. In figure 2 we show our results as bounds on the two coefficients ¢}, and /i;gv
(once the data on BR(h — Zv) is also used to constrain the coeflicient x ).

Finally, there are the operators that only affect Higgs physics. These are 8 CP-even
operators (for a single family) that can affect, independently, the Higgs BR to fermions,
vy and Zv, as well as production cross-sections both in the gluon-gluon and vector-boson
fusion modes (and also the triple-Higgs coupling). In figure 2 we present the model-
independent constraints on the Wilson coefficients entering in the hyy and hGG effective-
couplings. These are very severe bounds as the BSM contributions enter at the tree-level
and can then compete with the SM contributions arising at the one-loop level. Constraints
on other Wilson coefficients, cy and ¢y, are at present very mild and therefore not shown.
The Wilson coefficient rp;y, enters in BR(h — Zv) and is constrained, as we said, only
form the present experimental bound BR(h — Zv) < 10x BR(h — Zv)sm [32, 33], leaving
still room for large deviations from the SM.

Having determined all Wilson coefficients, any other (Higgs) process will depend on the
above physics and therefore their BSM effects can be indirectly constrained. In particular,
we have studied h — V ff. Neglecting corrections tightly bounded from the first group
of observables, we have shown that the different form-factors of the h — V ff amplitude
are related with TGC and BR(h — Z~). These latter are at present already constrained,
and in the future LHC can considerably improve these bounds, being more competitive
than looking for deviations in the h — V ff decays. Similar arguments apply to CP-
odd operators.

Possible deviations in the approximate relations derived here, eq. (3.18), eq. (3.20) and
eq. (4.9), would imply the breakdown of our assumptions, hinting possibly towards a non-
linear realization of EWSB, in which h is not part of a Higgs doublet and no connection
between Higgs and gauge-boson physics can be made.
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A Corrections to V ff couplings and Z-pole observables

The couplings between the Z-boson and fermions are altered as

9l = g™ + 89l + ogl™, (A1)
where )
1/2

gé,SM =my (\/EGF> (Tgf — Qfsgw) , (AQ)

is the SM value, Tg f and Qs are respectively the weak-isospin and charge of the fermion f =

{fr, fr}, and sgw = (1 - \/1 — 23/27704em/m22GF> /2. We have divided the corrections

into a fermion-specific part 5g£,

1/2 ol 12 ¢f
693 = my (V2Gr) (Tg,fcf’)f - QL) . dglf = —mz (VaGr) 2 (A3)
(notice that for leptons 6ngL = 0 in our basis) and a universal part,
_ 1/2 L (. oG
founi 2 9z _ F
Sgb™ = —my, (\@GF) Qy dsh,, + %2 <T o > , (A.4)

which includes modifications to the wave-function of the Z-boson, §II}(m%) = 2§s§w,
corrections to the input parameters, and contributions to IL, Z(mQZ) through

1 A 82 ~ 5G
2 2 20w F
055, = —— [59‘175 T (7 E )

C26y

. (A.5)

This is enough to compute the corrections to the observables that we use in the fit (the
uncorrelated subsets {A;, Ry, agad, 'z} and { Ry, R., A%JB, A%CB,Ab, A} from ref. [16]):

= 92— (gF) Corhed g2l rbaed N
1= W= =5 (A.6)
(97)%+ (97)? Iy my Ty

~16 —



and

(9%)° + (97)?

3
R, = , A, = , AYL =24 A, (AT)
e R DN (AU DU S
where ¢ = b, ¢ at LEP. The partial widths are defined as,
my mz
Ty = D21(g4)2 + (6407 T = 2L (3Nl + (9] + 2Nel(93) + (95
m
Iy, = ﬁ(g;){ Iy =% 430, +31%. (A.8)

Notice that the universal corrections due to 8117 (m%) cancel out from the observables

eq. (A.6), but enter in the total width (and similarly for the partial widths) which is
corrected as

0Ty _ X 95(09,™ +9g3)

(A.9)
Iz Zf(9£)2
Finally, the couplings of W-bosons to fermions are modified as
gty =gl + Ogly + dgly™, (A.10)
where
psm_ mwGp Sty _ s Ogp™ _dmw _ 3Gr
dw T Tota Fo- L o = BT (A.11)
I I mw F

B qq’lv contact-interactions at the LHC

Since the fermion-fermion scattering amplitude mediated by contact-interactions grows
with energy, these can be tested with accuracy at the LHC. We are interested here to
put a bound on the 4-fermion operator (’)(L3L)ql. This operator affects in particular the
cross-section of pp — [v that has been measured at the LHC. Nevertheless, the only LHC
analysis [22] has been on the helicity non-conserving (HNC) operator (Q}ugr)ers(LéR),
which also modifies pp — [v. Contrary to (’)(L3L)ql, however, the HNC operator does not
interfere with the SM contribution, so that the results of ref. [22] cannot be used for (’)f’g a
and a dedicated analysis is necessary.

A signal sample needs to be considered for every value of cf%ql and then compared
with the data. Other operators entering in pp — [, such as the HNC operator, are sup-
pressed by small Yukawa couplings under the MFV assumption, that we consider here, and
can be neglected. We simulate the effects of O(LsL)ql by integrating out a heavy W’-boson,
implemented with FeynRules [43] and generate parton-level events with MadGraph [44].
We divide the signal and the data in 3 regions, according to the transverse mass of electron
and neutrino: Mr € [1,1.5] TeV, My € [1.5,2] TeV and My > 2TeV, which we treat as sta-
tistically independent. Ref. [22] reports, respectively, the observation of 22, 0 and 1 events
in these regions. We compute C.L. contours, assuming a Poissonian distribution around

the signal+background and treating errors as nuisances (an estimated 5% systematic error
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Figure 3. The x?-distribution for the Wilson coefficient of the operator O(Lg’L)ql.

in the signal plus a 4.4% in the luminosity are summed in quadrature). We checked that
such estimates reproduced satisfactorily the results in the case of the HNC model. Our
results, in form of the y2-distribution, are summarized in figure 3 and imply

—0.001 <P <0004 at 95%C.L. . (B.1)

Combining it with the muon channel can give better limits in flavour-universal BSM models,
as the ones considered here. Notice that bounds on cg}gql from the differential distribution
of pp — It1~ at the LHC [24] are weakened once the contributions from other operators are
taken into account. Therefore, eq. (B.1) provides at present the best model-independent

bound on this Wilson coeflicient.
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