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Abstract We define a set of pseudo-observables charac-
terizing the properties of Higgs decays in generic exten-
sions of the Standard Model with no new particles below
the Higgs mass. The pseudo-observables can be determined
from experimental data, providing a systematic generaliza-
tion of the “k-framework” so far adopted by the LHC exper-
iments. The pseudo-observables are defined from on-shell
decay amplitudes, allow for a systematic inclusion of higher-
order QED and QCD corrections, and can be computed in any
Effective Field Theory (EFT) approach to Higgs physics. We
analyze the reduction of the number of independent pseudo-
observables following from the hypotheses of lepton univer-
sality, CP invariance, custodial symmetry, and linearly real-
ized electroweak symmetry breaking. We outline the impor-
tance of kinematical studies of 4 — 4¢ decays for the extrac-
tion of such parameters and present their predictions in the
linear EFT framework.
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1 Introduction

After the discovery phase [1,2], Higgs physics is entering the
era of precision measurements. Characterizing the properties
of this particle with high precision, and possibly with the
least theoretical bias, is of the utmost importance in order to
investigate the nature of physics beyond the Standard Model
(SM).

Several phenomenological analyses about the effective
couplings of the Higgs boson to SM fields have appeared after
its discovery in 2012 (see e.g. Ref. [3-9]). These analyses
were mainly based on the so-called “k-framework™ [10] or
“signal-strength” results reported by ATLAS and CMS [11,
12]: the experimental determination of a single parameter,
for each production or decay channel, characterizing the ratio
between the observed rates and those expected within the SM.
While this approach has been quite useful for a first charac-
terization of the properties of the newly discovered particle,
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and it was appropriate given the low statistics so far available,
it is insufficient in view of more precise studies, especially
for channels with non-trivial kinematical distributions. The
purpose of the present paper is to provide a systematic gen-
eralization of the “kx-framework™ suitable for high-precision
studies of on-shell Higgs decays.

Motivated by present Higgs data, we work under the
hypothesis that 7 (125) is a spin zero particle. We also assume
that there is no new particle with mass below (or around)
my, =~ 125 GeV able to provide significant kinematical dis-
tortions of the Higgs decays to SM particles. In other words,
we assume to be in a regime where the Effective Field The-
ory (EFT) approach to Higgs physics is applicable. How-
ever, contrary to existing EFT studies, we keep our analy-
sis as general as possible, without specifying many details
about the underlying EFT. In particular, we do not specify
if the 7 (125) state is part of an SU(2); doublet (so-called
linear EFT approach), or if 4(125) is the mass eigenstate
resulting from a more complicated symmetry-breaking sec-
tor, allowing an effective decoupling of 4 from the Goldstone-
boson components of the SU2);, x U(1)y /U(1)em Symme-
try breaking (so-called non-linear EFT approach). We also
do not impose global symmetry hypotheses such as lepton
universality, CP invariance, and custodial symmetry. Rather,
we discuss how such hypotheses can be tested from Higgs
data. The only key assumption we make is to neglect terms
in the decay amplitudes that receive non-vanishing tree-level
contributions from local operators with dimension greater
than six (D > 6), as specified in detail in the following.

Under such general assumptions it is possible to define
a limited set of pseudo-observables that can be directly
determined from experimental data on Higgs physics and
that encode all possible New Physics (NP) effects. These
pseudo-observables are the natural generalization of the “k-
framework” so far adopted by the LHC experiments [10], and
an extension of the pseudo-observables employed to charac-
terize NP effects in Z physics at LEP [13,14]. The pseudo-
observables are indeed defined at the amplitude level, allow-
ing for a systematic inclusion of higher-order QED and QCD
corrections: this leads to an accurate theoretical descrip-
tion of Higgs-decay amplitudes that recovers the best up-to-
date SM predictions in absence of NP effects. The pseudo-
observables thus determined from Higgs-physics data can be
computed in specific EFT approaches and, depending on the
EFT employed, can possibly be correlated with non-Higgs-
physics observables for specific tests of the EFT approach.

The paper is organized as follows: in Sect. 2 we present a
general discussion of Higgs-decay amplitudes and pseudo-
observables. In Sect. 3 we define the pseudo-observables
characterizing Higgs decays mediated by electroweak gauge
bosons. In Sects. 4 and 5 we discuss the SM limit, the param-
eter counting, and the reduction of the number of indepen-
dent pseudo-observables following from the hypotheses of
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lepton universality, CP invariance and custodial symmetry.
In Sect. 6 we present a phenomenological analysis of the
h — 2e2u channel, focusing on the impact and the possible
determination of the 4 — Z£¢ contact terms. The results
are summarized in the Conclusions. Appendix A contains
the mapping between the pseudo-observables introduced in
Sect. 3 and the Wilson coefficients of D = 6 operators in
the linear EFT approach. Appendix B contains an extended
discussion of the constraints following from custodial sym-
metry.

2 General considerations

Given the narrow width of the Higgs particle, the generic
description of NP effects in processes involving one on-shell
Higgs can be factorized into two parts: the production and
the decay. In this work we concentrate on pseudo-observables
characterizing the Higgs-decay amplitudes, and we limit the
attention to processes with at most four particles in the final
states (besides soft QED and QCD radiation). To this purpose,
we can distinguish two main categories:

I. helicity-violating decays into a pair of on-shell fermions
(bb, ttz—,...);

II. helicity-conserving decays to four fermions, two fermions

and a (hard) photon, and two photons (4¢, 202v, e~ v,

YV oo

The definition of pseudo-observables for the first category is
quite obvious and will be presented at the end of this section.
The rest of the paper is devoted to the second category of
decay amplitudes, whose theoretical description in generic
EFT extensions of the SM is more involved.

An early attempt to provide a general EFT-inspired
description of i — 4¢ decay amplitudes has been presented
in Refs. [15,16]. Our work provides a generalization of the
parametrization proposed there, taking into account also the
sub-leading effects of Zy and y y intermediate states. We will
also pay particular attention to a consistent separation of the
pseudo-observables accessible in Higgs decays from those
accessible via on-shell Z or W decays, defined in Sect. 2.1.
From this point of view, our approach has some similari-
ties with the one recently proposed in Ref. [17] (see also
Ref. [18]). However, we stress two conceptual differences
with respect to Ref. [17]:

(1) our pseudo-observables are defined directly from the
on-shell decay amplitudes and, as such, are unambiguously
related to observable distributions;

(2) we make no assumptions as regards custodial symme-
try and SU(2), properties of the & particle.

As anticipated, the only key hypothesis we employ is to
neglect contributions to Higgs-decay amplitudes correspond-
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ing to local interaction terms of D > 6 after electroweak
symmetry breaking. More precisely, we employ the follow-
ing simple power counting for each interaction term, based
on its canonical dimension: %, gauge bosons, and derivatives
(momenta) count as 1, while fermions count as 3/2. With
this counting we systematically neglect interaction terms
with dimension D > 6. This implies that our decomposi-
tion is able to accommodate all the effects generated, at tree
level, by the D = 6 effective Lagrangian in the linear EFT
framework (or the next-to-leading order terms in the expan-
sion). Similarly, in the generic non-linear EFT framework,
our decomposition is able to accommodate all the next-to-
leading order terms in the expansion (disregarding single-
Higgs interactions with D > 7). Even if the predicted size of
each pseudo-observable varies depending on the specific EFT
and its UV completion, the fact that interaction terms corre-
sponding to higher-dimensional operators can be neglected
is general (assuming no light NP). Note also that while the
decomposition is able to describe the effects generated at a
given order in the EFT expansion, the pseudo-observables
are defined by the kinematical decomposition of the on-shell
decay amplitudes and, as such, they are well defined inde-
pendently of the EFT expansion.

Before proceeding, it is worth stressing that, in principle,
there are two more categories of Higgs-decay amplitudes
affected by D < 6 operators in a generic EFT approach:

III. helicity-violating amplitudes resulting from effective
dipole interactions of the Higgs field to (light) fermions
and electroweak gauge bosons;

IV. four-quark final states resulting from the effective cou-
pling of the Higgs to gluons.

Even though there are no difficulties in including these in our
formalism, we opt for not doing so to keep our presentation
more concise.

The first category is expected to be suppressed by light
fermion masses in most realistic models and, independently
of that, it does not interfere with the leading SM ampli-
tudes in the limit of vanishing fermion masses. More pre-
cisely, we can neglect such amplitudes in the limit where we
assume an exact U(1) ; symmetry acting on each of the light
fermion species.! Note that such symmetry is a small sub-
set of the full U(3)> flavor symmetry often advocated in the
EFT context: imposing such reduced symmetry group we can
allow violations of lepton universality in the 7 — 4¢ ampli-
tudes (¢ = e, ), while consistently neglecting the helicity-
violating dipole amplitudes and lepton-flavor violating inter-
actions.

! 1n the lepton sector f = ey, er, ur, g, where the U(1),, symme-
tries (¢ = e, u) act on the SU(2); doublets (¢, vf).

The second category is hardly accessible from the experi-
mental point of view: the hgg effective coupling is essential
to determine the Higgs production cross section, but it cannot
be identified via a well-measured Higgs partial decay width.

2.1 Pseudo-observablesin Z — ff and W — f f decays

The SM charged- and neutral-current interactions are

Lhy = eAdt + 27,00 + %(W;Jﬁ +he), (D

Cw V2
where
o= > 0sfr"f.
f=r.fr
Jg = Z (T3f - Qfsi;)f_)/ufv 2)
f=fL.fr
JE= "0y e+ Vaa i y™dy.
L u,d

Sw = SinfBw, ¢, = cosOy, e = (4naem)1/2, and the V4
denote the elements of the Cabibbo—Kobayashi—-Maskawa
(CKM) mixing matrix.

The effective interactions of the Z and W bosons to
fermions are modified beyond the SM. This effect can be
taken into account by introducing appropriate effective cou-
plings to describe the on-shell couplings of Z and W to
fermions. In particular, we define the effective couplings gJZC,
gﬁ,, and g'&?{ as follows?:

AZ@E) > fH=i Y. ghen fv" S,

f=rL./r
AW (e) — €1v) = igly e, very"er, (3)
AWt (e) = ud) = ig“WdeuﬁLy“dL.

These effective couplings can be unambiguously deter-
mined from data using Z-pole observables (Z-boson par-
tial decay widths, forward-backward or polarization asym-
metries, together with the information on mz from the Z
line shape), and on-shell W decays.> As such, they are
well-defined (basis-independent) pseudo-observables. In the
absence of rescattering effects, the Hermiticity of the under-
lying effective Lagrangian implies that the gé are real cou-
plings, while gf,v and g"fvd can be complex.

2 In general, one could also write a right-handed coupling of W boson
to quarks; however, this is forbidden in the limit of unbroken U (1),,, x
U(1)4, flavor symmetry.

3 In particular, LEP measurements at the Z pole allow one to set very
precise constraints on the Z couplings to each charged lepton, to neu-
trinos (summed over all possible light species), to the b, ¢, and u
quarks [14], and a common coupling to the s and d quarks. Also the W
couplings to each lepton flavor, and a combination of the couplings to
the light quarks can be constrained with high precision [19].
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These pseudo-observables can be computed in any EFT.
Within the SM, at tree level, one finds

SM g
gy —(Tf 0rs), gV =—=,
V2 @
gua’,SM — g 4
AV A

2.2 Pseudo-observables in i — f f decays

In analogy to the effective couplings of Z and W bosons to
fermions, for each fermion species we can introduce two real

effective couplings (y£ p) defined by

Al f Pr==—z [ (5§ +ivh) Fu et (5§ =ivh) Fe o]

&)

The “dressing” of this amplitude with soft QED and QCD
radiation is straightforward. The measurement of I'(h —
f f) determines the combination |y§ 1> + | y,};lz, while the

y £ /y g ratio can be determined only if the lepton polarization
is experimentally accessible. If CP is conserved only one of
the two effective couplings is allowed: if & is a CP-even state,
then only yg is allowed.

Within the SM, at the tree level, one finds

fsm_ V2my yISM

Y =
S vE P

=0, (6)

where vp = (\/EGF)_I/Z, and G is the Fermi constant
extracted from the muon decay. The effective couplings y g p
provide an explicit breaking of the U(1) s, x U(1) s, flavor
symmetry, which is not assumed to hold in the case of third
generation fermions.

3 Higgs decays mediated by electroweak gauge bosons

In this section we provide a unified decomposition of the
Higgs decay amplitudes into four fermions (h — 4f), a
fermion—antifermion pair and one hard photon (h — f fy),
and two photons (& — yy). The h — 4 f amplitudes are
particularly interesting since they allow us to investigate the
effective AW T W~ and hZZ interaction terms, which can-
not be probed on-shell. However, in order to extract such
information in a model-independent way, it is necessary to
take into account also the possible additional contributions
to h — 4 f due to contact terms and the effective couplings
of the Higgs to photons.

The purpose of our approach is to characterize, as pre-
cisely as possible, the three point function of the Higgs boson
and two fermion currents,

OIT (7 (x). T (»). h(0)}[0). @)
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where all the states are on-shell. This correlation function is
probed by the experiments in & — 4 f decays, but also in
Higgs associated production (pp — h+ W, Z) and in Higgs
production via vector-boson fusion. Extracting the kinemat-
ical structure of Eq. (7) from data will allow us both to deter-
mine the effective coupling of /4 to all the SM gauge bosons,
and also to investigate possible couplings of /2 to new massive
states. The former are associated to a well-defined double-
pole structure in Eq. (7), while the latter can lead to local
interactions with one or no poles.

Within a generic EFT approach, the problem is simplified
by the fact that a local interaction hJ/ ¥ J ;, & has canonical
dimension D = 7. As aresult, as long as we neglect operators
of D > 6, the correlation function in Eq. (7) is non-local at the
electroweak scale, with at least one fermion pair generated by
the propagation of one electroweak gauge boson. This allows
us to decompose the 7 — 4 f amplitude into a sum of neutral-
and charged-current contributions, according to the charge of
fermion current in Eq. (7), and to expand around the physical
poles produced by the propagation of the SM gauge bosons
(W, Z,and y). These two types of contributions are discussed
separately in Sects. 3.1 and 3.2. The complete structure of a
generic h — 4 f amplitude is presented in Sect. 3.3.

3.1 h — 4 f neutral currents

Let us consider the case of two different (light) fermion
species: b — ff + f'f’. As anticipated, we work in the
limit of an exact U(1) s x U(1) » flavor symmetry. In this
limit, we can decompose the neutral-current contribution to
the amplitude in the following way:

Anclh — f(pl)f(pz)f’(pa)f’(m)]

2
=i ;n Z Y Y (P hHU )T @G a)
T =1 fr

T (q1, q2) = [Flff @}, a)e" +F 4}, 43

q1-q2 "' =" q1” e*VP% grpq1
X 2 Fff (ql ) 2)% )
myz myz

®)

where g1 = p1 + p2 and g2 = p3 + pa.

From the assumption of there being no new light states
in the EFT, and once again neglecting contributions from
D > 6 operators, we can decompose the form factors in full
generality in the following way:

Il I

o2 2 8787 6Zf 87
F7 (q1,95) =Kkzz
: Pz(q})Pz(q3)  m% Pz(¢3)
f
€z 8
52 ASM(g2, 42, ©)

m2 Pz(q})
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8787

ff'. 2 2
Fi (1. q3) = €2z —5——>~
3 Pz(g}) Pz(q?)

ez (le’gz 0,8 )
"\@3Pz(a)) 4P Pz(g3)
2
0,0
tey, L AN gD, (10)
914,
o2 2 CP g‘ngg
F , _ 8287
4 i ap) = Pz(anz(q%)
e (le 87 leg£>
%y 2P2(q)  qiPz(gd)
2
cpe QrQy
‘e, —, (11)
" gia;

where g]ZC are the effective couplings defined in Eq. (3)

and Pz(qz) = q2 — mzz + imzI'z. Similarly to gﬁ, also
kzz and the e€x are well-defined pseudo-observables that
can be extracted from data and computed in any EFT.* All
the parameters but €z are flavor universal, i.e. they do not
depend on the fermion species. In the limit where we neglect
rescattering effects, both k77 and €y are real. The functions
ASM (g2, i 2) encode non-local SM contributions generated
beyond the tree level, which cannot be described in terms of
D < 6 effective operators (see Sect. 4).

Note that the fact that the gg are defined from on-shell
Z amplitudes is essential for ky and ey to be well-defined
physical quantities (independent of the choice of the EFT
basis). Indeed, the decomposition in Eqgs. (8—11) contains
a set of Z-pole pseudo-observables {gJZC, mz, 'z}, plus the
low-energy input observables {GFr, aem}, plus the set of
Higgs-pole pseudo-observables {kzz, €x}.

3.2 h — 4f charged currents

Let’s consider the 7 — £iy€'vy process.” Employing the
same assumptions as used in the neutral-current case, we can
decompose the amplitude in the following way:

Acclh — €(p1)ve(p2)ve (p3)€ (pa)]

.2m%v ~ - / w
=i o Cryuver) e vl )T (q1, q2)

4 Here we generically denote by ex the parameters €77, 7,.,,,7s, and

GCP
ZZ,Zy.yy"

5 The analysis of a process involving quarks is equivalent, with the
only difference that the ey s coefficients are in this case non-diagonal
matrices in flavor space, as the g% effective couplings.

T (q1, q2) = [G’fl Gt g™ + G5 (i, g9

q1-q2 g" — *q1” "% qopq1

x = +GY (4} ) —22 |,
mW mW

12)

where g1 = p1 + p2 and g2 = p3 + p4.
The EFT-inspired decomposition of the form factors is

, (g5)*g (ewo)* &4
G (2. 42) = w W
v an 4 = sww )Pw<q> my Puwigd)
EWZ’ (8W) (13)
mW PW(ql)
' (gh)*gly
GZZ 2’ 2 — W 14
3 (g1, 95) GWW—PW(QI)PW(Q%) (14)
, (g5 gl
G (qt.q3) = e%"wm, (15)
1 2

where g{v are the effective couplings defined in Eq. (3), and

Py (g?) is the W propagator defined analogously to Pz(g?).
In absence of rescattering effects, the Hermiticity of the

underlying effective Lagrangian implies that kww, eww, and

CP : :
€y w are real couplings, while ey, can be complex.

3.3 h — 4 f complete decomposition

The complete decomposition of a generic 1 — 4 f amplitude
is obtained combining neutral- and charged-current contri-
butions depending on the nature of the fermions involved.
For instance h — 2¢2u and h — ££qq decays are deter-
mined by a single neutral-current amplitude, while the case
of two identical lepton pairs is obtained from Eq. (8) taking
into account the proper symmetrization of the amplitude:
Alh — L(p1)E(p2)L(p3)E(pa)]
= Anclh = fF(p)f(p2) [ (P3) f (P p= =
—Anclh = f(p1)f(pa) f'(p3) f' (P21 ==
(16)
The h — e 1 F v decays receive contributions from a single

charged-current amplitude, while in the 1 — ££vi case we
have to sum charged- and neutral-current contributions:

Alh = L(p)€(p2)v(p3)D(pa)]
= Anc[h — €(p)L(p2)v(p3)¥(pa)]
— Acclh = L(pD)b(pa)v(p3)e(p2)]. (17)

34 h—yyandh — ffy

The general form factor decomposition for these two chan-
nels is

2
Alh — y(q, )y (q', €Nl = i;ﬂ@fv[st(g“” q-q'
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—q"q") + F]7 "% q,q. 1, (18)

Alh = f(p0) f(p2)v(q. €] —’v_ > (Fruhe
f=rL.fr
x [F{" (p®)(p-ag"’ —q" p")+F]” (0" g, po ),
(19)

where p = p1+ pa. After employing the EFT decomposition
of the form factors, we do not need to introduce additional
parameters compared to the 1 — 4 f case:

f
87 eQ
ny(P)—GZVP ( )+ f 3fy( 2)
FI7 =, 20)
f
fr, 2 <CP 87 CPle
F; 7 (p7) = ,
4 D) T2
F]V = efyP. (21)
4 SM values
Within the SM, at the tree level,
%l\z/l -tree _ 1’ EVI\‘/{Vtree — 1’ G)S(M—tree —=0. (22)

One-loop electroweak corrections can be divided into two
main categories: virtual QED corrections generated below
the electroweak scale (after integrating out W, Z, and top-
quark fields) and genuine virtual electroweak corrections
at the electroweak scale. The virtual QED corrections are
sizable in various kinematical regions of 4 — 4f and
h — f fy decays and must be combined with the real radia-
tion in order to obtain infrared safe observables. Their impact
can be computed in a model-independent way for generic
values of kx and €x (see Sect. 6.2).

The genuine electroweak corrections generate: (i) small
corrections to the tree-level values of ky and ey in Eq. (22);
(ii) small non-local contributions to the form factors; (iii)
further tiny corrections that cannot be cast into the general
decomposition in Eqs. (8) and (12). These effects can be
derived, in principle, by comparing our general decomposi-
tion with the expression of the full SM next-to-leading order
h — 4 f amplitude [20]. As noted in Ref. [21], such cor-
rections are very small (below the 1 % level compared to
the tree-level terms) and practically unobservable, except
in a few notable kinematical points. In particular, the only
case where such corrections are relevant is for on-shell hard-
photon amplitudes (given that they vanish at the tree level
within the SM) or almost on-shell photon-exchange contri-
butions in neutral-current amplitudes.

These effects are taken into account by the SM one-loop
hyy and hZy effective couplings [22] (see also Ref. [23]),

@ Springer

which in our formalism read®

SM—IL _ o _
€ — ~6.7x 1073
Zy A7 Sy Cu zy =
SM-IL _ o ~ -3
€y = i Cyy = 3.8 x 1077, 24)

and by the non-local terms ASM and A%l}’ly The latter can be
decomposed as follows:

QfQ /
AgM(ql qz)_ASM 1L( a*.q 2) ; q f
142
SM-1L le/gz
+AZ}/ (17 2) 2P ( 2)
eQrg
+ASM lL( @2 q ]) 2pf(22)
z(q

eQy
AV, (0 = a3V 2,0>7

g7

4 ASM-IL(,2 ()
Zy Pz(p?)

(25)
where the expressions of ASI\;I y;}‘ in the relevant kinematical
region (i.e. with at least one photon propagator close to being
on-shell) are’

2
ASM-IL 2 2 g SM-IL| 19‘12 —my
Zy (q27 Qy ~ ) - GZ)/ . m

N
_}_0_05(%) +:|
mz
2

A]S/I\;I—IL(ql ~ 0) _ ESM 1L |:O 1611

+003<q1) +] (26)

mz

Note that the g2-dependent terms in Eq. (26) cancel one of the
two propagators in AgM (qlz, q22). This implies that such terms
can effectively be seen as contact interactions with a photon
(of the type hy f f). However, contrary to the contact terms

appearing in F’ lf ! /, these contact terms receive contributions
from EFT operators of D > 7 and therefore can be fixed to
their SM values.

To make contact with the k -framework adopted by ATLAS
and CMS [11,12], we can trade the €, ,, 7 parameters for

® We introduce here the couplings ¢z, ~ —4.85 and ¢;;, ~ —6.49
[24], defined from the effective Lagrangian

e a h Ccz C
== (s = Zun P+ %FWFW) , (23)
wtw

7 These approximated numerical expressions are precise at the 1 % level
for q1 < (95 GeV)? in the case of ASM L and (30GeV)? < q% <

(120 GeV)? in the case of ASI\; 1L
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Kyy,zy, defined by

€yy(Zy)
Kyy(Zy) = —sM=iL (27)
vv(Zy)
SM _
such that Ky 7y = 1.

5 Parameter counting and symmetry limits

We are now ready to identify the number of independent
pseudo-observables necessary to describe various sets of
Higgs-decay amplitudes, under the main assumption that
only terms arising at D < 6 in a generic EFT expansion
are kept. We focus our attention on leptonic channels, which
are more interesting from the experimental point of view.

The neutral-current processes h — ete utu=, h —
eteeTe™,andh — p™ ™t ™, together with the photon
channels # — yy and h — £1T£~y, can be described in
terms of 11 real parameters:

cp CpP _CP
K77, KZ}/a Kyy, €77, 6229 EZ)/5 Eyya 6Zt’:‘[ﬂ

€Zers €Z > €Zur (28)

: CP _CP, :
(of which only the subset {ky, kzy, €y €7y }, is necessary

to describe & — yy and h — £ £~ y). The charged-current
process h — Vv.efiv, needs seven further independent real
parameters to be completely specified:

KWW, €EWW, G%PW (real) + e€we, , €wy, (complex). (29)

Finally, the mixed processes & — ete vb and h —
wT T vb can be described by a subset of the coefficients
already introduced plus two further real contact interactions
coefficients:

€Zves €Zvy, - (30)

This brings the total number of (real) parameters to 20. In
the following subsections we introduce symmetry arguments
which allow one to reduce the number of free parameters
while remaining, at the same time, as model-independent as
possible.

5.1 Flavor universality

A first simple restriction in the number of parameters is
obtained by assuming flavor universality (i.e. enlarging the
flavor symmetry to the full U(3)> flavor group). In our setup
this simply means assuming that the contact interactions
coefficients are independent of the generations:

€Ze, = €Zups €Zegr = €Zug> €Zv, = €Zvy> €Wep, = €Wpy -
(31)

Since the last coefficients are complex in general, these are
five relations which allow one to reduce the number of param-

eters to 15. This assumption can be tested directly from
data by comparing the extraction of the contact terms from
h — 2e2u, h — 4e, and h — 4u modes (see e.g. Sect. 6.3
and Fig. 3).

5.2 CP conservation

The assumption that CP is a good approximate symmetry of
the BSM sector and that the Higgs is a CP-even state, allows
us to set to zero six independent (real) coefficients:

CP cp _ CP CP

€77 =€z, =€, = €y = Imey,, =Imey,, =0.(32)

Assuming, at the same time, flavor universality, the number
of free real parameters reduces to 10.

5.3 Custodial symmetry

We now present the relations among the pseudo-observables
introduced in Sect. 3 following from the assumption that the
BSM sector is invariant under the custodial-symmetry group
G =SUQ2); x SUR2)r x U(1)x, spontaneously broken to
the diagonal H = SU(Q2)14+r x U(1)x. This symmetry is
explicitly broken by the fact that only the subgroup Gsm =
SU2)1 x U(1)y is gauged and by the fact that SM fermions
are not in complete G representations.® In the following we
assume that these are the only two sources of breaking of
custodial symmetry. In order to determine the structure of
the contact interactions, we need to specify the embedding
of the SM fermions into representations of G. Focussing on
leptons, we consider two minimal cases: (A) L"L e (2, 1)7%,
g € (1.2)_1.and (B) L} € (2.2)-1,ep € (L1
Under these assumptions, we derive the following

custodial-symmetry relations among the pseudo-observables
relevant to Higgs decays to four leptons:

Eww = ciezz + 2cySwezy + slzueyy, (33)
EWw = Ca€sy +2CuSuwes), + snery, (34)
2
eww —kzz == (V2ewy, +20u€s ) (35)
Cw
Cwel = NG (621;2 - EZeiL) ’ (36)

€zel, = €701 + €z¢) (embedding B only). (37)

The first two relations have been derived first in Ref. [30];
the complete derivation of all the relations can be found in
Appendix B. The first four are independent of the choice
of the fermion embedding, while the last one is specific
only for the embedding B. We stress that kww # kzz

8 The U(1)x factor is needed only to assign the correct hypercharge
Y= T,% + X to the SM fermions.

9 Here and in the following we label by the index i = 1...3 the three
lepton generations and we denote by L} the lepton doublet (e} , vi)T.
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Table1 Summary of the pseudo-observables relevant to describe Higgs
leptonic (and y y) decay modes. In the second column (“Maximal Sym-
metry”’) we show the independent pseudo-observables needed for a
given set of decay modes, assuming both CP invariance and flavor uni-
versality. The additional variables needed if we relax these symmetry

hypotheses are reported in the third and fourth columns. In the bottom
row we show the independent pseudo-observables needed for a com-
bined description of charged and neutral modes, under the hypothesis
of custodial symmetry

h decay modes H

Maximal Symmetry

cPv |

‘ Flavor Non Univ. ‘

h — v, 2ey, 2y
de, 4, 2e2p

Rz2;RZys Ryy
€27,€Zep € Zep

cpP CP _CP

€ZuLs €Zur €225€7~ 5 €yy

h — 2e2v, 2u2v, evuy rww

EWW, €Zu., RG(EWeL)

cP

€Zvys Re(GWuL) Www> IIn(EWEL)

Im(ew,, )

h — v, 2ey, 2y, e, 4p,
2e2u, 2e2v, 2u2v, evuy

RZ7ZyRZ~y Ry
€27,€Zer € Zen

RQ(EWQL)

[with custodial symm.]

cp CP _CP

€Zur> €Zur €27:€7y €45

is consistent with custodial symmetry, given Eq. (35). The
latter must be satisfied for any i and implies three inde-
pendent relations in the case of flavor non-universality.
Assuming both flavor universality and CP invariance, the
embedding-independent custodial-symmetry relations lead
to three independent constraints and allows us to decrease to
seven the number of free real parameters relevant to lep-
tonic channels. The latter can be conveniently chosen as
Kyy,KZy K77, €77, €Zep» €Zeg» Re(€we, ), as indicated in
Table 1.

5.4 Linear vs. non-linear EFT

In the SM the Higgs boson is part of an SU(2); doublet
H and the electroweak gauge symmetry is linearly realized.
The linear effective theory is built following this assump-
tion: higher-dimensional operators are constructed in terms
of the H field [25-29]. This implies that the physical Higgs
(h) appears in operators contributing also to non-Higgs pro-
cesses, and in particular to electroweak observables measured
at LEP. In this context it is thus possible to provide strong
bounds on some Higgs observables using LEP data [17,30-
36]. A complete model-independent analysis of these (non-
Higgs) constraints for the Higgs pseudo-observables is still
missing, and we postpone it to a future work.

Assuming a linearly realized electroweak gauge symme-
try provides also some relations among the Higgs pseudo-
observables. These are due to an accidental custodial sym-
metry present in some of the D = 6 operators. In particular,
by matching our pseudo-observables with the coefficients
of the D = 6 operators, it turns out that the relations of
Egs. (33), (34) and (36) are always exactly satisfied [30]. This
result implies that, independently of any symmetry assump-
tion, the dynamical hypothesis of an underlying linear EFT
reduces the number of relevant leptonic pseudo-observables

@ Springer

from 20 to 14 (from 15 to 11 if flavor universality is further
assumed). In Appendix A we derive these relations by an
explicit matching with the operator basis of Ref. [31]. Since
the relations derived involve only pseudo-observables, the
result is independent of the operator basis adopted. The other
two custodial-symmetry relations, Egs. (35) and (37), are not
satisfied in general in the linear EFT and turn out to be vio-
lated by non-vanishing coefficients of custodial-symmetry
violating operators (see Appendix A.1).

A more general approach to Higgs physics is to build
an EFT allowing an effective decoupling of & from the
Goldstone-boson components of the SU(2) 7, x U(1)y /U(1)em
symmetry breaking. In this case the electroweak symmetry
is non-linearly realized and the effective theory is built as
a derivative expansion over the cutoff [26,27,37-45]. Given
that the Higgs and the symmetry-breaking vev are indepen-
dent, in this EFT it is not possible to connect electroweak
observables (Higgs-less processes) with Higgs observables.
Moreover, since the Goldstone bosons are encoded in a
dimensionless field, it is possible to write many more inde-
pendent D < 6 operators than in the linear case. It is easy
to verify that in this context each pseudo-observable of our
parameterization receives a non-vanishing tree-level contri-
bution from an independent combination of effective opera-
tors. In particular, it is possible to build custodially violating
operators [42—45] that violate all the relations in Egs. (33)-
37).

Even though electroweak precision tests and early Higgs
data set strong constraints on the non-linear construction,
favoring the linearly realized EFT, it is still early to draw a
definite conclusion about this point. As shown in Ref. [16],
h — 4¢ decays prove a very useful tool for settling this issue
from data: if a violation of the electroweak bounds on the
contact terms is measured, this will be a strong hint toward the
non-linear realization. Given the above discussion, a similar



Eur. Phys. J. C (2015) 75:128

Page 9of 19 128

conclusion could be derived in presence of a violation of the
custodial-symmetry relations in Egs. (33), (34) and (36).

6 Differential distributions for b — ete " pu*p~

In this section we illustrate the importance of studying
differential decay distributions for extracting the pseudo-
observables defined in Sect. 2. We concentrate on the Higgs-
boson decay to pairs of muons and electrons, which is par-
ticularly clean and possesses non-trivial kinematics. As a
first step, we calculate the modification of the total decay
rate to ete~utu” keeping only terms linear in ey and
5KZZ =Kzz — 1. We find

| wt s

SM
ete putp~

= 1+23xzz—2562¢R+2962LL 2~SEZMR

+2.9¢z;,, +0.5¢z7 — 0.9¢z, + 0.01¢,,,,.
(33)

Obviously, the measurement of the total rate is not enough
to extract the pseudo-observables and one should exploit the
full kinematics of the process.

6.1 Analytic invariant mass distributions

In the following we derive fully analytic expressions for the

double differential decay distribution in each lepton pair’s

invariant mass. Starting with Eq. (8), we calculate the matrix

element squared and summed over the final lepton spins,
Z tr(p, vuP! P2Ym)

ZAA* = ( ) ff/

xtr(pgyUPA 174)/1;]
x Tpo(qr. a) T (G, q2), (39)

where g1 = p1 + p2, 2 = p3 + pa. [ = eL.er,
f' = ur,pug and P, and P/’ are the corresponding chi-
rality projection operators. After integrating over the angular
variables, we obtain an analytic formula for the double dif-
ferential decay distribution in qlz and qzz,

dr
=1 dQ ) AA*, 40
G = / ) (40)
where Iy is the final state four body phase space factor.
The CP-conserving part of the double differential distri-

bution can then be decomposed as

dr dr'! dr't? dr? )
dgidg; dq dg; = dgidgy  dgjdg;’
where

2
artt Ap 2m?% \ " 12872
dqldq2 210(27T)7mh VR 9

23428182 — 2081 + B) + 38183

qiq
o (1= BN = B3)
712
3 ‘Flff , (42)
£
N (2 )2 12872
dqldq2 210027 my, \ vp 3
1+ Bip2
<t P
V=B = By)
x2 Y RelF{' /™, (43)

£
ar¥ o, 21287

dg?dq? — 2°Qm)my \vr 9

23 +4B1B2 — (BT + B3) + 36165

2.2
x(q195)
(1—BH(1 - B3)
| (44)
rf
and
-2\ i +al
= |1+ 1 22 _»% 22,
my my
(45)
2 2
Proy= |1- iy
- 2 2 2\2°
(‘11(2) — 49 +mh)2

Using the explicit expressions of Flf 7" and F3f " in Eqgs. (9)
and (10) leads to a second order polynomial in xy and ey
for each value of qf and q%. Under the hypothesis of an
underlying EFT, only the interference terms of NP with the
SM amplitude are expected to be relevant in a large fraction
of the phase pace. If this were not the case, the approxima-
tion of neglecting terms in the amplitudes corresponding to
higher-dimensional operators would not be justified. How-
ever, we stress that our parameterization is equivalent to a
kinematical expansion of the amplitude around the physi-
cal poles of the SM gauge bosons. Sufficiently close to such
poles it is possible to disregard the non-pole enhanced terms
simply by kinematical arguments and organize a different
power-counting for the momentum expansion of the rate.
For instance, requiring the .+ 1~ pair to be close the Z peak
allows us to consistently keep quadratic terms in §xzz, €77,
€Ze, g-and €z,,, while neglecting all other quadratic terms as
well as the effect of D > 6 interaction terms. This fact could
allow, in the future, to perform consistency checks about the
validity of the EFT expansion.
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The tensor structure associated with Fy4 of Eq. (11) does
not interfere with the SM in the double differential distri-
bution in q12 and q22. In the rest of the paper we focus on
the effects due to dxzz and the contact terms €7y, leaving
a more detailed phenomenological study of the other coef-
ficients, which should involve also the analysis of angular
distributions, to a future work.

Further kinematical studies on the 7 — 4£ modes can
be found in Ref. [46-50]. CMS performed a comprehensive
study of i — 44 decays with present data, in the context of
hV'V anomalous couplings [50]. The main differences of the
latter approach with respect to our proposal is the fact that
we consider as final states the on-shell leptons, and we do not
assume the effective interaction of these leptons to the Higgs
and other SM fields to be necessarily mediated by the SM
gauge bosons. This leads to a more general decomposition
of the h — 4¢ amplitude.

6.2 Higher-order SM corrections

We have validated the analytic formula for the tree-level SM
prediction with the Prophecy4F Monte Carlo generator [20].
In Fig. 1, we present the normalized differential distribution

inmipp = \/qu . The solid black line corresponds to the results
obtained after integrating Eq. (42) over q% for kzz = 1
and ey = 0, while lowest order Prophecy4F predictions are
shown with blue dots. The two predictions are in perfect
agreement. Full O(«) electroweak corrections obtained with
Prophecy4F are shown with red dots. Prophecy4F results
are obtained after generating 108 weighted events using
the dipole subtraction formalism for photon radiation and
switching on the photon recombination which ensures suffi-
cient inclusiveness [20]. More specifically, photons and lep-

0.100 | h S e+e—la+/'l—

—_ [ - Prophecy4F: Born level
0.050 _ Analytic: Born level

-1

% - Prophecy4F: full EW
g
&
£
o
= 0010} 1
5 0
=
T 00051 1
0 20 40 60 100

my, (GeV)

Fig. 1 Normalized differential 1 — e*e~ 1~ decay distribution in

mp = \/E in the SM. Tree-level predictions and full O(«) electroweak
corrections with Prophecy4F Monte Carlo generator [20] are shown
with blue and red dots, respectively. The solid black line is obtained
after integrating the analytic formula (Eq. 42) over q22 forkzz = 1and
€x = 0

@ Springer

tons are recombined if their invariant mass is less than 5 GeV.
We impose no cuts on the decay products.

As shown in Fig. 1, the next-to-leading order electroweak
corrections lead to a significant (up to 10 %) deviation from
the tree-level result in the region below the Z peak. This effect
can well be understood in terms of photon emission from the
charged leptons legs: radiative events where m+¢-, ~ mz
(close-to-on-shell Z-boson events) are enhanced by the Z
pole but are reconstructed in the m,+,- distribution as off-
peak events (mp+,~ < myz) providing a sizable distortion
to the region below the Z peak. This effect can be cor-
rected in general terms (for general values of the pseudo-
observables) convoluting the non-radiative distribution with
the O(«) radiation function describing the probability of
emitting a photon (similarly to the initial-state radiation in
ete™ — utu~ close to the Z peak; see e.g. Ref. [51]). We
have explicitly checked that the inclusion of these correc-
tions leads to a qualitatively good agreement of our results
(in the SM limit) with the full O(«) electroweak corrections
obtained with Prophecy4F. The detailed implementation of
these corrections, which depends on the specific infrared
cuts implemented in Prophecy4F, is beyond the scope of the
present paper and will be discussed elsewhere.

6.3 Measuring contact terms

In order to probe the contact terms €z and €z it is manda-
tory to exploit the differential decay distributions in q12 and
q22. As an illustration, let us consider first the case of siz-
able deviations in one of the €77, and in kzz, while keeping
other couplings SM-like. The ratio of the total Higgs-decay
rate to ete~ ™ with respect to the SM prediction as a
function of the couplings is shown in Fig. 2a. As can be seen,
ameasurement of the total rate alone is not capable of resolv-
ing the contribution from the contact terms. On the contrary,
in Fig. 2b we show the deviations from the SM in the nor-

malized single differential distributions in my = , /‘112 and

miq = \/g in solid-blue line and dashed-red line, respec-
tively. These are obtained after fully integrating Eq. (42) over
the corresponding invariant mass. As a benchmark, we set
(kzz,€zsr) = (0.88, —0.10), for which the total decay rate
remains as in the SM. A good discriminating variable would
be the difference between the two distributions. This mea-
surement would mainly probe €z, and provide a comple-
mentary information to the one sketched in Fig. 2a. Finally,
the ratio of the double differential distribution with the SM
prediction is shown in Fig. 2c.

Qualitatively, the same discussion holds if both €z, and
€z, are present, except for a trivial rescaling in the magni-
tude of the effects. For instance, if €7y, = €zy, the differ-
ence in the differential distributions is rescaled by the factor

gé/gﬁ.
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Fig. 2 a Total decay rate for h — eTe T~ as a function of
kzz and €z, in units of the SM-predicted rate. b Deviations in the

normalized single differential distributions in mj; = ,/ q]2 (solid-
blue line) and myy = ,/q% (dashed-red line) from the SM expecta-

Somewhat different signatures are obtained if both ez,
ande, 1), are sizable. As an example, in Fig. 3 we consider the
case €zfy = €zp! which corresponds to the relation imposed
by flavor universality (see Sect. 5). Similarly to case analyzed
in Fig. 2, the deviations from the SM predictions are reported.
As can be seen, the overall size of the effect is much smaller.
As expected, in this case the single differential distributions
in mio and m34 are the same, and the double differential
distribution is symmetric under m1y <> m3a.

tions for the benchmark point (kzz, €zs,) = (0.88, —0.10). ¢ Ratio
of the double differential distribution with the SM prediction for the
same benchmark point. No cuts are applied on the Higgs-decay prod-
ucts

7 Conclusions

The experimental precision on the Higgs-decay distributions,
especially those into four light leptons, is expected to signif-
icantly improve in the next few years. This will allow us to
investigate in depth a wide class of possible extensions of
the SM. However, to reach this goal, an accurate and suf-
ficiently general parameterization of possible NP effects in
such distributions is needed.
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Fig. 3 The same plots as in Fig. 2 for the case € 77, = €zf) The benchmark pointin the plotsb and cis (kzz, €z, sz,;) = (0.88, —0.05, —0.05)

In this paper we have identified the complete set of
pseudo-observables appearing in on-shell Higgs-decay dis-
tributions in the limit of heavy NP. More precisely, we only
assumed that contributions to the decay amplitudes gener-
ated by effective operators of D > 6 in a generic EFT
approach can be neglected. The pseudo-observables we have
introduced are defined by the momentum expansion of the
on-shell Higgs-decay amplitudes. As such, they are well-
defined physical parameters that can be directly extracted
from data, providing a natural generalization of the so-
called “x-framework”. They indeed consist of four universal
“k-like” pseudo-observables (kzz, kzy, kyy, kww), whose
expectation is 1 within the SM, and a series of ex param-
eters, whose SM expectation is zero for all practical pur-
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poses (i.e. it is well below the experimental sensitivity even
in the HL-LHC era). The “k-like” observables differ from the
signal strength measurements currently reported by ATLAS
and CMS, being associated to a well-defined (SM-like) kine-
matical distribution: they describe the (channel-independent)
effective couplings of the Higgs boson to the SM gauge fields.
The ex terms encode possible non-SM effects in the kine-
matical distributions as well as violations of the accidental
SM symmetries. The complete list of the pseudo-observables
for the Higgs decays to four leptons is reported in Table 1: it
ranges from a maximum of 20 independent terms, if no addi-
tional symmetry assumption is made, to a minimum of seven
terms under the hypotheses of CP invariance, lepton-flavor
universality and custodial symmetry.
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As outlined in Sect. 3, this formalism is well suited to
describe all h — 4f decay modes: the only difference
between leptonic, hadronic, and semi-leptonic modes (such
ash — 2(2q),is the list of ey s parameters (V = W, Z) con-
tributing to the given set of decay channels. In principle, the
same formalism (and the same set of pseudo-observables)
can also describe in general terms NP effects (with non-
trivial kinematical distortions) in the Higgs production cross-
sections controlled by the correlation function in Eq. (7),
namely o(pp — hV) and the vector-boson fusion pro-
cess. However, in this case more dynamical assumptions are
needed due to the possible break-down of the momentum
expansion at large energies (see e.g. Ref. [52]). This prob-
lem is absent in the Higgs-decay amplitudes discussed in this
work, where the energy scale is set by my,.

Comparing to existing experimental and phenomenolog-
ical analyses of i — 4¢ decays, the main difference due to
the use of the complete set of pseudo-observables is related
to the ey terms, which encode the contributions generated
by hV f f effective contact interactions [15]. As pointed out
in Ref. [16], such terms are particularly interesting in order to
discriminate from data the hypotheses of linear vs. non-linear
EFT expansion. This is so because the linear approach pre-
dicts relations between electroweak observables and 7V f f
contact terms, leading to strong (and potentially falsifiable)
bounds on the latter. As we have shown by means of the
explicit calculation of the Higgs pseudo-observables in terms
of EFT Wilson coefficients, the linear EFT approach also pre-
dicts definite relations among Higgs pseudo-observables, so
that not all of them are independent. An experimental check
of these relations, which involves only Higgs-physics data,
would therefore offer an independent tool to possibly dis-
criminate between the linear and the non-linear EFT expan-
sions.

A further interesting aspect of the contact terms (or the ey ¢
pseudo-observables) is their potential flavor non-universal
nature. Their experimental determination is therefore an
interesting way to test, from data, the assumption of flavor-
universality in the Higgs sector (which is often assumed to
hold, up to small breaking terms related to fermion masses).
As we have illustrated with a few examples in the 7 —
ete~ T~ case, the extraction of such terms from data
require non-trivial kinematical studies, but significant bounds
could be obtained in the future with high-statistics data.

Summarizing, the framework of Higgs pseudo-observables
provided in this work can capture all the physics accessible
in Higgs decays if no new light state is coupled to the 2 (125)
boson; it can be systematically improved with higher-order
QCD and QED corrections, recovering the best up-to-date
SM predictions in absence of new physics; it can be gen-
eralized in a simple way in order to describe any on-shell
Higgs decay; it can be efficiently used to test the symmetries
of the new-physics sector without specifying the details of

the underlying Lagrangian. We advocate the use of such for-
malism in the era of precise Higgs-boson physics, in order to
shed light in a systematic and unbiased way on the structure
and symmetries of possible extensions of the SM.
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A Matching to the linear EFT

In this appendix we present the expressions of the pseudo-
observables defined in Sect. 3 in terms of the Wilson coef-
ficients of the so-called linear EFT, employing the basis of
Ref. [31]. Although most of the details as regards the EFT
can be found in that work, it is worth clarifying a few points

e Since our flavor symmetry (U(1) s for each light fermion)
is smaller than the U(3)5 symmetry of Ref. [31], we need
to keep fermion indices in the Wilson coefficients. More-
over, we need to keep (’)i and (’)(LW in the basis. !0

e Both these flavor symmetries imply that the eight dipole
operators and (’)’;ed should be suppressed by the Yukawa
couplings, and therefore can be safely neglected.

e Following Ref. [31] we define the Wilson coefficients of
the 18 operators relevant for us as follows:

(D=6) _ Ca Kb (&%
Lopr) =2 50a+ ) —50p+ ), 5Oy,
a b W V=B W "W
(46)
where ¢, = cr, cH, cg’d’e, cZ’e, cf”’l, 3%, and kp =
KyB.HW.BB.HE.HW.BE" The definition of the operators
themselves can be found in Ref. [31].1
e Including 24 additional four-fermion operators and
(.96,yu_d,e,GG,3W,SG,GG,3W,35 one recovers the complfate
list of 62 flavor-dependent operator structures, which

10" One flavor component of each of these operators is redundant. We

C(LB)Z]ee = [C[L]ee =0.

T Under our flavor symmetry assumptions, the coefficient C*ZZL con-
tains two allowed flavor structures. Instead, we will follow the usual
convention of keeping both Oi‘L and Oﬁ ;, but allowing only for one
flavor structure, namely c;jx = @;8ijdu-

choose [
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reduces to 59 independent terms in the one-family case
(see Ref. [53] for more details).

Working at tree level and at linear order in the NP correc-
tions, we find the following results'?:

CcH G F 8m22
=1-2 2er £ _Z
2z 2 T 26 T ml
+252 (cw + ¢B) + 2€z07, (47)
cy 8Gp  Sm?
kww =1——-— —— — —" 4 2eyyw. (48)
2 2Gr m}

2mZ 3 1
€25 = = <TL3[C(L)f]ii - E[C{]n) + g]ZfLézaz

+eQyezoy (f=e v d), (49)
2mz 3 - 1
€rai = 2 <TL3(Vik[C(L Vi) = 5 (Vile b V,;-))
+8l €207 +eQuy€zay, (50)
mz..r z
€z, =~ lCrlii + 8f€zoz +eQrezay
(f =e,u,d), 51
V2my
EWei = T[Cf)[]ii + gﬁ/éwaw, (52)
V2my 3
Cwia) =~y Vel 1) + g ewaw (53)
GWu’kd'Ié =0, (54)
€77 =4CZz, 655 24622, (55)
€7y = —4tw/c§§, egf = —4tykz;, (56)
€yy = —SSiKBB, eff = —SSiKBé, (57)

eww =2kpw, €5ty = 2Ky (58)

where V is the CKM matrix!3 (also notice that [¢}” .e =
[ci]ee = 0 in our basis) and where the eyyy coefficients,
introduced in Eq. (81), are given by

3)¢
L

ewaw = Cw.
(59

€zoz =Cz,  €zyy =ty(Cw — CB),

12 Notice that Ref. [31] use g% for adifferent quantity, namely ngc SM /2

in our notation, and that (Sm%,v is defined in that work with the opposite
sign.

13 We define our flavor symmetry in the basis where the down-quark
and charged lepton Yukawa matrices are diagonal, whereas the up-quark
Yukawa matrix has the form Yy = V1Y, ld]mg. We neglect the breaking
of the symmetry induced by the Yukawa matrices but for its effect on
fermion masses. See Ref. [54, (Section 3)] for a more detailed discus-
sion.

@ Springer

Also, KEE, czz,and ¢z,w,p are the combination of Wilson
coefficients defined in Ref. [31], namely

~ ~ N ~ ~
Cz =cCw +cpty,, Cw =cCw +Kkgw, CB=CB+KHB,

(60)
1 2 Sty
czz = 5 (Knw + KHBty) —2-5KpE, (61)
2 e
1
K?}, = —Z(KHW — KHB) — 255KBB, (62)

and likewise for the CP-odd terms. The contributions to the
pseudo-observables proportional to the €737, ewaw, and
€zpy coefficients are due to the redefinition of Egs. (84),
(85), which are necessary in order to match with our pseudo-
observables.

The kzz and kww parameters are the only ones already
present in the SM at tree level. For this reason they can receive
contributions from the EFT either directly from D = 6
operators, such as the terms proportional to cy and cr in
Eqgs. (47), (48), or via a rescaling in the kinetic term (like
the contribution proportional to cy + cp = 3’), or finally
through a variation of the SM input parameters. In partic-
ular, the terms 3m2Z’W and §G g contain the NP contribu-
tions that contaminate the determination of the SM parame-
ters (g, g’, v) from the measurement of some input observ-
ables, and indirectly affect the pseudo-observables kzz ww
through the m%,w/vF term of Egs. (8) and (12). A com-
mon set of input observables used to fix the SM parameters
includes the Z-boson mass, the low-energy fine-structure
constant, aey,(0), and G extracted from the muon life-
time. The experimental value of the Z-boson mass and
aem are modified by the following D = 6 effective oper-
ators:

Sm>

—ZZ =—cr + 2S,%,(CW +cp),

myz

)

2em — 252 (cw + cp). (63)
Uem

whereas the G determination from the muon lifetime is
changed by [54]

6GF
== 20 oo + 160, (64)
F

where we have used the fact that [c(Lm]ee = 0 in our basis.
For this choice of input observables, the variation of the W
mass is given by

sm? 1 §G
el el GO R
W w

If, instead of G g from the muon lifetime (or of «,,, (0)), we
use the experimental measurement of my as an input observ-
able, then Sm%v vanishes.
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A.1 Checking custodial-symmetry relations (Egs. 33-37)

From the results presented above it is straightforward to
check that the following three relations are satisfied:

c%vezz +2cwswezy + s%vew —eww =0, (66)

et + 2cwswezy + s%veff — €Sy =0, (67)
cw

€Wei — [(EZU —€z¢,) =0. (68)

Asexplained in the text, this is the consequence of an acciden-
tal custodial symmetry in the corresponding D = 6 operators
in the linear EFT case. Concerning the relation (35) we find

kww —Kkzz + — (\/_Ewe: + 2cwey, )

Sm?

= —2[c} )i +or — —~

My
. 2-3s2 52 8Grp 252

= —2[cylii +cr - —=—— — —(cw +c¢B)
cow ow G

'0

37 —20et i + 2er. (69)

Both operators Or and (’)2” break custodial symmetry [53].
Thus the r.h.s. of Eq. (69) vanishes if the new physics is cus-
todially invariant, confirming Eq. (35). Here we have used
Eq. (65) for émy. Notice that by using instead the exper-
imental value of my as an input, the limit g’ — 0 is not
necessary in order for Eq. (36) to be satisfied since in this
case (Sm%V = 0. Finally, for the relation (37) we find

2

— € ;=
ZeL

mZ € ..
T[CR]”. (70)

mgz

GZe’k - EZUE v [CL]” -
Once again [ci]” vanishes if custodial symmetry is imposed,
whereas the behavior of the second coefficient, [c5]ii,
depends on the embedding of the right-handed electron. In
thecase (A),inwhicheg ~ (1,2) 1 Eq. (37)isnot expected
to be satisfied; in fact it is not, since the operator O; does not
break the symmetry, transforming as a singlet. In the case of
the embedding (B), where eg ~ (1,1)_1, O} transforms as
a triplet of the custodial symmetry [53] and therefore ¢, # 0
is an explicit breaking, so that in the custodially symmetric
limit one indeed recovers Eq. (37).

B Custodial symmetry

In this appendix we provide an extended discussion of the
custodial symmetry relations among the pseudo-observables
in Higgs decays. We are assuming that the new-physics sec-
tor enjoys a global symmetry G = SU(2)r x SUQ2)r x
U(1)x, spontaneously broken to the custodial subgroup H =
SU2)r+r x U(1)x by the vev of some field U ~ (2, 2)o,
(U) = 1. Since the hypercharge gauge boson and the SM

fermions are not in complete representations of G, their cou-
plings with the BSM sector (i.e. g’ and the Yukawa couplings)
break the symmetry explicitly. An efficient way to keep track
of the effects of these breaking terms is to promote SM mul-
tiplets to complete representations of G by introducing spu-
rion (unphysical) fields which are then set to zero in physical
processes. In the gauge sector, we introduce spurion gauge
bosons, so that the whole group G is gauged. We thus intro-
duce the gauge fields L7, R}, X,,, and couplings g, g, gx,
respectively, for the factors SU(2);, SU(2)g, U(1)x (note
that in general the two SU(2) factors can have different cou-
pling). The SM gauging is obtained by setting L}, = W,
Rj = 8%cx By, and X, = sx B, where

jnd /

. ex g B g 8
cx=—F/—m——==<1, sy =—=— < 1.
/g2+g§( 8 g2+g%{ 8X

(71)

Since the fields Ri and X, enter in interactions always with
the combinations gRi = ¢'B,, and gx X, = g'B,, we are
free to choose any values of g, gx, provided Eq. (71) is sat-
isfied. In particular it is possible to choose g = g, such that
gx = g'g/vg* — g% as in Ref. [30]. The hypercharge is
givenby Y = TI% + X and the electromagnetic charge is then
given by Q = TL3 + Y (where TL3)R =03/2).

B.1 Fermion embedding

We also assume that all SM fields couple only to one BSM
operator each, so that we can assign them univocal 7y g
and TL3. & quantum numbers depending on the operator they
couple to [55]. This fixes the representation of G in which we
embed the SM fermions. We focus on leptons and consider
only two simple embeddings; see Appendix C of Ref. [53].
The first one is

|SUQ)L|SU@)&|U)x
2 ‘ 1 ‘—1/2, (72)

(A)  Lp=(r,e)

Lr=0,ep) | 1 2 | -1/2

The second embedding we consider is'*

[SU2).|SUQ@)|U)x
2 2 ‘ -1, (73)

(B) EL

€R 1 1 -1

Let us also introduce the fermionic currents which couple to
the spurion custodial gauge bosons:

na = rna Iz n

LDgl "Ly +8Jp R +8x(Upx + Jpx) Xy (74)
14 The embedding of L in the bidoublet can be explicitly realized in
a basis of 2 x 2 matrices as £y = c“EY. In particular we have E; =

ot + 0% ¢p, where oF = (0! :I:az)/2 and %% = (1, :I:a3)/2
such that TP (v,) = =T3(vy) = T} (er) = Th(er) = 1/2.

@ Springer
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where, considering for simplicity the case of one generation
only, we have

Ji'y = Xe, Ly"Ly,
JII;X = XeRe_Ry'ueRs

_ o4 —
(A) J£M=LL7V“LL, J,’gm=LR77/“LR,

a

(B) JM=Tr [EL%;/“EL} . Tk =, (75)
In the rest of this section we obtain the most generic form
of 1PI Green functions of a Higgs coupling with two gauge
bosons and with one gauge boson and one fermonic current.
Of course, this classification is not physical since, by using
the equations of motion, it is possible to exchange some 1 V'V
interactions for some contact terms 2V J, and vice versa, as
we show below.

B.2 hV'V interactions

We first review here the derivation of the custodial-symmetry
relation for the interactions of a Higgs with two EW gauge
fields, Eq. (80), following Ref. [30]. Given the symmetry-
breaking pattern G — H, the hV'V interactions are fully
characterized by four form factors:

(RIL(q) L™ (q2)) = iT}] (q1. q2),
(RIL™(q1)R™ (q2)) = iT x(q1. 92).
(hIR™(q1)R™ (q2)) = iTkr(q1. q2),
(X" (qD) X" (q2)) = iT¥y(q1. 92),

or, in other words, by the effective Lagrangian (in momentum
space)

(76)

LV =h ( S gLy @)T] ] (q1.92)
+ LS ()R} (9T p(q1. 42)

1
+ = R“(ql)R“(qz)l“”R(ql,qz)

1 v
+ EXﬂ(ql)XU(QZ)F;)((qla 42)) . (77)

By switching off the unphysical fields we get three inde-
pendent form factors for the Higgs interactions with the SM
gauge bosons:

(RIW (g)W (q2)) = iT]] (q1, 92),
(hIW(q1)B"(q2)) = icxT (a1, 42),
(h|B"(q1)B"(q2)) = icxTrr(a1. 42) +isxTxx (41, 42)
=il 5(q1. q2). (78)
In particular, the distinction between the X X and the RR
form factors is not physical. Let us note that, while imposing

only U(1)e, invariance the (h|W3W§) and (h|W,f W,") form
factors are independent, custodial symmetry relates both of

@ Springer

them to the (h|Wl‘j W) one. In fact, the generic U(1)em-
invariant 1PI Green functions describing the couplings of
a Higgs with two SM EW gauge bosons are:

(RIW T (W™ (q2)) = iTy (g1, 42),
(h1Z*(qDZ"(q2) = iT5(q1. 42),
(hIZ*(q1)A"(g2)) = iT (g1, 92),
(h|A(g) A" (q2)) =il (q1, q2).
Since in a custodially invariant theory these form factors arise
from the three in Eq. (78), they are not independent [30]:

(79)

Chw (@1, a2) = cu T (1, 42) + cwswwg;(ql, q2)
T (@2, 90) +suThy(qi, q2).  (80)

By expanding the form factors in powers of momenta over
the cutoff of the EFT up to D = 6 terms one has

m 4 71””(611 q2)

2m?
(g1, ) = —% Ky e
VF V

CP
VV
+—5-€"""q2q10
nmy

2 v v
+U76V8V(PIDL (q)+Pp (@), (V =W, Z)
F

CcP
2
Iy (g1, q2) = EGZ;/P#U(‘]I»CIZ) + —L "% g5 g0
2 o
+7628yPD (q2),
VF
2 CP
Tl (g1, q2) = UFGWP (g1, q2) + VFV " 401 s
(81)

where Pr"(q1,q2) = q1 - 28" — ¢5'q] and PpY(q) =
g"q? — q"q". From this expansion, by equating terms in
Eq. (80) with the same momentum dependence, one gets the
relations:
0 0
kww =Kzz-

EWow = Ciézaz + CwSw€zoy, 82)
EwWw = C2 €z7 + 2Cwsu)EZy + 52 wEyy>
ey =c2eSh + 2cwswezy + sieg

In order to make a connection between these unphysical

coefficients and our pseudo-observables, it is necessary to

calculate the amplitude for a physical process involving on-
shell particles and match it with Egs. (8—11). By doing so
one recognizes that the eww, zz, 7y, coefficients and their

CP-odd counterparts are identical to the analogous pseudo-

observables, while some combinations of the coefficients

€waw,zoz,zoy and K‘(?VW 77 describe contact interactions of
the type 2V J. This redundancy is easily understood by com-

puting the amplitude for the physical process & — J% ¥ J}’,
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arising from these couplings:

Ath — I M (q) ;" (@2)
2i ! - J4
= ;((ql2 +aDewawely gl +micywel el
g”’” +HJ
* Pu@ Pwgd)
Ah — T} (q) 7} (2)

k]

2i /
= —[((6112 +adezozelel
vF
f.f Q;gZ
+mykY 8080 ) ——— + qiezo, —
#2727 P2} P2(g3) "4t P2(q3)
f
eQysg
+ @320y 5l |2 d T (83)
q5Pz(q )
For K(V)VW = —2ewsw and K%Z = —2e€zyz the amplitude

has exactly the same structure as the contact interactions in
Eq. (9).13 In order to match with our parametrization, we thus
redefine KOWW 77 as follows:

0 0
Kyww = Kww — 2ewow, Kzz =Kzz —2€737. (84)

Therefore, the contact interactions receive two separate con-
tributions: the direct ones from D < 6 operators contributing
to (h| Jj’f V) 1p1, egf, and the indirect ones due to the match-
ing described above:

—¢Dp &
wei, = Cwe, T MW

g 1
ezeiL = GD,- + — <—§ +Si) €707 — 8Sw€Zoy;

(85)
€, =6D- + —€z57
Zvy Zvi o 2cy ’
. __D 8 2
GZeAR —eze;a—l—aswezaz—gswezgy.

The division between direct and indirect contributions is not
physical; only their sum is a physical and observable quan-
tity. The indirect contributions above satisfy two independent
relations, one due to the fact that we have three coefficients
€y yyv describing four contact terms, and a second one due to
the custodial-symmetry relation of Eq. (82). It is then conve-
nient to parametrize the observable k coefficients as

kww = 1+ 8k + Skwz, kzz = 1+ bk, (86)

so that after the redefinition of Eq. (84) we can rewrite
the custodial-symmetry relation K‘?VW = K%Z as dkwz =
2(ewaw — €z927)-

15 In terms of EFT operators, this redundancy is a consequence of
the fact that, by using the equations of motion, one can rewrite the
hVH*DVY Vv operators, responsible for the Evav terms, as a combination
of hV,, fy" f’ contact interactions and m hV“ V,, terms.

B.3 hV J interactions

Let us now turn to the direct contribution to contact inter-
actions. Such terms arise from 1PI Green functions of the
type (h|J J’f V"). Let us study these interactions for the two
embeddings introduced above.

Embedding A

We start by considering the embedding A of Eq. (72). We
define the possible 1PI Green functions in a custodially
invariant theory in terms of form factors as:

h1JM (@)L (q2)) = iF[} (q1. q2),
h1 I (@R (q2)) = i F)'r(q1, q2),
hJR" (@R (q2)) = i FRrr(q1. q2),
h1JR" (@)L (q2)) = i Fg; (q1. q2),
hlJ7x (qDXY(q2)) = i Fyx(q1, 42),
hlJpx (@) X"(q2)) = i Fry(q1, q2).
By switching off the unphysical fields we get the following

contact interactions of the Higgs with one fermion current
and a SM EW gauge boson:

)
)=
)=
87
> (87)

(
(
(
(
(
(

(1w = iF}},

1
. v v wv
(h|JeaL“BV> = (_ECXFLR + XKLSXFLX> = lFeLB’

1
<h|]aMB > (2CXF R+X(LSXFM;) _lFLB (88)

1
(hILW™) = =2 Fgp = iFlyly.

1 ;
(h|JL,B") =i (—zch,’e‘fe + XeRSXFfeL;U(> = ’FelZUB’

where
- O”a _
Jzaw = LL?V;LLLa Jey pi = €L, RVu€L.R
and J,, = VvLyuvL. (89)

In terms of the mass eigenstates there are seven possible
contact terms:

Y
(hIJ WYy = i FIY = ZLeb o
UF
n 7v 2% 2i D
(h|Jf Z") = iF}, = ;ezqg
(h|JJLAY) = iFl) =0,
2i
(hlJLZ") =iFy, = ;engg‘“,
(h|J}LAYy =iF" =0,
2i
(h|Jf2") = iFy, = —FegeRg
(h|JLAYY =iFl2 =0, (90)
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where we also provide the EFT expansion up to D = 6
terms. Note that the vertices of a current with a photon are
not present at D < 6 due to the U (1)eny invariance, they
appear only at D > 6. Independently of the EFT expansion,
since only five form factors are independent, one has two
relations from custodial symmetry:

Fliyo(q1.2) = —2(su F4 (q1. q2) + cw Fl,, (1. 42)).

Fiyi(q1.q2) = «/E(st;fv”L (q1,92) + Cngva (g1, 92))-
C29)

In terms of the EFT coefficients these relations read
D D D D
€we = —ﬁcwezq, €Zv, = —€Ze, - 92)

One can notice that in this case custodial symmetry simply
implies that the form factors of (h|J} W37, (h|J}; W3V), and
(h| JZJF W) all arise from a single term (k| J;" W*"). These
conditions are independent of the embedding of the left-
handed doublet, in particular they apply also to the embed-
ding (B). The dependence on the embedding shows up only
in the couplings of the right-handed fermions, which in this
case remain arbitrary.

Embedding B

Let us study now the embedding B of Eq. (73). In this case
we can write the following two-point functions of a gauge
boson and a fermionic current:

hJH DL (q2) = iF}'] (g1, 92).
hJP (@D R (@2) = i Fl'R(q1. q2),
Rl (@)X (q2)) = i F[y(q1. q2).
hlJk (@)X (q2)) = i Fhy(q1. q2).

(
(

93
< 93)
(

Note that, contrary to the previous case, since e is acomplete
singlet of G we cannot construct a current J;“ to couple
with L or Rj;. This is the only difference with respect to the
previous case, implying a vanishing F',

<h|J,§’L“W“”> =iFy,,

(o -
(12 BY) =i <—§ch£‘§ + XzLSXFf;) =iF, '

1
(h|JE By =i (Echf,? + XzLSXFf;> =iF)'p.

L

3y o s Y
(h|JEWY) =0 = iF, v,

(h|JL,BY) = iXepsx Fry = iF, p. (94)
In terms of the physical form factors of Eq. (90) this setup
implies three relations: the two of Eq. (91) and

cwFy,, = —swFl,. (95)
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In the EFT expansion up to D = 6 terms, Eq. (91), this
simply becomes

Zer = 0. (96)
Summary

Let us recap the expressions of the contact terms obtained
in a custodially invariant BSM theory. For example, one can
use the first two relations in Eq. (82) to trade ewsw and €z,
for kw7 and €757, and one can rewrite Eq. (85) for the two
embeddings as

o D 8 8
EWK’L = _\/Ecwfze,'L + \/__26232+_2\/§8KWZ,

D & _ 8
€z, = €z, T gy 207 2chssz,

D 8
2] = "€ + 2 €737, 7
€, =€l — i(SK (embedding A)
Zep T TZey  2cy, Wz g
__ & ;

eZe,R = . Skwz (embedding B).

From these expressions, and from Eq. (82), one easily derives
Eqgs. (33-37).
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