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1 Introduction

The idea of PO has been formalized the first time in the context of electroweak observables
around the Z pole [1]. A generalization of this concept to describe possible deformations
from the SM in Higgs production and decay processes has been discussed in Refs. [2-7].
The basic idea is to identify a set of quantities that are

I. experimentally accessible,

II. well-defined from the point of view of QFT,

and capture all relevant New Physics (NP) effects (or all relevant deformations from the
SM) without loosing information and with minimum theoretical bias. The last point
implies that changes in the underlying NP model should not require any new processing
of raw experimental data. In the same spirit, the PO should be independent from the
theoretical precision (e.g. LO, NLO, ...) at which NP effects are computed. Finally, the
PO are obtained after removing (via a proper deconvolution) the effect of the soft SM
radiation (both QED and QCD radiation), that is assumed to be free from NP effects.
In the case of observables around the Z pole, the I'(Z — ff) partial decay rates provide
good examples of PO.

The independence from NP models can not be fulfilled in complete generality. How-
ever, it can be fulfilled under very general assumptions. As far as Higgs physics is con-
cerned, the general requirement of Higgs PO is to

ITI. capture all relevant NP effects in the limit of no new (non-SM) particles below or
close to the Higgs mass.

Under this additional hypothesis, the PO provide a bridge between the fiducial cross-
section measurements and the determination of NP couplings in explicit NP frameworks.

On a more theoretical footing, the Higgs PO are defined from a general decomposition
of on-shell amplitudes involving the Higgs boson —based on analyticity, unitarity, and
crossing symmetry— and a momentum expansion following from the dynamical assumption
of no new light particles (hence no unknown physical poles in the amplitudes) in the
kinematical regime where the decomposition is assumed to be valid. These conditions
ensure the generality of this approach and the possibility to match it to a wide class of
explicit NP model, including the determination of Wilson coefficients in the context of
Effective Field Theories.

The old k framework [8] satisfied the conditions I and II, but not the condition III,
since the framework was not general enough to describe modifications in (n > 2)-body
Higgs decays resulting in non-SM kinematics. Similarly, the old x framework could not
describe modifications of the Higgs-cross sections that cannot be reabsorbed into a simple
overall re-scaling with respect to the SM.

Similarly to the case of electroweak observables, it is convenient to introduce two
complementary sets of Higgs PO:



e aset of physical PO, namely a set of (idealized) partial decay rates and asymmetries;

e a set of effective-couplings PO, parameterizing the on-shell production and decay
amplitudes.

The two sets are in one-to-one correspondence: by construction, the effective-couplings PO
are directly related to the physical PO after properly working out the decay kinematics.
From the practical point of view, in the LHC Higgs analysis, effective-couplings PO are first
extracted and from these physical PO are obtained providing a more intuitive presentation
of the measurement as will be discussed below.

2 Two-body decay modes

In the case of two-body Higgs decays into on-shell SM particles, namely A — ff and
h — ~~, the natural physical PO for each mode are the partial decay widths, and
possibly the polarization asymmetry if the spin of the final state is accessible.

In the h — ff case the main issue to be addressed is the optimal definition of the
partial decay width taking into account the final state QED and QCD radiation.

In the h — 7~ case the point to be addressed is the extrapolation to real photons of
electromagnetic showers with non-vanishing invariant mass.

21 h—ff

For each fermion species we can decompose the on-shell h — ff amplitude in terms of
two effective couplings (yg p), defined by

Alh = £1) = === (viFf +ivhfsf) - 1
V2

These couplings are real in the limit where we neglect re-scattering effects, that is an
excellent approximation (also beyond the SM if we assume no new light states), for all
the accessible h — ff channels. If h is a CP-even state (as in the SM), then y}c, is a
CP-violating coupling.

In order to match our notation with the x framework [8], we define the two effective
couplings PO of the h — ff decays as follows:

5 — Bels) or _ Re(p)
Re(yé,SM) ’ f Re(yé,SM)

(2)

Here yS’SM is the SM effective coupling that provides the best SM prediction in the Ky — 1
and A§" — 0 limit.



The measurement of I'(h — f f)(inc) determines the combination |rs]? + [A$7[?, while
the )\CP /Ky ratio can be determined only if the lepton polarization is experlmentally
access1ble With this notation, the inclusive decay rates, computed assuming a pure

bremsstrahlung spectrum can be written as
D(h = f ey = [57+ AF?] (= FHEN) (3)

where fermion-mass effects, of per-mil level even for the b quark, have been neglected.
In experiments I'(h — ff )(inc) cannot be directly accessed, given tight cuts on the f f
invariant mass to suppress the background: T'(h — ff)gna) is extrapolated from the
experimentally accessible I'(h — f f)(cut) assuming a pure bremsstrahlung spectrum, both
as far as QED and as far as QCD (for the ¢g channels only) radiation is concerned.
The SM decay width is given by
(sM) f|nyM| 2
D~ £ = NI Lt (@

where the color factor N/ is 3 for quarks and 1 for leptons. Using the best SM prediction of
the branching ratios in these channels [8], for my = 125.0 GeV and I'9* = 4.07x 1073 GeV,
we extract the values of the [y/™| couplings in Eq. (4):

bb TT

B(h— ff)|577x107" 6.32 x 1072 |

™M | 177 x 1072 1.02 x 1072

ce P

B(h— ff) 291 x107% 219 x 107* |

M) 13.98 x 1073 5.99 x 107

As anticipated, the physical PO sensitive to )\?P /K necessarily involve a determination

(direct or indirect) of the fermion spins. Denoting by lgf the 3-momentum of the fermion
f in the Higgs center of mass frame, and with {5%, 57} the two fermion spins, we can
define the following CP-odd asymmetry [9]

AP = (5 57 = L o)
! | kf\ f ’ff ( )\CP)
As pointed out in Ref. [10], in the h — 7777 — X,+X,- decay chains asymmetries
proportional to A?P are accessible through the measurement of the angular distribution
of the 7% decay products.

Note that, by construction, the effective couplings PO depend on the SM normaliza-
tion. This imply an intrinsic theoretical uncertainty in their determination related to the
theory error on the SM reference value. On the other hand, the physical PO are inde-
pendent of any reference to the SM. Indeed the (conventional) SM normalization of &
cancels in Eq. (3).



2.2 h—ryy
The general decomposition for the h — ~vy amplitude is

2

Alh = (g, e)v(d,€)] = ZEELEV [, (9" a-d' — ¢"q") + €5 " qod,] (6)

from which we identify the two effective couplings €., and E%P that, similarly to yf; P
can be assumed to be real in the limit where we assume no new light states and small
deviations from the SM limit. We define the effective couplings PO for this channels as

K _ R‘e(E'Y’Y) )\CP — Re(ESE) (7)
7T Re(@M) T 7 T Re(@M) |

where €]} is the value of the PO which reproduces the best SM prediction of the decay
width. By construction, the SM expectation for the two PO is 53 = 1 and (AS})5M = 0.

If the photon polarization is not accessible, the only physical PO for this channel is
['(h — ~7). Starting from realistic observables, where the electromagnetic showers have
non-vanishing invariant mass, I'(h — 77) is defined as the extrapolation to the limit of
zero invariant mass for the electromagnetic showers. The relation between I'(h — ~7)
and the two effective couplings PO is

I(h—vy) = [62, + (AT D(h — yy)& (8)
where | SMLefil2 3
T(h (SM) EW—@
(h = 77) o ©

Using the SM prediction for the branching ratios in two photons [8], for vy = 246.22 GeV,
my = 125.0 GeV and T'%9" = 4.07 x 1073 GeV, we obtain

B(h —~y7)™=228x107" — €}, =38x107%. (10)

This value corresponds to the 1-loop contribution in the SM, which also fixes the relative
sign. Similarly to the ff case, the SM normalization cancels in the definition of the
physical PO.

The physical PO linear in the CP-violating coupling /\S,f necessarily involves the mea-
surement of the photon polarization and is therefore hardly accessible at the LHC (at
lest in a direct way). Denoting by ¢j o the 3-momenta of the two photons in the center
of mass frame, and with € » the corresponding polarization vectors, we can define [to be
checked):

1 )‘?/5 Ry

A = (G~ @) - (71 % &) =

B Rl — (11)
o 2+ (P2



3 Three-body decay modes

The guiding principle for the definition of PO in multi-body channels is the decomposition
of the decay amplitudes in terms of contributions associated to a specific single-particle
pole structure. In the absence of new light states, such poles are generated only by the
exchange of the SM electroweak bosons (v, Z, and W) or by hadronic resonances (whose
contribution appears only beyond the tree level and is largely suppressed). Since positions
and residues on the poles are gauge-invariant quantities, this decomposition satisfies the
general requirements for the definitions of PO.

3.1 h— ffy
The general form factor decomposition for these channels is
_ 9 _
A= fp)fp)v(@ 0] = i— > (fufe x
UF = fntn

X [Fz’f”(p2)(p-q 9" = q'p") + Fep () gpps | (12)

where p = p; 4+ p2. The form factors can be further decomposed as

fv/.2 92 eQ)y SM/, 2
Fp(p7) = EZ’YPZ<p2) + €y 0’ +A (), (13)
f
e
FLL(p?) = €55 9z__ 4 (creQs (14)

P
Here g/, are the effective PO describing on-shell Z — ff decays' and Py(q?) = ¢*> —m% +
imyzI['z. In other words, we decompose the form factors identifying the physical poles
associated to the Z and v propagators.

The term A%\f(pQ) denotes the remnant of the SM h — ff~ loop function that is
regular both in the limit p?> — 0 and in the limit p* — m?%. This part of the amplitude
is largely subdominant (being not enhanced by a physical single-particle pole) and can-
not receive non-standard contributions from operators of dimension up to 6 in the EFT
approach to Higgs physics. For this reason it is fixed to its SM value.

In this channel we thus have four effective couplings PO, related to the four ex terms
in Egs. (13) and (14), two of which are accessible also in h — 27. Similarly to the h — 27
case, it is convenient to define the PO normalizing them the corresponding reference SM
values of the amplitudes. We thus define

. RG(EZV) )\CP . Re(e%’)

— %¢z) - ) 15
Kz~ Re(ESZI}Y/[) ) Zy Re(e%l\,f) ; ( )

'We have absorbed a factor g/ cos(fy ) with respect to the definition of the effective Z couplings
adopted at LEP-1 (and employed in the so-called Higgs Basis Lagrangian), see Eq. (24).
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where the numerical value of the SM contribution eSZIY/[ is obtained from the best SM
prediction for the h — Z~ decay width.

The simplest physical PO that can be extracted from this channel is I'(h — Z7), where
both the Z boson and the photon are on-shell. By construction, this can be written as

D(h = Z7) =[G, + (A2 T(h — Z7)W (16)
where
(SM) [t my my ’
I'h = Z == _H(1--= ) 17
(h = Z7) 8t w2 < m%) (17)

The SM prediction for this decay rate [8] provides the value of eg&:
Bh— Z7y)8W =154 x107% — €M =69x10"". (18)

The independent physical PO linear in the coupling A%ﬁ is the following CP-odd
asymmetry at the Z peak [to be checked]:

v L5 @xe) _ oy (19)
= p-q X € - )
“ ‘ﬁ”ﬂ ! (p?2=m?2) KZQZ’y + (/\%5)2

where all 3-momenta are defined in the Higgs center of mass frame.

This channel is also sensitive to I'(h — 77) and A%D via the effective couplings K.
(or €yy) and ASY (or €57). Determining such couplings from a fit to the from factors in
the low p? region, one can indirectly determine I'(h — v7) and A%P by means of Eq. (8)
and Eq. (11), respectively.

4 Four-fermion decay modes

Similarly to the three-body modes, also in this case the guiding principle for the definition
of PO is the decomposition of the decay amplitudes in terms of contributions associated to
a specific pole structure. Such decomposition for the h — 4 f channels has been presented
in Ref. [3]. The effective coupling PO that appear in these channels consist of four sets:

e 3 flavor-universal charged-current PO: {kww, eww, €5y };

e 7 flavor-universal neutral-current PO, 4 of which are appearing already in h — vy
and h — f]éfy : Ry AV K2y, AZL }, and another 3 which are specific for b — 4f:
{rkzz,€22,€55};

e the set of flavor non-universal charged-current PO: {ey f};

e the set of flavor non-universal neutral-current PO: {ezr}.



While the number of flavor-universal PO is fixed, the number of flavor non-universal
PO depend on the fermion species we are interested in. For instance, looking only
at light leptons (¢ = e, u), we have 4 flavor non-universal PO contributing to A —
4¢ modes (ezf, with f = er,eg, pr, pr) and 4 PO contributing to h — 2(2v modes
(€Wer> €Wuy s €2ves €20, )- The definition of these PO is done at the amplitude level, sep-
arating neutral-current and charged-current contributions to the h — 4f processes, as
discussed below.

Starting from each of the effective couplings PO we can define a corresponding physical
PO. In particular, I'(h — ZZ) is defined as the (ideal) rate extracted from the full
['(h — 4f), extrapolating the result in the limit k77 # 0 and all the other effective
couplings set to zero. Similarly T'(h — Zff) is defined from the extrapolation in the
limit ez # 0 and all the other effective couplings set to zero (see extended discussion

below).

4.1 h — 4f neutral currents

Let us consider the case of two different (light) fermion species: h — ff + f'f’. Neglect-
ing helicity-violating terms (yielding contributions suppressed by light fermion masses in
the rates), we can decompose the neutral-current contribution to the amplitude in the
following way

PSS PP T )

v
B pfufr fr=1

Ape. [h = f(p1)f(p2) [/ (ps) f'(pa)] = i

” ' Y s q1-q2 9" — @'q” ' eMP? 1o
T (@, q2) = | Fi7 (a2, a3 g"™ + FE (62, 63) 5 + FLL (¢, ¢3)—22 |,
mZ mZ
(20)

where ¢; = p1 + p2 and ¢a = ps + ps. The form factor F, describes the interaction with
the longitudinal part of the current, as in the SM, the Fp term describes the interaction
with the transverse part, while Fiop describes the CP-violating part of the interaction (if
the Higgs is assumed to be a CP-even state).

We can further expand the form factors in full generality around the poles, providing



the definition of the neutral-current PO [3]:

Fff/( 2 2) ngél + EZf gg + EZf' gé —|—ASM( 2 2) (21)
q1, 4 = KZZ5=5 7 ovm 7 ov T —o 41,42 )
Lo P(q)Pz(q3) ~ m% Pz(g3)  m% Pz(q7) bR
, ff Q’f eQ f! GQQQ/
FI(R ) = eun 929z ¥ ez 19z LR f%r
(1, ) F)ead O\ grid T e ) T i
+A§M(Qf, qg) (22)
: g% Qrqh e*Q Q
FI(@2 ) = &F gzgz e Qs 9y NI 7 20 A e f I (93
crliv®) = prap i T\ gri e ) T e P

Here gé are Z-pole PO extracted from Z decays at LEP-I, the translation to the notation
used at LEP being very simple

f 2myz 1pp 2mZ

= —= , and
97 ==, 9 (9%)sm

2T, - Q) (24)
F

As anticipated, all the parameters but ey and gé are flavor universal, i.e. they do not
depend on the fermion species. In fact, flavor non-universal effects in gé have been very
tightly constrained at LEP, however, sizeable effects in ez, are possible and should be
tested at the LHC. In the limit where we neglect re-scattering effects, both k77 and ex
are real. The functions A LT(ql, q3) denote subleading non-local contributions that are
regular both in the limit ¢f, — 0 and in the limit ¢}, — m%. As in the 3-body decay
case, this part of the amphtude is largely subdominant and not affected by operators with
dimension up to 6, therefore it is fixed it to its SM value.

4.2 h — 4f charged currents

Let us consider the h — ¢,{'vy process.” Employing the same assumptions used in the
neutral current case, we can decompose the amplitude in the following way:

2m

Ace. [h = L(p1)ve(p2)ve (ps) (ps)] = i on

W Crryuver) Doy ls) TE (41, ¢2)

y q1q2 9" — @' / el 14
Tr (q1,q2) = GM ((ha%)g“ "’Ga (‘h: 2) 2 GM p(q %7 2>—2p )
My myy

(25)

2 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 ¢/, effective couplings.
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where ¢; = p1 + p2 and g2 = p3 + ps. The decomposition of the form factors, that allows
us to define the charged-current PO, is [3]

(90)" gty (ewe)* gy ewe ()"

G2 ) = & , 26
Pl ) = RGP it Pu@ P
GZE’(QQ (]2) = eww (glél/)*ga/ (27)
R P (¢})Pw(q3)
0 \x 0
ot q2,q2 _ (CP (QW) 9w : 28
CP( 1 2) WWPW(Q%)PW(qg) ( )

where Py (¢) is the W propagator defined analogously to Py(¢?) and g, are the effective
couplings describing on-shell W decays (we have absorbed a factor of g compared to
standard notations). In the SM

(g3 )sm = %Vik ; (29)

where V' is the CKM mixing matrix.® In absence of rescattering effects, the Hermiticity of
the underlying effective Lagrangian implies that sy w, eyw and €55, are real couplings,
while ey can be complex.

4.3 h — 4f complete decomposition

The complete decomposition of a generic h — 4 f amplitude is obtained combining neutral-
and charged-current contributions depending on the nature of the fermions involved. For
instance h — 2e2u and h — (lqq decays are determined by a single neutral current
amplitude, while the case of two identical lepton pairs is obtained from Eq. (20) taking
into account the proper (anti-)symmetrization of the amplitude:

Alh = o)) = Ave [ 0 F G 0P (01)] L,
— Ay [h— f(pl)f(m)f’(pg)f’(pzﬂf:f,:,g . (30)

The h — eTuFvw decays receive contributions from a single charged-current amplitude,
while in the h — /vy case we have to sum charged and neutral-current contributions:

A [h - ﬁ(pl)f(pz)'/(ps)ﬂ(m)} = A [h — g(Pl)Z(pz)V(p:’))?(pzi)}
— Ace [P = Up)o(pa)v(ps)E(p2)] - (31)

3More precisely, (gif)sm = %Vik if i and k refers to left-handed quarks, otherwise (gik)sy = 0.

11



4.4 Physical PO for h — 4/

To define the idealised physical PO we start with the quadratic terms for each of the form
factors in Egs. (21-23), and compute their contribution to the double differential decay
rate for h — ete putu™ (for kzz, €77 and €5Y) and for h — Z{+¢~ (for the contact terms
€ Zé)-

Decay channel h — ete putpu~

We choose this particular decay channel for the (conventional) definition of the physical
PO because it depends on all the PO relevant for h — 4¢ and because it does not
contain interference between the two fermion currents as in Eq. (30). The independent
contributions of the three form factors to the decay rate are:

dr't pﬁlo mzmh /
_ Fff
dmydmg 2304w o2 2 %: ‘ ’
artr ApBa mh 3 3 /12
dmqidme 115275 02 mn ; ‘ T ’ (32)
dFCP _ p52 mh 32 ‘Fff/
dmydmsg 115275 v ff, CP |
where [ =er,er, [’ = pr, ir, miz) = \/Qf(g) and
2
p m? mr ] o
(33)

2
, we extract only the quadratic terms in each

Inside the each term of the type >~ )FZ

PO. By integrating in m; and my we obtain the partial decay rates as given by each PO
separately (in the limit where the others are negligible):

L(h = 2e2p)[kz7] = 4.929 x 1072(|9z¢, > + 192¢n ) (1920, | + 1920n]?) |K22]* MeV

U(h = 2e2u)ezz] = 4.458 x 107%(|9ze, |* + 192en]?) (1920 + 19202)7) l€22]* MeV

T(h— 2e2p)e5y] = 1.884 x 107(|gz¢, 1> + 192¢nl*) (1920, |* + 9200 ]7) €527 MeV
(34)

The numerical coefficients in Eq. (34) have been obtained neglecting QED corrections.
The latter must be included at the simulation level by appropriate QED showering pro-
grams, such as PHOTOS [11]. As shown in Ref. [12]: the impact of such corrections is
negligible after integrating over the full phase space, hence in the overall normalization

12



of the partial rates in Eq. (34), while they can provide sizable distortions of the spectra
in specific phase-space regions.

Since each effective coupling PO correspond to a well-defined pole contribution to the
amplitude (with one or two poles of the Z boson), and a well-defined Lorentz and flavor
structure, we can associate to the those partial rates a well-defined physical meaning. In
particular, we define the following physical PO for the h — 4¢ decays:

['(h — 2e2u)[kz7]
B(Z — 2e)B(Z — 2p)
I'(h — 2e2u)|ez7]
B(Z — 2e)B(Z — 2u)
L(h — 2e2p)[e5Y]
B(Z — 2e)B(Z — 2p)

U(h— Z1,71) = 0.209 |kzz|* MeV

U(h — ZrZr) = 0.0189 |ezz|* MeV (35)

I"V(h = ZpZr) = 0.00799 [eS0]* MeV

where, due to the double pole structure of the amplitude, we have removed the (physical)
branching ratios of the Z — eTe™ and Z — ptpu~ decays. Here

r
B(Z — 20) = FO

Z

R (950 + (9)) = 04856 (922 + (95)7) - (30)

where 'y = 532, T' is the total decay width and Rt = (1 + %a(mz)) describes final state

QED radiation.

Decay channel h — Z{T(~

The idealised physical PO related to the contact terms can be defined directly from the
on-shell decay h — Z¢*t¢~, where { = ey, er, jir, pr and the Z boson is assumed to be
on-shell (narrow width approximation). We compute this decay rate, neglecting QED
corrections and light lepton masses, in presence of the contact terms €z, only. The Dalitz
double differential rate in s19 = (pg+ + pe-)? and so3 = (po- + pz)? is

dl’ 1 1 4‘62(’2 (S + (823 — m%)(mi — S12 — 523))
12 )

dsiodsas B (27)3 32m?2 02 m%

(37)

The allowed kinematical region is 0 < s15 < (my, — mz)2 and, for any given value of si5,
SIUN < 595 < SHX with

2
JminOe) _ (e | pry2 (Esi <Ez>2—m22) | (38)

where Ej = /S12/2 and Ej = ME=S127ME  The total decay width defines the relation

2,/512

between the physical PO and the effective couplings PO as:
['(h — Z€T07) = 0.0366|ez|*> MeV . (39)

13



Together with the physical PO already defined for h — ~v and h — Z~, we have thus
established a complete mapping between the effective couplings PO and the physical PO
appearing in h — 44 decays.

4.5 Physical PO for h — 202v

Physical observables for charged-current processes can be defined in a very similar way as
the neutral-current ones. In particular, we use the h — e*v.u~ v, process for the physical
PO corresponding to kyw, eww, and e%’w, and h — W™/, for the contact terms.

Decay channel h — e*v v,

Integrating the differential distributions analogous to Eq. (32) we obtain the expression
of the total decay rate in this channel, in the limit where only one PO is turned on:

F(h — 6#21/)[/1{/[/[/[/] = 220 x 10_4|9W6L|2|9WML|2 |"’<VVVVV|2 MeV
F(h — €,U,2V) [Eww] = 4.27 x 1075|9W6L|2‘9W;LL|2 |€VVW|2 MeV
D(h = ep2v)[egw] = 177 x 107°|gwe, [*lgw, * leww|* MeV

(40)
As in the neutral channel, the physical PO are defined from these quantities by factorizing
the W branching ratios:

I'(h = ep2v)[rww]
B(W — ev.)B(W — uw,)
I'(h — ep2v)[eww]
B(W — ev.)B(W — uw,)
D(h = en2) [k ]
BW — eve)B(IW — pv,)

The W branching ratios are given by

L(h — WLWp) = 0.841 |kyw|* MeV

F(h — WTWT)

= 0.163 |eyww|> MeV (41)

TPV(h — WrWr)

= 0.0677 |eGrw|* MeV .

r
BW — () = ﬁ(ngL)Q ~ 0.511(gwe,)? (42)

where I'g = 5%, 'y is the total decay width.

Decay channel h — W™/,

Also in this case the physical PO corresponding to the charged-current contact terms are
defined in complete analogy to the neutral-current case, starting from the 3-body decay
h — W*lp,. The total decay width computed in the limit where only the contact term
PO is switched on defines the relation between the physical PO and the effective couplings
PO as:

L(h — Wim,) = 0.143|ey|* MeV . (43)

14



PO Physical PO Relation to the eff. coupl.
g, A D(h— 1) = T(h— 1D () + (A2
Koy ATy L(h—y7) = T(h— 7)™ [(ky,)? + (A
b AP D(h = Z9) = D(h— Z9)[(kz,)? + (AF)?

Kzz U(h— ZpZr) = (0.209 MeV) X |rzz7|?

€27 U(h— ZrZy) = (1.9 x 1072 MeV) X |ezz|?

et TV(h — ZpZr) = (8.0 x 1073 MeV) x |eSF |2

€2y D(h— Zff) = (3.7x1072 MeV) x N7 |ez;|?

Rww L(h— W W) = (0.84 MeV) x |k |?

Eww L(h— WrWz) = (0.16 MeV) X |epw|?

ey LPV(h — WrWyr) = (6.8 x 1072 MeV) x |e5hy|?

ew D(h— WFf) = (0.14 MeV) x N/ |ew;|?

Table 1: Summary of the effective coupling PO and the corresponding physical PO. The
parameter N/ is 1 for leptons and 3 for quarks. In the case of the charged-current contact
term, f’ is the SU(2), partner of the fermion f.

5 PO in Higgs electroweak production: generalities

The PO decomposition of h — 4 f amplitude discussed above can naturally be generalized
to describe electroweak Higgs-production processes, namely Higgs-production via vector-
boson fusion (VBF) and Higgs-production in association with a massive SM gauge boson
(VH).

The interest of such production processes is twofold. On the one hand, they are closely
connected to the h — 44, 2¢2v decay processes by crossing symmetry, and by the exchange
of lepton currents into quark currents. As a result, some of the Higgs PO necessary to
describe the h — 4/, 202v decay kinematics appear also in the description of the VBF and
VH cross sections (independently of the Higgs decay mode). This facts opens the possibil-
ity of combined analyses of production cross sections and differential decay distributions,
with a significant reduction on the experimental error on the extraction of the PO. On the
other hand, the production cross sections allow to explore different kinematical regimes
compared to the decays. By construction, the momentum transfer appearing in the Higgs
decay amplitudes is limited by the Higgs mass, while such limitation is not present in the
production amplitudes. The higher energies probed in the production processes provide
an increased sensitivity to new physics effects. This fact also allows to test the momentum
expansion that is intrinsic in the PO decomposition, as well as in any effective field theory
approach to physics beyond the SM.
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Despite the similarities at the fundamental level, the phenomenological description of
VBF and VH in terms of PO is significantly more challenging compared to that of Higgs
decays. On the one hand, QCD corrections plays a non-negligible role in the production
processes. Although technically challenging, this fact does not represent a conceptual
problem for the PO approach: the leading QCD corrections factorize in VBF and VH,
similarly to the factorization of QED corrections in h — 4¢. This implies that NLO QCD
corrections can be incorporated in general terms with suitable modifications of the existing
Montecarlo tools. On the other hand, the relation between the kinematical variables at the
basis of the PO decomposition (i.e. the momentum transfer of the partonic currents, ¢*)
and the kinematical variables accessible in pp collisions is not straightforward, especially
in the VBF case. This problem finds a natural solution in the VBF case due to strong
correlation between ¢? and the pr of the VBF tagged jets.

5.1 Amplitude decomposition

Neglecting the light fermion masses, the electroweak production processes VH and VBF
or, more precisely, the electroweak partonic amplitudes f; fo — h+ f3f4, can be completely
described by the three-point correlation function of the Higgs boson and two (color-less)
fermion currents

(1T {Jf (), 7 (y), h(0) } 0) , (44)

where all the states involved are on-shell. The same correlation function controls also
the four-fermion Higgs decays discussed above. In the h — 4¢,2¢2v case both currents
are leptonic and all fermions are in the final state. In case of VH associate production
one of the currents describes the initial state quarks, while the other describes the decay
products of the (nearly on-shell) vector boson. Finally, in VBF production the currents
are not in the s-channel as in the previous cases, but in the ¢-channel. Strictly speaking,
in VH and VBF the quark states are not on-shell; however, their off-shellness of order
Aqep can be safely neglected compared to the electroweak scale characterizing the process
(both within and beyond the SM).

As in the h — 4f case, we can expand the correlation function in Eq. (44) around
the known physical poles due to the propagation of intermediate SM electroweak gauge
bosons. The PO are then defined by the residues on the poles and by the non-resonant
terms in this expansion. By construction, terms corresponding to a double pole structure
are independent from the nature of the fermion current involved. As a result, the corre-
sponding PO are universal and can be extracted from any of the above mention processes,
both in production and in decays [7].

5.1.1 Vector boson fusion Higgs production

Higgs production via vector boson fusion (VBF) receives contribution both from neutral-
and charged-current channels. Also, depending on the specific partonic process, there
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could be two different ways to construct the two currents, and these two terms interfere
with each other. For example, for uu — wuh one has the interference between two
neutral-current processes, while in ud — wudh the interference is between neutral and
charged currents. In this case it is clear that one should sum the two amplitudes with the
proper symmetrization, as done in the case of h — 4e.

We now proceed describing how each of these amplitudes can be parametrized in terms
of PO. Let us start with the neutral-current one. The amplitude for the on-shell process

¢i(p1)qj(p2) = ¢i(p3)q;(pa)h(k) can be parametrized by

2
2 Gi(p3) i (1) @5 () 1 (P2) T (a1, G2),

(45)
where ¢; = p1 — p3, @2 = p2 — ps and T,* (qq, ¢2) is the same tensor structure appearing in
h — 4f decays. Indeed, proceeding as in Eq. (20), using Lorentz invariance we decompose
this tensor structure in term of three from factors:

2m

Ane(ai(0)45(p2) = @(p3)a;(pa) (k) = 1=

v ” y " q1-q2 9" — Mg o0 e o010
T (a1, q2) = | FEY (af,43)9™ + Fr'¥ (41, 43) 5 + FE5 (4}, ¢5) ————
my my
(46)

Similarly, the charged-current contribution to the amplitude for the on-shell process
wi(p1)dj(p2) — di(ps)wi(pa)h(k) can be parametrized by

2
T di (ps ) vts (01 )i (pa)vody (p2) T2 (01, 42),

(47)
where, again, 7/ (q1,¢q2) is the same tensor structure appearing in the charged-current
h — 4f decays:

Ao (ts(p2) s (p2) = du(ps)us(pa)h(k)) = i2

Y ” q1q2 9" — @'q” eMP? Qo016
T (@1, q0) = |G (aF, 3)g™ + G (a2, 43) 5 + G} @3 —522
myy myy
(48)

The amplitudes for the processes with initial anti-quarks can easily be obtained from the
above ones.

The next step is to perform a momentum expansion of the form factors around the
physical poles due to the propagation of SM electroweak gauge bosons (v, Z and W¥),
and to define the PO (i.e. the set {k;,¢;}) from the residues of such poles. We stop this
expansion neglecting terms which can be generated only by local operators with dimension
higher than six. A discussion about limitations and consistency checks of this procedure
will be presented later on. The decomposition of the form factors closely follows the
procedure already introduced for the decay amplitudes and will not be repeated here. We
report explicitly only expression of the longitudinal form factors, where the contact terms
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not accessible in the leptonic decays appear:

qi 95 q; € qi
FQin(qZ’qQ) = kyz 9797 €zq; 97 Zg; 9z L ASM M (q g ) :
Lo Pz(¢?)Pz(q3)  m% Pz(q3)  m% Pylgd) " b 19
ijkl, 2 9 g%gﬂ EWik gjl EW i 9%/ SM ( )
Gg ( 17(12) = kww 1L i : +ALcc(q17q2) .

+
Pw(q?)Pw(g5)  miy Pw(a3)  myy, Pw(a})

Here Py (¢?) = ¢*> —m? +imy Ty, while ¢/, and gi& are the PO characterizing the on-shell
couplings of Z and W boson to a pair of fermions, see eqs.(24) and (29). —swithin—+the

f_ g ypf 2 ik _ g ix- The
SM—g7 oy (Fs—Qysy, end—gy _\@"zka where—V/—is—the-CKM-mixing-matrix
functions A%\i elc. c,)(€717 q3) denote non-local contributions generated at the one-loop level
(and encoding multi-particle cuts) that cannot be re-absorbed in the definition of x; and
€;. At the level of precision we are working, taking into account also the high-luminosity
phase of the LHC, these contributions can be safely fixed to their SM values.

As anticipated, the crossing symmetry between h — 4f and 2f — h2f amplitudes
ensures that the PO are the same in production and decay (if the same fermions species
are involved). The amplitudes are explored in different kinematical regimes in the two
type of processes (in particular the momentum-transfers, qig, are space-like in VBF and
time-like in h — 4f). However, this does not affect the definition of the PO. This implies
that the fermion-independent PO associated to a double pole structure, such as k77 and
rww in Eq. (49), are expected to be measured with higher accuracy in h — 4¢ and
h — 202v rather than in VBF. On the contrary, VBF is particularly useful to constrain
the fermion-dependent contact terms €z, and €yy,q,, that appear only in the longitudinal
form factors.

5.1.2 Associated vector boson plus Higgs production

The VH production process denote the production of a Higgs boson with a nearly on-
shell massive vector boson (W or Z). For simplicity, in the following we will assume that
the vector boson is on-shell and that the interference with the VBF amplitude can be
neglected. However, we stress that the PO formalism clearly allow to describe both these
effects (off-shell V' and interference with VBF in case of V' — gq decay) simply applying
the general decomposition of neutral- and charged-current amplitudes as outlined above.

Similarly to VBF, Lorentz invariance allows us to decompose the amplitudes for the on-
shell processes q;(p1)qi(p2) — h(p)Z(k) and u;(p1)d;(p2) — h(p)W*(k) in three possible
tensor structures: a longitudinal one, a transverse one, and a CP-odd one,

2

Ags(p)@i(p2) = hP)Z(E)) = 1222 gi(p) i (p1) 2" (k) x

(50
,. v oz, o (RGP @R g o € gk
Fp?(q)g + By gy~ LR TR g el
Z Z
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2 —
W (p2) ywus(pr )y * (k)

2m

A(ui(p1)d;(p2) = h(p)W" (k) =i

(51)
ii W v iiW _<q ’ k)g#l’ + qﬂkl/ ij EuyaﬂQak
GPM (g™ + GF 7 (¢7) — +GEp (g ) 2
w w

where ¢ = p1 + po = k + p. In the limit where we neglect the off-shellness of the final-
sate V, the form factors can only depend on ¢?. Already from this decomposition of the
amplitude it is clear the importance of providing measurements of the differential cross-
section as a function of ¢?, as well as differential measurements in terms of the angular
variables that allow to disentangle the different tensor structures.

Performing the momentum expansion of the form factors around the physical poles,
and defining the PO as in Higgs decays and VBF, we find

u;d; *
WA ; €zq W B P95\ Wuyd;
Fi2Q) = kazpm + I
i e iiW idj
FY({ZZ(QQ) = 6ZZp ( ) + €Z~ (? GQJ (q2) = eww (PW q)) (52)
£ g 7 € (2 ( ])
Fip (¢*) = 6%2 pZZ(q 7) %s% GQJ (¢*) = 6(VJVPW gXVV( 7)

where we have omitted the indication of the (tiny) non-local terms, fixed to their corre-
sponding SM values. As in the VBF case, only the longitudinal form factors Fy and G,
contains PO not accessible in decays, namely the quark contact terms €z, and €y q; -

6 PO in Higgs electroweak production: phenomenol-
ogy
6.1 Vector Boson Fusion

At the parton level (i.e. in the g — hgq hard scattering) the ideal observable relevant to
extract the momentum dependence of the factor factors would be the double differential
cross section d?c /dqidq3, where ¢, = p; — p3 and ¢ = py — py are the momenta of the two
fermion currents entering the process (here p1, pa (ps, p4) are the momenta of the initial
(final) state quarks). The ¢? are also the key variables to test and control the momentum
expansion at the basis of the PO decomposition.

A fist nontrivial task is to choose the proper pairing of the incoming and outgoing
quarks, given we are experimentally blind to their flavor. For partonic processes receiving
two interfering contributions when the final-state quarks are exchanged, such as uu — huu
or ud — hud, the definition of ¢ 5 is even less transparent since a univocal pairing of the
momenta can not be assigned, in general, even if one knew the flavor of all partons.
This problem can be simply overcome at a practical level by making use of the VBF
kinematics, in particular the fact that the two jets are always very forward. This implies
one can always pair the momenta of the jet going, for example, on the +2z direction with
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the initial parton going in the same direction, and viceversa. The same argument can
be used to argue that the interference between different amplitudes (e.g. neutral current
and charged current) is negligible in VBF. In order to check this, we have performed a
leading order parton level simulation of the VBF Higgs production (pp — hjj) using
MADGRAPH5_AMCQ@NLO [13] (version 2.2.3) at 13 TeV c.m. energy. We have imposed
the basic set of cuts,

Prji. > 30 GeV, |n;,,| <45, and my;j, > 500 GeV. (53)

In Fig. 1, we show the distribution in the opening angle of the incoming and outgoing
quark momenta for the two different pairings. The left plot is for the SM, while the right
plot is for a specific NP benchmark point. Shown in blue is the pairing based on the
leading color connection using the color flow variable while in red is the opposite pairing.
The plot shows that the momenta of the color connected quarks tend to form a small
opening angle and the overlap between the two curves, i.e. where the interference effects
might be sizable, is negligible. This implies that in the experimental analysis the pairing
should be done based on this variable. Importantly, the same conclusions can be drawn
in the presence of new physics contributions to the contact terms.

There is a potential caveat to the above argument: the color flow approximation
ignores the interference terms that are higher order in 1/N¢. Let us consider a process
with two interfering amplitudes with the final state quarks exchanged, for example in
uu — wuuh. The differential cross section receives three contributions proportional to
[FL (tis, o) [P, |FL (s, tad) FL (tia, tas)| and | FLY (tia, tas) 2, where ty; = (p; — p;)? =
—2E,E;(1 — cosb;;). For the validity of the momentum expansion it is important that
the momentum transfers (¢;;) remain smaller than the hypothesized scale of new physics.
On the other hand, imposing the VBF cuts, the interference terms turns out to depend
on one small and one large momentum transfer. However, thanks to the pole structure
of the form factors, these interference effects turns out to give a very small contribution.
Therefore, we can safely state that the momentum transfers marked with the leading color
flow are reliable control variables of the momentum expansion validity.

In some realistic experimental analyses, after reconstructing the momenta of the two
VBF tagged jets and the Higgs boson, one can compute the relevant momentum transfers
¢1 and ¢2, adopting the pairing based on the opening angle. However, for some interesting
Higgs decays modes, such as h — 2(2v, it is not possible to reconstruct the Higgs boson
momentum. In this case, a good approximation of the momentum transfer is the jet
pr. This can be understood by explicitly computing the momentum transfer qu in the
limit |pr| < Ej. and for a Higgs produced close to threshold. Let us consider the
partonic momenta in c.o.m. frame for the process: p; = (E,0, E), po = (E,6,—E),
ps = (B}, P,V EP —p3,) and py = (E, Pro, /B — p3,). Conservation of energy for
the whole process dictates 2E = E| + E}y + Ej, where E? is the Higgs energy, usually of
order my, if the Higgs is not strongly boosted. In this case £ — E! = AFE; < FE since the
process is symmetric for 1 <> 2. For each leg, energy and momentum conservation (along
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Higgs VBF @ 13 TeV LHC
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€241 =0, €zar =0, €y, =0 0.15¢ €410, €zar =0, €, =0.05
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Figure 1: Leading order parton level simulation of the Higgs VBF production at 13 TeV

pp c.m. energy. Show in blue is the distribution in the opening angle of the color connected
incoming and outgoing quarks £ (5, p1), while in red is the distribution for the opposite pairing,
Z(p3,p2). The left plot is for the SM, while the plot on the right is for a specific NP benchmark.
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Figure 2: Leading order parton level simulation of the Higgs VBF production at 13 TeV pp

c.m. energy. Shown here is the density histogram in two variables; the outgoing quark pr and

the momentum transfer y/—¢? with the initial “color-connected” quark. The left plot is for the
SM, while the plot on the right is for a specific NP benchmark.
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the z axis) give

2,
{q;:E_ EE-1%, {qg’—quﬁf—p%i—m—%

V= - ! z 2., ' : (54)
q = LB - E @ + ¢ sQAEH—ggg

Putting together these two relations one gets

2
¢; = (@) =10 = (@) = =Phi+ (& =)@/ +¢) = —phi = =5 + 0o/ E®) . (55)

We can thus conclude that, for a Higgs produced near threshold (AE; < E'), ¢* ~ —p5.

To illustrate the above conclusion, in Fig. 2 we show a density histogram in two
variables: the outgoing quark pr and the momentum transfer /—¢? obtained from the
correct color flow pairing (the left and the right plots are for the SM and for a specific
NP benchmark, respectively). The plots indicate the strong correlation of the jet pr with
the momentum transfer \/—¢? associated with the correct color pairing. We stress that
this conclusion holds both within and beyond the SM.

Given the strong ¢? <+ p% correlation, we strongly encourage the experimental col-
laborations to report the unfolded measurement of the double differential distributions
in the two VBF tagged jet pp’s: F (prj,, Prj,). This measurable distribution is closely
related to the form factor entering the amplitude decomposition, F(q¢?, ¢3), and encode
(in a model-independent way) the dynamical information about the high-energy behavior
of the process. Moreover, the extraction of the PO in VBF must be done preserving
the validity of the momentum expansion: the latter can be checked and enforced setting
appropriate upper cuts on the py distribution. As an example, in Fig. 3, we show the
prediction in the SM (left plot) and in the specific NP benchmark (right plot) of the
normalized pr-ordered double differential distribution.

6.2 Associated vector boson plus Higgs production

Higgs production in association with a W or Z boson are respectively the third and
fourh Higgs production processes in the SM, by total cross section. Combined with VBF
studies, they offer other important handles to disentangle the various Higgs PO. Due
the lower cross section, this process is mainly studied in the highest-rate Higgs decay
channels, such as h — bb and WW*. The drawback of these channels is the background,
which is overwhelming in the bb case and of the same order as the signal in the WW*
channels. Nonetheless, kinematical cuts, such as the Higgs pr in the bb case, and the use
of multivariate analysis allow the experiments to precisely extract the the signal rates
from these measurements.

An important improvement for future studies of these channels with the much higher
luminosity which will be available, is to study differential distributions in some specific
kinematical variables. In Section 5.1.2 we showed that the invariant mass of the Vh
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Figure 3: Double differential distribution in the two VBF-tagged jet pr for VBF Higgs pro-
duction at 13 TeV LHC. The distribution is normalized such that the total sum of events in all
bins is 1. (Left) Prediction in the SM. (Right) Prediction for NP in ey, = 0.05.

Zh production @ 13 TeV LHC in the SM , Zh production @ 13 TeV LHC
T T T T T T T T 2.x10" . . . . . 1.x102
800r 1y, =1, €1=0, €nn=0, ] 2500 kzz=1, €1=0.1, €2z =0,
€21.=0, €zir=0 -3 €za1.=0, €zr=0
600 20001
1.6%x107 1.x107
S %' 1500}
S 400 )
& £ 1000}
X 1310 = 1.x10%
200t
500¢
oL e IR s oL =% . . . W 4 <10
200 400 600 800 1000120014001600 0 1000 2000 3000 4000 5000
mzy, [GeV] mz, [GeV]

Figure 4: The correlation between the Zh invariant mass and the pp of the Z boson in Zh
associate production at the 13TeV LHC in the SM (left plot) and for a BSM point kzz = 1,
€zu, = 0.1 (right plot). A very similar correlation is present in the Wh channel.
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system is the most important observable in this process, since the form factors directly
depend on it. In those channels where the V' h invariant mass can not be reconstructed
due to the presence of neutrinos, another observable which shows some correlation with
the ¢? is the pr of the vector boson, or equivalently of the Higgs, as can be seen in the
Fig. 4. Even though this correlation is not as good as the one between the jet pr and the
momentum transfer in the VBF channel, a measurement of the vector boson (or Higgs) pr
spectrum, i.e. of some form factor F Vh(pry) would still offer important information on the
underlying structure of the form factors appearing in Eq. (52), F’ Lq"Z(qQ) or GJ7 W(qz). The
invariant mass of the Vh system is given by m¥,;, = ¢* = (pv +pn)* = mi +mi + 2py - pp.
Going in the c.m. frame, we have py = (Ev,pr,p.) and p, = (En, —pr, —p.), where
E; = /m? + p2 + p? (i = V, h). Computing m?,, explicitly:

My, = my +mj, + 2pp + 2p% + 2\/m3/ +p7 +p§\/mi +ph 2 P apd . (56)
For p, = 0 this equation gives the minimum ¢? for a given pr, which can be seen as the
left edge of the distributions in the Fig. 4. This is already a valuable information, for
example the boosted Higgs regime used in some bb analysis implies a lower cut on the
¢*: a bin with pr > 300 GeV implies \/? 2 630 GeV, which could be a problem for the
validity of the momentum expansion.

In the Wh process, if the W decays leptonically its pr can not be reconstructed
independently of the Higgs decay channel. One could think that the pr of the charged
lepton from the W decay would be correlated with the W h invariant mass, but we checked
that there is no significant correlation between the two observables.

6.3 Validity of the momentum expansion

In VBF, in order to control the momentum expansion at the basis of the PO composition,
it is necessary to set an upper cut on the leading VBF-tagged jet pr. The momentum
expansion of the form factors in Eq. (49) makes sense only if the higher order terms in
qiz are suppressed. This leads to a consistency condition,

where ¢, is the largest momentum transfer in the process. A priori we don’t know
which is the size of the ex, or, equivalently, the effective scale of new physics. However, a
posteriori we can verify by means of Eq. (57) if we are allowed to truncate the momentum
expansion to the first non-trivial terms. In practice, setting a cut-off on pr we implicitly
define a value of guax. Extracting the ex, for p% < (ph )™ & @max We can check if Eq. (57)
is satisfied. Ideally, the experimental collaborations should perform the extraction of the
ex, for different values of (pjf)ma" optimizing the range according to the results obtained.

A further simple check to assess the validity of the momentum expansion is obtained

comparing the fit performed including the full quadratic dependence of the distributions,
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as function on the PO, with the fit in which such distributions are linearized in dkx =
kx — k3T and ex. The idea behind this procedure is that the quadratic corrections to
physical observable in dky and ex are formally of the same order as the interference of
the first neglected term in Eq. (49) with the leading SM contribution. If the two fits
provide similar results, one can conclude that the terms neglected in PO decomposition
are indeed subleasing. If the the fits yields significantly different results, the difference
can be used as an estimate of the uncertainty due to the neglected higher-order terms in

the momentum expansion.

e To be continued....

7 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 and productions cross sections [this
section is still to be checked/completed|

7.1 Yukawa modes

Regarding h — ff decay modes, as discussed in Sec. 2.1 the amplitude is fully charac-
terised by two independent PO; k and /\?P. Considering only the decay channels relevant
for LHC, the full set of 8 parameters is:

CP \CP CP CP
Kby Kes Kory Ky Ay Ae s A7 5 AL (58)

Assuming in addition C'P conservation, A?P = 0 for each f, the number of PO is reduced
to 4.

7.2 Higgs EW decays

As far as EW decays are concerned, we focus our attention only on leptonic channels. The
neutral current processes h — ete putu~, h — ete ete” and h — putpu~ptpu~, together
with the photon channels h — vy and h — ¢*/~~, can be described in terms of 11 real
parameters:

cP CP _CP
Kzz,RzZy, Kyy,€22,€77, €Z7 9 E'y'y y€Zer s €Zery€Zur s € Zug (59)
(of which only the subset {/’i,y,y,/ﬁz,y,ﬁgf ,egf , } is necessary to describe h — 7y and

h — ¢*¢~v). The charged-current process h — v.efiv, needs 7 further independent real
parameters to be completely specified:

Kww, eww, €amy (real) 4+ €we,, éw,, (complex) . (60)
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Finally, the mixed processes h — ete v and h — pu* p~ v can be described by a subset
of the coefficients already introduced plus 2 further real contact interactions coefficients:

EZ,,E,EZVM . (61)

This brings the total number of (real) parameters to 20.

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:

€Zer, = €Zug, €Zer = €Zugp €Zv. = €7y, » €EWer = €Wpur - (62)

Since the last coefficients are complex in general, these are five relations which allow to
reduce the number of parameters 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.

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:

CcP_ CP_ CP_ CP _ _ _

€17 = €z, = €, = €y = Imey,, = Imey,, =0. (63)
Assuming, at the same time, flavor universality, the number of free real parameters reduces
to 10.

7.3 EW production processes

The additional set of PO appearing in EW production process, compared to h — 44
decays, is represented by the contact terms for the light quarks. In a four-flavor scheme,
in absence of any symmetry assumption, the number of independent parameters for the
neutral currents contact terms is 16 (ez,i, where ¢ = ur,up,dr,dg, and i,j = 1,2):
8 real parameters for flavor diagonal terms and 4 complex flavour-violating parameters.
Similarly, there are 16 independent parameters in charged currents, namely the 8 complex
terms Wi di and Wiy dl, However, we can strongly reduce the number of independent
PO under neglecting the terms that violates the U(1); flavour symmetry acting on each
of the light fermion species, ug, dgr, Sg, Cgr, q(Ld)7 and q(LS), where q(Ld’S) denotes the two
quark doublets in the basis where down quarks are diagonal. This symmetry is an exact
symmetry of the SM in the limit where we neglect light quark masses. Enforcing it at the
PO level is equivalent to neglecting terms that do not interfere with SM amplitudes in
the limit of vanishing light quark masses. Under this (rather conservative) assumption,
the number of independent neutral currents contact terms reduces to 8 real parameters,

€Zury €Zcpy €Zdry €Zspy €Zdps €Zspy €Zups €Zcp» (64>

26



and only 2 complex parameters are in the charged-current case:

GWuidJL = V;JfWuJL’ EWu%dfé =0. (65)

A further interesting reduction of the number of parameters occurs under the assump-
tion of an U(2) symmetry acting on the first two generations, namely the maximal flavor
symmetry compatible with the SM gauge group. The independent parameters in this case
reduces to six:

€Zurs €Zugy €Zdr, €Zdgr, €Wuyg (66)
where €y, is complex, or five if we further neglect CP-violating contributions (in such
case €y, is real). We employ this set of assumptions (U(2)? flavor symmetry and CP
conservation) in the phenomenological analysis of VBF and VH processes discussed in

the rest of the paper. The last symmetry hypothesis that can be enforced is custodial
symmetry, that implies the relation

Cw

Wuy, = E(EZ% —€24,) (67)

reducing the number of independent PO to four in the U(2)? case (independently of any
assumption about CP).

8 Conclusion
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Higgs (EW) decay amplitudes

Amplitudes Flavor + CP Flavor Non Univ. CPV
h — v, 2ey, 2y Kzz,Kzy, Kyy; €22 CcP _CP _CP
€Zu; € €57, €70 €
de, dp, 2e2p €Zeps €Zen A Saun 281 =2y 1y
kww, Eww €Zvs Re(GW,uL) 6%}1)4/, Im(GWeL)

h — 2e2v,2u2v, evuv

€Zves Re<EW€L)

Im(GWML>

Higgs (EW) production amplitudes

Amplitudes Flavor + CP Flavor Non Univ. CpPV
VBF neutral curr. | Kzz,K2+, €22 | €Zcy > €Zcp [ <P 66275 ]
and Zh 6ZuL7€ZuRa€ZdL?€ZdR GZSL76ZSR
VBF charged curr. [ kww, eww | Re(ewe, ) Im(ewn, )
and Wh Re(ew, ) Im(epe,)
EW production and decay modes, with custodial symmetry
Amplitudes Flavor + CP Flavor Non Univ. CpPV
production & decays K27y Kz €22 7, egf
€ €
VBF and VH only €Zuy s € Zup» €2dy s €Zdg depy Sdeg
€Zs;,€Zsgp
decays Only Ry~y,€Zer s €ZeR) Re(€W6L) €Zurs €Zug Ef(yj»yp
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