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1 Introduction

In the Standard Model (SM) the width of the Higgs is small (~ 4MeV) compared to
the Higgs mass of m; ~ 125GeV. The width is known to high accuracy in terms of the
parameters of the SM, and this makes it interesting to study perturbations due to physics
beyond the SM on the total and partial widths. Although difficult to directly measure,
the Higgs width is essential to inferring the full set of partial widths from the observed
branching ratios — which match well with SM predictions for the Higgs at the ~ 10%
level. Precise knowledge of the Higgs width is a key requirement to accurately interpreting
experimental results on Higgs decays now and in the future. This remains true when the
SM is extended into the Standard Model Effective Field theory (SMEFT).

The SMEFT is defined under the assumptions that: physics beyond the SM is present
at scales A > /2 (HTH) = v, no light (m < vr) hidden states are lurking in the particle
spectrum with couplings to the SM, and a SU(2)y, scalar doublet with hypercharge y, = 1/2
is present in t)he low energy limit defining the EFT.! The SMEFT extends the SM with

d . .
operators QZ( of mass dimension d

LsverT = Lsm + £®) + £6) + £ +..., (1.1)
Y
LD = Z Aé—4Qz(' ) for d > 4.

The operators di) are suppressed by d—4 powers of the cut-off scale A and the Ci(d) are the
Wilson coefficients. In this work we use the non-redundant £(®) Warsaw basis [2]. This basis
removed some residual redundancies (see also [3, 4]) in the over-complete basis of ref. [5].
We often use the notation C' = Cv2,/A? for dimensionless rescaled Wilson coefficients. In
this work we report the corrections to the two and four body decay of the Higgs width
through vector currents, i.e the interference effects of £ with the SM prediction of the
Higgs Width. We neglect odd dimension operator effects from £(%) as this operator violates
lepton number and does not interfere in the processes that we calculate at tree level. This
same reasoning applies to neglecting £(7) corrections. We neglect corrections due to £®) as
including a consistent and complete set of such corrections is beyond the scope of this work.

A key strength of a SMEFT analysis of experimental data is that it represents a
consistent general low energy (or infrared — IR) limit of physics beyond the SM, so long

!More precisely the direct meaning of this standard assumption is that the local operators are analytic
functions of the field H in the SMEFT. The analyticity of the local contact operators making up the SMEFT
is a basic feature of this theory. This basic EFT point was discussed in the recent SMEFT review [1].



as its defining assumptions are satisfied, and all operators at each order in the power
counting of the theory are retained. This is the approach we adopt in this paper. A
further strength of the SMEFT is that it addresses a key challenge to the program of
studying the Higgs precisely to look for deviations in its properties as a sign of physics
beyond the SM. The difficulty of directly measuring the Higgs width experimentally (model
independently) in the LHC environment is well known. For some related results see refs. [6—
10]. This fact is also relevant when considering successor machines for a future precision
Higgs phenomenology program. It is important to stress that the perturbations to the
Higgs width are systematically calculable and of a limited form in the SMEFT, when the
assumptions of this theoretical framework are adopted. Due to this, even when the Higgs
width is difficult to directly measure, it is possible to bound it indirectly due to calculating
directly its allowed perturbations in the SMEFT.

In this paper, we report a consistent calculation of the width of the Higgs to order
1/A? for a set of two and four body decays (through vector currents) in the SMEFT.?
Our results are presented in a semi-analytic fashion, with inclusive phase space integrals
explicitly evaluated and reported. Our results allow the total inclusive width, partial widths
and branching ratios to be determined as a function of the Wilson coefficients without a
Monte Carlo generator being run. This allows the Wilson coefficient space of the SMEFT
to be sampled efficiently in global studies of the properties of the Higgs, and combined with
other particle physics experimental results. We believe this is of some value going forward
in the LHC experimental program.

A key observation feeding into the important impact of the calculation reported here
is the relative success of the narrow width approximation in the SM and the SMEFT. The
narrow width approximation in the SM relies on the fact that SM interactions are of limited
mass dimension (d < 4) for its numerical adequacy in predicting many experimental results
This is the case as renormalizability leads to hvyv and hyZ effective vertices being one loop
effects. In the SMEFT, the presence of interaction terms of mass dimension d > 4 leads to
a more serious breakdown of the narrow width approximation, primarily due to neglected
interference effects using this approximation. This is despite the fact that the SU(2) x U(1)
gauge bosons remain narrow, with I'/M < 1. In this work we incorporate off-shell effects
neglected in the narrow width approximation, and a consistent set of interference effects
present in the SMEFT at LO for the processes we calculate, to address this issue.

The outline of this paper is as follows. In section 3 we define how the
{Gew, Mz, Gr, Mh} and {mw,mz, Gr, Mh} electroweak parameter input schemes are re-
lated to Lagrangian parameters. In section 4 we define some common Lagrangian parameter
shifts, including vertex corrections, widths, and shifts to the propagators as combinations
of Wilson coefficients. In section 5 we define the consistent leading order results for the
SMEFT corrections to a critical set of two and four body decays of the Higgs. This in-
cludes an extensive discussion of the results for four body Higgs decays, and the required

2Four body decays where a vector is emitted off the fermion pair produced by the Higgs is considered
beyond the scope of this work. Such corrections are suppressed by small yukawa couplings, and also
(generally) kinematically suppressed. These results, as well as a set of other interference effects that are
also omitted here, will be included in a follow up work.



determination of the phase space integrations over four body phase space. In section 6
we discuss the numerical results and quantify the impact of different contributions, with
special attention to the terms that are usually neglected when using the narrow width
approximation for the W, Z bosons. Finally in section 7 we conclude.

2 SM and SMEFT theoretical conventions

The SM Lagrangian [11-13] notation is fixed to be

1 1 1 —
Lom = =G, GM = W, W — 2B, B+ il (2.1)
P

1 .\2 o .. .
+(D,H) (DFH) — A <HTH — 202) - [HTJ dYyq; + HYuY, q; + HIe Y. 4; + hec.|.

The chiral projectors have the convention v,/ = Pr 1 where Pr = (1+ 75) /2, and the
gauge covariant derivative is defined with a positive sign convention

Dy, = 0, +igsTH A +igem' WL /2 + ig1y; By, (2.2)

with I = {1,2,3}, A = {1...8} , 7/ denotes the Pauli matrices and y; the Uy(1) hy-
percharge generator with charge normalization y; = {1/6,2/3,—1/3,—-1/2,—1,1/2} for
i ={q,u,d, e, H}. Notation for £ largely descends from ref. [2] with ¢ replaced by H
for the Higgs SU(2)y, field. We use the Hermitian derivative conventions

=

H'iD,H =iH"(D,H)—i(D,H)'H, (2.3)
Red

H'iD|H =iH'v"(D,H) - i(D,H)'r"H. (2.4)

The normalization of 7! is such that tr[7177] = 26", Our conventions are consistent with
ref. [1], and we refer the reader to this work for more notational details. We use the notation
ki = (ki + kj)* and kfj = (k; + k;)? for the Lorentz invariant four vector and its square,
with final state spinor pairs produced from the decay of a vector boson. For example, in
the massless fermions limit, pairs (a(k;), v(k;)), (@(kx),v(k;)) can be produced by vectors
carrying four momentum kfj = 2k; - k;j, k,%l = 2k - k.

3 Input schemes and analytical results

Operators in £ can have a significant impact on the determination of Lagrangian param-
eters from experimental imputs. The SMEFT has a significant input parameter scheme de-
pendence of this form. An input parameter scheme is an (informed) choice, with no scheme
carrying unique benefits. In any case, scheme dependence cancels out when experimental
measurements are directly related to one another, by-passing Lagrangian parameters. As
generally this is not done, in this work we present the Higgs width in two input parameter
schemes, to avoid drawing overly scheme dependent conclusions. For more discussion on
the benefits of the schemes used see refs. [16, 20]



For the {@ew,mz,é F} input parameter scheme many of these results are summa-
rized in ref. [1], which in turn is based on [14-19]. The corresponding results in the
{w, 1z, Gr} input parameter scheme largely descend from ref. [20]. Here we collect and
complete the theoretical results used for a self contained presentation, and to define a con-
sistent LO set of analytic results of the SMEFT. These results are then used to consistently
define the Higgs width with leading SMEFT corrections.

Our notation follows the “hat-bar” convention of refs. [1, 15, 16]. Lagrangian param-
eters directly determined from the measured input parameters are defined as having hat
superscripts. Lagrangian parameters in the canonically normalized SMEFT Lagrangian
are indicated with bar superscripts. The differences between these parameters come about
due to the SMEFT perturbations of the SM. With this convention, a leading order shift in
a SM Lagrangian parameter (P) due to the SMEFT, when such a parameter is determined
from an input parameter set, is given by

6P =P—P. (3.1)

Note the sign convention applied to these shift definitions, and that in the SM limit (C; — 0)
hatted and bar quantities coincide and the SM inference from experimental results (at tree
level) is recovered. The implementation of this convention has some historical legacies. éGp
is dimensionless while G has mass dimension minus two requiring a further dimensionful
rescaling from a naive implementation of this convention.

In unitary gauge, the Higgs doublet is expanded as

1 0 ~ 1 -
H=— , Crxin = Cyo— -C , 3.2
¢2<U+thJh+@T> Lk ( HH Ty HD> (3.2)

to obtain a canonical normalization. Here (HTH) has been defined to include corrections
due to £ so that o7 = (1 + 3CH5?/8AA?)s where \/2(HTH) sy = 0. Below, we include
cross terms in theoretical predictions, where higher order SM perturbative corrections
interfere with the £ corrections. We note that the total contribution to S matrix elements
is gauge invariant order by order in the SMEFT power counting expansion; i.e. the Agys
amplitude contributing to an S matrix element through Agys x A©) /A? is separately gauge
invariant, as is A /A2 alone.

The gauge fields are redefined into script fields to canonically normalize the SMEFT,
including £ corrections, as

Gﬁ:g/‘? (1+C~'Hg), W/{:Wli (1+CHW>7 BMZBM <1+CHB)- (3.3)
The modified coupling constants are simultaneously redefined
g3 =93 (1 + éHG) ;o G2=02 (1 + éHW) s 1= (1 + é’HB) ; (3.4)

so that the products ggGﬁ = §3g;j‘, etc. are unchanged.
The rotated script field eigenstate basis for {Wﬁ,Bu} in the SMEFT to £ is given
by [14, 15]
3
W,
By,

2
Ay

B 1 —3Crws

(3.5)

[ cos@ sinf

—sinf cos 6

-1 Cnwp 1



The Lgar + £ rotation angle is
5 C G2
tan&zgl—i—m( —%) (3.6)
92 2 93
The mass eigenstate fields of the SM {Z,, A,} are defined via the Cgwp — 0 and
{cosf,sin @} — {cos0,sin 0} limit of eq. (3.5) where ¢y = cos0 = ga/\/g? + g3, s§ = sin6 =

g1/ 97 + g5. The relation between the mass eigenstate fields in Lgp and Lgpr + £ is
explicitly [21]

ZH = ZM (1 + SzéHB + CgéHW + SéCéOHWB> ,

+ A, <3909(CHW —CuB) — (2 - Sé) Cawnp + 25505 (3.7)
A=A, (1 + C;C’HB + s;C'HW - sécéC’HWB> ,
+ Z SAC*(CN'HW*CN'HB)* 1 — 52 CN'HWB* 683 . (3.8)
H A 2 0 25969

These expressions hold in both input parameter schemes using notation defined in the
following section. £®) corrections to this formalism where recently reported in ref. [22]
In addition to the electroweak input parameters we discuss below in detail, we also
require experimental inputs to fix {my, as, me, mp, m, VéjkM,Aagd, ---}. Barred mass
parameters are generally defined to be the pole masses in Lgyprr, including £ cor-
rections. For recent discussion and results on CKM parameters in the SMEFT from an
input parameter perspective, see refs. [21, 23]. Note that we generally neglect terms in the

SMEFT corrections to SM results relatively suppressed by small quark masses.

3.1 {é&ew, Mz, Gp, Mh} input parameter scheme

For the {dew, My, Gp, Mh} input parameter scheme, in unitary gauge, we define

1 1 4drén . R
e = \/ATbey, Op=-—"), 2= 11—, /1— ———|, M3 =Mz,
. é . é . 92
g1 = —, g2 = —, 9z = ——,
Ch Sg Ch
and cz =1- sz. It is convenient to define
0Gr = - égz) +C~§§l) - 1(é/ 0w +C ), (3.9)
\/i ee L 2 peep eppe
SM?2 Soi [ Ch ~ S5 ~
= W _ 20 (001{[) + i?\/ﬁ&GF + 4CHWB> R (3.10)
M, degg \ 5 ¢
Son - -
o5 = 2 (29 (Cuup +2v26Gr) +4Cuws) (3.11)
Cah
de
— =0. 3.12
é (3.12)



The U(3)° limit used here treats the two flavour contractions of Qy as independent [24]

(C 1t b+ C' - Sy 00) Gyl Ty, (3.13)
mnop mnop
We also define corrections to the Z and h mass parameters even though the corresponding
input parameter My, M, fix the location of the propagator pole, i.e. by definition a pole
in a resonance scan is such that §M2 = M2 — ]\Zf% =0 and 5M}% = M}% — Mg =0.

We define shifts to the Z, h masses as a convenient shorthand notation for common
combinations of Lagrangian parameters in Lgverpr. We are then faced with a notational
conundrum, as the natural notational choice in each case is zero by definition. We overcome
this challenge with a slight modification of notation compared to ref. [1] by defining

M2 - 23/4\/7T&M ~
5m22 = TZCHD + A1/2 ZCHWB7 (314)
Gp
R 3C - C
omjy = Mj, (‘2;{ +2CHo — 5D> ; (3.15)

where the lowercase m takes on an meaning distinguishing it from the uppercase Mz,
resonance pole mass, whose shift vanishes by definition. One should note this notational
refinement when comparing to past works. See ref. [1] for more details.

3.2 {Myw,Mz,Gr, M} input parameter scheme

In this scheme

¢ =22/ Ny /Grs; bp= — 2o My
- 6> - ~ ) - ~ )
2/4\/G p 0 M2
. R M2 . - N
=220, |Gp[1- =2, 572:2-21/4MW\/G7, o
M% Cé

6Gr,dm? are unchanged from the expressions in egs. (3.9), (3.15) and

N O A I
my = 5 Cup +2Mz My /1 M2 Cawas, (3.16)
Z

. 3C - C
smi = ME [ -2 420y — =22 ) (3.18)
2X 2
552 Miy c Myy 1 MVQV@ (3.19)
Sp = ——= — — - — , .
0 QM% HD MZ M% HWB
de & 6Gp  om2 M3 - M M3
e oo 0ROz W G [1— =W (3.20)
e 2a V2 M2 2(ME, - M3) My M2



4 Preliminaries: some common parameter shifts

For each input parameter scheme, the expression for a physical observable depends (in
part) on the shift in the usual SM Lagrangian parameters through the formulae in the
previous two sections. Here we give a common set of such shifts. The § P are a useful short
hand notation that can be used at times in a specific gauge, but do not span, and are not
equivalent to, a complete and well defined gauge independent operator basis for £©) in the
SMEFT. The remaining SMEFT corrections to physical observables appear through the
direct dependence on the operators in calculated amplitudes, and through the expansion
of the W pole mass in the {Gey, My, Gp, Mh} input parameter scheme.

4.1 Effective A*~,1 couplings

In either input parameter scheme we can define the A* effective couplings as

Laers=—¢ [Qu(l+6e/e) T A, T =y, (4.1)

where Qy = {2/3,—-1/3, -1} for ¢ = {u,d, e}. As class seven operators in the Warsaw basis
are of the form H'i D uH 1%/”1# and the Higgs is uncharged under U(1)ey,, further flavour
non-universal contact operator contributions due to expanding out these operators are not
present. Chirality flipping dipole operators generate effective couplings of the photon field
to U(1)em charged fermions at Lg. However, as these contributions interfere with the SM
amplitudes proportional to quark masses, even if the Wilson coefficient is not assumed
proportional to the Yukawa matrix to impose a controlled breaking of flavour symmetry;
these contributions are neglected.

4.2 Effective Z“zﬁ’yﬂzﬁ and hZ”l/_ry“z/J couplings

The Z couplings are modified as
Loet =02 50 2 TG = 0o [@0)pr — (395 r (42)

where ¢ = {u,v,d,e} with normalization gw SM_ o — Qwse, oM = Ty/2 and

2T3(¢) = {1,1, -1, —1} while F[C},Cq,C3---]pr (nglr+0p2r+03 + ---)/4 yielding
3(9%)pr = 032 (97" )pr — FlChie, Cl), Ciillor — Qe Oy 053, (4.3)
8(9%)pr = 032 (957 )or — FI-Ciies Ci30 Ci)lpr, (4.4)
554w )or = 692 (950 Do = FICH): =Clitlors (4.5)
8(9%)or = 892 (5™ )pr — FICrrr O —Cior — Qu b 353, (4.6)
5(9%)pr = 632 (%M ) + FlCrias —Cl4, O], (4.7)
8(98)pr = 032 (95" )pr — FlCrra, Cigh. Ciphlpr — Qa S 953, (4.8)
5(9%)r = 892 (955 )pr — F1=Crya, Clg), O, (4.9)



where QZ = —g2/cé = -9 21/4\/G7FMZ = —\/m and

_ 6Gr omy
0y = ——— — +s5¢,C 4.10
9z V2 o TR0 HW B- (4.10)

The SMEFT introduces hZ“”LZJ’yM’l/J couplings that are forbidden in the SM due to it
being limited to d < 4 interactions. We define these couplings as

Lzhe = Z;’Z [ schY — 5cpr 75] Vr, (4.11)
where as above

6CTY = =F[Cre, Cig), Ciillpr 6T = —F[~Cpe, C) Ciillyrs (412)

pr pr
808 = ~F[C), ~Ciplr 5CH! = ~F(Ciy), ~Ciplor (4.13)
5(73‘/ = —F[Cr, ), ~Ci)or, 56‘2{‘ = F[Cy, —CY), O, (4.14)
6CY = —F[Cora, C10, Ciillon SCH = —F[=Cya, Clyy, Cidlpr. (4.15)

pr pr

In the results that follow, we calculate in the limit that final state fermions are ne-
glected. Using chiral eigenstates of the fermions is advantageous in some results, and we
note that the left and right handed SM couplings follow in the standard manner. The
chiral SMEFT corrections are

5g' = 3g} + 69, 8g' = 89} — 69'y. (4.16)
pr pr pr pr pr pr
5C}; = dChY +8ChA, §Chp = 6ChY — 5CHA. (4.17)
pr pr pr pr pr pr
We introduce the convenient notation (g;ﬁ‘l) =1g7"]* £ | g}é“ |2 for some common combina-

tions of the Z boson couplings that appear.

4.3 Effective W“T/_JL’YHT,ZJL and W“h’(/_JL’Y“'I/JL couplings

In the case of the W effective couplings we define

Lyyeff = fwj I 4 hee., (4.18)
+, _ Wiy b Wy, +, _ Wy, Wy,
Jl};}’}“ "t = vpy* (gv+ )pr (9,4+ )pr%] €r, J(p}w "= Up Y [(gv+ q)pr - (9A+ q)pr'75 d.
In the SM
T
Wi b\ S weesm _ (U ) Wiqys Wigysm _ Vi
Gl = @yt = Unaasd - gureayaar_ gieaysar Vo g 19

where V = U(u, L)TU(d, L) is the CKM matrix, U = U(e, L)TU (v, L) the PMNS matrix,
with U(, L/R) the rotation matrix between the weak and mass eigenstates. For flavour
diagonal components

Lew _ 9Gr s (4.20)

Wiy Wi
5(9‘/:E )rr—(g( = )rr 2 H¢, 2\/§ Ty



for ¢» = {q, ¢} in the {MW,]\Z[Z,GF,M;L} input scheme and

2
Weay s Weay L (=@ 16 = 1055
5(9Vi )rr - 5(9,4:'[ )7’7‘ - 5 (C[#ﬁ + 5;@ CHWB(STT) - 187557"7“ (4‘21)
in the {dew,MZ,GF,Mh} scheme.
The SMEFT introduces h Wi T, Py, hWH YT _~, P couplings as
2%, - -
Lovne = — ‘(92 hiy, |WETHCE) + W T CF) | vl
vr pr pr
V2G2 ~(3 e A3
~Ehg, [W;ng; +W,T c},;} Vil (4.22)
T pr pr
where 2T+ = 7 + i1, 27~ = 71 — im2. The off diagonal terms trivially follow. Again, we

note that the left and right handed 592/’]% SMEFT corrections are the sum and difference
of the vector and axial W shifts respectively.

4.4 Effective hiy1 couplings

The pole masses of quarks and leptons inferred from experimental results can define input
parameters 1m,,. These inputs also determine the Yukawa couplings through the definition

Yy = 28400\ /Gr (4.23)
with normalization
Lheff = —gny hrYL + heoc. (4.24)
propoT
In the SM g;i]y = }A/l/, /v/2, and in the SMEFT [15]
pp pp
Yy
G 1~
5 :p’"[o -—]—C* : 4.25
LAY Rl R 2
Note that in the U(3)? limit CN';ZH is proportional to Yﬁf
pr

4.5 Massive boson propagator and width shifts

For a consistent treatment of the SMEFT corrections to the SM, the propagators need to
be expanded up to linear order in the Wilson coefficients, when a massive vector boson
mediates an experimental measurement [19]. For a massive boson B = {Z, W, h} we define

1

B(1.2 B(1.2

DP(k3;) = LR V) 0 B [14+0D" (k)] - (4.26)
iJ

The propagator in unitary gauge is then
—1 k,k SM?
G = == 2M 1-— 2B
Mp Mg

k% — M3 +iTp Mp + ic

[1+6DP(K3)] . (4.27)




Note that as we calculate in the massless limit of the final state fermions, the longitudinal
term o< k,k,, vanishes in this limit. The shift in the propagator is given by

1 iT'p -
DB (kZ) = . — 1— —2> | 0M} —iMpdéTp| . 4.28
2 k2 — M + il M [( 2MB> B B] (429

A useful result is

2k — M3)6M% — T p(DpdME + 2M3 6T p)

2Re [6DP(k2)] = - —
’ (k% — M3)? + MET%

, (4.29)

which can be directly used if Vogay, Upymns phases are neglected and one considers a
CP conserving set of Wilson coefficients in £(%). In a near on-shell region of phase space

k% ~ mQB
SM% 6T
2Re 6D (%)) ~ ——=L — 2L (4.30)
M% T TIp

In the {@ew,MZ,GF,Mh} scheme §M% = §M}? = 0, while in the {MW,MZ,GF,Mh}
scheme M2 = §MZ, = §M? = 0. The width shift should be included when studying
experimental results in any scheme for a consistent SMEFT analysis. This can be done
by expanding in the correction to the width, linearizing the dependence on the SMEFT
correction in the final result for an observable. This procedure is difficult to directly
carry out interfacing SMEFTsim [21] with MADGRAPH5 due to the implementation of
widths in MADGRAPHS. Our results present this result for inclusive quantities in a semi-
analytic form, determining this correction using direct numerical integration. This makes
the dependence on the total width clear in the case of inclusive quantities, and at least
clearer when considering non-inclusive quantities.

The decay of a Higgs boson to four fermion final states occurs through physical phase
space where some of the intermediate propagators are necessarily off-shell. The width of
the unstable SM Bosons remains parametrically less than the boson mass in the SMEFT,
as the corrections introduced to the widths and masses are a small perturbative correction.
As such, one can still expand in the small ratios I'g/Mp, 6I'g/Mp the modified propagator
of the SMEFT, finding

2Re [0DP (k%)) = oMb M 0T MpLh | oMEMpUp(k, + M)
Y ME k% - M Ts (k2 — M3 M3 (k% — M3)?

(4.31)
The off shell region of phase space where (kfj — Mé) ~ T Mp, and when kfj takes on other
values, is averaged over in a four body decay of the Higgs through intermediate vector
bosons V = {W, Z, A}. The effect of this averaging in the SMEFT, compared to the SM,
modifies the coefficient for 6T'z/I'p in an O(1) manner, and this deviation from a naive
expectation formed using eq. (4.30) is included in our results, see section 6.4.
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4.5.1 6Tz

At tree level corrections to Z partial and total widths due to £ are

V2G M3 N

T (2 > ) = 3—77(’ 3y 12+ 1g41) (4.32)
. V2GrME N

D (2 - gi) = Y2OEUZRC (9505 5g8 105y (4.33)

6Tz sttad = 20T (Z — utt) + 36T (£ — dd), (4.34)

oz = 35PZ—)€Z 4+ 30 z_,5 + 0T z_Had, (4.35)

N, g depends on the SU(3), representation of ¢). Off diagonal corrections due to local contact
operators are neglected, as they interfere with SM contributions that have a significant
numerical suppression. This reasoning is used in part to define a “pole parameter” set of
SMEFT Wilson coefficients in ref. [21], and our results are consistent with this reasoning.?
Similarly corrections due to four fermion operators modify the inference of a partial Z width
from an experimental cross section, with an intermediate Z boson. We also neglect these
corrections as they are kinematically suppressed beyond the power counting suppression.

4.5.2 6Ty
At tree level corrections to W partial and total widths due to £(%) are [19]
3Gp Mj
oM}
STy =T | =5 Sgp 4+ —W 4.37
w=1w ( gV/A+3 V/A+2M3V ; (4.37)
2 NC FSM 5M2
Tovesiy, =~ | Virdayf i + Vi Ol + VPl ) (4.38)
4My,

V¥ corresponds to the CKM (1) = ¢) or Hermitian conjugate of the PMNS (3 = £) matrix.
in the {MW, My, Gr, Mh} scheme recall that 5M5V/M§V =0.

5 Corrections to the partial and total Higgs decay widths
The total and partial Higgs width is also corrected in the SMEFT as follows.

The decays to ¢ = {u,c,d, s, b, e, u, 7} are each modified as

S |2 a2\ *?
T (h— ) = |g’é | N& M, (1— *") :
U

M
SM 2\ 3/2
Gy Re(0gny) . M
Oy = o NE M (1 M2 . (5.1)
h

3The neglect of flavour violating effects for the h interactions with fermions also follows from the structure
of flavour changing effects in the SM.
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5.2 0T'pa4a
The leading order SM prediction of I'(h — AA) is [25-27]

2

a2 GF _
= BN TNYO2F + F , 5.2
128+/273 h % C Q¢ 1/2(%) 1(tw) (5.2)

where Ty = 4M3, /M2, 7w = M3/(4ME,) and 7y = 4]\_43}/]\_4}%, while
Fijo(ty) = =27y — 275 (1 — 7)) f(73), (5.3)

Fi(rw) =2+3mw [L+ (2 —1w) f(rw)],

arcsin® \/1/7,, T, > 1
f(mp) = T 2 (5.5)
P —% [lnw—m} , Tp < L.
1—y/1-7p

The correction in the SMEFT due to £ is given by

fSM (h — .AA) =

5Fh%A.A = fSM (h — .A.A) <2 - f&GF>

a GFM
UETTNG S ZNO @) Fij2(y) + Fi(rw)
&*Gp M} oo i
TToaa e > NEQ Fipa(my) + Fa(mw) | Caa (5.6)

¥

where C 44 = CHW/Q§ + C’HB/Q% — éHWB/gl g2. Here the first line indicates the scheme
dependent linear expansion in SMEFT corrections feeding into the SM loop diagrams. The
second term indicates a shift due to a possible shift in the W mass, while the fermion mass
inputs are assumed to be pole masses. One loop calculations of this process in the SMEFT
were reported in refs. [28-32]. Such corrections are important, but they the same order (in
the SMEFT expansion and the loop expansion) as the scheme dependent corrections to the
SM results, which introduces scheme dependence that is only removed once a full one loop
improvement of SMEFT predictions is obtained. We consistently drop such loop suppressed
SMEFT effects in this work and only retain the contribution from the third line of eq. (5.6).

5.3 (S].-‘h_)gg
The LO SM result for I'(h — gg) is [33, 34]

64+/273

The correction in the SMEFT due to £ is given by

_ alGrp _
Tsur (h — gg) = MRS sy (5.7)
P

- Je’ b, Gp - -
0 hsgg = Tsm (h — g9) <2 2 \/i(SGF) s TF Mh Re Z F1/2 T¢) Chg. (5.8)

\f3
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The leading order SM prediction of I'(h — Z.A) is given by [27, 35]
2

%G )\’
Tsu (h— ZA) = E o (1—) ZNwaT:I¢(T¢,th)+lw(1/Tw7TZW) ,

64273 M?
where . .
z 1—4dxy
1 b)=—4/ d d 5.9
v(@,0) /0 x/o YT 4(a— b)zy — dby(1 — y) — 0+’ (5.9)
and 7z = m%/4m? and I (7y,0) = F1/2(Tw)- The remaining loop function is [27, 35]
- t2 + 2a(1 — tQ)):Ey —(3—-12)
If (a,b) d 6. 5.10
wla, / x/ a—b)a:y 4by(1 —y) — 0+t (5.10)

The correction in the SMEFT due to £ is given by
2

_ &2Gp - M2
6T = — P l1- NY —VI T Tzt) + 15 (1 T, ., (5.11
AT a2 M\ % & Qu =L Iy (7,720 + I (U mw o mzw) | 5 (5.11)

3
&G M2\ - 2g%
Jon ( M;%) Az he Zw: cQu S8 w(Tw,TZt)+ w1/ Tw,tzw) |

+T s (2?—&5%),

where Cuz = Crw/(6192) — Cus/(9162) — Cawp (93 — §3)/(20343).
5.5 Four fermion decays 0I'},_, ;5

Some of the largest partial widths that remain are due to h — VV* — ipnp, through
combinations of vector bosons V = {Wi, Z, A}. These calculations, when the intermediate
gauge bosons are allowed to be off-shell, have been developed for the SM in refs. [7, 36-40].
Here we extend this approach to the SMEFT, avoiding an on-shell assumption and narrow
width approximation to ensure the consistency of the SMEFT corrections included in a
leading order analysis.

To define these corrections, it is useful to introduce the notation

k75, V] = (k}; — m3) + ily My, k2, V1] = [k2, V],

159 59 159

and JZpr

labeled with ¢5" (of flavours p, r) carries four momentum squared kfj The definition of the

(k:?j) when the gauge boson V coupling to the current producing the final states

propagator has assumed a width prescription that is consistent with the implementation
of widths for unstable states in MADGRAPH5.% Further notation is defined as follows

v
= )| |
[0k

1]7

(5.12)

4A generalization of the results to a different width prescription and the complex mass scheme is clearly
also of interest, but is beyond the scope of this work.
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Figure 1. Charged current contributions to h — 41). The SM diagram also represents O(v2/A?)
operator insertions perturbing the SM prediction through two charged current exchanges.

for example
H v
> [(J‘i%r)w";r)*
| [ 57 Vl] |2

The flavour, colour and spin sums (denoted ) _.) in each case are restricted to the allowed

TV( )(kQ k‘2)

wprwpr i70 Vij (513)

final states. Note that we are not using a convention that repeated indicies are always
summed.® At times the momentum dependence of the T are suppressed. Determining the
partial width from the expressions that follow is defined as

r_ 2 _ )4t
F—2 A d ps|A|7, /dps /27r 0% ( Ph—Zk: H 27r 32E (5.14)

for a 4 body phase space element with k; denoting the momentum of each final state spinor.
In the appendix we transform this four body phase space into a form where Lorentz invari-
ants are integrated over in the phase space volume, to allow direct numerical evaluations.
A convenient trace product to define for a compact presentation is

L(:ﬁ]m =Tr |:]</1’yal<]/2’y’BPL:| . (515)

5.5.1 0L, vy wr sy, daniy

The diagrams for pure charged current (CC) interference effects are shown in figure 1
We label h — WW* — by 1ol as h — Fy (¢7°, ). In the SM the corresponding
leading order result is

wwt Wb (Wé)t
|Awrs’wtu|ZSM = |Awrs ,L/Etu ) |290¢'ygﬂ(37
weB(wré 93950F e (ws 2 12 WhHT o 2
An R = 16%”( " 2 k) T OV R KR, (5.16)

Here k;; j,; are the momentum carried by the VW propagators associated with the spinor pairs
(a(k:),v(kj)), (@(ky),v(k;)). The couplings in this expression are g3 gs as the g couplings
are defined to be those that couple the vector to J", while the remaining dependence
descends from the hWV? vertex.

5At times an Einstein summation convention is in place, particularly for flavour indicies for brevity of
notation. The presence of a summation or not is believed to be clear from the physics in each case.
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The partial SM decay width at leading order is constructed from the one “kinematic
number”

WW ki-kikj-ky —6
N) _/dps‘[k%?WHQW{;]%PW]|2 ~1.28 x 1076, (5.17)
We extract this number, and similar numbers below using various techniques to cross check
results. When considering SMEFT corrections, novel kinematic numbers result from the
novel populations of phase space due to the presence of local contact operators of mass
dimension d > 4. An extended set of such kinematic numbers is required for describing
four fermion Higgs decays in the SMEFT. Such corrections are a key difference from the
formalism developed in refs. [41-48].

We determine a kinematic number in a process using the Vegas algorithm and CUBA
numerical integration package [49] primarily. These results are also cross checked in MAD-
GRrAPH5 [50] from leading order SM results. We have also (when possible) cross checked
these results with an independent evaluation using the RAMBO algorithm [51] to directly
determine the phase space integrals. In some cases, for phase space integrals that are highly
singular, or in the presence of multiple poles, the Vegas numerical approach was considered
an essential step to obtain a reliable determination of sufficient numerical accuracy. Some
details on these approaches are given in the appendix.

The SM result for the pure charged current partial width is

8N1/)1 N¢2 §4M4 W W
D(h = R (0" 95))sar = —C 2 e[ R (A R R L GR L)
hYr

The £ SMEFT corrections can be classified by the phase space integrations they mul-
tiply. The partial width corrections that simply perturb the SM prediction proportional
to NV are®

+ —
ST(NPW) ., Re[d(g;,"")] Re[3(g7.1,")]
(O(h = PP 08 )si Re(g)")5M]  Rel(g),,"*)5M]
SMZ,  0Gp
= — —— 4+ CHxin | , 5.19
2 v O (5.19)

in the limit that we neglect phases in the CKM and PMNS matrices. The generalization
to the case where SM phases are not neglected is via

+ + + + +
Re[8(g)". )] . Re[d(g)",, " Re[(g)s¥*)5M] . Im[5(g)", ") Im((g)", ;)5M]

wt, wt, wt,
R’e[(gL’rs wl)SM] |(gL,rs wl)SM|2 ’(gL,’I"S wl)SM|2

(5.20)

SNote the hat notation on the predicted observable is again used here.
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The remaining corrections lead to non-SM phase space integrations due to the local
contact operators present in the SMEFT, and are given by 2Mh5Fh oy (g7 ptny Which is

8Oy, (k2 — M3))

,
-y / 4 s A oy | (5L0705 4 82040%) + 2Re[SDY (k)] |
n=ij,kl g2( L,op )
16 éHW weaB (Wroyt
- psl Ay, o P o (ki - Kt g5 — K k). (5.21)

Here we have neglected interference effects due to SM phases in the propagator correction,
and final state fermion masses. The relevant inclusive phase space integrals can be
evaluated to be

ki kikj ki 8(k2— ME) Ww -7
d ps J L = NJVW ~ 483 x 1077, (5.22)
/ k7 WIRI kR, W2 97 ’
d ps J 2Rel[0 D" (k2)] = N. — 4+ NV — (5.23)
/ (K35, W2 [y, W2 ST ! M,
M2
~ 192 %1055 g 78 10—66A—W,
Ty N2,

_ / 4 psLo% 17 9o (9%kij - ki = k)

s = NV~ 815x 107", (5.24)
kikj ki ki Hk?qu”QHkJ%pWHQU%

The shift in this inclusive partial decay width (5FhﬁFl(¢{sywéu)/(f(h — By (75,05 ) o)
can then be defined as

C\) (618705 + 625151

NWW T HYi T Fop 1 o"p NYW sT NWW 5012
~ ST+ D ow — o wars— t aww  t www
i=1,2 "1 93 Grop") 1 Tw 1 My,
NYW Cyw
NV g3
~(3
N OT LR L B
~ ST(NPYY) —0.38 ) — P —— — 0.95 L9
i=1,2 95 (91,0p") 'y My,
C
—0.64— 1V (5.25)
92

The first term in this expression can be obtained from rescaling the SM result, which is
consistent with the approach in the s formalism. When the population of phase space in
the SM and the SMEFT due to an interaction is the same, the ratio of kinematic numbers
is one. The ratios of the kinematic numbers in the remaining terms give some intuition as
to how the x formalism fails due to the decay kinematics being able to differ in the SMEFT,
compared to the SM. When measuring a decay channel, assumptions on SM like kinematics
to define event rate acceptances is expected to require the introduction of further correction
factors when the ratio of the kinematic numbers is very far from one. The acceptance
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Figure 2. Pure Z neutral current contributions to h — 4v. The SM diagrams also represent
O(v2/A?) operator insertions perturbing the SM prediction through diagrams with the same pole
structure as the SM.

correction will be strongly dependent on the detailed experimental signal definition and is
not determined in the calculation reported here. Our results are intended to define and
determine the theoretical inclusive total width and branching ratios in the SMEFT.

5.5.2 0L}, z z« ,ryr Gros
A similar expression can be defined for h — Y747 151b3 through neutral currents (NC).
There are several combinations of intermediate states when considering neutral currents;
we discuss each of the interference effects in turn.

We label the case where one includes the effect of intermediate Z bosons only with the
notation h — Fy(¢y",1;°). The corresponding diagrams are shown in figure 2.

In the SM, this LO result is

apf 5
’Awa,¢b|5M = |AZ fw 12 Gary 956,
@ g% gt o @ 517 58
g - L [ng Ty oz (1-%7)] e
97 97V ZﬁZOt g0\t (Z9
L e [ 6 )+ ]

The second term in the expression above is complex. A relative sign in the two terms
is due to Fermi statistics, and there are relative numerical factors due to counting
Wick contractions. Here k;j g jkr i are the momentum carried by the Z propagators as-
sociated with the momenta of the final state spinors pairs (u(k;),v(k;)), (a(ky),v(k)),
(5(k;), ulky)), (k). ulky)).

It is useful to expand these results out explicitly obtaining

QN%Nw”g G402 _ _ _ _ 85 65
AF ilfan = [ g gt bkl (0 (0~ (82’ (1— ; )
i kl>
2N¢“NgngngT

5t o8
k kk k wb *¢a2—’¢b2 1_ﬂ
2 g bk ke @)@+ @@ (175 ).
Ng“gzgzv%égéf

T2 2102, 2002, 22, 2) L (5.27)

i bcky o [+ g ] e
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Integrating over phase space we extract the kinematic numbers, one finds

NZZ = [ gpetihukik g KRRk gy 007 ,(5.28)
' i II? I ?

k2, Z)1P|(k2), 2 k2, Z)1P|[k2,, 2]
k.- k:kk: k; _
N£Z = /d ps > + h.c. ~6.84 x 1075, (5.29)
? k%, 21[k2,, Z][k%,, 2] [kE, Z]*

With these results the corresponding SM inclusive partial widths are constructed as
5b68
It > Pyl 03 s = TEENG | N2 NE @t (1- 25 )

FZ
+TN%51’ 6 NiZ (Ifyf“l‘l + g 4) . (5.30)

where T§Z = 32 g% M3 /(My9%). A subset of the SMEFT L) corrections to this partial
width directly follow as

OL(NFZ,N5%)
[ZZNe

), (5.31)

= NENEE [S(@)2 @ @) (-

omy  0Gr \ T(h— Fa(vy"05%))sm
V2 [§2 N

+3L0;NEZ (891 (31" +0g} (35)°)

+2 (C’HD-%-CH,kin-i-QCéSééHWB —

In addition there are the perturbations to 2M,I'(h — Fa(¢"", 3)) of the form’

Cwn
4 — HL/R f ZH (Z«
+ngZUT Z wn“S']/W d T L/}(3 TT)lZ)L/R TTT'(/;SS ,Epss) [k2 ]

n={1ij,kl} L/R

05971 béCZL/R (2ot (2t 28 28 2
B Voo | 4PST yn 1m 1/m vr (K, 21+ ki3, 2])
L/R a,rr s%a,rr a,'rr, a,rr
. .
EbAd 221 p2 (20T 3832
+Z4ZT/d T (27) th 7(2°) Gor 985 [5DZ(/€22])+(5DZ(]€,%1)} <1_2)’

v B ra t " )
gZ?gTab/ 4 93Ty it " gangss (D7 (k) +6 D% (k) +3D%* (k) +6 D% (k).
16Czz ZaB(z79)

_A21)2/d pslAwT ws | gOé’Y(kzj kleﬂ& kklklj)+h C. (532)
A

where Czz = (CzéHW + sgéHB +c; SééHWB). This set of 6I'(h — Fa(¢y", %)) pertur-

"Here we slightly abuse notation defining I'&% = 32 §% Mé/(]\}[hﬁ%)
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Figure 3. Interference of Z, A, G neutral current contributions to h — 44).

bations numerically reduce to (neglecting fermion masses)

NEZ C;pIJL/R Y SMy o 42 3407 (gf]/R )’ k
~ 13 2: N& |(9p7R )@+W<NCN—UR< 2T>+ 1 Sy 6N R
{j,k}=a,b Z

) ~ ~ 51)(55 NZZ T ~ 17 5FZ
HEFENE [N NER @ g (105 ) otor S [l gt

4 L Iy’
R i ~ ~ 5b(55 NZZ r ~ _'5M2
SEFENG [N NER @ g (105 ) ot [l gt 27
L - - Z
N r b(;s NZZ 27 C~r
+EE2 N [N NE2 gt gt (125 ) oo M (gl teig ]| B2 639)
L N - Z
Here
N R~ —9.76 x 107%, Nif R~ —528x10"% (5.34)
NEZ ~ 145 x 1077, NEZ =~ —2.96 x 1077, (5.35)
N#Z ~ —1.37 x 1075, NFEZ ~ 379 x 1077, (5.36)
NEZ >~ —9.55 x 1078, NE{Z ~ —2.62 x 1078, (5.37)

5.5.3 5I‘h—>ZZ*><VV—>1E,’;'¢I;1§§¢§

In the SM, the amplitudes with VV = {Z A, AA,GG} are loop suppressed. This is not
the case in the SMEFT in general [52]. This leads to a more significant breakdown of
the narrow width approximation in the SMEFT. We include the tree level effects of these
processes due to £ interfering with the SM process through ZZ* for a consistent LO
SMEFT analysis. The corresponding diagrams are shown in figure 3 and we define

AZZZ |2
|A,¢}'pr wSS

295 e307.(g2/ 1)

A ZH ZB(ZpT 5b o8
— Qu ezt TG (125 ) (a- pag - i),

5”65 8 za(znyt(zmyt
- Qu, Caz T e (ParPag® —PiPg)+hc. (5.38)

Here the labeled momentum Pz is generated in the effective h.AZ vertex associated with
Ciaz. This interference effect in the SMEFT with the SM neutral current mediated Higgs
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decay is given by

OL hs Py (g ) = v | (5.39)
_ 92 ngZ & C (gwa SM) ( ) Qd) N¢a wa N.AZZZ <1 - 52 6ﬁ>
gl 2Mh 1% a C C 1 2 ?
~ 82 45 53 b §s
G2 0797 € =~ Ly SM\ [ tha . 040
~BIIEE G () G107 Qu, N N NPEEE (12 ).
g1 2M, 2
920797 € 5 oo [( 60 SM\3 | (2baSM3 Y NAZZZ
T T AT CAZ(sa(Sr (gL ) +(gR ) } Qwa NC N2 :
0 2Mh
The kinematic numbers can be approximated as
N{*¥22 ~27x 1075, N*¥22 ~1.0x 1077, (5.40)
We also define the following expression for interference with AA with the SM neutral
currents
|AZZL P2 o0 62
a’ J— (A )T Z#(AB)T 1 2 17ﬁ 27
T%bé‘l Qwa waCA.A |: PTTYrT Tw§s¢gs (10,27’>:| (PAPAgaB*PA PAa)v

535: 4o X X
Qo Qu Caa [T T (P Pg® = PYPPY) + e (5.41)

This result contributes to a partial width as

1 ZZAAP2
5Fh—>F4(¢ZT,1/1§S) ~ 2Mh dpS‘Awr ws y
2G5 et - b S 5 6bos
_ T ? Caa |:(g$a, M)Q Nwa( ~1bp, M)Ngb wa} < ) ]\]ZZ.A.A7

2Mh 2
02.0% 64 .

4+ TgZ 6b680 (g}’p_a7SM)2 NgaQiG N2ZZ.AA. (542)

2M,,
where the numerical results can be approximated as
NEZFA~ _19%x107%, NFEAM~ —19x1077. (5.43)

The operator Qg = HYH GA ,G" has a tree level interference contribution to h —
F5(y;7,43%) for quark final states Due to the SU(3) generator of the gluon coupling to
fermlons only the single trace form is present, and the result is

|Aizg¢g ’2 5b & t(g8
a ¥g° aOr 722 (GG )t 2 af _ plfp2a
il o3 o [wwww }(Pg P2g™ — PYPP2Y) £ b, (5.44)

which contributes to a h — F5(¢;", ;) partial width as

1
5Fh*>F5(wgr7,¢,gs) ~ = d pS|Af’;TZ,gsg‘ 5
£ A4 52
= 19295 b5 Cy (9 M )2 NEZ9. (5.45)
2My,
The numerical results can be approximated as N; 2299 ~ 76 x 1077 = 4]\7222“4“4.
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Figure 4. Top: NfZAA Bottom Left: N£Z44, Bottom Right: N"WWAA4  as functions of the
fermions’ mass m. The green line includes the IR divergent log(m /M) and log(m/My)? depen-
dence of eq. (5.50) while the red line neglects these contributions. The top plot shows a larger mass

range to demonstrate the approximately constant behavior for lower m, this behavior is observed

for NI%ZAA as well, but is cut off from the plots to better show the mass dependence and quality

of the fit including the IR divergent contributions.

5.5.4 IR behavior when interfering with tree level photon exchange

The numerical evaluation of the four body phase space integrations in the cases with
intermediate photons are more challenging than the remaining numerical evaluations. All
the kinematic numbers are extracted with a direct numerical evaluation with the Vegas
Monte Carlo integration algorithm and the CUBA package [49] and cross-checked both
with the RAMBO phase space generator and with the numbers extracted from massless
simulations in MADGRAPHS with SMEFTsim. The numerical integration in Vegas was
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evaluated using both massless and massive phase space boundaries and validated with two
different phase space variable sets and numerical methodologies. In the case of extracting
an interference effect with a double photon pole, i.e. the results giving NIZZAA,]\QZZAA,
RAMBO did not converge with sufficient numerical accuracy to afford a cross-check of
results and the MADGRAPHS simulation was found to be subject to significant numerical
uncertainties in the massless fermions case. Retaining fermion masses overcomes the latter
issue, and allowed us to confirm the Vegas results.

The reason these results are numerically challenging to determine is due to the IR
behavior of the corresponding phase space in the massless fermion limit. The phase space

volume in part is

mi/Z (mhf\/Qn%Q)Q/Z 1 1
/ dK12 / (5.46)
0 0

dk ..
3 (H%Q + i€) (K?M + i€)

where the photon invariant masses are n%z, K§4. A logarithmic dependence on the final
state fermion masses results when integrating the phase space. We believe this is due to
soft and collinear emissions of the final state fermions. For example, consider the massless
fermion limit. The boundaries of the phase space volume are defined by

K2y < 0, (5.47)
2625 K35 k13 < 0, (5.48)
(&13 K24 — f£14l€23)2 <0 (549)

in this case. (See appendix A for details on the phase space integration.) The collinear
momentum configuration k12 — 0 while k34 — 0 on the phase space boundary leads to
fermion mass dependent logarithmic behavior. As does the case where k1o — 0, while k14 =
k13 and ko4 = ko3. These momentum configurations are also allowed when fermion masses
are included in the final states, but the presence of such masses softens the logarithmic
singularity into logarithmic and dilog dependences on the fermion masses. An empirical fit
to the dependence on the fermion masses in the result is shown in figure 4. The functional
form fit to was
m” +c m? log m? + ¢3log? [mw +c —mZ log? [mQ]
2 2312 2 3 2 4532 2
M M Mi; M Mi Mi
m? m? m?

2
M

f(m) = c1log

+c5 Lig

+ Cg Li

i (5.50)
Mg M

with free parameters ¢;.A constant term was also included and determined in the fit. This
expression should not be understood to imply that the massless limit is formally divergent,
as cancellations can occur between the logarithmic and polylogarithmic terms shown. The
massless limit is show in figure 4, and is empirically found to be finite in our numerical fit.
These fermion mass effects are numerically small enough to be neglected in the LO
analysis included here, so long as an appropriate theoretical error is included in the cor-
responding theoretical predictions. In the case of the decay through AZ the IR limit is
sufficiently regulated by the mass of the Z to further soften the logarithmic behavior.
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Figure 5. Neutral-charged current interference contributions to h — 4¢). The SM diagrams also
represent O(%/A?) operator insertions perturbing the SM prediction with the same pole structure
as the SM.

It is important to note the interplay of these regions of phase space, where fermion
masses regulate IR behavior in this manner, also coincide with the final state photon being
reconstructed in the detector, not the experimental case where the photon has converted to
two distinct final state fermions. As such, the regulation of phase space is practically cut
off by detector effects and the signal definition, in addition to fermion masses, when this
particular decay is studied experimentally. We stress that the results in sections 5.2, 5.4
are not a double counting even in this collinear limit. The interference effects in each case
are with distinct processes, at tree or the loop level in the SM.

5.5.5 Ol ,yywrxvvoisws pv]

There is also a contribution due to the interference of the charged and neutral currents,

where V = {Z, A} in this subsection. The corresponding diagrams are shown in figure 5.
In the SM, as the couplings to ZA, AA, GG are loop suppressed, and the LO expression

is given by®

12222 9 9 . .
]AEVAZVWF — _gzgzgzgszTVfg(i) (m)(i ) (kizjakgz'bklzhkl?i)"i_h-c- (5.51)
8 Tt (1)
77777 Wy, N ki -kipk;i -k
= 203930250 NE (T, 2 1P @he ) @h,) e +h.c.

7

157

W] [klzlvw] [k?kaz]*[kl%’z]*

8The presence of a minus sign again follows from Fermi statistics, see ref. [7].
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leading to the SM result

C16G3GE NG MR ME i o pe
Fh*)Fﬁ(’llJE’"ﬂ/)g ) F1/1 ST, ,¢)le ) F¢Ts T, wb M ~9 ’(gL ::s 1)‘ (gL ss)(ngrr)
hUT
with the kinematic number
k; - kik; -k _
NV = / d ps L +he. ~1.33x107". (5.52)
' (K2, Wk, WIIk2,, 2]k, Z]*

The SMEFT corrections to charged-neutral current interference are defined as
5Fh_>F5(wgs7wgr) and is given by

— +4C§11)¢1I‘Wz,wa,wb/dpski-kkk-kl([kfj,w] [k,gl,w])
7 92 (gzvrffl) [kw’kkbkgkvk ] ’
4 i kiky BT 50}2} 2 50;/;,} o
+“Z/dps DIkZ, k. k2, k2] (g%aw)[’% H%[kmz] : (5.53)

/ ki - Kk - ki D0 <5DW(k.2.) SDZ*(k3,) + 6D (k%) + 5DZv*(k12i))
d ps

DIk k7). k2, k] ’

and also

SQ%Q% Wa (ZV)TWB) (2N | .2 A Wu(za) (W) (28)t

+ QME ZCHW/d pST rs 2.5 (wié)ngjL +QQCZZ d pS w”wsé (1/’16)1("/)177711 Kozﬁ;
4§4A 2 5 W (A%) W) (AP) G2 WM(A" wu)(zﬂ)
2M2 wa< Qwa2CAA/dp8Tw’{S Z?L(q’b )Twm 1 ZC /dps wraw )Twr’:» Kaﬁa

A4A ~9
gs W g“)(W”)(QB) 49 %93 ~ Wi (A%)(WH)(Z28)1
C /dpsTwrsw Pty Kap 2]\2[}% Q¢aCAz dpsTWswss (Wi K,g+h.c

where K% = (kji - kug®® — kgk5), DIRZ, k2, k2, k2] = (K2, W]k, WK, Z1*(k2, Z]*

’L] Y Z] Y
and

)

5fWZ s Sm?2 S M2 S 9
I‘WZ# B [_ iz T V29GE + 2k + Onp + 2e455Crw
Z

(IR w
wt,
2Re[5(gL ¢1)TS] 5gL ,58 5gL T 554
+ W b1\ s Aa,SM ~)q,SM ( . )
(gL )T’S gL,ss gL T
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This expression numerically reduces to

) ~(3) “ S,
WZ C oC 6C
O hs ey Ot wgas o NyVY i e I\ e

1 NI/VV_‘_ WTZ, 22 + wrr ; g
FWE ~ [wz v g g 7 0y
Lo v vt Lo v v (Gr,5") 92 Gr5r) G | 9z
Cow v Czz gwy | @' QuQu =
+ ) N4 + T2 N5 ~4 (=Va *Jb C A N6 ’
93 9z 9z (gL,ss)(gL,rr)
~9 B Ao p3 ~
S Ona N - 2 [%ﬁ + %ﬁb] Caz NS,
9z (gL,ss)(gL,rr) 919z gL,ss ‘gL:SS
ST ST S M3 S My,
+N5/VVAZ+N}/(\]/VAW]+ N}/}’VAQZJerVzWAzW . (5.55)
PZ I‘W MZ MW

With the (inclusive) kinematic numbers

NV o~ —721 x 1078, NV ~ —5.01 x 1078,
NV ~ 28 x 1078, NV ~ 26 x 1078,
NWV
NVY = 7T ~—-1.8x107", NV ~ 5.2 %1078,
NV ~ —1.42 x 1071, NV ~ —1.37x 1071,
NIWY ~ 477 x 10719, NIWY ~7.01 x 10719, (5.56)

The kinematic numbers Ng{‘% weak logarithmic dependence on the final state masses is
neglected here.

6 Numerical results and analysis of the contributions to h — 4f

Taking into account all of these results, the total Higgs width combining these decays is
given by

DT =TRM+ 3 6T g+ 0T haa+0Thsza+0Thogg+ > 0T i vndsus (6.1)

— u,c,d,s, 77/)1,2,3,4
U=t

where Z% , 5, ndicates a sum over all possible final state fermions kinematically allowed.
Due to the experimental definition of AA, Z A, gg final states, there is no double counting.
For reference, the total SM Higgs width is [53]

I3 = 4.100 MeV. (6.2)

These corrections lead to branching ratio modifications of the Higgs decaying to a set of
final states S. We define this branching ratio in the SMEFT as

or oT
Brp§ " =By |1+ Tsyr — ZZS S| - (6.3)
h—8 S+~ h—S
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The SMEFT branching ratio defined in this way retains the leading order interference effect
of A®(h — 8) interfering with AS™(h — S). The SM Higgs has suppressions by small
Yukawa couplings Y, in dominant SM decays at leading order in perturbation theory, and
phenomenologically important contributions due to one loop decays. Retaining the leading
order ASM x AO)*(h — §) SMEFT effects retains a subset of Yukawa coupling suppressed,
and O(1/1672 A?) corrections. Obviously this encourages developing the SMEFT to include
higher order corrections in time, to retain a full set of terms at each mixed order in pertur-
bation theory. As such results are not completely available at this time we perform a LO
analysis in this work retaining the leading A%™ x A©)*(h — S) contributions in each case.

The expressions derived in the previous sections allow to infer the relative SMEFT
correction to each partial Higgs decay width:

0lh s (9) &
FSM tree L+ Z a; Ci (64)

h—S

(5)

where a;”’ are input scheme-dependent functions of the SM parameters. The expression in
eq. (6.4) represents the leading relative SMEFT correction for each channel: in a realistic
numerical analysis, it can be assigned to the most accurate prediction available for Fﬁf g9

leading to the numerical estimate

SMEFT __ F;S'LMS
— th—

I'ySs (6.5)

1 + ZCLES) él

(5)

The numerical values of the coefficients a,”’ found for all the decay channels considered
are reported in tables 7-10 in appendix A, with the numerical inputs reported in table 1.
Note that the fermion masses M, . » were used for the h — ff channels but were neglected
in the h — 4f estimates. The CKM matrix is always taken to be the unit matrix, thereby
omitting flavor changing channels. Finally, the top quark mass is relevant for the numerical
evaluation of the SM Higgs couplings to gg, Zv, 7y (see section 5.2-5.4). In this section
we refer only to results obtained with the {MW,M Z,G‘ F,Mh} input parameter scheme
for concreteness. We find the main considerations illustrated here to be also valid for the
{Gew, My, Gr, Mh} input schemes result.

The SM predictions for 2-body decays (see e.g. table 7) are provided by the LHC Higgs
Cross Section Working Group [53, 54]. The SM predictions for the 4 f channels (e.g. table 9)
are extracted with Prophecy4f 2.0 [7, 40, 55] using Monte Carlo settings consistent with
the Working Group recommendations [53].

The dependence on the Wilson coefficients has been cross-checked with MADGRAPHSH
with the UFO model SMEFTsim A U35 _MwScheme UF0_v2.1, generating the interference con-
tribution to the partial widths for 5 values of each Wilson coefficient and extracting the

(5)

corresponding a;,”’ via a linear interpolation. Agreement to 1% or better was found be-

(5)

tween the theoretical prediction and Monte Carlo result for all a;,”", when corrections from

the W, Z propagators are neglected.
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My 80.365 GeV [56]
brow (Mz) 1/127.950 [57]
My 91.1876 GeV  [57-59
Gr 1.1663787 -1075  GeV~2  [57, 59]
M, 125.09 GeV [60]
brs(ry) 0.1181 [57]
M, 17321 GeV [57]
M, 418 GeV [57]
M, 1.28 GeV [57]
M, 1.77686  GeV [57]

Table 1. Numerical central values of the relevant SM parameters used as inputs for the estimate
of the leading SMEFT corrections. Only one among the values of My and G, is used as input,
depending on the scheme adopted. All the other parameters are common to the two input schemes
considered.

The dependence of the total inclusive width on the £ Wilson coefficients of the

SMEFT is found to be
STSMEFT

% ~1-1.50Cxp — 1.21 Crw + 1.21 Criw s + 50.6 Crrcs
h
+1.83Cyn — 0.43Cxp + 1.17C};

—7.85Yu ReCuy — 48.5Y, ReCyy — 12.3Y, ReC.y (6.6)
cc bb T

+0.002CYy) +0.06 C) +0.001 Cry, — 0.0007 Cyg
—0.0009CY;) —2.32¢%) —0.0006 Ce.,

using the {MW, My, Gp, Mh} input scheme. Here we have pulled out the explicit Yukawa
factor from the Wilson coefficient, consistent with the U(3)® limit considered. In the

(5)

remaining results the Yukawa factor is included in the numerical a,”’ reported.

Using the {dey, My, Gr, Mh} input scheme we find analogously

SMEFT
5Fh, fall

—peir— =~ 1= 1.40Cyp — 1.22Chw + 2.89 Cywi + 50.6 Cra
h

+1.83Cyo +0.34Cyp +0.70CY
—7.85Yu ReCyuy —48.5V, ReCyy — 123V, ReCly (6.7)
ce bb T

+0.002CYy) +0.06 C) +0.001 Cz,, — 0.0008 Crrg
—0.0008CY;) —1.38C%) —0.0007 Cye.

It is interesting to examine the impact of different contributions to the final result
and in particular of contributions that were previously neglected, to our knowledge, in the
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estimate of SMEFT corrections to h — 4f. In the SM, these decays are well-described in
a narrow-width approximation for the W, Z bosons, that gives

NCnw. _ _ N _ _
D tubainty, = L2252 500 B 250y, + T zz0 250, B 25500, (6:8)

for channels proceeding through NC, and analogously for charged currents.” The same
approach is usually generalized to the SMEFT case, leading to estimates of the form

NCnw. SMEFT _ sM _ BSM 1+ 5Fh—>ZZ*7Z*—>1Ma + 5FZ_”wab
hesPatatpby - h—= 22 Z* b ) Z—pth SM - SM _
h—ZZ*,Z*—1pa1hq Z—hpiy
or 7 or, .5
SM SM h—=ZZ*,Z* —ypihy Z—=Yata
15220 25850, B 25 0ua |1 T Tomr T s ]
h—Z 2%, Z* =Py Z—Patba
or
O e T (6.9)
Z, full

The implementation of the narrow-width approximation in this context is not unique,
as there is some arbitrariness in the choice of the contributions included in each term.
However, the following classes of terms are often omitted in this approach:

1. Diagrams with intermediate off-shell photons.
Contributions containing the Z+ interaction are compatible with the narrow-width
assumption for NC, and could therefore be included, while y+-mediated diagrams are
always missed in this approximation.

2. Interference terms between NC and CC contributions, that are not compatible with
the amplitude factorization into (h — V) x (V — ).

3. Interference terms between ZZ diagrams with different current contractions in chan-
nels with 2 indistinguishable fermion pairs (1q¥at, ! vs Yabi b, ).

4. Propagator corrections for the off-shell boson.

In the following we isolate and quantify the impact of each of these terms.

6.1 Photon-mediated diagrams

As mentioned previously, due to its coupling to Z+ and ~+ the Higgs boson can decay to 4
fermions via electromagnetic currents, in addition to the weak ones. In the SM this effect is
negligible due to the hZ~, hvyvy effective couplings being loop suppressed (this is essentially
an accidental suppression due to the d < 4 operator mass dimensions of the SM, for a
related discussion see ref. [52]). In the SMEFT, in contrast, these interactions formally
arise at tree-level together with the leading corrections to the hZZ, hWW couplings. This
is the prime reason that the narrow width approximation fails more dramatically in the
SMEFT compared to the SM.

9For channels that allow both neutral and charged current contractions, the inclusive width is the sum
of two h = ZZ* and two h — WW™ terms.
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ho S éHW éHB éHWB
Zry Yy WW,ZZ Zry Yy WW,ZZ Zry Yy WW,ZZ
ooy efe; | 1.04 —0.009  —0.78 | —1.04 —0.03 —0.22 | —0.70  0.02 0.30
G ey vpvy 0.52 -0.78 | —0.52 -0.22 | —0.35 —0.06
Upuplirur | 2.26 —0.04  —0.78 | -2.26 -0.15 —0.22 | -1.51 0.08 1.13
dpdyd,d, 1.53 —0.02 -0.78 | -1.53 —0.07 —-0.22 | -1.02 0.04 0.63
Upupdydy 1.89 —0.03 —-0.78 |-1.89 -0.10 —0.22 | -1.26 0.05 0.88
Ol rup,y | 165 —0.02  —0.78 | —1.65 —0.07 —0.22 | -1.10 0.04 0.71
Gy dprdpy | 129 —0.01  —0.78 | -1.29 -0.05 —0.22 | —0.86  0.02 0.46
VpUplp rUp,r | 1.13 -0.78 | —1.13 -0.22 | —0.75 0.36
VpUpdp rdp.» | 0.76 -0.78 | —0.76 -0.22 | —0.51 0.11
ey ete, | 1.06 0 —029  —0.75 | —1.06 —-1.01 —0.22 | —0.70 0.54 0.43
Upuplipup, | 2.28  —0.08  —0.77 | —2.23 -0.27 —0.22 | —-1.49 0.15 1.20
dpdpdpd, 148 —0.03 -0.76 | -148 —0.09 —0.22 | -0.99 0.05 0.65
Updpdpu, 0.06  0.001 —1.47 | —0.06 0.004 —0.008 | —0.04 -0.002  0.02
Crvpipl, | —0.02 —1.49 0.02 —0.007 | 0.01 —0.07

Table 2. Contribution to agf%,, a(HS])g, ag‘zVB from Z~, vy and WW + ZZ mediated diagrams,

using the {MW, M Z, G P, M, 1} input scheme. The channels in the three blocks admit NC only with a
unique current contraction, NC with two possible contractions and both NC and CC. We distinguish
channels with same- or different- flavor fermion pairs (p # 7). The double subscript p,r indicates
that both same and different flavor-currents are included. The most significant contributions are
highlighted in bold.

The calculation presented in this work includes for the first time the interference terms

1 1
ST o / dps |AZZEALR 4 | AZEAAE 4 | AVWEAR 4 | QYA (6.10)
5% 2Mp,

which are proportional to either C 4z or C 44 and therefore affect the dependence on Cyyy,
Cup, Crwp. Table 2 shows the numerical contribution of these diagrams to the coefficients
aES) in the linearized SMEFT expressions compared to the contributions from WW and
Z7 diagrams.!”
It is immediate to see that the photon contribution to these quantities is significant,
especially for the Zv terms that exceed in absolute value the ZZ, WW contributions in
most channels. In several cases, the Z~ contribution flips the overall sign in the C; depen-
dence compared to the one when only including ZZ, WW currents. The photon effect is
largest for channels with NC only, and involving the up quark, due to a color factor and
electromagnetic charge enhancement. Channels allowing both NC and CC decay are largely
dominated by the CC diagrams, so both ZZ and photon contributions are suppressed.

OFor comparison, the quantities in table 9 are given by the sum of these three contributions, plus the
corrections from the W, Z propagators.
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h— ete Deve Cuw Cus Craws Cup Cun é};} CN'SZ) Chre o/t
|.Azzl2 —0.04 —-0.01 —0.003 0.09 —0.008 0.009 —0.08 —0.08 0.14
|./4ww|2 —1.49 2.00 —0.50 —2.00 3.00

Azz - Aww 0.04 0.004 -0.07 -0.10 -—0.04 —0.04 0.06 —0.14

Azz - Auzyy —0.005 —0.10 0.04

Aww - Agw s —-1.77

Azzowwy - Aaw (2)ff 0.03 0.15

Table 3. Contribution to ageew) from different interference terms. First block: ZZ and WW
mediated diagrams. Second block: diagrams involving contact operators. Corrections to the W, Z
propagators are omitted in this table. The most significant contributions are highlighted in bold.

h = udd Cow Cup Cmws Omp  Cmn 08 0D 0D Cuwe Cma G
|Azz|? —0.03 —0.009 0.03 0.08 0.03 -—-0.24 —0.005 0.19 0.04 -0.02 0.12
|Aww |2 —1.45 1.95 —0.49 —-5.86 3.91 2.93
Azz - Aww 0.012 0.001 -0.02 —0.03 —0.009 0.10 0.004 —0.08 —0.05
Azz - Amuzys 0.003 —0.09 —0.02 0.008
Aww - Aaw s —1.72
Azzowwy - Aaw ()¢5 —0.003 0.05

Table 4. Contribution to al(-ﬁugd) First block: ZZ and WW
mediated diagrams. Second block: diagrams involving contact operators. Corrections to the W, Z

propagators are omitted in this table. The most significant contributions are highlighted in bold.

from different interference terms.

6.2 NC-CC interference terms

The channels h — (t¢~ v, h — Gudd with 4 fermions of the same generation admit both
CC and NC diagrams. When assuming narrow W or Z bosons, one usually sums over
the 4 configurations in which either a Z or a W is nearly on-shell. By construction this

calculation neglects interference terms between diagrams mediated by W and Z.
(5)

Tables 3, 4 show a breakdown of the contributions to the quantities a,”’ for the relevant
operators O; from different interference terms in the squared amplitude, obtained with the
full computation. The first three rows report the contribution from ZZ and WW mediated
diagrams, while the last three rows indicate the contributions from contact interactions
HV f f. All numbers are normalized to the corresponding SM tree level partial width, that
contains both ZZ, WW and interference terms. This table omits the contributions from

the W, Z propagator corrections as well as contributions from photon diagrams.

As the SM partial width for both channels is dominated by the WW diagram, correc-
tions to the latter are generally more important than corrections to the ZZ topology. The
interference between the two gives significant contributions to the dependence on Crwp

and on C'Sl)

in the leptonic case. The latter is due to an accidental cancellation between
the corresponding charged lepton and neutrino corrections in ZZ diagrams that does not

occur in the interference with W currents.
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1234 1432 1234 1432
‘AZZ ‘AZZ A ‘AZE

Figure 6. Current contractions allowed in the presence of 2 pairs of identical particles in final

state.

h— (H0= 0+~ Caw Cus Caws Cuwo Cup CY CEY 6n. &
Azz AL, direct —0.70  —0.20 0.27 181 015 3.97 —147 —320 2.72
Azz AL, cross —0.05 —0.01 016 0.19 0.13 047 —008 —0.25 0.28
Az z Al direct —2.03 —2.03 1.63
Azz Al cross -0.33 —0.33  0.17
AzzAlg ga divect | 094 —0.98  —0.62

Azz Al 4 g4 cross | —017 —1.09  0.45

Table 5. Contribution to a!*“* from the interference of ZZ diagrams with ZZ, contact and

photon diagrams, for “direct” (A'2344'2341) and “crossed” (A'?**A'432:1) current contractions.

The most significant contributions are highlighted in bold.

6.3 Interference between NC diagrams with different current contractions

Decays with 2 pairs of identical particles in final state admit 2 independent neutral-current
contractions, depicted in figure 6 for the ZZ and contact-term cases. The same contractions
are allowed for photon mediated diagrams.

In the squared amplitude, the “direct” products A234 A12341 A1432 A1432% are related
by relabeling of the final states and give therefore identical results, while the “crossed”
interference A1234 414321 provides an independent contribution, that is neglected in the
narrow width approximation.

In the complete calculation, the “crossed” interference terms are found to be most
relevant in the h — £T¢~¢T¢~ channel, particularly for diagrams involving the photon.

¢e¢®) from direct and crossed amplitude

Table 5 shows a comparison of the contribution to a;
products for Z, v and contact diagrams independently.

For the remaining channels h — vy, tutiu, dddd we find that the size of A!234 414321
contributions is generally smaller, ranging between a few % and 20 % of the corresponding
“direct” contribution. The different behavior is due to two numerical effects: on one hand,
all “crossed” contributions in the quarks case are suppressed by a factor N, = 3 compared

to the “direct” ones. In addition, the photon contributions are further reduced by factors

of [Qq| < |Qc| = 1.

6.4 Propagator corrections to the off-shell boson

Finally, the complete calculation allows to extract the exact dependence on the W, Z prop-
agator corrections. In the narrow V width approximation, neglecting for simplicity the
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h— S 6Tz /TM 6Ty /T3M | h— S 6Tz /TZM 6Ty /TM
ng ol —0.82 ng o —0.74

UpVpVpVy —0.82 UpVpUpVp —0.68

f;f; Upvy —0.82 UpUplpUy —0.78

Uy U Uy Uy —0.82 dpd,d,yd, —-0.77

dpdyd,d, —0.82 Cr vyl + hee. —0.92
UpUpdyd, —0.82 Updpdru, + h.c. —0.92
K;fgﬂpyrupw —0.82 f;ypﬂp,rdpyr + h.c. —0.92
Ol dy pdp, | —0.82 Upuydyd, -0.03 —0.89
UpUplip rUp, —0.82 L oy —0.04 —0.91
UpVpdyp 1 dp —0.82

Table 6. Coefficients of 6I'y /T3 appearing in the relative SMEFT correction ['§MEFT /M
using the {MW,M 2, G F,Mh} input scheme. We distinguish channels with same- or different-
flavor fermion pairs (p # 7). The double subscript p,r indicates that both same and different
flavor-currents are included.

off-shell boson’s contribution, one would just have (see also eq. (6.9)):

SMEFT
M —1— M‘J + (6.11)
sM o sM ’
h—VV*—ff 1%

Once all the contributions are taken into account, the coefficient of 6I'y /T’ ‘S/M in this
expression generally deviates from —1. Table 6 shows the values obtained in this work.
We use the {MW, M 7, G P, Mh} input scheme, so the only relevant corrections are due to
shifts in the width of W, Z, as Mz = d My = 0.

For completeness, we also report here the numerical expression of the width shifts in
terms of Wilson coefficients, in the same scheme:

6T ) . . . -
Fg—ﬂi = 0.46Cwp — 0.07Chp — 0.18CS — 1.37C1) — 0.18C .

+047CY;) +1.61C4) +0.24Cp, — 0.18CHa + €, (6.12)
Mw 4 /3  A®B) =
TS~ 3 (CHq - CHl) + G- (6.13)

6.5 Summary of the impact of various contributions to h — 4f

In this section we have examined the impact of various classes of terms in the squared
amplitude to the final SMEFT calculation for h — 4f, and in particular those that are
usually omitted in narrow W, Z-width calculations.

We find that the largest among the latter contributions are those from photon-mediated
diagrams. These have a very significant impact on the determination of the dependence
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on the Wilson coefficients Crw, Crp, Cgwp in the h — 4f partial widths. This effect
can be a few times larger in absolute value compared to the contribution from ZZ, WW
diagrams only and is most relevant for channels proceeding via NC.

The accurate estimate of the corrections due to W, Z propagator shifts is also found
to be important, as it leads to a O(20 — 30)% difference in the dependence on (5FV/F‘S/M
with respect to the naive narrow-width estimate.

The interference among NC and CC diagrams, when present, is found to affect signif-
icantly the C'yyw p dependence, as well as that on Cyp and C’gl) in the leptonic channels.
Its contribution is subleading (between a few % and O(15)%) for all other parameters.

Finally, the interference between two different NC contractions contributes only to
O(10)% or less of the dependence on all Wilson coefficients, with the exception of the

(0= ¢T¢~ channel, where the “crossed” photon diagrams effect is unsuppressed.

7 Conclusions

We have calculated and presented the Higgs width in the SMEFT for a set of two and
four body Higgs decays. Our results are presented in a manner that more than one input
parameter scheme can be used. The resulting dependence on the Wilson coefficients in the
Higgs width, and branching ratios, is significantly different than the partial results in the
literature, and significantly different than various results obtained using the narrow width
approximation. The main reason for this difference is more naive narrow width approaches
miss large interference effects which introduce a leading dependence on Wilson coefficients
in the SMEFT in some final states.

The numerical size of the corrections we have determined, in the perturbation of the
Higgs width depends upon the Wilson coefficients. Determining constraints on the Wilson
coefficients in a consistent global SMEFT analysis is an active pursuit in the theoretical
community. Some combinations of the parameters perturbing the Higgs width are signifi-
cantly constrained by EWPD and diboson production data. We leave a combined analysis
of the constraints inferred on physics beyond the SM, combining EWPD, diboson data,
and Higgs data to future publications.

These results we have presented allow the inclusive branching ratios and total width
of the Higgs, constructed from the processes reported here, to be determined without a
Monte Carlo generation of phase space being performed for each Wilson coefficient value

chosen.!!

Acknowledgments

We acknowledge generous support from the Villum Fonden and partial support by the
Danish National Research Foundation (DNRF91) through the Discovery centre. We thank
M. Diihrssen, C. Hays, A. Manohar, D. McGady, G. Passarino, M. Pellen and D. Straub
for useful discussions and comments and O. Mattelaer for support with MADGRAPHS5.

1A future version of this work will include a numerical code of our results consistent with SMEFTsim
conventions and inputs.

— 33 —



A Tables of numerical results

In this appendix we report tables that summarize the SM partial width and relative SMEFT
corrections for all the Higgs decay channels considered in this work.

We parameterize each partial width as in eq. (6.5), with the SM result taken to be the
current best estimate, as provided by the LHC Higgs Cross Section Working Group [53, 54].
The SMEFT corrections are tabulated reporting the values of the coefficients ais for
each channel S and £©) coefficient C;. These are determined directly from our tree-level
calculation and have been cross-checked with MADGRAPH5 and the SMEFTsim packages.
We give results both in the {MW, My, Gp, Mh} (table 7, 9) and in the {éey, My, Gr, Mh}
(table 8, 10) input schemes.

We note that the scheme dependence is particularly large for the coefficients Crw s,
Cup, C’Sl) and Cj, and stronger in the 4-fermion decay channels that are dominantly
mediated by charged currents. These discrepancies are mostly due to the different definition
of the weak mixing angle (or equivalently, of the weak gauge couplings g1, g2) and of My,
in the two schemes. Numerically, for the 553 correction we find:

583 = —0.396’HD — 0‘42GHWB (MW SCheme) (A-l)
853 = 0.17Cxp +0.79CHw B + 0.76CE) — 0.34C;, (Gew scheme) (A.2)

As 533 enters directly the Z couplings to fermions, the large numerical difference between
these two results directly propagates to the 4-fermions partial widths mediated by neutral
currents.

The total decay width of the Z boson has also a significantly different dependence on
these 4 parameters in the two schemes. When &gy, is an input, one has numerically

oly

sar = ~0.820mws — 0.67Cnp - 0.19C4) = 2.06C%) — 0.19C .
Z

(A.3)
+047CY) + 1.61C};) + 0.26Cr, — 0.19CHq + 1.35C),

which can be compared to the result for the My input scheme in eq. (6.12).

The shift in My (see eq. (3.10)), on the other hand, has a very significant impact on
the predictions for the total W width and for the 4-fermion Higgs decays proceedings via
charged currents. In the &g, scheme one has

6FW ~ ~ ~(3 ~(3 ~
pnr = ~3.97Ciw s — 1.80Ckp - 3.52C) +1.33C}) +2.10C; . (A4)
Comparing this result to eq. (6.13), one finds that the dependence on Crwp and Cpp is
present only in the Gg,, scheme, and at the same time corrections due to Cl(;l) and Cj; are
very scheme-dependent.

These effects are all reflected in the tables presented in this appendix.
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h—S Pﬁﬁfs (MeV) éHW éHB éHWB CHG éHD GHD ésl) C’,’, Re C’dH Reé’uH Re C’EH
bb 2.38 -05 2 -2 1 -2

éc 0.12 -05 2 -2 1 -2
T 0.26 -05 2 -2 1 -2

g9 0.33 619

Z 6.32 1072 | —243 243 162

vy 9.31-107% | —231 —805 431

Table 7. Partial SM Higgs decay width and coefficients aES) in the relative SMEFT correction for
2-body decay channels, using the {MW, M Z, G F, M 1} input scheme and including all contributions.
The SM values are taken from the tables provided by the LHCHXSWG and include higher order
corrections [53, 54].

h— S| T3Ms MeV) | Cuw Cus Cuwp Cne Cup Cun C‘}f} C, ReCyu ReCum ReCen
bb 2.38 -05 2 -2 1 -2

cc 0.12 -05 2 -2 1 -2
Tt 0.26 -05 2 -2 1 -2

a9 0.33 619

Zy 6.32 -107° | —246 246 155

vy 9.31 -107% | —233 —765 422

Table 8. Partial SM Higgs decay width and coeflicients al(»s) in the relative SMEFT correction for

2-body decay channels, using the {&cq, My, Gp, M, 1} input scheme and including all contributions.
The SM values are taken from the tables provided by the LHCHXSWG and include higher order

corrections [53, 54].
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B Four body phase space integrations

B.1 Analytic results

Integrating four body phase space is a formally solved problem. Executing such integrations
in the SMEFT still presents technical challenges. Our interest in the four body phase
space volume is to describe the decays of the form h — 1) 1p1p. When directly numerically
integrating this phase space volume, we use the approach in ref. [61], which relies on ref. [62].

It is helpful to transform the phase space integral to an integration over the set of
independent Lorentz invariants x;;, the scalar product of the two four vectors k; and k;,
instead of angular variables which are not Lorentz invariant. There are five independent
invariants of the form {ki2, k13, K14, K23, K24, K34} that are present in four body decays,
subject to the momentum conservation condition

m%:Zm?—FQZmU. (B.1)
i i<j
When an index is repeated, we use the convention that 7 = k;; Although closely related
in the massless limit the notation x;; and k:?j are distinct. The massless limit relationship
between the quantities is kZQJ = 2 Kjj.
The phase space volume in these variables [62] is

31..
Jav= fents e -0 g,

ki

1
— 28m%7r6\/M/54 Zfﬁj—(m%—;m?)ﬁ Hd(FLU) (B.2)

i<j i<j
where the determinant is on the real symmetric matrix constructed of the Lorentz invariants

2
K1 K12 R13 K14

K21 K3 ko3 Ko4 (B.3)

2
K31 K32 K3 K34

2
K41 K42 K43 Kj

The momentum configuration is physical so long as the matrix M, has one positive and
three negative eigenvalues [61, 62]. Imposing this condition on the momentum is aided by
performing a Gram-Schmidt diagonalization of the momentum vectors. The basis vectors
of the Lorentz space of the k;; can be chosen to be independent. This is easily done
by imposing the condition that one vector is time-like and three are space-like. Then the
physical momentum configurations defining the phase space are defined by the simultaneous
set of conditions

K3 >0,
2 2 2
K1 Ky — Kig <0,
2.2 2 2 .2 2 2 2 2
Rl Rg kg — Ry /{23_/{2%13—53/{12—'—2/4]12/@23/{13<O, (B4)
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and

2.2 2.2 2.2 2 2.2 2 2 2 2 2 2 2.2, 2 2
K1 K3 K3 Kj — K] K3 K34 — KT K3 ki + 2 K] K3 Ko K34 — K] K3 Koy — Kig K3 Ky + K1 K3y

2 2 2
+2 K12 K13 [/@3 Ky — K24 %34] — 2r14 (K12 K23 K34 — K12 K24 K3 — K13 K3 K34 + K13 K23 K24),

+rig [534 — K3 f@ﬂ + K3, (533 — K3 ﬁg) <0 (B.5)

In the limit that all final state masses are taken to vanish k‘f — 0 and these conditions can
be simultaneously solved to give the phase space volume:

B.1.1 Region 1

mj,
0< k<"
2
1
0<ks < §(mh — V2k12)%)
1 m? m?
0<rkriz< 1 (mj, — 2K12 — 2k34) — Thﬁ <H127/€34, 2h>

1
Z(m% — 2:‘?12 — 4/‘\713 — 2/%34)

m? m? 1 m2 m?
— =13 kig, kg4, 1) < kig < < (mi — 2k1g — 4k13 — 2k34) + LB ( k1, Kag, 2
4 2 4 4 2
1

1
TR [4-2VB| < < T — 4+ 2VB]| (B.6)

B.1.2 Region 2

my
0<Kia < —

2
1
0< k3 < §<mh —V2k12)?)
1
1 (my — 2k12 — 2k34)
2 2 2 2
1
—%5 <I€12, K34, W;) < k13 < 1 (mj — 2k12 — 2k34) + %5 <H12, K34, W;)
1 m? m?
0<riy < 1 (mj, — 2K12 — 2K34 — 4K13) + Thﬁ <R127 K34, 2h>
1 1
_ A—2\/§}<n <—[A+2\/E} B.7
2(k13 + K14)? [ == 9(kig + R1a)? (B.7)
where,
2(a+b a—Db)2
B(a,b,c):\/l— ( c )+( 02)

A= r13(k13+K14) [mh — 2(K12+ K13 + K14)] — 2K34[K12 (K13 — K14) + K13 (K13 + K14)]

B =2k12k13K14k34 [, (K13 + K14) — 2(K12 + K13 + K14) (K13 -+ K14 + K34)| (B.8)
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Retaining final state masses is numerically required when the double photon pole is
present in some interference cases. The conditions above can be directly imposed on a
numerical integration over the r;; variable set in this case, modifying the allowed phase
space volume further.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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