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Abstract

We present the three-body decay of the Higgs boson into two leptons and
a photon to dimension-eight in the Standard Model Effective Field Theory
(SMEFT). In order to obtain this result we interfere the full one-loop Stan-
dard Model result with the tree-level result in the SMEFT. This is the first
calculation of the partial width of the Higgs boson into two leptons and a
photon in the SMEFT to incorporate the full one-loop dependence for the
Standard Model as well as the full tree level dimension-eight dependence in
the SMEFT. We find that this channel can aid in distinguishing strongly inter-
acting and weakly interacting UV completions of the SMEFT under standard
assumptions. We also find that this channel presents the opportunity to dis-
tinguish different operator Classes within the SMEFT, potentially including
contact H//~ operators which are first generated only at dimension-eight in
the SMEFT.
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1 Introduction

The coupling of the Higgs boson to two photons or a Z—boson and photon in the Standard
Model (SM) were developed in [1H3]. The decay H — £¢~ in the SM has more recently been
considered in [4-12]. In the case of the decay H — Z~ the narrow width approximation
is typically employed for the Z boson. Relaxing this assumption is expected to have a
negligible effect on the overall prediction for the Higgs boson decay to two leptons and a
photon.

The Standard Model Effective Field Theory (SMEFT) is a useful tool for studying the
effects of heavy New Physics (NP) in a generally model independent fashion. The primary
assumptions of this methodology are that the NP is too heavy to produce directly at the
energies considered and that the Higgs boson belongs to an SU(2)r, doublet. Under these
assumptions the SMEFT is formed as a tower of operators suppressed by the mass scale
of the heavy new physics A:

Lovprr = Lo+ )Y EQEH ) (1)
i

Operators of dimension (4+1i) are suppressed by the heavy scale A* and generally, therefore,
higher dimension operators are treated as higher order corrections in the SMEFT approach.
The sum over j is over all operator forms at a given order i. For LHC studies odd-
dimension operators are generally negligible as they are B and/or L violating and therefore
expected to be strongly suppressed. The SMEFT at dimension-six has been a major area of
investigation, particularly since the discovery of the Higgs boson. Recently much interest
has been generated around how dimension-eight operators impact studies of the SMEFT
[13-19] and how they change our understanding of truncation error in the SMEFT [20-23].

In the context of the SMEFT the present work is the first work to have studied the
effect of interfering the non-resonant SM contribution for H — #¢~ with the SMEFT
contributions. The SMEFT tree-level interference with the resonant SM contributions
have been used across the field when performing global fits. One-loop studies with on-
shell v and Z were made in [24},25] for HZ~ and [26-29] for Hv~.

In [30], the authors calculate H — 4 in the SMEFT and found the many novel
couplings generated in the SMEFT could allow for larger corrections to the typically
employed narrow width calculation than anticipated. Indeed, couplings of the Higgs which
do not occur in the SM at tree level, like Hyvy, Hgg, and H1)y result in contributions to
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the partial width that are entirely neglected in the narrow width approximation. Taking
from this, this work seeks to analyze the implications of allowing for off-shell Z or v in
the decay of the Higgs boson to two fermions and a photon.

This article is organized as follows: In Section[2]we lay out our notation and in Sec.[3|we
discuss the SM tree-level and one-loop contributions to the process H — £¢. In Sec. We
derive the contributions in the SMEFT up to and including 1/A* effects, this includes the
consistent calculation of dimension-six-squared contributions as well as contributions from
dimension-eight operators. In this section we also look at different cuts in the invariant
mass of the dilepton system and how they can be used to potentially distinguish operators
generated by tree- and loop- processes in the UV, as well as distinguish between different
classes of operators in the SMEFT. In the conclusions, Section |5, we summarize this work
and briefly mention future perspectives.

Included are many appendices: the first, App. [A] lays out the Feynman rules for the
terms in the one-loop effective action in the SMEFT that contribute to the partial width,
App. lays out the necessary Feynman rules in the SMEFT for deriving H — £~ up to ﬁ,
App. [Cloutlines and briefly discusses results of matching onto the one-loop effective action
in the SM, and App. [D| contains results from the main text in the My, input parameter
scheme. Appendix [E] discusses the approximately vanishing contribution from the tree-
loop interference in the SM while App. [F] discusses the often neglect dipole operator
contribution.

Also included in the ancillary files are Mathematica notebooks which derive the one-
loop contributions to the SM process, including demonstrating how the one-loop effective
action can be derived and employed in performing calculations of this sort.

2 Notation

In this article we follow the notation laid out in [31-34]. The geoSMEFT [32] methodology

is used to obtain most of the relevant vertices in the SMEFT power counting to order ﬁ.

Certain operators at dimension eight have not yet been written in the geoSMEFT, here

we use those laid out in [35]. An alternative source of the dimension-eight operator basis

can be found in [36]. We only lay out the conventions relevant to this work, further details

can be found in the works cited above.

The couplings to the fermions coming from the covariant derivative are written:
Ly =Yy" |0, +igsGaT + z’%(W;W + W, T7) +igz(Ts — 52Qy) Zy + iQweA“] ¥

(2)

All fields appearing in the above equations are mass eigenstate fields. 7%, Ty are the
generators of SU(2)y, written in the charged basis and @y is the charge of the fermion.
The barred quantities include corrections from the SMEFT and are defined to all orders
in the SMEFT in [32]. Barred quantities such as go can be expanded in terms of Wilson
coefficients and the unbarred gauge couplings as:

1 3

g2 = g2 (1 —+ 2CHW’U2 —+ 5053%4/’04 + 20%”/‘/1)4) (3)
The expression for gz is too cumbersome to write to dimension eight in text. In this article
v is the vacuum expectation value that minimizes the Higgs potential in the SMEFT
(frequently written as o7 in the literature). The ancillary files contain an updated version
of the Feynrules model defined in [33] and can be used to derive the full expression. To
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dimension six gz is given by:

_ 9i+ 9 1 2 2, 2 2 2
gz = 5 > + = 5 (gchBv + gocaw v + g192CHW BV ) (4)
N R 91 + 95

The quantity g3 is not relevant to this work and so we do not define it. The new mixing
angle, s,, takes into account new mixing effects at dimension-eight. It is equivalent to the
barred Weinberg angle at dimension six:

2
) 91

g2, 9 2 2
Sw=—75-35 |1+ 5—= <2920H3022920HW712+ 93 — 91)CHWBY )] . 5
S0 |14 s (203 Senwe? + 253 - gf) o)

The dimension-eight contributions to s, and Sy are also too cumbersome to fit neatly in
print form, but can be derived using the Feynrules package [33] or can be looked up in the
extensive Appendix of [13].

The coupling of the Higgs boson to fermions is given by:

Lxave = | ~HIY) -+ H (5 HUH + 5 (HH)?) | W 0p (6)

U, represents a fermionic left-handed doublet and i a fermionic right-handed SU(2)y,
singlet. Neglecting goldstone bosons for simplicity we can express the doublet in terms of
the Higgs mass eigenstate h as:

0
H = ( U+CH,kinh ) (7)
V2

1 1
CHkn = 14 Z(CHD —degn)v? — 3—2(40(13)D + 4053)&2 —3[cup — 4egn]P)vt (8)
Expanding Eq. [6] defines the tree-level masses of the fermions and their relation to the SM

masses: ) .
. v vt (8)

In the next section we perform calculations to one-loop in the SM. As such we only
include the SM dependence. Again we neglect goldstone bosons in this discussion. The
one-loop calculations below are in general R gauge and therefore do include goldstone
boson dependence. The coupling of the Higgs boson to gauge bosons and the relevant triple

gauge couplings come from the Higgs gauge kinetic term and the gauge boson kinetic terms
of the SM:

1 1
Luvy = (D*H)Y(D,H) - ZWA,WWlﬁ’ — 38" B (10)

Where W4 and B* are the field strength tensors of the SU (2)1, and hypercharge gauge
fields respectively.

3 Higgs decays to two leptons and a photon in the SM

3.1 Tree level decay

In the Standard Model the Higgs boson decays to two leptons via the Yukawa coupling,
relative to the mass scale of the Higgs this is typically a very small coupling, but can be
relevant for the p and 7. Taking the lepton mass to be zero, but keeping the Yukawa
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coupling nonzero, the decay width of a Higgs boson to two leptons and a photon at tree
level is given by:

4e*m? (s34 my)

2 81(81 + S9 — m%) ’
(11)

where © denotes the unit step function, the superscript “(0)” indicates this is the tree

level result, and G = 0 defines the boundary of integration and is given by [37]:

(0) 8 _o .9 0 .2
= | ds1ds2©(Gls1, s2, My, 10y, 0,1y < 0)

h=tly — 64m3, (2m) v

9

01 1 1 1

1 1 0 v =z =z
G[x,y,z,u,v,w]:—§ 1 v 0 u y (12)

1 2z u 0 w

1 2z y w 0O

The kinematic invariants are defined as sy = (ky + k)% and so = (ky + I%)Q. This
integral contains an IR divergence which we regulate by requiring the photon energy be
above 5 GeV following the approach of [5]. Furthermore we apply a cut on the angle
between the photon and each of the leptons requiring cos > 0.8. This is different from
the approach in [11], where an arbitrary beam axis is chosen in order to define a pseudo
rapidity for each of the particles. This choice was made in order maintain the Lorentz
invariance of our results. This is discussed in more detail in App. [Gl Adopting the input
parameters given in Table [I| we find the tree level results:

T e = 536-1073GeV (52210713 GeV),

0 _ _

D o = 229-107°GeV  (2.23-1075GeV), (13)
0 — _

oY . = 639:107°GeV  (6.23-1075GeV),

where the first result denotes the use of the & input parameter scheme and the result
in parenthesis corresponds to the my scheme [38]39]. Hatted quantities correspond to
input parameters while barred quantities are the Lagrangian parameters. Therefore, for
example, myy is determined from & in the & scheme, while it corresponds to myy in the 1y
scheme. These results include the full lepton mass dependence. However, the full mass
dependence makes a very small difference in the final results. The error in the phase-space
integrations is approximately per mil. Phase space integrations were performed using the
Vegas routine from the Cuba library [40].

3.2 One loop decay

As a result of the smallness of the lepton masses compared with the Higgs boson mass scale
we expect the chirally suppressed tree level terms to be of the same order or smaller than
the one-loop contributions. The leading term in the interference of the tree amplitude
with the loop amplitude is proportional to m?/(1672), because of the smallness of the
lepton mass we assume:
my
1672

— 0. (14)

This is further justified in App. [E]

In order to perform the relevant SM loop calculations we employ the background field
method (BFM) 46|, and use the conventions and Feynman rules presented in [33]. This
choice is convenient as it reduces the number of diagrams contributing to each process
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Input parameters Value Ref.
my [GeV] 91.1876(21) [41]
my [GeV] 80.387(16) [42]
1y, [GeV] 125.10(14) 41]
my [GeV] 172.4(7) [41]
e [MeV] 0.51099895000(15) 41]
1y, [MeV] 105.6583745(24) [41]
1, [GeV] 1.77686(12) [43]

Gr [GeV?] 1.1663787 -10° [43]/44]
Qpw 1/137.035999084(21) [41]
Aa 0.0590 & 0.0005 45)
m&, [GeV] 80.36 +0.01 -
Aa™w 0.0576 + 0.0008 -~
Ty 2494.4 + 0.7 MeV -
v 2495.7 + 1.0 MeV -

Table 1: Input parameter values used in this work, the last two lines are my, as predicted
in the o scheme and A« as predicted in the myy scheme. The Z widths are for the SM
using the values given above. Table taken from [20], where further details can be found.
Note that the fermion mass is always used as the input parameter.

as well as preserving the naive Ward identities [46}47], thereby greatly simplifying many
expressions. In the BFM the bosonic fields are doubled as ¢ — qH—qB, but only the quantum
gauge fields (corresponding to the unhatted fields) are gauge fixed. As fermionic fields are
not a part of the gauge fixing procedure their fields are not doubled, as such the Feynman
rules involving the fermions are the same in the BFM and in traditional gauge fixing. In
what follows the hatted fields, QAﬁ, correspond to background fields. One-loop contributions
to the effective action are formed of loops with external background fields and internal
quantum fields. It can be shown that the effective action in the BFM is equivalent to that
in the traditional gauge fixing [48]. The effective action is the generating functional of
one-particle irreducible diagrams, once derived the background fields can be gauge fixed
independent of the choice of gauge fixing for the quantum fields and the S-matrix elements
can be derived. Using unitary gauge for the background fields has the added benefit of
removing goldstone boson contributions from one-particle reducible diagrams formed from
the effective action.

In adopting the BFM we first construct the relevant contributions to the one-loop
effective action which contribute to the one-loop couplings ﬁ’%/ and BZ’? We then form
the one-particle reducible diagrams contributing to the process h — 004. For simplicity
we do not match the one-loop diagrams involving external fermions to the effective action,
this is possible as the Feynman rules involving fermions are the same in the background
field method as in standard R gauge fixing. The relevant diagrams contributing to the
effective action at one loop are shown in Fig. Figure [2| shows diagrams which do not
contribute in the background field method — both diagrams vanish identically as a result
of the Ward identities [46}47]]

'In the case of the Zﬁ mixing, this diagram vanishes only for on-shell photon.
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(a) (b)

Figure 1: Standard Model diagrams contributing to Higgs boson decays to two photons
and a Z boson and photon. In and (]ED the solid line represents the contribution of
either W—bosons, the charged goldstone bosons, charged ghosts, or fermions. In the case
of the HZ~ coupling loops can be composed of one goldstone boson and two W—-bosons
or two goldstone bosons and one W. This is illustrated in Figure where the solid line
may represent W—-bosons while the dotted line represents goldstone bosons, or vice versa.

(ZBO ————@’M "Ay Z W@M "Ay
(a) (b)

Figure 2: Standard Model diagrams contributing to Higgs boson decays to two photons
which vanish identically. These diagrams, if nonzero, would contribute to one-particle
reducible diagrams where the ¢° or Z are contracted with a H¢'Z or HZZ vertex.

These diagrams can be matched onto the one-loop effective action given by:

»Cl—loop - fl({lﬁ)/»y(kl) k?)hﬁuuﬁ/’w + f](JQ»)Y»Y(klu k?)ﬁ(auﬁuu)(aaﬁay)

i (R, k) 2 4 1), (K, ko) (0 Ey, ) 050" 2° (15)
+f[(1?)27(k17 k’Q)BF;WDZAV ;

where F v and ZW are the field strength of the photon and Z-boson respectively. We note
that, as we are matching below electroweak symmetry breaking (EWSB), the appearance
of the massive gauge boson Z is not restricted by gauge symmetry. As such the operator
form corresponding to fH) is split between two h27 operators. The f are form factors
coming from matching the one-loop calculations in the background field method onto the
effective action. The f(ki, k2) indicates that these form factors depend on the momenta
of the external bosons, which by conservation of momentum can be chosen to be the
momenta of the photons or photon and Z-boson.

The Feynman rules for these effective operators are given in Appendix[A] We note that
in both cases the operators corresponding to the form factors f@ and f® give vanishing
contributions when one-particle reducible diagrams are formed and the lepton masses are
taken to be zero.

Employing the Feynman rules of [33] and using Package-X [49], we have derived the
form factors of Eq. . We have confirmed that the f() are gauge invariant and the f2
vanish identically for on-shell external particles. The analytic results for the form factors
are reproduced in simplifying limits in Appendix[C} The H~~ operators are reproduced for
on-shell Higgs momenta and in the limit of small photon off-shell momenta and arbitrary
gauge parameter. This serves two purposes: the first is to demonstrate that the gauge
parameter dependence vanishes identically in the limit the photon momenta vanishes as
well as to show the leading off-shell dependence of the form factors. It should be noted
that for the calculation of the process H — ¢/~ the off-shell photon is allowed to have a
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(a) (b) (c)

Figure 3: Diagrams contributing to the process H — ¢fy. In @) the square vertex
represents an insertion of the one-loop effective action coupling to two photons or a Z and
photon. In and the Higgs boson decays to two fermions via a loop containing two
W or two Zs, a photon is then either radiated by an external or the internal fermion line.

momentum-squared up to the Higgs mass, and the limit in the Appendix is not relevant.
In the case of the coupling HZ~y we have set £ = 1 in order to have more compact
expressions. In this case we again find that the results are gauge parameter invariant for
on-shell external particles. In what follows we use the full momentum dependence in order
to allow intermediate particles to go arbitrarily off shell.

In order to form the amplitude for H — ¢ we must decay the off-shell photon and Z
to two leptons. Gauge invariance also demands we add the box diagrams and one-loop
decays of the Higgs boson to two fermions where one fermion radiates a photon. These
diagrams can be found in Figure [3] We assume that lepton Yukawa couplings as well as
masses are zero in the loop diagrams, this removes the contribution of goldstone bosons
in the loops as well as the loops where the lepton couples directly to the Higgs boson.

The one-loop amplitudes can be parameterized as:

iM = (eipn™ + car kb kY + ¢ K EY) ﬂk2'y,,Pkage;(k1)
+(cirn™ + carkbky + oS EY) Uk, PrUK, € (K1) (16)

where the ¢; parameterize the loop contributions, g, is the barred on-shell spinor for the
lepton with momentum ks, v, is the on-shell spinor for the anti-lepton with momentum
k3, and €j,(k1) is the on-shell polarization vector for the photon with momentum k;. The
diagrams of Fig. [3] generate all ¢; when an intermediate photon or Z boson is involved.
Diagrams and for intermediate W's only generate the left handed ¢;. We find that
the sum of diagrams (]ED and for intermediate Z bosons are gauge invariant on their
own. As the Ws don’t generate right-handed couplings this also implies the right-handed
components of the sum of the diagrams of @, when including both the intermediate Z
and photon, are gauge invariant. The left handed components of the triangle diagrams
require the addition of diagrams (]ED and with intermediate W's to be gauge invariant.

After obtaining the squared amplitudes corresponding to the one-loop results we find
the following partial widths (although the one-loop process does not contain an IR diver-
genceﬂ we maintain the requirement that the photon energy be greater than 5 GeV and
that cosf < 0.8 for the angle between the photon and each lepton):

Y . = 536-107GeV (5.06-1077GeV),

1 — —

rV . = 354-107GeV (3.38-1077GeV), (17)
1 — _

oY = 257.1077GeV (2501077 GeV),

where the superscript “(1)” indicates these are one-loop results. In order to efficiently inte-
grate the phase space for these processes we employed the CollierLink library for Package

2See the discussion in [11] below Eq. 2.8
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Figure 4: Dalitz plots comparing the tree (Left) and one-loop (Right) contributions to the
process H — pipy in the SM. The dotted line shows where sy, the invariant mass of the
di-muon system, crosses the Z-pole. Units are [GeV]™3. Cuts on the angle between the
photon and two leptons are not included in these Dalitz Plots.

X which links the Passarino-Veltman functions of Package X with the Collier li-
brary . Phase space integrations were performed using gauge parameter £ = 1 as
well as € = 2 to confirm gauge invariance of the results. The differences between different
flavors of leptons is due to the reduced phase space for increasing fermion mass: in inte-
grating the phase space we have neglected m, in the matrix element, but the mass is still
used in the integration region as defined by G in Eq. [I2]

Dalitz plots of the tree and one-loop partial widths are shown in Figure [ for the muon
case. This is the most interesting comparison as the two contributions differ by less than
an order of magnitude. The diagrams are qualitatively the same for the cases of electrons
and taus. Qualitatively we can identify that the large ss region is favorable for isolating the
tree-level contribution, sy ~ 1’71,22 isolates the pole region corresponding to H — vZ(— ££),
while the low so region favors the conversion of an off-shell photon to the two leptons.
In , the authors studied cuts isolating various regions of the phase space for the SM.
In the next section we study how the presence of the SMEFT impacts this decay process
and seek to identify how to isolate regions of phase space that can emphasize the SMEFT
effects.

4 SMEFT contributions

We have so far discussed the tree-level and one-loop contributions to the process H — £f~
within the SM. In this context, the assumption of Eq. removed the possibility of in-
terference between the tree and loop processes. As such the observable corresponding to
the one-loop amplitude corresponds to a two-loop observable, or symbolically comes with
a 1/(1672)? suppression. In the presence of the SMEFT, however, there are new opportu-
nities to generate tree-level amplitudes contributing to the process H — ¢~ which, when
interfered with the SM loops, will not be chirally suppressed.

Following recent interest in the dimension-eight contributions in the SMEFT we in-
clude the relevant dimension-eight operators. The inclusion of dimension-eight terms is
particularly interesting as the H — £fv process can be generated by a single contact in-
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(b) ()

Figure 5: Diagrams contributing to the process H — #¢ in the SMEFT. The solid circle
represents an insertion of an effective vertex. There is also the possibility that both
the HVV and V¢ vertex correspond to insertions of dimension-six operators giving an
overall dimension-eight contribution. Diagram @ is generated at orders 1/A? and 1/A%,
(b) requires the insertion of two dimension-six operators and is therefore O(1/A%), and
the four-point vertex of diagram occurs first at dimension eight in the SMEFT. We
do not consider diagrams with a single operator insertion at the V /¢ vertex as this occurs
only at one-loop.

teraction — at dimension-six there is no four-vertex which couples two leptons of the same
chirality, a Higgs boson, and a photon. The relevant diagrams are shown in Fig. [5| where
a circle represents an effective vertex.
The operators which shift the Higgs Yukawa couplings are given by the “Class 5”
operators:
Las = O (HH)(lerH) + < (H H)?(leg H) . (18)

Those which shift gauge-lepton couplings are the Class 7 operators:
Lar = OV HYD 1)@y ) + N EY EYD L H) ()
+O3 (HY DL H) (o1 + 82 (T H) (HT DL H) (I0" 1)
OV HYND ) ernter) + SN H) (YD JH) (6p7Per)

+8(H oy HY (HY D H) (Fyyoal) (19)
where we have used:
(H'D ,H) = H'iD.H - (iD,H)H (20)
(H#'DLH) = H'ir'D,H - (iD,r HYH (21)
While the dimension-eight contributions proportional to cgg’l and CS;,S( ;epresent re-
8),2

scalings of their dimension-six operators by (HTH) that corresponding to ¢y’ represents
a new form of operator in Class 7 which does not exist at dimension-six. The last re-
maining operator corresponding to cgg ' does not contribute (see [32] for the full operator
form). As can be seen in App. [B| where the Feynman Rules for the SMEFT are collected,
these operators only result in a shift in the £/Z coupling and do not shift the coupling of
leptons to the photon. This can be understood from the operator form as well, where the
covariant derivative acts on the Higgs doublet. As the Higgs, h, is chargeless there is no
coupling to the photon induced by these operators.

Class 4 operators result in anomalous H~vy and H Z+v couplings, they are:
Las = O (HUH)BM By, + &S (H H)? B B,
i (U)W Wa g -+ gy (HUHPWE W (22)
et (10 HYWE By, + clgly p(HUH) (H 0" H)W/" B,
+e o (H o H) (H e HYWH Wy, 1

10
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Class 15: 2 X H?D

Class 11: Y2H2D3 Qe | (@ryYer)DH(HITTHYW,
8 1 v ) = v
Qé%m i(Iy*D*1)(D(,, D, H'H) Qpep | (eryYer)D*(HTH)B,,
lel)qua l(l’Y‘;DVi)(HTD(M V])LI'? QI(QBI)/{}HQD (ZV”Z)D”(HTTIH)WJV
(In*7I D¥1)(D, D, Hi ' H -
Qegiapn | i"7! D*(Dy Doy ' H) Qi | D W
Qppaps | iy DY) (HT' D, D, H) .
8)1 o Q¥ K (I DH(H T HYWE
(2)1{2/:)3 z(eR’y“Dl’eR)(D(#Dy)HTH) 12WH2D ) pv
E2H2D3 i(éR’yuDyeR)(HTD(uDV)H) QIQBHQD (l’yVTIl)D:“‘(HTTIH)BMV
Qs (") D*(HH) By,

Table 2: Novel operator forms occuring first at dimension-eight which contribute to H —
0¢~. The parenthesis in D, D,y indicate symmetrization in the Lorentz indices. [ is the left
handed lepton SU(2)r doublet, while eg is the right handed leptonic singlet. Operators
such as (Iv*1)(H' D *H)B,,, do not contribute as the relative sign in the derivative removes
the terms with a single Higgs. These operator forms are not yet implemented into the
geoSMEFT framework.

As in the case of the Class 7 operators there is one entirely new operator form which occurs
first at dimension-eight. These operators generate a new momentum-dependent coupling
of the Higgs boson to two vectors which is not present at tree level in the SM.

In addition to these operators, there exist operators which shift the HvyZ coupling
without affecting the H yyﬂ

Lag = L(HH)YDPHY DYWL, + S0 L (HTH)Y(D*HIDVH)B,,  (23)

Finally, we can generate shifts in the coupling of the leptons to the Z boson as well
as a contact four-point interaction via the operators in Tab. [2 These operators as well
as the Class 7 operators are implemented in an updated version of the Feynman Rules
presented in [33], the updated package is available in the Feynrules model database as well
as in the ancillary files to this publication. The Class 11 operators are not included in
this update as the additional derivatives of the Higgs doublet take an excessive amount of
time to compute, they are available upon request.

All SM and dimension-six contributions receive corrections from the Class 3 operators
which shift couplings related to the Higgs boson. The Class 4 operators mentioned above
also shift all SM and dimension-six couplings of the vector bosons. These shifts occur due
to finite field and mass renormalizations. These operators are:

Las = SLHUEOHETH) + 8 (H D*H)*(H'D,H) (24)
ey (HH)2 (D, HY) (D!H) + i), o (H'H) (H' 0" H) (D, H')o™ (D H)

With the above, we have identified all operator forms contributing the process H — ¢,
without inducing chiral flips, at tree level in the SMEFT up to and including 1/A* effects.

Below we discuss the potential of the decay H — 77 may allow distinguishing oper-
ators which shift the SM tree coupling from the other operators effects. This discussion
must be understood as having the potentially strong caveat that operators inducing chiral
flips, have been neglected. As an estimate of the importance of such effects, we have

3These are referred to in [35] and this work as “Class 8” operators. They are not to be confused with
the four-fermion operators called Class 8 in the usual dimension-six literature, which are not relevant to
this work.
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included the Yukawa-like operators and the dimension-six dipole operators in the main
text. In App [F] we discuss the size of the dipole contributions. We find that the in-
terference of the dipole operators with other contributions is small compared with the
dimension-six squared dipole contributions. We use this result as an argument to neglect
the dimension-eight operators which induce chiral flips from our analysis. A more careful
study of the viability of measurement in the tau decay-channel should be performed before
such contributions are explored. The dipole operators we consider are given by:

Las = ) (o e)rTHW! + ) (1o e)H B, + h.c. 25
eW g eB 22

We assume real Wilson coefficients for the dipole operators as their CP-violating parts are
strongly constrained by low energy measurements [54].

In all cases of operators involving fermions we have assumed the flavor dependence is
diagonal without invoking symmetry arguments or spurions. Since each decay channel has
a separate flavor we choose to be agnostic about the universality of such couplings.

4.1 SMEFT amplitudes and Dalitz plots

With the full set of SMEFT Feynman rules in Appendix [B] we can identify all amplitudes
with novel kinematics from those in the SM. We make the assumption that at amplitude
level:

NG

This assumption “allows” us to neglect to include SMEFT % contributions in the loop.
Ultimately these contributions should be included, but are beyond the scope of this work.
We emphasize that these terms are neglected at the amplitude level as they are still allowed
to interfere with the SM loops. This neglects potential contributions from the Class 3 and
4 operators at one loop which could interfere with the tree level SMEFT amplitudes as in
Figure . Such contributions are beyond the scope of this work and are left for future
studies. While this affects our final numerical results, the contributions should be of the
same magnitude as those included and therefore are not expected to greatly affect the
qualitative discussions of Section [£.2]
The novel SMEFT kinematic forms can be categorized into the following cases:

1. gr+: Direct couplings of the Higgs boson to two photons as defined in Eq. [B.3] due
to Class 4 operators. These include the SM and shifts to the SM-like coupling of
the photon to two leptons as defined in Eq. (implicit in the definition of €). We

note that gp,- mimics the one-loop coupling of fl(ql% without the full momentum
dependence.

2. guzy < [(91+97,)Pr~+ (9r + g%) Pr]: Direct couplings of the Higgs boson to a Z and
~ as defined in Eqs. and [B.4) due to Class 4 operators. These include the SM and
shifts to the SM-like coupling of the Z to two leptons as defined in Egs. and

As above, gpz~ mimics the one-loop coupling of fl(;)zv

3. Contact (A}, Py, + Bj, Pg): the direct coupling H /¢~ generated by Class 11 operators
as in Eq.

4. Contact (A15Pp+ B15Pg): the direct coupling H/¢~ generated by Class 15 operators
as in Eq.[B:2]]
5. Shifted Yukawa couplings: The Yukawa couplings of the SM are shifted by the Class

5 operators.

12
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6. Contact cpp: direct coupling of Hl¢~ generated by the dipole operators

In what follows we refer to these cases as, for example, “Case 1”7 and “C1” in context.
The above cases generate novel kinematic forms for the amplitudes contributing to the
decay of the Higgs boson to two leptons and a photon. Defining,

O = [k (ko + k3)" — Ky - (k2 + k3)n™"] | (27)

we can write the corresponding amplitudes as followﬂ

) €l AAV _ "

iMoy = —ZCQZZZIH“”(qu%%)eM(kl), (28)
iMoas = My + MG, (29)
. . gHAz9z(9L + 97)v _ *
1/\/{52 = —1 g J (g gL) H“V(qu’yl,PkaS)eu(kl),

4(82 - T?LQZ + imzrz)

. . 9HAZGz(9R + gR)V ~ .
ME = — 1 P ki),
iME, "5 — 2, + imaTs) (U, v PRUK; )€, (K1)

iMCg = Mé3 + Mg:; 5 (30)
. iAjeQeu _ N
Z./\/lég = %Qekl (ko + k3)“(uk2%Pka3)6u(k¢1) ,

, iBj1€Qev - .
z/\/lgg = 11TQ€]C1 (kg + k3)" (g, Yo PrUKs )€, (K1)

iMoy = Mg+ ME,, (31)
iME, = AV (T, Prog, el (k1)
ZMg4 = iBl5vHW(ﬂk2'y,,PRvk3)62(1{:1).

In addition to the above there are the contributions with operators which induce chiral
flips:

. emy B . 1 1

iMes = — (1+Ayp) quV“}élvk?)e#(k‘l) [ — ] , (32)
v S1 S3

iMceg = CDPTLICQO"LWU;C3 fﬁ:l(kl) . (33)

where Ay, is defined in Eq. of App [B} We have also defined:
83 = (k'y—l-k‘@)g :’I?_”L%{ — 81— S2. (34)

Of these cases of amplitudes, only Cases 1, 2, 5, and 6 can generate results independent
of the SM loop. For cases 1 and 2, this is because they can be generated at dimension-six,
Cases 3 and 4 are first generated at O(1/A*). For cases 5 and 6 this is because they
can interfere with the SM tree amplitude. In Tables we present Dalitz-like plots for
the squares of the tree-level SMEFT contributions as well as the loop-tree interference

4Here for convenience we take ky = k1, ky = ko, and kdj = k3.
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between the SMEFT and the SM loops. These Dalitz plots are the ratio of the SMEFT
contribution to the sum of the SM tree- and loop- contributions:

RO — _ Mal
M+ MR
2Re| M i Py
R(C(J)i)Cj* = (0[) = (10)]] (35)
| Mgyp + Mgyl?
R 2RMGME]
Ci -

M+ M

These plots are specifically for the case of the muon, but hold qualitatively for the other
charged lepton flavors. The normalization of the plots is arbitrary as we have pulled out
the dependence on the Wilson coefficients from the expressions (as indicated by the titles).
Quantities such as gz and € are set to their SM values for simplicity.

The most striking feature of these plots is that in certain regions the overall sign of
the ratio R can flip. This sign flip is shown in the figures with a solid black line across
the plot, the top most region is always chosen to have to a positive value (e.g. the plot
of R(C}% has an explicit minus sign in its title to ensure the top region is +). These sign
flips occur as these interference terms can generally have an arbitrary sign, as so changes
different SM-loop contributions are emphasized and can result in an overall sign change.
While this theoretically could be used to define cuts in sy which emphasize the effects of
these SMEFT contributions, in general one region’s contribution is much larger than that
in another. We do, however, explore this option in the analysis below.

These plots show separately the left and right-handed components as they can behave
differently due to their interference with the left- and right-handed SM loops which differ
(as discussed above). The most stark difference can be seen in the plots for R(Cl3) and Rg i
where the contribution from left handed leptons flips signs twice while for the right handed
case there is only one sign flip.

4.2 Parameterized partial widths

Including all SMEFT corrections to the partial width of the Higgs boson decay to £/ we
have the following expression for the amplitude squared truncated at order 1/A*:

MP = (MO PO+ 28, + [AE,?%Z]Q) + M1 + Mz + Mgl

1 \
+ o 2Re [MS& (Mer + Mea + Mz + Mos + Mcs + Meg)*| (36)
1

+(167T2)2

M

where AET%Z is the dimension-six part of Az, defined in |B.2} Truncation at order 1/A* of
the square of the sum of amplitudes is implied. Writing the amplitude squared in this way
emphasizes the enhancement of the SMEFT terms over the SM loops — we have explicitly
written 1/(1672) to demonstrate that the SMEFT contributes to the amplitude-squared at
tree- and one-loop level, where the SM has the chirally suppressed tree level contribution
and the two-loop (one-loop squared) contribution.

In [8], the authors identify regions focused on optimizing sensitivity to the SM contri-
butions. For example, from Fig. [4] we can see that the large so region is dominated, for

muons, by the tree-level contribution, cutting so around the Z-pole region will isolate the
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Figure 6: Dalitz-like plots showing the ratios defined in Eq. Normalization is arbitrary
as prefactors related to the Wilson coefficients have been pulled out of the ratios. In some
cases a sign has been pulled out of the ratio as well. “4” is used when both the left and
right hand parts are equal up to the normalizations factored out in the plot (as indicated
by the title). Solid black lines show where the ratio flips signs, the top-most region is
always positive. Cuts on the angle between the photon and two leptons are not included
in these Dalitz plots.
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Figure 7: Dalitz-like plots as described in Figure @
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# ‘ Region [GeV)? Purpose ‘ # SM
1 (0<s9< m%,) Full phase space/general 17 -10°
2 (102 < s9 < 40?) SM nonresonant & R(Col’l) 2.5-103
3 (702 < 59 < 100%) SM resonant & R(&’l) & Rgg 11-10°
4 (1002 < 59 < M%) SM tree & RY) 6.5 - 103
5 | (452 < sy < 502) — (652 < 5o < 80?) | RU)T & RG)T “_7900
6 | (45% < sy < 502) + (652 < sy < 802) | control for R4)" & RU)F 1500

Table 3: Regions in s9 chosen to emphasize various SMEFT effects. All regions should
be understood to be limited to the physical phase space region, for example qu may
be outside the physical region and instead ss is integrated to the maximum value. The
combined regions 5 and 6 are understood as the sum or difference between the integrated
regions in so. s1 is always integrated from the lowest to highest physical values. The
first four regions approximately correspond to those proposed in [§]. The column labeled
“# SM” is the approximate number of SM decays H — uuy expected at HL-LHC with
3/ab integrated luminosity. The negative sign for the number of events in region 5 simply
indicates that more decays occur in one region of the phase space than the other and we

are taking the difference.

resonant loop contributions, while cutting for lower so will isolate the non-resonant loop
contributions. The Dalitz-like plots of Figs. [ and [7] show no obvious regions for isolating
the SMEFT contributions due to novel kinematics not present in the SM. Rc; and Rgo
mimic the effects of the resonant loops in the SM, and so can be isolated by looking in
the corresponding SM kinematic regions for excesses. However, the sign changes coming
from the interference with the SM loops present an interesting opportunity for combining
different regions to emphasize the effects of the SMEFT. In Table [3| we define possible
choices of cuts on sy and combinations of regions in se to emphasize contributions in the
SMEFT. The last column gives the approximate number of decays H — ppuy expected for
a SM Higgs at the HL-LHC given 3/ab of integrated luminosity. The number of decays
is determines as the production cross section multiplied by the decay width (in the SM)
multiplied by the integrated luminosity, o, x BRsm(h — €0v) x 3/ab. In the first four
regions the number is well over 1,000. In the case of Regions 5 and 6 the number is lower
which could be problematic statistically — although the presence of SMEFT corrections
could result in a higher number of events and be a strong indicator of NP.
To simplify the following expressions we adopt the following convention:

&9 = 29 (37)

&8 = p1® (38)
1

= (39)

V2GR
We also define the ratio of the SMEFT partial width to that of the SM in input parameter
scheme S over Region R; as defined in Table |3] as:

PSMEFT R
Ry _ — By
H—ppy |g
The relations between the various Lagrangian parameters and the two input parameter
schemes can be derived from the Appendices of [34]. We emphasize that in determining
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the As we have used the full dependence of I' and not the qualitative normalization-
independent quantities used to derive the Dalitz-like plots. These cuts are very simple
and purely phenomenologically motivated. Future studies should be extended to include
kinematic limitations of the experiments (e.g. photon isolation requirements, thresholds
for various kinematic measurements). We have further neglected the experimental effi-
ciency for muon detection in the total number of events in the # SM column of Table

the efficiencies for electrons and taus has also been neglected in the discussion below.
Beginning with the fully integrated region (i.e. Region 1 of Tab. , we find the ratio
of the partial width in the presence of the SMEFT to the SM value is:

AR = 1012890 — 00381, — 0.0158%), — 0.0155&?}3 o+ 0.24[65) )2 0.12553)5&;?)[) +0.015[&9) 12

2
<6>+ooss—[<6>1 ~0.064——2) 013f~£2 SSE+0032 ey (A1)

—0.13—
my my my my My
5G 5G 5G oG
+0.00099&5 =E — 0.0002585), =£ — 0. 0016—~§§} F r24.1079E
GF GF my GF F

+10° (474G + 2,685y + 13 12 — 6.4 pel 5 — 3180 Sty + 2360 5%

+101 (+3.3(9)2 - 3.66525, + 0985 )

=350, (&7 + ) — 100 (&5, + &l + &z +190. (Al s + s
—~700. [c;g} — 200. [éH’W} +19. [05{%4,5} + 750.80,80, 5 + 1980 &,
—350.8% pE0L 4 170,859,850y, — 100,84y Sy — 54800, 800 + 190.8500 pEl + 4580 5
6.9 e, — 9.2 (S + 20 ) + 6.6 ) + 9.80 (S + 20) — 44eigl peli)
51 (5 +5)

G 5G 5G
+0.000021&'9), = F _ 0.000021&%), = P 4 0.000014¢9) BCTF

F F F

—0.079850) 1, 4+ 0.0228001, .
1685 — 0.3 (855 ps + 85 s ) + 08785 oy — 017 (Ao + 2 )
—0.031 ( EShh s+ ~§§L§D3) ~0.016 ( G ~§§};§D3) +0.094 (cES&VIHQD + E?},‘ZDg)

The lines of this expression are organized as follows: the first through third lines are
the contribution from Ay, the fourth and fifth come from the square of the tree-level
SMEFT contributions, and the subsequent lines are the interference of the SMEFT with
the SM loops. All contributions are written only to two digits accuracy. Immediately
we can see that the contribution from the square of the SMEFT tree contributions is by
far the most dominant (note the factor of 10*, and 10! pulled out from the expression).
Interestingly, the dipole operators are dominant by several orders of magnitude and are
generally neglected in the literature, including articles discussing NLO in the SMEFT
expansion. From a purely bottom-up EFT interpretation we might argue all other terms
are negligible, however making a flavor U(3)® assumption is sufficient for removing them
(see, for example, the discussion of U(3)® symmetry in [38]). For the remainder of the text
we will make this assumption, the dipole operator dependence is maintained in the full
expressions in Appendix [D]and further dependence on the dipole operators which may be
relevant to taus is discussed in App. [F]

Further, the contributions coming from the shift in the definition of the fermi constant,
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1 0G
’UQ = — 4+ AiF y (42)

V2Gr  Gr
are strongly suppressed compared to other contributions. For this reason we drop them
in the remainder of the main text, they are also written in Appendix 0Gr at leading

order is given by [55]:

~(6)
¢
5Gp = V2&* — 43
Hl \/§ ( )
Where cl(l6 ) is the four fermion operator affecting muon decay, (LL)2. Tt can be found to
dimension-eight using the system of equations in the appendices of [34].
In the case of the contributions from cgg we could be concerned that these explode for
the lighter generations as - will be large, however constraints on these Wilson coefficients

(See e.g. |56]) constrain them for the muon and tau to be,

14 6) v 12 2.5 <C(6) v

4.2
TTeVZ = CuH T, S Tev]? TTTeVE S CrHB, S [TV

(44)

as such we will neglect them in the following discussion, they are reproduced in Ap-
pendix [D| Constraints on the Class 3 and 4 operators can also be found in the literature,
however since H — vy and H — Z= are used in inferring these constraints, they cannot
be applied to this analysis. The couplings cg, can be constrained from the Higgs decays to
two leptons independent of other channels. The coupling to the electron is not (directly)
constrained by experiment, however we will still neglect the possibility of large changes to
the electron yukawa due to ng in the following discussion.

If we make no assumptions about the size of these Wilson coefficients the discussion
above seemingly implies a unique opportunity to directly study the % contributions from
the SMEFT while the leading contributions at ﬁ are strongly loop or chirally suppressed.
We see that the contribution of the SMEFT at one loop and O(1/A?) interfering with a tree
level SMEFT amplitude would have a negligible effect compared to the tree-level squared
SMEFT contributions in the fourth line above. This holds throughout the discussions
below.

However, perturbativity in the SMEFT requires that, generally, higher order terms in
1/A? should have smaller contributions to observables than the leading order terms. Here
we understand the reason for the larger impact of the tree-level terms of the fourth and
fifth lines is the loop suppression of the subsequent lines and the chiral suppression of the
first lines. However, we can consider some scenarios in which the perturbativity of the
expansion is more manifest:

1. NP Scale Assumption: Restoring the NP scale and the vev, i.e. E§4+n) — X—Z §4+n),

we can assume that the ¢; are order 1 and infer a scale at which the terms of the
sixth line of Eq. [41] (i.e. linear in Class 4 operators) become larger than those of the
fourth (quadratic in Class 4 operators, we neglect the dipole operators). Generally
the contributions from the sixth line exceed those of the fourth before any other line
under this assumption.

(6)

2. Loop Assumption: For weakly interacting new physics the Wilson coefficients c;

cg%/v, and cg%/v p are generally expected to be generated at one loop in the UV [57

These arguments do not hold for the Class 3 and contact operators, so we can use
this assumption to infer if, for weakly interacting NP, the terms on the fourth line

5Tt should be noted, however, that the logic typically used to categorize these Class 4 operators as loop
generated [58] does not necessarily apply at dimension-eight [34]
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of Eq. remain dominant. In this assumption all the ¢; are taken to be order 1
except for the class 4 operators which are taken to be order 1/(1672).

3. Combined Assumption: We can combine the above two assumptions to infer a scale
at which the Class 3 or contact operators become dominant. Generally with modest
NP scales the Class 3 operators will dominate. Changing from muon final states to
electrons can drive down the Class 3 operator contribution resulting in the dominance
of the contact operators. The combined assumption leaves a significant amount of
freedom to manipulate the outcome that it is arguably too model dependent for
discussion. While we generally do not discuss it below, we do occasionally invoke
flavor as a way to discriminate the contributions of different operator classes.

The above assumptions are very much model dependent. However, as noted above, if
we make no assumptions the squares and interference of the tree level amplitudes of
Egs. 28 and [29| (Cases 1 and 2) dominate regardless of regions considered from Table
For Region 1, under the NP scale assumption, for a NP scale of A ~ 1 TeV, the
squares of the tree level C1 and C2 amplitudes are still dominant. This holds for A up to
around 3.5 TeV. Under the Loop Assumption the [ng]z term of the fourth line become

roughly order 6 - 10%/(1672)? ~ 2 while those linear in cgzg are roughly 270/(1672) ~ 1.7
so these terms are of roughly the same order. Class 4 operators still dominate the decay
width. Considering the case of taus would, however, push the contributions from the first
line beyond loop suppressed Class 4 operators. Considering both loop suppression and
assuming a scale of NP the Class 4 operators cease to be dominant below an assumed
scale of 1 TeV.

Region 2 is chosen to enhance the non-resonant SM loop contributions as well as the
Case 1 amplitude’s interference with the SM loop. We find the dominance of the tree-
level SMEFT contributions is enhanced by at most a factor of 3. The contact operators
have a larger impact as well as their contributions are concentrated in the low so area of
phase space. The full expression can be found in Appendix instead of giving the full
expression for Af from this point in the text we will give the expressions under the UV
assumptions presented above, keeping only the leading and subleading contributions for
clarity.

If we again assume a scale associated with new physics as described above, we find

that Class 4 operator contributions at order % begin to dominate over these tree-level
SMEFT contributions again at a scale of around A ~ 3.5 TeV:

~(6 6) ~(6 ~(6) ~(6 6
Al =+3.5[Ep] + 2180 sy + 0320 1” — 388 pey 5 — 118y S s + L1y 5
—3.789 — 1169, +2.08%9), (45)

If we retained the dipole operators, the scale at which the dimension-six operators would
begin to be larger than the squares of the dipole contribution is over 100 TeV. Taking the
loop assumption the contributions from the contact operators of Classes 11 and 15 are of
greater importance than in the previous region, Class 4 operators are still dominant:

Al =+5.8[Ep) + 34 5o + 0.52[E0 12 — 6.3 peiiy 5 — 1960 Sty 5 + 1716y 5]
~(8 ~(8 ~(8
a7 (& + &%) - 1.4 (& + &t + &) +26 (5 + S0 s)
—3.2e900 (46)

The enhancement from considering final state taus changes this such that class 3 operators
are dominant.

Region 3 is chosen to enhance the resonant SM contributions as well as Case 2. How-
ever, we find this region seemingly counterintuitively, results in a drop in the tree-level
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SMEFT contributions of Cases 1 and 2. This is because in Regions 1 and 2 the phase space
integral corresponding to the square of Case 1 (and the interference of C1 and C2) are two
orders of magnitude larger than the contribution of Case 2. Region 3 successfully cuts out
the dominant low energy part of the phase space integral dropping the contribution of the
squares of the tree-level yukawa-like SMEFT contributions by an order of magnitude. As
the interference of C1 and C2 has the opposite sign of the square of C1 some cancellation

results in only a single order of magnitude drop.
For R3, assuming a scale of new physics, the % contributions begin to dominate over

the tree level % class 4 operator contributions for a scale of A ~ 8 TeV:

AfS =+0.014[ep]* — 0.02427 5y + 0.012(8g5 1* + 0.01485 527y — 0.0162 7y, 1y s + 0.0053)
—0.016&\%), + 0.0085¢), — 0.00358%) ,

If we again consider the possibility the Class 4 operators are loop generated then we find
the contact operators become competitive with the class 4 operators:

ARs = 40.62[E 902 — 118989 4+ 055912 + 0.6489,,89) L — 07289 &9 +0.24[E0) 1

A2 023 (i + 8 ) + 088+ 050 (b + )

F001 (655 o + 65 ) +0.057 (655 o + A5t ps ) — 032 (A5 oy + A ops ) (48)

Region 4 is chosen to enhance the SM tree contributions and the corresponding shifts
from Agg. In this region we fould that the SMEFT C1 and C2 tree contributions are
strongly suppressed, but still largely dominant. Making assumptions about the scale of new
physics as above, the linear terms in Class 4 operators begin to dominate for A ~ 2.5 TeV:

Al = 402[E0 )2 — 0.248 eghy + 0.16[E550, 1% + 0118 ey 5 — 0.228500, Cty i + 0.087[E gy 5]
+0.2¢890 — 0.266%9), + 0.182%) (49)

Further, should the Class 4 operators be loop suppressed this is the first region in which
the Class 3 operators of Eq. [24] become dominant for the muon:

Al = 418850 - 0.4485), — 0.2265), — 0.2265), , + 3.6[e41]2 — L8eL ey, +0.22[E5),]2  (50)
102288 oy = 0128505 oy — 042 (80510 + 0o ) + 028 (e + 5052 0 )
#0958 15 (s + ) 10 (W + )

While a subset of the contact operators are competitive with the class 3 operators. The
enhancement of the Class 3 operators will be improved by a factor of m?2 /mi for the
tau, and heavily suppressed for the electron in which case the contact operators become
dominant.

Region 5 is chosen such that the phase space integral for the first subregion, 452 <
so < 502, approximately cancels that of the second region, 652 < sy < 802, for the tree
level SMEFT contributions from Case 1. This has the effect of reducing the contributions
from the Class 4 operators while enhancing the contribution from the left-handed contact
operators (see Fig. [7)).

Unfortunately the region only suppresses the tree-level Class 4 operator contributions
by a factor of about 10. This is because for Cases 1, 2, and their interference, the regions
cannot be chosen to simultaneously cancel all contributions. A very careful analysis could
outperform the regions chosen here, but are beyond the scope of this article as they
should also take into account detector effects, such as the detector’s ability resolve different
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flavors of charged leptons in these particular regions of phase space. While this region was
defined with the intention of emphasizing the left-handed contact operators we also find
enhanced contributions from the right-handed contact operators. This is simply because

the dominant area of phase space for these operators is the low sy region.
The terms linear in Class 4 operators begin to dominate under an assumption of a new
physics scale of about 3.0 TeV:

AR = 042012 — 1.389,89) +0.48[E%) 12 + 0938989 —0.538) &0+ 01280, 4]
+1.769, — 1.289) +0.6769), (51)

Under the assumption Class 4 operators are loop suppressed, the contact operators are
dominant for final state electrons and muons:

Al = 0.37[E0 ]2 — 118080 + 0438912 + 0.828 080 —0.4789) &0 5+ 0.1[E0(5D)
1585 (s +25500) + 51 10 (b + o)

+1.9 (555};12,33 + él(f}{im) +0.97 (51(3};2,33 + 5}5};%,33) 55 (é}?&’VleD + 5}5};52,33)

Comparing the Region 5 result with Region 6, which is just the sum of the two regions
used for Region 5, we find that the tree-level contributions from Class 4 operators are as
much as a factor of 6 times larger than in the previously considered region. The calculation
of the difference between regions in R5 could mean the difference between resolving the
impact of contact operators or only seeing the Class 4 operator contributions.

We have found that, invoking U(3)® symmetry, the Class 4 operator contributions are
dominant in all defined regions unless we make certain assumptions. Assuming a scale
associated with the NP allows us to infer a scale at which the % contributions dominate
over the contributions from the squares of Class 4 operators, the lowest scale for which
this occurs is 2.5 TeV. This indicates (under the NP scale assumption) that the H — ¢
decay channel presents an excellent opportunity to directly study the (1/A%)? terms in the
SMEFT. Table [f] summarizes which Class of operator is dominant for a given region under
the loop assumption for Class 4 operators. By considering the electron and muon flavors,
these different regions present the opportunity to separately study the effects of operator
Classes 3, 4, and the contact operators (Classes 11 and 15). Adding in the tau allows for
clearer distinguishing in Region 3, but may be less promising when the instability of, and
ability to resolve, taus is taken into account. In this way, Table |4] shows that this decay
channel of the Higgs boson supplemented by various cuts provides an excellent opportunity
to study the interplay between different operator classes as well as different orders in the
SMEFT power counting. It is important to note that these statements all rely heavily
on assumptions about the UV physics, and while these assumptions may be motivated,
they may be misleading. By taking a more general approach, improving the quality of our
predictions, and continuing to perform high quality global fits we will allow the physics to
speak for itself and lead us to the correct conclusions.

5 Conclusions
After laying out our conventions we derived both the SM tree and loop contributions to
H — 0ly. We then derived the tree level results in the SMEFT up to and including

terms of order 1/A%. Interfering the SMEFT results with the SM we created Dalitz-like
plots demonstrating the behavior of these SMEFT contributions over the full phase space.
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‘ Cl4 operators ‘ Class 3 operators ‘ Class 11 & 15 operators ‘ A

R1 D - - 3.5 TeV
R2 Dy D, - 3.5 TeV
R3 Che Cy, D, Che 8 TeV
R4 - D,,C, C,,De 2.5 TeV
R5 - ; De., 3.0 TeV

Table 4: Summary of the dominant operator contributions under the assumption the Class
4 operators are generated at one loop. D; indicates this operator class dominates for flavor
1, D indicates for all flavors. C; indicates that there is no dominant contribution and that
the marked classes are of comparable sizes.

By considering different regions of this phase space we were able to deduce regions in
which various SMEFT contributions would be emphasized. The interference of SMEFT
amplitudes with the SM were found to sometimes switch signs due to the different terms
in the SM loops, which presented an interesting opportunity to sum regions of phase space
in such a manner that the dominant contributions from the tree-level SMEFT amplitudes
squared would be suppressed. In all cases, however, we found that these dominant terms
prevailed.

If we make the assumption that the UV physics which generates the SMEFT in the IR is
weakly interacting it is generally believed that the Class 4 operators (at dimension-six) will
be suppressed by a factor of 16%. In this case we have identified that the process H — £/,
when different flavors of lepton are considered, can discriminate Class 4 operators from
Class 3, and the contact operators of Classes 11 and 15. Given a measured deviation from
the SM in this channel, this provides an opportunity to attempt to infer whether or not
the UV physics is strongly or weakly interacting (i.e. the strength of the Class 4 operator
contributionsﬁ) as well as to phenomenologically study the size of the ﬁ terms.

The nature of the three body phase space makes three body decays an excellent oppor-
tunity for studying the novel kinematics of the SMEFT. The only other three body decays
of the Higgs involve quarks, as such they present a challenge to precision measurementsﬂ
Another key aspect of this study was that the interplay between the tree and one-loop
processes in the SM which cannot interfere. This combined with the fact the tree level
contributions vary over many orders of magnitude depending on the flavor of the final
state leptons gives a very broad phenomenology presenting many different ways to study
the contributions from the SMEFT.

In performing this analysis we neglected the dimension-six one-loop terms and potential
issues with detector resolution of the leptons and photon. As a result our quantitative re-
sults of Appendix [D|have room for improvement before and during the run of the HL-LHC.
Our qualitative results are expected to approximately hold and therefore the conclusions
of the ability of this channel to distinguish between different UV physics as well as to
provide an opportunity to look for interesting flavor phenomenology remain.
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A Feynman rules for the effective action

The Lagrangian corresponding to the effective action is given by Eq. it is reproduced
here:

Lictoop = Sl (ki k)R B B+ £7) (ky, ko) (0" Ep ) (05 F)
+Fi1 e (bt k) B 21 + £3), (ki ko) (09 ) 0,07 27 (A1)
+fi0y (ky, ko), D2 (A.2)
The rules follow FeynRules formatting, e.g. a field “¢” with subscript “1” has correspond-

ing four-momenta k; and if relevant Lorentz index p;. The rule corresponding to the form
factor fl(ql% is:

h
Ay | = diffp) (e o) [B2RE — o By 2] (A.3)
A

The rule corresponding to the form factor f 1(27 is:

h
Ay | = 20f(0) (o) [k - by R RE — K3 REVRE? — K3 R R{ + K k3 2 ](AL4)
Az

For the operators corresponding to the iALZA@ operators we have:

>

C = 2, k) (BRE — R k] (A.5)
2

N ;I>>

The Lorentz forms corresponding to f g)ﬂ are split between fl(;)Zv and f ISS)ZA/:

h
A | = i1y (kt ko) [k o KRG — K3 RS K] (A.6)
Z3
h
Ap | = il (e ko) [k R RE® — b G ] (A.7)
Zo

The following tree level Feynman rules are need to generate the process H — ¢¢y from
the effective action:

—ieQuy™ (A.8)

;3>> SN
—
||

(S |
Il

Z-Q?ZVM [(1+2Qes%)PL + 2Qs% Pr) = i%Vﬂl(gLPL +9rPR) (A9)

HN>
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B Feynman rules in the SMEFT

This appendix follows the conventions set out in App. [A] Note that there is implicit
dependence on the Wilson coefficients of the SMEFT in Egs. and (i.e. in € and
gz) which needs to be considered in addition to the rules outlined below. Shifts in the
coupling of the Higgs boson to two fermions are given by:

H My
¢
1 V2 302
B = 0 [l = 1kt — Sl + el + Sl — 4
30 () 0 (s>>
- +— B.2
Qﬁme< eH T g CeH (B:2)

We note in the above, and what follows v is not rewritten in terms of the input parameter
Gr and so the shift defined in Eq. 42|is implicit in these expressions. The direct coupling
of the Higgs boson to Z~ and v is given by:

H
A1 = Z'gHAAU(k‘ingl — k‘l . k‘g?]ullm) (B.S)
Ao
H 1 v
A | = IR — ke k) (B.4)
Z3
Where we have defined:
graz = [8(elgy — cii)ewsw + Ay (@ — )| (1+ Agaze?)
8 8 8) v~ 8 _ _
+v? [8(051}3 i — Siwa)awsw + Aciy (& - 3%1/)} (B.5)
O P O R R
+e(2 BH4D2W — WH4D23W),U2 (B.6)
SCWsW
Duaz = 2+ 25+l — 1oy (B.7)
guns = 4[5+ e~ swwells]
6 6
028y | el (Belh + efih — i) + 2@y s)?]
- 6 _
0253, [C(H%/V(ch_[%,[/ + élcgq)D — cg{)D) + 2(0%%4,3)2} (B.8)

s [ 4k o+ 45

407 ety + (i + )y — Swawellys)
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In addition to the implicit SMEFT shifts in Eq. the Z coupling to leptons is shifted
by the Class 7 operators:

l _
0 = i (9P + g PR) (B.9)
A
4
g, = ? (c(lgg’l + cgg’?’) (14 Azw) + % (cgg’l + cgg’Q + cgg’g) (B.10)
4
v
gr = Ve (L+ Aze) + el (B.11)
v2
Azp = 5 [%Wgzcg%/y + 2§W915§33 + (925w + gléw)cg%/m] (B.12)
The Z coupling is also shifted by the Class 11 operators:
0 _
{1 = i%v2 [All(kl . kg’y“2 + k’llsz)PL + Bll(kl . kz’y‘w + kllLQ%Q)PR](B.l?))
Z
All = 20;281)'%12D3 - 20;28;7[22[)3 + cgi)t}?;DB - Cl(QSEiD3 (B14)
Bu = 250, 5 —280% (B.15)

However, these terms make no contribution to our a calculations as they occur at dimension-
eight and no tree level coupling HAZ exists in the SM.
For dipole operators we have the following rules:

¢
¢ ; piv v
A = —icppottVpy (B.16)
Hy
l
4 = —icppvatpy (B.17)
Ay
l
£ = —icdppouattpY (B.18)
Z
CDP = C/DP = CWCeB/t ; SWCeWit (Blg)

dopy = SWwCeB,¢ *2- CW CeW £ (B.20)

Finally, at dimension eight both Class 11 and Class 15 operators can generate the four-
point contact interaction:

0
12 _
A, | T iR Eo(AL P+ B PrR) (B.21)
Hy —iv [A15(k1 - koy"t — kY Jy) P + Bis (ki - ko™t — k4 fy) PR
9 bl b 74
,11 = 201(28}{12133 + QCl(zsl)qzzDs + 61(283{351)3 + 01(28}{2D3 (B'22)
Bil = 20&2)&12[)3 + QCS;)H%D3 (B~23)
Az = EW(Cz(gj)é;ﬁD + 61(281)9’5H?D) - EW(Cz(?%{/lmD + 01(281)/E/5H2D) (B.24)
Bis = EWCS)équQD - Ech)V’;HQD (B.25)
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C Matching to the effective action

Here we reproduce the matching expressions in the small off-shell momenta limit. Discussions in the main text generally use the full result where
momenta are allowed to be arbitrarily off shell as appropriate to the process. The Higgs boson is taken on shell, and the momenta of photons, k?
are taken to be small. We separate the bosonic (i.e. W*, ¢, inclusive of ghosts u™) contribution from the top contribution. Further, we expand
in an appropriate small ratio of masses for comparison with [38}39}/59| and to demonstrate the agreement between our and their expressions.

We leave the gauge parameter arbitrary, and note that the term of order (k?)° terms are gauge invariant, as they must be, as they correspond
to physical processes. Certain short hands are used for more complicated functions, such as the scalar Passarino-Veltman function C’@g , these can
be found after the full set of expressions. For the bosonic (including ghosts) contribution we find:

U _ (4) )
i = (1), () ©1)
2
52,74 mp(\/m2, — dm?, — my)
(1) _ e my —2 (= =2 ~2 (2 _9 H w
fHW’B = _1671277’131{1) mi (M + 6miy) — 3miy (my — 2miyyy) log | 1+ 2m%v

8¢

2
(% — Ady — )
E“m - L o i o 7 ) 3
_W(k% + k%) 2(m%1 + Gm%{m%/V)DISC[m%h my, mw| + (m‘}{ — Gm%{m%[, + 24m§v) log | 1+ Qm%,[,

2
my(\/m3 — 4md, — mpy)

)
2mW

—m3 | 48mi, — E(m3 — 2miy€)log 1+

o+ 2miy ([miy + i (€ ~ DICF10,0.m%, v/Emuy ]

+ (miy[€ — 1] = mH)ECE (0,0, My, /Emw, v/ Emw, mw] | + O(k}) (C.2)
= i _Z_Ea_ﬂoﬂ_ﬁa?»_... + O(k?) a4 = mE (C.3)
T 8r2w\ 4 30 105 525 ‘ ~ dmy, :

w
QL
w
o)
0
(5
2
<
=
()
9]
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In the case of the operator corresponding to fl(i)w the gauge dependence does not vanish for the leading term, this is because this term only
contributes for off-shell photons. This can be understood from Eq. Where the first three terms are proportional to kf” which vanishes when
contracted with the on-shell polarization vector, while the n#'#2 term is preceded by k? which vanishes for on-shell photons.

é2

Bl = Tamems | 0m i G+ (i (€ = 9)(€ = 17 — 2y = 5) — 4) o | | ()

§

7,6 my(\/m?, — dm?, —my)
- <2m4 - in—QH — 20m3 iy, —48m§*,[,> log | 1+ 1 i
m
w

H )
2mW

wn
.
w
(=}
@
-+
"o
=
<
=.
v]
7

(M4 (€ — 1) + 2mEmiy, (€ — 9) — 96m3ymyy, | Disc[myy, mw, mw]
+ I (¢ 1) ((mdy — 2y €)Disclimdy, /B, /Emw] — 20y + (€ — méy)Discldy, mw, v/Emw])

[2m3y (€ — 1) + mE (€ + 1)2] CF [0, 0mFy, mw, /Emw, ]

+ —2 [+ 2miy (€ — 1) — mpymiy (€ + 1) + mEmiy (1 + (2 — 3£)€)] CF[0,0m3;, v/ Emw , mw, ]
— — L 2mF; + miy (& — 1)?)(m — 2miy€)CH0,0, mir, v/ Emw, mw, /Emw]

+ dmi[m; + 2miy (€ — D][mfy (€ — 1)2 — m3 (€ + 1)]CF[0,0,m;, /Emw, /Emw, mw] | + O(k?) (C.5)
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While for the top quark contributions we have:

(1) —
wa ¢ 4

Q2eN.,

6 v

f(2)
Hyy |y 2m2mY,

7

+—a+-

=2 =2
20mym;

k2 + k3
3m?,

(m; — 16m3m? — 4mimiDisc[miy, mg, my| + m2(m3 — 8m?) log

2
=2 =2 /4 =2 =2
2my — my + (/M — dmym;

—2
2m;

2
=2 =2 [ 4 72 2
2my —my + (/M — Ampmg

m

ml\')

] +0(k3)  a=

W
SIS

m

=2
2m;

+ 8min3 Disc[m3y, my, my] + M2 (m3y + 4m7) log

myy + 204m2m? + 84m2m2 Disc[my, iy, iy + 12(m2m2; + 3mi) log

(C.6)

+ Ok}

(C.7)
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The form factors for the lALZ’y couplings are again expanded in terms of small off-shell momenta, in this case we take the gauge parameter
¢ — 1 and expand in small off-shell momenta. For the Z we take k3 — mQZ + 12, where p? represents the small perturbation from an on-shell Z:

2é2tW

Ny =—
L T6n3(myy — m2)2(mf — miy )

iz =Ny |(miy —my) [2miy (mi; + 6miy) — (i + 2miy)m] +m? [2miy (m

+m% [(mY + 2my )m% — 2myy, (M3 + 6miyy,)] Disc[m%, mw, mw] (C.10)
mp(\/m3 — 4md, — mpy) mz(y/ Mm% — 4md, — myz)
+ miy [12myy + 6miymy — 2mYy + mi (my — 6myy)] | log [1+ — +log |1+ —
2miy, 2miy,
+O(k7, 1%)
52 =2 ~2
S L S S Dl I S (L N NI RN o2, 12, a=-—H 5= "2 C.11
3. 16720 K t%,)jL 3 <5 t%)a+3<5 t%v> +0(@% 5| + Ok, 1), a am2, am2, (C-11)

In the above, the overall normalization was chosen to match that of [39].
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N, = — (C.12)

—4(2mY +m7)m7 (MY + 2miy) — 2miy (MY + 6mfy )| Disc[miy, mw, mw]
+ 4(m¥ + 2m2) [m% (Mm% + 2m3y) — 2méy (M2 + 6mi, )| Disc[m%, mw , My ] (C.13)
— [6m3ym + mip(2miy, +my) + mi(my — 20mly, — 4mymy) — 48mSy, — dmiym%]

m H
2mi, + mp(y/m3 — 4md, — mpy) mp(y/ M3 — 4m3, — my) mz(y/ Mm% — 4mZ, — myz)
+

x log log |1+ oy +log |1+ 52
2y + 7~ 7y mw B
+O(k7, 1?)
N, = CL2ml(nd o+ 6mdy) — (m + 2mpy )m3] (C.14)
16m2my (Mm% — m%)?’\/ﬁmv
1o =N 12(m3; — my) + 4(2m + m)Disc[myy, mw , mw| — 4(mF + m)Disc[mZ, mw , mw] (C.15)
mH(\/ﬁm—mH) mz(m_ﬁw)
_9 _ 2 =2
4 1 1 —1 1
+(my + 4miy +mz) | log |1+ om?, og |1+ o
+O(K, 1i?)

(C.16)
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For the top quark contribution we have:

_egz(gl + g)MiNQu . ) - 2
N = 32m2v(m?; — m%)? g1 = (1 —2Qus3) gh = —2Qus%

= Ny [4(m} —m3) + 4m% (Disc[my;, my, my] — Disc[my, my, my))

2 2
=2 _ =2 =4 52 =2 22 _ =2 [ 4 52 =2
72 , 2mi —my +4/m5 —4mom; 2my —my + /My — 4mym;

+(mi —4m; — mQZ) log 22 — log 22

e NeQu(3—8s%) [1 7 11 m? m2

= — 4 —a+ —b+ 0 b | + Ok, 1 =_—H =2
= 12swawo |3 0% ool TOW )] Ok a=gms am?

(C.17)

+ O(k2, u?YC.18)

(C.19)

Below are the special functions used in the above expressions. Not all C@g functions are listed as the expressions become complicated and
depend on the relation between b and ¢ which is generally a function of the gauge parameter £. The unlisted Cﬁq functions can be obtained from

Package-X [49].

2 2 2 2., .2 2 212 4 2
Discla®,b,c] — )\[a,b,c]log b° + ¢® —a® + /A[a? + b2 + 2]
a? 2bc
AMa? v?,?] = a4+ bt + et — 2a%% — 2d% 7 — 272
S 2 2(12 2 b2
C510,0,a%,b,¢c,c)] = log|1-— +2Lis (1 — —
ol ] & a2 + b2 — ¢ + \/NaZ, b2, 7] 2 ( 02>

2a? 2a2
—9Li, a + 9Li, ¢
a? + b2 — 2+ \/Aa?, b2, 2] a?—-b2+c+

= 005[0,0, a? e c, b]

a2, b2, 02]>
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D Full Parameterized partial widths

D.1 Full a—scheme results

AB = 40.1285) — 0.038%), — 0.0155(533 0.015&53}3 g+ 0,24[553)5} —0.12&%) 5% +0.015[¢1%) ]2

—0. 13—~(6’ +0068 [(6)] —0.064—&%) — 0.13—— &%) 1 0.032—— 0O ()

My u My my My
5G 5Gr X oG

+0.00099 = — 0.000256), = — 0. 0016—& 2410792
Gr GF my Gr F
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A2 = 10.05625) — 0.01427), — 0.0072y), — 0.007E5), 5 + 0.1L[E01] — 005620025, + 0.007[¢5),]2
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D.2 My scheme results

The parameterized partial widths in the My input parameter scheme for each region
defined in the main text are given below. When solving for Sy, in terms of the input

parameters we obtain terms proportional to [cg%/v gl?= ]cg/‘, |- This is not mentioned

explicitly in the Appendix of [13] where equations useful for solving barred quantities for
input parameters are found. The authors of [13] have found a work around, but this was
not apparent to the authors of this article. Note that in the My scheme Case 5 has
corrections from the Class 4 operators which shift the definition of the «, in the & scheme
this is not the case as « is an input parameter.
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SM tree-loop interference
T 10-12
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H
Figure 8: Dalitz plot showing the interference between the one-loop and tree-level SM
amplitudes for the case my = m.,.

E Discussion on the tree-loop interference in the SM

Comparing the size of the tree level contributions discussed in Sec and the loop con-
tributions of Sec one may be concerned, particularly in the case of the tau, that the
tree-loop interference could be large or even dominant.

To achieve a more precise understanding of the size of this contribution we have esti-
mated it by considering the interference between the one-loop triangle diagrams contribut-
ing to h — vy and h — Z~, i.e. those of Figure [I] or equivalently Figure [3a] and the tree
level diagrams. This is convenient as we are able to obtain the full m, dependence of this
interference as the loops contain no m, dependence. It comes with the caveat that these
diagrams are not gauge-invariant on their own. We have performed the calculation in the
Feynman Gauge, £ — 1, where we have tested that the triangle diagrams make a larger
contribution than the box diagrams (this is also noted in e.g. [5]). Table [5] shows the size
of the contribution from diagrams with only top and EW contributions, only diagrams
containing internal lepton lines, and the full contribution for the squared-loop contribu-
tion to the partial width of the Higgs boson to two taus and a photon. The reason for
this simplification is that evaluation of the Passarino Veltman functions corresponding to
diagrams with internal fermions and their corresponding mass dependence is well beyond
the scope of this work.

Figure [§] shows the Dalitz plot for the tree-loop interference described above for
my = m,. We note the distinct lines where the amplitude squared drops off, as with
the diagrams of Figure [6] these lines correspond to changes in overall sign. They roughly

£=1 £=2 £=3
top+EW: 2.84-1077 283-1007 2.83-107"
leptonic internal lines: | 6.08- 10710 2.17-1071% 1.17.10710
full result: 2.84-1077 284-1077 2.84-1077

Table 5: Comparison between the purely top+electroweak contributions, strictly diagrams
with internal leptonic lines, and the full calculation of the one-loop squared contribution
to H — 77v. Errors are approximately per mil.
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correspond to the following two lines,

sy = 1y, (E.1)

sy = M3 — 2s1. (E.2)

Note that above, sy = mQZ actually corresponds to two lines close together just below the
Z-threshold. We define four regions of integration as follows:

Ry = {32<M% & 82<77L%I—281},
Ry = {sa<MZ & s9>m2% —2s1}, (£.3)
Ry = {82>M% & 52<m§{—231}, '
R, = {82>M% & 52>m%{—251}.
Integrating over the phase space for each of these regions we find:
I'(R) = —1.439-1077,
I'(Ry) = +1.439-1077,
(E.4)
I'(R3) = —1.383-1078,
['(Ry) = +1.384-1078.

The error in these integrations is per mil. We see that, within errors, Regions 1 and 2 cancel
as do 3 and 4, giving an overall vanishing contribution from the tree-loop interference.
This cancellation is the reason for the need to separate the integration into regions — the
Vegas algorithm was unable to converge integrating over the full phase space. Given the
seemingly exact cancellation between these well defined regions it seems likely there is a
kinematic or symmetry argument for the cancellation. We have not, however, explored
this possibility in detail.

The above indicates the leading contributions to the tree-loop interference comes from
the box diagrams. As concerns about the tree-loop interference being important hinges
on the overall size of the one-loop squared contribution, for which the diagrams with
fermions in the loop are subdominant, we conclude the tree-loop interference is negligible.
Alternatively we can argue that, because the size of the I'(R;) given above are at least
two orders of magnitude smaller than the tree-level contribution for the taus the tree-loop
interference is negligible. Note that in the discussions of Sec. flavor is invoked only
as a means of testing if the impact of the Class 3 operators (corresponding to SM tree-
like kinematics) can be elevated above the other contributions. If there is a kinematic or
symmetry argument for the cancellation this will also carry partially to the contributions
from the box diagrams corresponding to the chiral structures of Eq.[I6] The box diagrams,
however, contain lepton mass insertions and therefore will generate the chiral structures:

U Proy, ,
(E.5)
U200 Vs -

These structures will correspond to tree-loop interference terms suppressed by % and
are expected to be negligible.

We reiterate that the above argument is a gauge dependent statement as gauge-independence
s only obtained after inclusion of the diagrams with leptons in the loops. Our results in-
dicate that for gauge choices ¢ = 1,2,3 that the diagrams with internal lepton lines
contribute at a level nearly 3 orders of magnitude smaller than the pure electroweak and
top contributions.
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F Dipole operators

Here we discuss the impact of the dipole operators on our analysis. This is to get a
better understanding of the potential size of including operators which induce chiral flips
has on our analysis. We note that, in the case of dimension-eight operators, they must
contribute proportional to my as their chiral structure can only interfere with the SM
tree-level amplitude (see discussion in App. [E| for more details on the interference of the
SM-tree and loop contributions).

The dimension-six dipole operators relevant to our analysis are given by:

Qew = ([J“VB)TIHW/{V

Qs = (lo"e)HB,, (F.1)

Note these operators are not hermitian, and therefore their Wilson coefficients are in
general complex. We treat them as real, invoking stringent constraints from low energy
CP measurements as a reason for treating the imaginary parts as negligible [54]. These
operators can contribute to the H — £fv process at tree level in many ways. They
generate a four-point contact interaction and a dipole interaction of the leptons with the
photon. The latter allows for both dipole-like corrections to the SM-like topology as well
as to the SMEFT coupling HV~ where V = {v, Z}. The amplitudes resulting from these
contributions are given by:

Mcontact = CDPﬂkQO—MV'Uk:g k’Tﬁ;(k‘l) 5 (F2)
my / ﬂkzo-lw(kl + %2 + mf)vl% ﬂkz(_kl - k?) + me)o-lka3 * v
Myukawa = —(1+Aqp k)K",
Yukawa o L+ Buu)cpr (k1 + k)? — 2 (k1 + k3)? — 2 ulk )k
(F.3)
_ (ko + k3)¥
M = AN ) [ wy *(ky) . F.A4
4% JHVVUCpLLT Uk 07 Ukg (ko + k3)2 — m%/ € (k1) (F.4)

Note we have retained fermion masses in the propagators as these interactions can induce
chiral flips and we wish to estimate their relevant to the decay into tau leptons.

\Mcontact\Q gives a mass independent contribution and so is relevant for all lepton
flavors. Table [f] lists the possible contributions from dipole operators to the process H —
~v0L, their leading order in the expansion in my, and the size of this contributions. Excluded
combinations occur only at order 1/A% or higher.

Table [6] demonstrates that the dominant contributions of the dipole operators come
from the tree level interference of two dimension-six two amplitudes. Subleading is the
contribution from the interference of the SM with the contact interactions HV'V and the
dipole operator in the same amplitude. The terms occurring at ﬁ are strongly suppressed
relative to these contributions. In simplifying our analysis we use this observation to
drop the contribution of all dimension-eight operators with a chiral flip, as they can only
interfere with the SM amplitude. There are 7 additional dimension-eight operators which
induce chiral flips, some examples of these include:

Qiwys = (o™ er) HHTTH)WL,, F.5)
Ql(elt)/VHm = (lo" Dleg)r! (DLH)W,, . (F.6)
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’ ‘ O(1/AY)  O(m?) ‘ PS Integral 7 PS Integral p ‘

cpp @ cpp i 1 6.4-10° 6.4-10°
YE® guaacpp = 1 2.3 - 104 1300
Ye® guazcpp = e —1600 —100
Yé®cpp iz iy 1.1 6.6- 1072
Ypp®@Ydhp = m2 1000 3.6
Ye®Ydpp =
YC/DP X cpp ﬁ

Table 6: Combinations of the dipole couplings and other couplings contributing to the
partial width of the Higgs boson to two leptons and a photon, their leading contribution
in the my expansion, and the size of the corresponding phase-space integral for the case
of the tau and muon. The phase space integrations include the full mass dependence and
are only expressed to two significant digits. Y is the Yukawa couplings proportional to the
mass of the lepton, this lepton mass dependence is included in the phase space integral as
is the € dependence. Entries for mass expansion of “0” indicate the amplitude squared is
identically 0 (the two contributing amplitudes do not interfere).

G  On the choice of kinematic labels

In order to regulate the collinear divergences it is common for hadron collider studies to
define an angular separation with respect to the pseudo-rapidity and azimuthal angle such

as:
AR = \/An? + Af? (G.1)

Where 7 is the pseudo-rapidity of a given particle, and An is the rapidity difference between
two particles. In our case, in order to remove the collinear divergences we would want
AR greater than some value in order to enforce a sufficient distance or angular separation
between the massless photons and the fermions. In the case of [11] a value of AR > 0.4
is chosen. In order to achieve this an arbitrary axis is chosen to correspond to the beam
axis in a hadronic collider environment.

The choice of beam axis is arbitrary, but different choices can affect the resulting
pseudo-rapidity. For example, if we choose the photon to lie on the beam axis the An will
always be infinite as the photons pseudorapidity is infinite, and all points in phase space
will be accepted. Setting the direction of the fourth component of the four-momenta as
the beam axis this choice could correspond to (for an at rest Higgs boson, lepton masses
set to zero for simplicity of presentation) [37]:

=2
-2 S1ts2 my —s1
mZHfSQ 2mp 2m
”6}’ s252 (M3 —s2—51) V/s182(m2—s1—s2)
S - N
P —_ m S _ —
Py = 0 pe= o P = mg 52
=2 _
My =52 My (s2—s1)—s2(s1+52) m2, (s1+s0)+s155—m;
2mpy 2mp (M3, —s2) 21 (M2, —s2)

(G.2)
Note that this choice renders ¢ zero as we have chosen a frame where the third components
of all momenta are vanishing. From here we can apply a Lorentz rotation to find a frame
where all pseudo-rapidities are finite. Each choice corresponds to different cuts in the
s1 X s9 phase space. Such a Lorentz rotation could be one that rotates between the 2 and
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4 components of the four vectors:

1 0 0 0
0 cosf 0O —sinf

A= 0 0 1 0 (G.3)
0 sinf 0 cosf

The differences that can be found between different frames is a result of the fact that
pseudo rapidity is not a Lorentz invariant quantity. If we instead use the angle between
the photon and the two leptons, we can define this in terms of invariants (again in the
Higgs rest frame and massless limit for simplicity) [37]:

—2 2 _ 92
cosy = (mH(ZQ)(mH 7«‘;3) M1 (G.4)
my — s2)(Mmy; — s3)
—2 2 _ 92
cos; = (mH("’;Q)EmH 7821)_ M 53 (G.5)
my — s2)(Mmy; — s1)

(G.6)

Where we have used s3 = m% — 81 — S9.

As mentioned in the main text we have used cosf < 0.8. In previous versions of this
manuscript we found that the NLO chiral corrections to the tree level process did not scale
with m,? / m%, as is expected naively. This was in fact due to the collinear divergences. The
choice of cos8 < 0.8 corresponds to a conservative value well away from the threshold at
which the collinear divergences affect this scaling. This was determined by comparing the
integration of the full expressions for I';_, 7, for all three flavors of leptons and requiring
that:

7

=2 =2

Lhonits 77—; =1+0 <mg> (G.7)
Fhﬁyzjéj m; m

Where ¢ and j can be 7, pu or e. In the case of the ratio of the tau to muon, this is an

order 3.5 per-mil correction. The actual correction is found to be 1% which is consistent

with this power counting argument. In the case of the ratio of electron to muon masses

this is a 2 in 10° correction. Our phase space integration is not good enough to achieve

the necessary statistics for comparing i and e in a reasonable time. As such we require

the ratio above be consistent with 1 within the errors in the phase space integration. The

ratios for e to 7 were not considered.

We note that, performing the cut on cos # removes the low sy (for 6,,) or low s3 (0.7)
region of phase space, but does not affect other areas of the phase space. Cutting on the
pseudorapidity also removes a certain region in high sy (for 6,,) and high s3 (9%7). This
difference could have an impact on the phenomenological results of this study. Ultimately,
because of the differences between the two approaches discussed in the appendix, a more
careful study needs to be performed in a hadronic collider environment where the pseudo
rapidity is well defined. This is potentially an issue in all such approaches to calculating
Higgs partial widths, but the issue is exacerbated in this study due to the collinear diver-
gences and the need to regulate them. Qualitatively cutting cosf,; < 0.8 is similar to the
low s; and s3 cuts resulting from AR > 0.4 for a rotation angle of § ~ 7/2 in Eq.
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