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h — gg and h — yy with anomalous couplings at next-to-leading
order in QCD
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We generalize the next-to-leading order (NLO) QCD calculations for the decay rates of 4 — gg and
h — yy to the case of anomalous couplings of the Higgs boson. We demonstrate how this computation can
be done in a consistent way within the framework of an electroweak chiral Lagrangian, based on a
systematic power counting. It turns out that no additional coupling parameters arise at NLO in QCD beyond
those already present at leading order. The impact of QCD is large for # — gg and the uncertainties from
QCD are significantly reduced at NLO. & — yy is only mildly affected by QCD; here the NLO treatment
practically eliminates the uncertainties. Consequently, our results will allow for an improved determination
of anomalous Higgs couplings from these processes. The relation of our framework to a treatment in
Standard Model effective field theory is also discussed.
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I. INTRODUCTION

The discovery of the Higgs boson a decade ago has
opened the door for novel tests of the mechanism behind
electroweak symmetry breaking. A promising strategy
consists in precisely measuring Higgs-boson couplings,
which might deviate from their Standard Model (SM)
expectation and reveal the presence of new dynamics.
Such anomalous couplings are consistently described in the
framework of an effective field theory (EFT). A well-
motivated and useful tool for this purpose is provided by
the electroweak chiral Lagrangian including a light Higgs
boson (EWChL, sometimes also referred to as HEFT);
see [1,2] and references therein. This nonlinear version
of the electroweak EFT has the practical advantage of
encoding the anomalous Higgs couplings as the dominant
new-physics effects [2]. This allows us to focus on the
Higgs-boson properties as our main target, and avoids a
proliferation of parameters.

For a reliable determination of Higgs couplings, QCD
corrections have to be taken into account in the calculation
of Higgs-boson processes. Already in the SM, QCD effects
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do, in general, have a large numerical impact on the
observables [3-8]. Higher-order QCD effects can be
combined, in a systematic way, with the anomalous
Higgs couplings described by the EWChL [9]. An analysis
of this type has been performed in [10] for the case of
Higgs-pair production in gluon fusion. In the present paper,
we generalize the calculation of the decay rates for 7 — yy
and h — gg at next-to-leading order (NLO) in QCD to
include new-physics effects in the form of anomalous
couplings. We demonstrate how this can be achieved in
a consistent manner within the framework of the EWChL.

This paper is organized as follows. In Sec. II we
summarize the main properties of the EWChL as an
EFT for Higgs processes and define kinematic variables
for later use. Section III is devoted to the discussion of
h — yy, where the NLO-QCD effects are relatively simple
and of moderate size. To set the stage for the EFT treatment
of h — gg, we review the results for this process at leading
order (LO) in QCD in Sec. IV. Section V describes our
main results, the computation of 7 — gg in the presence of
anomalous couplings and with QCD corrections at NLO.
Phenomenological implications of the NLO results for
h — gg are presented in Sec. VL. In Sec. VII we discuss
how h — yy and h — gg could be treated in Standard
Model effective field theory (SMEFT), as an alternative to
the EWChL framework we primarily employ. We conclude
in Sec. VIII. Some further details and examples are
collected in the Appendixes. Appendix A defines the
subtraction of IR divergences in the NLO rate of
h — gg. Appendix B explains in detail the dependence
of the 1 — gg rate at NLO on the anomalous couplings in

Published by the American Physical Society


https://orcid.org/0000-0002-5237-0287
https://orcid.org/0000-0003-0009-9410
https://orcid.org/0000-0002-9034-7686
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.107.076021&domain=pdf&date_stamp=2023-04-24
https://doi.org/10.1103/PhysRevD.107.076021
https://doi.org/10.1103/PhysRevD.107.076021
https://doi.org/10.1103/PhysRevD.107.076021
https://doi.org/10.1103/PhysRevD.107.076021
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

BUCHALLA, HOFER, and MULLER-SALDITT

PHYS. REV. D 107, 076021 (2023)

the region where the rate becomes small due to cancella-
tions. In Appendix C we give the LO and NLO correlation
matrices for the parametric uncertainties of the h — gg
decay rate. Finally, Appendix D illustrates the matching of
the local hyy and hgg couplings in the EFT to a UV theory
in a few toy model scenarios, with a particular view on the
role of QCD corrections in this context.

II. EFT LAGRANGIAN
AND KINEMATIC VARIABLES

The EWChL at lowest order is given by [11,12]

1 1
£2 - _ZGZZ/GaMD - E <W”DW”D>
1 v?
~ 3 BuB”
2

v _ . _
+ 500 = V(n) + wiDy —ym(n. Uy,

D,UD*U)F(n)
(2.1)

where # = h/v with h the Higgs singlet and v = 246 GeV
the electroweak scale. Gy, Wy, and B, are the gauge field
strengths of SU(3), SU(2), and U(1)y, respectively. Here
(---) denotes the trace over SU(2), indices.

The electroweak Goldstone bosons ¢* are collected in
U = exp(2igp/v), where ¢ = ¢*t* and 1* denote the gen-
erators of SU(2),, normalized as (1*#") = 5% /2. The
covariant derivative of the Goldstone field reads

DU =9,U + igW,U — ig B,UP (2.2)
with SU(2); and U(1), gauge couplings ¢ and ¢,
respectively. All SM fermions are collectively written as
w = (u;,d;,v;,e;)T, where u;, d;, v;, and e; are Dirac
spinors and i is the generation index. The Yukawa term is
then given by the last term in (2.1) with

m(n,U) = UM(@)Pg + M (nU'P,.  (2.3)
where M is the block-diagonal mass matrix
M = diag(M,,, My, M,, M,) (2.4)

acting on . In general, the entries M ; = M (n) with f =
{u,d,v, e} are h-dependent matrices in generation space.
The Higgs-dependent functions are expanded as

F)=1+Y Fa'c Vi) =v"Y V',
n=1 n=2
My(n) = M (2.5)
n=0

so that the fermion masses are given by m; = M.
In comparison with the SM, the Lagrangian in (2.1)

introduces anomalous couplings in the Higgs sector, out
of which only a restricted subset is usually relevant for
a given application. For instance, we can introduce
cy = My, /ms, which parametrizes potential deviations
from the Aff vertex in the SM. Similarly, assuming
custodial symmetry, an anomalous coupling cy = F,/2
for the hW+W~ and hZZ vertices can be defined [2].

Going beyond lowest order in the loop expansion, new
terms have to be added to £,. The terms entering at one-
loop order in the EWChL are denoted by £, and can be
found in [11,13,14]. This introduces further anomalous
couplings and also provides the necessary counterterms for
one-loop diagrams from (2.1). For our purpose, it is
sufficient to focus only on new local interactions between
the Higgs boson and the massless gauge bosons with
couplings c¢,,;, and ¢, respectively; see Fig. 1.

To summarize, the CP-even terms from the effective
Lagrangian L = £, + £, with anomalous couplings
relevant for the Higgs decays to two photons or gluons read

h 1 h-
Eeff D 26\/; (m%,W;fW H —I—Em%ZﬂZ/‘) — ;mef;ff

a h a h
+ 8z, FuF* + é Cogh ™, GG,

(2.6)
where a = e?/4r and a; = ¢?/4x are the electromagnetic
and strong fine structure constants, respectively. As stated
above, the anomalous couplings ¢ and cy arise from £, and
are leading-order effects in the EFT counting, whereas the
local Higgs-gluon and Higgs-photon couplings c,,;, and ¢,
are introduced by £, and thus enter at NLO (one-loop) order.
In the SM we have ¢, =cy =1 and ¢,
However, all couplings may have arbitrary values of O(1)
in general. In the following, we will neglect the couplings of

= ngh =0.

(b)

FIG. 1. New local vertices of the Higgs to photons (a) and
gluons (b). The Higgs-photon coupling (a) is generated by the
second to last term of (2.6). It is proportional to c,,; and of order
e?. The three Higgs-gluon couplings (b) are generated by the last
term of (2.6). They are all proportional to ¢, and are of order 72,

g2, and g%, respectively.
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W /

W +

FIG. 2. Diagrams contributing to the LO, i.e. O(¢?), amplitudes Ay, A,, Ag)), and A, of the decay i — yy. Here and in the following,
black dots and black squares indicate vertices from £, and Ly, respectively. The fermion can be both a quark or charged lepton, as long
as it is massive. Clockwise and counterclockwise fermion flow is implicitly understood.

<

FIG. 3. Diagrams contributing to the virtual corrections A
corrections at this level.

the Higgs to the first two lepton generations as well as to up-
quarks, down-quarks and strange-quarks due to their small
masses.

We conclude this section by defining some kinematical
variables, which are useful for presenting the rates of
h — yy and h — gg, namely

2

mh .
T, = W + lOJr (27)
and
[ |
X = L +i0, (2.8)

where, for the purpose of analytic continuation, we always
assume a small positive imaginary part. In the SM, the
leading order decay of Higgs to both photons and gluons is
loop induced; m; in (2.7) usually denotes the mass of the
particle running in the loop. We can then distinguish
between configurations above and below the particle pair
production threshold:

below threshold: 0 < 7; < 1 x;=e% (0<0;,<n)
(2.9)
above threshold: 1 <7; < -1<x;<0. (2.10)

III. HIGGS DECAY TO PHOTONS

The decay rate of a Higgs into a pair of photons is
given by

2 3

a m
2 ‘ h—yy

Vierr = 25620

2 (3.1)

) to the decay h — yy at O(g?).

S

Only the quark-loop diagrams receive QCD

where up to O(a,)

ZcfAf 7¢)
0 ag 1
+N ¢, 0 (AS, '(z,) + EAEI >(rq)> . (3.2)
q

Apsyy = CpnAp + cyAy(ty)

The different subamplitudes A; describe the coupling of the
Higgs to photons either directly (A,) or through a W* loop
(Ayw), charged-lepton loop (A,) or a quark loop (A(qo’l)); see
Fig. 2. Only the latter receives QCD corrections at this
perturbative order in ay; see Fig. 3. The loop functions A,
and their coefficients ¢, are separately renormalization-
scale independent. We have chosen the normalization of
Aj_,, such that'

The coefficient c,,, implicitly contains O(a;) corrections,
as will be further discussed in Appendix D. The one-loop

functions in Eq. (3.2) are well known from the SM. They
read [15,16]

202 + 37+ 32t - 1)f(2)

Ay(e) = - .
T 2()6;_—8)16)er b 6)<Cixi ;L)j ) 1n2 x,  (34)

A(e) = A () = 2 - DI)
Tk fxl)z + 2)(Cix_+l>1321n2 x (35)

'Note that the local hyy coupling c,,, used here is related to the
coupling ¢, defined in [9] through c,,;, = 2¢,,.
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TABLE L.

N, = 3,in [25] the number of colors is left arbitrary. Agl
typos. See footnote 3 of [24].

)s

Loop functions contributing to the decay 7 — yy and their correspondence in the literature. [4,24] set
“ corresponds to Eq. (10) in [23], which, however, contains

0A®)

Reference Ay Ay = A<q0> Agl)'a —6CrT =5
[4,24] Al $FY ACpFHCH ACpFHCIH = 2C - FIIBY

10 10 2. 20.h 260

[23] -7 _-7'—5/2) —4CF(]:§/2 )+%‘f§/2 ) 4CF7:(1/2 )

with x defined in (2.8) and

f(r) = arcsin® /7 = —%ln2 X, (3.6)

which is real valued below the pair production threshold,
0 <7 < 1, and complex valued otherwise.

The NLO QCD corrections to the quark loop [4,17-25]
(Fig. 3) can be decomposed as

Ay ()
or

where the function X depends on the quark mass renorm-
alization scheme. We have

AP (2) = AP (2) - 6Cpr

X(pz),

ANER)

0 (0S)

— 3.8
In(u2/m2)+4% (MS, scheme of [25]), (3:8)

xs) = {

where y, is the scale at which the mass is renormalized in
the case of a running mass scheme, which is not necessarily
identical to the renormalization scale up of the strong
coupling constant a,. The relation between the quark mass
in the on-shell (OS) scheme, mqgg, and the MS scheme,
m(u,), to one loop in QCD is
= 2
mos = m(ug) (1 +a5(m) < al

D). oo

We remark that in [24] the running mass is defined as in

Eq. (5) of [4], which is different from the MS mass. This
alternative definition corresponds to

X(uz) = In(uz/m7) (scheme of [4,24]).

The remainder Afll) ““ of the two-loop function can be found
in the literature, see Table 1.

Note that the emission of a single gluon off the quark
loop (h — yyg) is forbidden by color symmetry. Therefore,
there are no real radiation corrections of O(g,) relative to
the Born amplitude. As a consequence, the virtual QCD
corrections are infrared finite, as any singularities would
need to cancel against phase-space singularities in the
real corrections by virtue of the Kinoshita-Lee-Nauenberg-
Theorem (KLN) theorem [26,27]. This enables us to
consider an IR-finite expansion in g, already at the

T

(3.10)

amplitude level, given in (3.2) to O(a,). The decay rate
in (3.1) is then exact to O(a;) (NLO QCD) and contains
parts of the O(a?) [next-to-next-to-leading order (NNLO)
QCD] corrections. However, to fully capture NNLO QCD,
one would also have to include genuine O(a?) contribu-
tions, that is three-loop diagrams for 4 — yy, the emission
of two gluons from the quark loop (double real correc-
tions), as well as two-loop diagrams for 4 — yy containing
local hgg vertices. Those contributions are beyond the
scope of this work.

We close this section with a brief discussion of the
numerical impact of the NLO QCD effects. We checked
all formulas by independent calculations, except for the

function A<ql>’a. The numbers were obtained with two

independent codes. As an additional check we compared
with the publicly available program eHDECAY [28], which
implements the results from [29]. It contains the & — yy
decay rate as presented in (3.1) and (3.2). Testing several
different values of the effective couplings c; in (3.2), we
found agreement within the uncertainties of the different
implementations for all cases.

Using input parameters from [30], see also Table II, we
calculate the central values for the various loop contribu-
tions to the & — yy amplitude. They are listed in Table III.
These numbers quantify the relative importance of the
subamplitudes. W and top-quark contributions are domi-
nant, 7, b and c loops only matter when very high precision
is required. The lighter fermions are negligible. Note that
here, in contrast to the SM case, the relative weighting of

TABLE II. Input parameters for the calculation of the coef-
ficients A;, corresponding to the 2022 PDG [30] values. The
Higgs vacuum expectation value is derived through its relation to

the Fermi constant G = (v/2v?)7!.

Parameter Value

m, 125.25(17) GeV
m, (OS mass) 172.69(30) GeV
my, (OS mass) 4.78(6) GeV
m, (OS mass) 1.67(7) GeV

m, 1.77686(12) GeV

My 80.377(12) GeV
my, 91.1876(21) GeV
a,(my) 0.1179(9)

Gr 1.1663788(6) x 10~5 GeV-2
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TABLE L.  Numerical values for the 4 — yy amplitude functions A;. The quark contributions A, include the NLO
QCD corrections, where the quark mass is defined as the pole mass.

Ay A, A, 14, 1A, 1A,
—8.33 —0.024 + 0.022i (-3 +i)107™ 1.78 —0.027 4 0.023i —0.022 + 0.009i

the subamplitudes is affected by the anomalous couplings
in (3.2).

The loops with light fermions have imaginary parts.
Their contribution to the rate is completely negligible:
Assuming SM couplings, |A,_,,,|/|ReA,_,,, | deviates from
unity by less than 1074,

We illustrate the impact of QCD corrections on A,, the
dominant contribution from quark loops, using the scheme
in (3.10). For u, = m, this corresponds to the pole mass.
Using central parameter values and showing the uncertainty
from scale dependence (m,/2 < pu, < 2m,), we find at LO
and NLO, respectively,

ARO = 1.37661 0502, (3.11)
ANLO — 13351 100000, (3.12)

The central value is reduced by about three percent at NLO.
At the same time, the small LO uncertainty of three
|

iy /keV = 15.098¢}, — 6.451c,cy = 3.624¢, .0 + 0.774c, ¢, + 0.689¢} + 0.217¢2,, — 0.012¢,¢
—0.021cy¢, — 0.017¢,c, — 0.010¢,,,¢, — 0.018¢,¢, + 0.097¢,cyy + 0.079¢.cy + 0.085¢,cyy.

Here we have dropped terms with coefficients of less than
0.001. Again, the NLO QCD uncertainties are negligible.

IV. h > gg AT LO IN QCD

At LO the decay rate of a Higgs into two gluons is
given by

0‘? m31 0) 2
Fkgfﬂl - 25673 1)_2] (Ng - 1)|A§1—>>gy| ’ (4-1)
where
0 0 1 0
Azlyg = nghAi: + EZCqu )(Tq)- (4.2)
q

The first term is the local Higgs-gluon interaction [Fig. 4
(right)]. As for the & — yy amplitude, we have chosen the

normalization of AELO_Z g9 Such that

AV =1, (4.3)

permille is reduced by another order of magnitude at
NLO and thus essentially eliminated.

A convenient analytical expression for the top-quark
function at NLO can be obtained from an expansion in the
variable 7. To linear order in 7 it reads

which is accurate at the permille level.
For SM couplings we find with our central parameter set

iy, = 9.54 keV, (3.14)

including the NLO QCD corrections (the LO value is
9.41 keV). The error from scale dependence in the ¢, b and
¢ amplitudes is safely below a permille.

Displaying the dependence of the rate on the anomalous
couplings we may write

—0.009¢.¢,,
(3.15)

yrh

I
The second term of (4.2) accounts for the SM-like con-
tribution from heavy-quark loops [Fig. 4 (left)]. Note that
compared to (3.2), there is a different overall factor of the
triangle contribution A£10) (z,), stemming from the different
color structures of the quark-gluon and quark-photon

vertices.” AEIO) (z,) is the same function which we already
encountered in i — yy; see Table I. Compact tree-level
helicity amplitudes for the decay of a scalar particle like the
Higgs into an arbitrary number of fermions and gluons via
the interaction term 2Gy,G*" can be found in [31,32].
In order to examine the effect of variations of the
effective couplings ¢,y and c,, the decay rate can be
expressed as a polynomial bilinear in the couplings,

LO _ ALO.2 LO,2 LO,2 Lo
D ogg = Agg Con + A ¢t + AR ¢l + Ay ChgnC:

+AIZ;§)ngth +AIE?C[Cb, (44)

*We have T}, for the quark-gluon and Q ,6;; for the quark-photon
vertex with T¢ the SU(N,) generators in the fundamental repre-
sentation (i, j = 1, ..., N.)) and normalization Tr[TT?] = %5“”.
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FIG. 4. Diagrams contributing to the decay 7 — gg at LO, both
in the chiral counting (one-loop order) and in the QCD coupling
(order g?2).

where we considered only third generation quarks, i.e.
q = b, t. The contributions from the other quarks are
negligible due to their small mass and hence their sup-
pressed coupling to the Higgs. Unlike in the 4 — yy decay
there is no enhancement of the c-quark with respect to the
b-quark contribution by electromagnetic charge factors.

V. h - gg AT NLO IN QCD

At NLO in QCD we have to consider both virtual (V)
and real radiation (R) corrections. The former consist of all
O(g}), two-loop order h — gg diagrams, the latter com-
prise all O(g?) one-loop order diagrams with one extra
massless colored particle in the final state, i.e. & — ggg and
h — gqq, where g (g) is a massless quark (antiquark).

The NLO decay rate can be written as

NLO _ 1LO v R
Fh—)gg - Fh—>gg + Fh—»gg + Fh—»gg‘ (51)
Both the virtual and the real radiation contribution are in

fact infrared (IR) divergent: the former due to explicit poles
in € = (4 —D)/2 from the dimensionally regulated loop

(a)

(b)

integrals (D is the number of space-time dimensions), the
latter due to phase-space configurations with soft or
collinear partons for which the matrix elements are sin-
gular. The singularities cancel in the sum of both contri-
butions and we obtain a finite, physically meaningful result.
In practice a suitable IR scheme has to be chosen to deal
with the cancellation of the singularities. We adopt the
antenna subtraction formalism [33-35].

Similarly to the LO rate in (4.4), we write the NLO decay
rate as a polynomial in the effective couplings,

NLO __ 4NLO,.2 NLO .2 NLO .2 NLO
Lhlo, = Ay o + AR-Oct + ARy Pci + Al Peggne,

+ Ag;ocgghcb + ANOc¢, ¢y, (5.2)

A. Virtual corrections

There are three distinct classes of diagrams contributing
to the virtual corrections, see Figs. 5 and 6:
(1) genuine two-loop diagrams with vertices from
L, only;
(2) one-loop diagrams with a single one-loop order
effective vertex of chiral dimension 4, i.e. from Ly;
(3) one tree-level diagram with an effective vertex of
chiral dimension six coming from Lg.
Diagrams of the first class are shown in Fig. 5(a). Up to the
rescaling by the effective couplings ¢, they correspond to
the diagrams needed to calculate the two-loop amplitude in
the ordinary SM with full mass dependence. The second
class of diagrams [Fig. 5(b)] associated with ¢, has no
correspondence in the SM. While £, also provides hggg

FIG. 5. Diagrams contributing to the virtual corrections to the decay i — gg at O(g?). (a) Genuine two-loop diagrams with vertices
from £, only. (b) One-loop diagrams with one effective vertex from L.

076021-6
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(a)

(b)

FIG. 6. Diagrams of two-loop order not contributing to the virtual corrections of O(g#). While being of O(g?), the scaleless diagrams
(a) vanish by virtue of dimensional regularization. Diagram (b) contains an effective hgg vertex coming from the NNLO chiral
Lagrangian L. It gives no additional contribution to the considered order as further discussed in the text.

and hgggg vertices of the right order in g,, the relevant one-
loop diagrams [Fig. 6(a)] vanish when evaluated in dimen-
sional regularization. Higgs plus multiparton one-loop
amplitudes with local Higgs-gluon interactions have been
calculated in [36]. At last there is the single tree-level
diagram with an effective vertex of chiral dimension six
[Fig. 6(b)]. Such a diagram could in principle contribute at
the order under consideration, that is two-loop order in the
EWChL and at O(g?). However, from gauge invariance any
local hgg vertex can be expressed by an operator hGy, G,
which is identical to the corresponding term already
included in L4. In fact, a d, = 6 operator such as

Ob.hgg = 93D,G4,GHF h, (5.3)
or similar terms, can be eliminated using integration by
parts and equations of motion (eom) in favor of the operator
hGy, G*". For example,

|
O6,hgg = - EgngbGaﬂyazh
1 v? _
= 5 GGG (V/ — - (DUDU)F + y/m'w>
2
= ZLRCLG M+ - (5.4)

3

(b)

where we dropped total derivatives and, in the last step,
terms with additional fields, which do not contribute at the
relevant order. In general, local terms with d, = 6 for the
hgg vertex therefore correspond to subleading contributions
in the coefficient

_ O

¢ — “ggh

+O(gs. mj/A?), (5.5)

ggh

with the leading term cgg)h = O(1). The ¢? corrections are
part of the NLO QCD effects, as will be further discussed in
Appendix D. The terms ~m3 /A? are formally negligible at
the considered order. They do not scale as g} and are not
part of the NLO QCD corrections. In practice, all these
effects are implicitly contained in the coefficient cg,.

Other terms at d, = 6 contribute only beyond the order
we are considering. For instance, the operator

Op.ngq = s D*G4,G™0,h = g3qy, T*qG™*0;h, (5.6)

where we have used the gluon eom in the last step, can
interfere with the diagrams in Fig. 7(b). However, this is
one loop order higher than the squares of Fig. 7(b) entering
at NLO, and can be consistently neglected.

<

FIG. 7. Example diagrams contributing to the real emission corrections to the decay h — gg at O(g?) at the amplitude level: (a) ggg

decay channel; (b) ggg decay channel.
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TABLE IV. References for the two-loop corrections to the quark-loop contribution to the 7 — gg rate and the
expressions therein, which correspond to the functions introduced in this paper. [4,24] set N, = 3, [25,38] keep the

number of colors arbitrary.

0A(0)

Reference Aé‘},” —6Cp7—;!
[4.24] SCu(FEBY —2Ff Cl) + ACFf Cl 4CpFHCl =2CFiBY
20,C, 2¢.a 20.b 2¢.b
[25] _4CAg§/z )_4CF(~7:E/2 >+%'7:<1/2 ) 4CF-7:(1/2 )
[38] 1 oM m? oM
Mo = 6C,mi ot (4 + log ) 6Cm o

The contribution of the virtual corrections to the decay
rate is given by

3 3
v o _ % Myan O)F 4 (1)
Fh—»y_q - 51271_4 ? (NC - I)Re{Ah—)ggAhﬁgg}’

(5.7)

where we explicitly pulled out the coupling factor a,/4x
from the NLO part of the amplitude as in (3.2) with

1 0 1 1
ALy = Nel(OAL () + 5D oy n(7)
q

+ O(e). (5.8)
The renormalization of the amplitude is carried out in the
MS scheme, apart from the quark mass, for which we also
considered the OS scheme and the scheme from [4,24]. The
IR finite part of the amplitude can then be decomposed as

(0)
1 1).a 0A," (1)
Afpyn(7) = ARy () = 6C,T =12 X (). (59)

where X (/4(2]) is defined above, see Egs. (3.8) and (3.10),

and the expression A(ql,g’“ (z,) can be found in the literature,

see Table IV. The IR singular behavior is contained in’

2 1/(B ’
Ie)=—-S—— (2420 ) - L2+ = 1
@=-a-;(pru)-rf G0

where
11 2
=—N.-ZN 5.11
ﬂ() 3 c 3 F ( )

is the first term of the QCD g function and
L = loguk/m3 + i, with up the renormalization scale.

This object is closely related to Catani’s one-loop insertion
operator IE})(e) [37] via

I(e) = Nilgy(e) + f]—OL + Oe).

I(e) multiplies the LO amplitude, for which we now also
have to consider terms up to O(e?),

A©

h—)gg

(€) = cggthlAzO)

1 mg\ ™ (o)
+§Zcq =) A (z,.¢€) (5.12)
P HR

with S, = (4x)e77 and y =0.57721... is the Euler-

Mascheroni constant. A<qo) (Tq,e) corresponds to MEO) =

—/\_41@0) from [38]. Its zeroth order term is just the LO

expression AEI()) (r,). We work in the Ny = 5 scheme, i.e.

all quarks besides the top are considered as massless,
except for the bottom quark in the loop contribution
to h — gg.

B. Real radiation corrections

Moving on to the real corrections, we have to con-
sider diagrams where in comparison to the Born level
expression, an additional gluon is radiated into the final
state [Fig. 7(a)]. This includes a contribution featuring an
effective hggg vertex. Originating from the same term in £,
as the hgg vertex, it also comes with the coupling c,.

Besides the & — ggg channel, we have to include the
possibility of a gluon splitting into a massless quark-
antiquark pair, i.e. the channel & — g(g — ¢g) [Fig. 7(b)].
This is because in the collinear configuration, the ¢g pair is
indistinguishable from a gluon. As mentioned above, we
consider N = 5 massless quark flavors. Note that since the
coupling of the Higgs to quarks is directly proportional to the
quark mass, there are no diagrams contributing to the
h — gqq channel where the Higgs couples directly to the
light massless quarks and the final state gluon is radiated off
the quark line. The real emission contribution to the decay
rate is then simply the sum of both channels,

R
Fh—»g_g

= T39% 4 NIy o4 (5.13)

—99 h—gg°
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1. h — ggg channel

The contribution of the ggg channel to the NLO decay
rate is given by

a3
R — 75 N (N?—1
h=99 " 247m;0? e(Ne=1)

X/d‘D3(P17P2’P3)ZHﬁ(51275237S13)

A

g (5.14)

(0)4
X ‘Ah_,ggg(slz,szysm)

where s;;=(p;+ p;)? with p; and p; denoting either two of
the outgoing gluon momenta (we have s, + 553+ 5,3 =m3).
Adjusted to the case at hand (decay of a scalar particle), the
three-body phase space reads

d‘D3(P1’P2,P3)
- (2”)26—3
- 2%2T(2-2¢)

X (my) 71 (512803 (mj; — 512 = $23)) "°dis 2ds53.

(5.15)

H (512, 823 513) = H™ (812,823, 813) = HT (503, 813, 812) = H™F

3
S12

B _
=H (813, 512:823) = .
523813

The quark-loop functions A(q(%g read

A0+

4,999 (5127523»513):14&1,219;1 (512523, 513),

AO-++-

_ 40—+ 2 0)+—+ _
9,999 (8122823, 813) = Ag.999 (812,823, 813) = Ag.g99 (523,513, 812) = Ag.999

_ 2 (0)+——
= Ag.g99 (513’512,S23)

and can be found in the literature; see Table V.

The form of the amplitude depends on the concrete helicity
configurations A of the three gluons, so the helicity summa-
tion has to be left explicit. We factored out the object H*
which captures the helicity dependence of the tree-level
contribution, so that

(0)4 _ (0)
Ah—)ggg(s12’ §235 S13) - C!]ghAh,ggg

0)2
+ZCquq;gy(512,S23,Sl3) (5.16)
q

with

0
AY =1 (5.17)
Out of the eight possible helicity configurations, only two are
independent, the others being related by parity and relabel-
ings. They are given by

H (512, 823, 513) = H™7 (512, 523, 513)
8

= L’ (5.18)
$12823813
(523,813, 812) = H™T (513, 512, 523)
(5.19)
o (5.20)

(0)=+- A=+

(523,813, 812) = 9.999 (513,512, 523)

(5.21)

TABLE V. References for the two independent helicity amplitudes for the quark-loop contribution to the ggg
channel, including the relations of their expressions to our notation. In [3], A = /s5,5,353/8 is defined and a sign
flip for the parity transformed amplitude M _ is introduced, which is not reflected by (5.20) and (5.21), and instead
absorbed into the square root of H*. It drops out after squaring the amplitude. In [39], the spinor-helicity formalism

[40-44] is employed using the convention (ij)[ji] = s;;

(0)+++ (0)4++—
Reference Agggg (S12,523,513) Agggg (85125523, 513)
45 —2A4(812, 523, § my
[45] 4(812: 523 513) _zéAZ(Sl%SBaSB)
2 2
[31 S12823813 "M My _susn My

m‘?} 16 mzfA

(39] —i(4m)2o IRBIBU AL (1+ 2% 3+ H)

7
h

s 16 mzfA
i(4ﬂ)zv%A£(l+, 2+.37 . H)
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2. h — gqq channel

Denoting the outgoing gluon, quark and antiquark
momenta by p;, p, and pg, respectively, and defining the
Mandelstam variables s,; as before with sz + 51, + 515 = m%,
the contribution of the ggg channel, for a single massless
quark flavor, to the NLO decay rate is given by

G a s% + s%,
ot — = (N2 -1 / d®3(py, pys Pg) ——
h—gg 47em,v* (N ) (P Pq Pq) Son
0 2
X ’Agllgqq(sqq’slqaslq)’ (522)

We already carried out the helicity sum, as the function

(0) _ (0)
Ah—»gqq(sqz‘/’ S1g:S1g) = CohAh.gqq

0
+Zcq‘4(q»gqq(~‘qé’slq»slz/) (5.23)
q

is helicity independent. The normalization is again chosen
such that for the tree-level contribution

©  _
Ajgaz = 1- (5.24)
The relevant expressions for the quark-loop function can
again be found in the literature; see Table VI.

C. Implementation and validation

We implemented the calculation of the 7 — gg decay rate
as a C++ program. For the real radiation phase space
integration we used the Monte Carlo algorithm SUAVE,
implemented in the CUBA library [46]. Infrared phase
space singularities and the cancellation of infrared poles
of the virtual correction matrix elements are handled by
means of the antenna subtraction method [33-35]; see
Appendix A. We use the CRunDec package [47—49] to obtain
the numerical value of the running strong coupling in the
Npr = 5 scheme at the two-loop level. If required, the same
package can also be used to convert between the different
quark mass schemes of Egs. (3.8) and (3.10).

We validated our implementation by checking the
individual ingredients and stages of the calculation:

Validation of the amplitudes.—We have recalculated
all amplitudes except the two-loop NLO virtual SM

TABLE VI. References for the quark-loop amplitudes contrib-
uting to the gqgg channel and relations to the corresponding
expressions therein.

(0)
Reference Ay 9ai(Saz> 514> 513)
m2
[45] mAj(qupslqulf])
[3] %A(Sq@slwslq)

My —Sqq

contributions. Our analytic formulas agree with the ones
given in the literature. Furthermore, after recovering the
ordinary SM amplitudes by setting the effective couplings to
their appropriate values, c¢,;, =0 and ¢, = ¢, =1, we
compared the squared one-loop Born and real correction
amplitudes to their numerical counterparts obtained from
OpenLoops2 [50], evaluated at a set of random phase space
points. We found agreement within machine precision.
OpenLoops2 also provides the relevant tree-level and one-loop
amplitudes for # — gg at NLO QCD in the heavy-top limit,
so that we could validate all amplitudes with effective hgg
vertex setting ¢, = ¢, = Oand ¢, = %(1 +115) [4].* We
are not aware of any numerical implementation of the two-
loop amplitude, against which we could compare in the same
way. The references displayed in Table IV are in fact
numerically self-consistent. However, only [38] contains
the unrenormalized amplitudes, for which we have explicitly
carried out the renormalization procedure.

Validation of the infrared subtraction.—Because of the
simple infrared structure of the process and the fact that the
decay h — gg in the limit of infinite top mass is actually
used to derive the gluon-gluon antenna functions [51], we
can check by hand that the infrared poles of the virtual
correction amplitudes are correctly canceled. We confirmed
the cancellation numerically as a test of our implementa-
tion. In order to validate the proper functioning of the real
subtraction, we checked numerically that the ratio between
real radiation matrix elements and the subtraction term
tends to unity as we probe regions of the phase space ever
closer to IR singular configurations. For the actual phase
space integration, we implemented a cut parameter pre-
venting the integrator to probe regions close to the
singularity where cancellations between a very large matrix
element and subtraction term occur. Those cancellations
can escape the numerical precision leading to instabilities.
The value of this cut must be chosen small enough so that
only regions of the phase space are cut out in which the
matrix element and the subtraction term can be treated as
equal, leading to a vanishing contribution to the full
integral. The final result should then not depend on small
variations of the cut parameter. We checked that this is
indeed the case.

Validation of the decay rate.—The code is structured
such that we can vary the effective couplings at will. By
setting them to the appropriate values, we can therefore
calculate the i — gg decay rate up to NLO QCD either with
full m, dependence or in the limit of infinite top mass.’

“Note that expanding Cgon In terms of the strong coupling
interferes with the perturbative expansion of the 4 — gg ampli-
tude. The only place where the additional term 11 = is relevant at
O(a?) is as a finite renormalization of the virtual corrections,
pro;)onional to the Born amplitude (see also Appendix B).

The latter is achieved without actually sending m, — oo, but
rather by setting ¢, to the value of the effective coupling in the
heavy-top limit, see footnote 4.
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TABLE VII. Values of the LO and NLO coefficients. The parametric uncertainty is derived by varying the input
parameters, the scale uncertainty by varying the renormalization scale up by factors of 0.5 and 2.

LO NLO
Parametric Scale Parametric Scale
Value uncertainty uncertainty Value uncertainty uncertainty
Coefficient [MeV] (%) (%) [MeV] (%) (%)
Ay 0.41360 +1.5 J_rlzg 0.59755 +1.7 fg:g
Ay 0.19595 +1.5 J_rIZ; 0.32290 +1.8 jll?
Ay + 8A, 0.32468 +1.8 13
App 0.00218 +4.0 J_rlzg 0.00328 +4.0 jll(l)
Ay 0.56937 +1.5 T 0.88041 +1.8 o
Apg —0.03442 +2.0 J_rIZ; —0.04837 +2.2 fgg
Ay, —0.02369 +2.0 J_rf; —0.03569 +2.2 j}(l)
We checked that for both cases we can reproduce' t}}e Ay =Ty co=1c,=0.cp=0° (6.1)
numerical results known from the literature [4] within
uncertainties. As a consistency che.ck' we confirmed that At = Theaggle, 061,00 (6.2)
when setting ¢, to the heavy-top limit value, ¢, to 1 and 8
sending m, — oo, the rate tends to 4 times the rate in the A =T 6.3
h .. . . bb — h—>gg|cqqh=0,c,=0.cb=1’ ( . )
eavy-top limit, as expected. This tests the relative phase o
between the c,,, term and the quark-loop amplitudes. The
gagn q p p At!] = Fh—>,(]g|cg_qh:1,C/:1,Cb:0 - Al](] - All’ (6.4)

h — gg rate including a local hgg vertex has been imple-
mented previously in the program eHDECAY [28] consid-
ering QCD effects up to N3LO in the limit of heavy fermion
masses. The exact dependence on the top and bottom mass
is included up to NLO in the pure fermion loop contribu-
tions, corresponding to our coefficients A,,, Ay, and A,.
eHDECAY also takes the charm quark into account, which we
neglected in our numerical studies due to its small overall
impact. In order to compare with eHDECAY we included it as
well. Checking different settings for the effective couplings
c; we observe between 5% and 12% smaller rates obtained
with our code, which can be attributed to the missing higher
order QCD effects in our implementation. This discrep-
ancy, however, is fully covered by the NLO scale uncer-
tainty (see Sec. VI). Using additional information on the
higher order effects in the heavy fermion mass limit
from [52-57], we can supplement the results from our
code with those effects, obtaining the rate at the same
order in QCD as eHDECAY. Doing so we find agreement
with eHDECAY for all tested configurations of effective
couplings.

VI. PHENOMENOLOGICAL RESULTS
FOR h — gg

The coefficients A; introduced in Egs. (4.4) and (5.2) can
be obtained by calculating the rate for six different
combinations of coupling values and solving a simple
system of linear equations, yielding

Abg = Iﬁh—>gg|cyg,,:l.clzo,c,,:l - Agg - Abb7 (65)

Abl = rh—»gg cgn=0.c,=l,c,=1 " Art _Abb' (66)
We compute the coefficients using the input parameters
shown in Table II, treating the charm quark as massless, i.e.
neglecting the decay of the Higgs through charm quark
loops. In the SM this contribution accounts for less than 3%
of the rate.

Table VII shows the results for LO and NLO QCD

together with the value of the coefficient AN-C shifted by

4 3
SANLO — (a—> %m—; (for N. =3). (6.7)
4r) 97 v

Formally this contribution is part of the NNLO corrections.
It should, however, not be neglected, because it is effec-
tively the dominant contribution to the rate close to
specific values of the couplings ¢, ¢, and ¢, for which
the LO and NLO amplitudes are parametrically suppressed,
but the higher order corrections are not. In these regions
of the parameter space the rate truncated at O(a}) can
even become negative and thus unphysical. It is important
to distinguish these configurations from a parametric
suppression where simply all couplings are chosen to be
small, which would affect the rate at all orders in a
similar way.
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k9 MeV] (o, =1)
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VO MeV]

h—gg (cggn =0)

Contour plots of the 7 — gg LO (left) and NLO (right) decay rates for different values of the effective couplings. The SM

configuration is marked with a black cross at the center of the plots. A red cross shows the global minimum. In the upper left panel, LO
for fixed ¢, = 1, the global minimum is not a single point but rather a line.

We will include the shift in all our NLO plots in
order to get more reliable predictions in these regions of
the parameter space. One should keep in mind that
these predictions are effectively of lower order in
perturbation theory and are subject to larger uncertainties

compared to the rate away from any parametric sup-
pression, where the usual perturbative expansion holds
and the phenomenological impact of the shift is small. In
Appendix B, we motivate and derive Eq. (6.7) in more
detail.
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Besides the numerical values of the coefficients, we also
give their respective scale and parametric uncertainties.’
The former is obtained from varying the renormalization
scale up by factors of 0.5 and 2 around its central
value, which we choose to be pr = my,. The scale uncer-
tainty serves as an estimate of the impact of missing higher
order corrections, as the all-order result must be scale
independent.

The parametric uncertainty is derived by varying the
input parameters within their respective errors. Treating
them as uncorrelated, we change one at a time while
keeping all others fixed and eventually sum the individual
variations, which are approximately symmetric, in quad-
rature. It is important to notice that the resulting parametric
uncertainties on the coefficients A; are correlated. The
corresponding correlation matrix is given in Appendix C.
For all coefficients but A, the uncertainty on the value of
the strong coupling a,(m ) has the largest impact. The
uncertainty on A, is driven mainly by that on m,, which
also has small impact on A, and A,,. The uncertainties of
the other input parameters are negligible in comparison.

Using the results for the coefficients in Table VII and
Eqgs. (4.4) and (5.2) for the LO and NLO decay rates,
respectively, we can now determine the rate for arbitrary
values of the effective couplings. For the SM case
(cggn =0, ¢, = ¢, = 1) we find

FLO,SM
h—gg
= (0.1744 % 1.5%(param) 37 (scale)) MeV,  (6.8)
NLO,SM
= (0.2923 + 1.8%(param)*[3% (scale)) MeV.  (6.9)

The contribution of the shift (6.7) to the NLO rate is less
than 1%. It is included in (6.9).

The contribution of the bottom-quark loops, entering
through A,,, A, and A,, is small, but non-negligible
compared to the largest SM contribution A, the top-quark
loop. Indeed, the bottom loop interferes destructively with
the top loop and decreases the decay rate by about 10%
compared to the top-only case, both at LO and NLO.

The coefficients related to the local Higgs-gluon inter-
action, Ay, A, and A, are comparatively large. In particular
we observe a strong interference between the local and top
loop contribution. This renders the rate very sensitive to not
only the effective coupling ¢, but also the ratio ¢, /c,.

We can confirm these findings graphically by plotting
heat maps of the decay rate, varying two of the effective
couplings around their SM values, while keeping the third
fixed at its SM value. Figure 8 shows the LO (left panels)

The Monte Carlo error from the numerical phase space
integration is several orders of magnitude smaller than those
uncertainties.

and NLO (right panels) rates. The SM configuration
Cgn =0, ¢, =c, =1 always lies at the center and is
marked with a black cross. In addition we highlighted the
global minimum with a red cross. At LO it is given by

a,\2NZ—1m} 0 )
o = 3 (52) g o (A @), (610

and is located where the real part of the LO amplitude (4.2)
vanishes, i.e.

o 1 0 1 0
CoA) + = A (7)) + = cyRe{AY (,)} = 0.

5 5 (6.11)

Here we made use of the fact that AELO) and AS,O)(TI)

[Egs. (4.3) and (3.5)] are real and only AE,O)(T,,) has an
imaginary part. Consequently, the global minimum in the
upper left panel, LO with ¢;, = 1 fixed, is not a single point,
but rather a line. Close to the minimum, both the LO and
NLO rates are much smaller than the rates for the SM like
configuration, (6.8) and (6.9), due to the parametric
suppression discussed above. This can also be seen in
Fig. 9, where the LO and NLO decay rates, normalized to
c72, as a function of the ratio Cggn/C; of the effective
couplings are shown. The scale uncertainty reduces when
going from LO to NLO, but the scale bands do not overlap,
hinting towards a slow convergence of the perturbative
series. This suggests that the calculation of NNLO correc-
tions might be needed to get a more reliable theory estimate
of the decay rate. We remark that in the region of parametric

35 »

LO‘:}
NLO =—=
Ur = my,
3 [ Cb = Ct
25
>
=
i 2 -
Y
1
4 15}
q
<
1 -
0.5
O \ 1 1 1
-1.5 -1 -0.5 0 0.5 1 1.5
Cesh
Ct
FIG. 9. Inclusive decay rate I7,_,,, rescaled by c72, as a

function of the ratio ¢, /¢, of the effective couplings. The error
bands are obtained through scale variation.
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FIG. 10. Dependence of the QCD K-factor on the values of the effective couplings. In each panel, one coupling is varied while the
other two are kept at their respective SM values. Again, the error bands are obtained through scale variation. The denominator I':° s

fixed to the central scale pup = my,.

suppression of the rates, the scale variation is not a good
measure for the theory uncertainty: the underlying
assumption that consecutive terms in the perturbative
expansion decrease in magnitude is not fulfilled.

The effect of the NLO corrections can also be studied by
plotting the QCD K-factor, i.e. the ratio [)L /T . as a
function of the effective couplings ¢, ¢, and ¢;. In Fig. 10
we show the K-factor, varying one coupling at a time and
fixing the others at their respective SM values. The
denominator is evaluated at the central scale up = my,
while in the numerator py is varied as previously by factors
of 0.5 and 2. We also show the LO in blue, so that we can
easily compare the scale uncertainty to the magnitude of the
shift induced by the QCD corrections. The SM like
configuration is indicated with a dashed line. We again
see that the bands mostly do not overlap, pointing towards
the necessity of higher order corrections to be included.

h—gg

Figure 10(a) shows the K-factor for ¢, =c, =1 as a
function of ¢, For ¢4, > 0, the QCD corrections increase
the rate by about 60%, with only a modest dependence on
Cygh> whereas for Cogh < 0, in particular close to Cygh -0.7,
the K-factor shows a highly nontrivial behavior. Here the
effect of the parametric suppression of the LO rate can be
seen. As explained above, the scale band of the NLO result
underestimates the true uncertainty at this point.

Figure 10(b) captures the dependence on ¢, for ¢;, = 1
and ¢,y = 0. The K-factor is almost flat, showing an
increment of the rate of about 70%. Close to ¢; = 0 the
K-factor slightly drops. Here the destructive interference
between the top and bottom loop is enhanced, with an effect
similar to what we saw in the previous plot, just less
pronounced.

The last plot, Fig. 10(c), shows the K-factor as a function
of ¢, for ¢, = 1 and ¢, = 0. In accordance with the small
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TABLE VIII.

Definition of the anomalous couplings ¢; in (2.6) in terms of the fundamental parameters of the

EWChHL defined in Sec. I and Ref. [11] and the Warsaw basis Wilson coefficients C;.

Coupling EWChL Warsaw basis
M 2 2 3
c ol i _ 2 __v
f my 1+ A2 Cyo aA? Cyp V2m A2 Crp
F, ) 2
Cy 5 1+#C(/JD_4DTC(/)D
2 327202
Cagh 167° fxp3.1 I Coc
2
rrn hl, s s 32r° v oW 9B oWB
Cyyh 167° (2f xp1.1 + fxnan + fxuin) 22 € Cp  C
A\ 2 + T

overall contribution from the bottom-quark amplitude, we
see a negligible dependence of the K-factor on ¢;, in this
parameter range.” Going from LO to NLO increases the rate
by approximately 70%.

In the figures we discussed we allow O(1) deviations of
the effective couplings ¢, ¢; and ¢, from their respective
SM values. A global fit [58] of the parameters of the EWChL
to Higgs-boson signal strength measurements at the LHC
shows that only deviations of ((0.1) are allowed by data,
neglecting a few configurations of the couplings which are
deemed unnatural in the context of the EFT approach. The fit
in [58] has been performed at LO in QCD, with the exception
of approximate NLO effects in the top quark contribution to
the i — yy and h — gg decay rates, in the m, — oo limit.
With our calculation we provide one ingredient to extend
such a fit to include full NLO QCD effects.

VII. RESULTS FOR b — gg
AND h — yy IN SMEFT

The previous discussion was based on the anomalous
couplings in the context of the EWChL, which parametrizes
the Higgs sector in a nonlinear manner and is particularly
suited for Higgs-related Beyond-the-Standard-Model (BSM)
scenarios with strong coupling dynamics. However, the
results presented in this work are actually applicable to a
broad variety of situations.

A common extrapolation of the SM into the UV regime
consists in adding higher dimensional operators to the
dimension-four SM, resulting in the SMEFT. We restrict
ourselves to the leading corrections from operators of
canonical dimension six. Here, the electroweak symmetry
breaking pattern is realized in a linear manner and the new
physics (NP) can decouple from the SM allowing for a
large mass gap. It is important to notice, however, that even
in such general situations, the power counting is not as
arbitrary as it seems at first glance. For instance, it is easy to
construct explicit weakly coupled UV models that, when
matched to dimension-six terms in the Warsaw basis [59],
result in a hierarchy among operators of the same mass
dimension. The clue lies in keeping track of explicit loop

"We see a slightly increased dependence if we enlarge the
parameter range of ¢, to £O(10).

factors 1/16z arising in the full theory that can be hidden
in the Wilson coefficients of certain local operators. A
systematic power-counting prescription for SMEFT is
therefore defined by canonical dimensions supplemented
by a loop-counting rule, allowing us to keep track of the
loop expansion, on which perturbative calculations in
quantum field theory are based [60].

For our purpose, the most significant implication is that
operators featuring field strength tensors (e.g. the operator8
0Q,c) are suppressed with an extra loop factor when
compared to the remaining ones. The formalism of the
EWChL in (2.6) already accounts for loop factors in
modified vertices involving the Higgs boson and can hence
be taken over to SMEFT straightforwardly,9 see Table VIIIL.
The coefficients ¢; can naturally be taken as O(1) numbers.
As a consequence, setting A = 1 TeV, we have for instance
C,c = 0.08¢,,, which makes the implicit loop factor in the
definition of C,,; manifest. For further comments about the
applicability of this Table, see [62].

In contrast, operators that induce anomalous couplings
without the Higgs boson (e.g. the chromomagnetic operator
0,) are present within this framework only at subleading
order. They can be neglected consistently without spoiling
the underlying systematics. Similar arguments hold true for
four-fermion operators. Despite appearing with unsup-
pressed Wilson coefficients, the relevant diagrams are of
an explicit two-loop topology and can thus be dropped, see
Fig. 11 for h — gg.

Let us emphasize that in the context of NP in the Higgs
sector and in particular when considering the Higgs decay
channels highlighted in this paper, it is advantageous to work
with the EWChL, independently of the actual high energy
dynamics being strongly or weakly coupled to the SM. While
the difference between the EWChL and SMEFT is less
apparent when restricting the latter to canonical dimension
six, it becomes more relevant when higher dimensional
operators are considered. For instance, the impact of a
generic (2n + 4)-dimensional operator (¢'p)"G4,G% to

®Here and in the following, we employ the notation of [61].

"The EWChL can account for strong coupling scenarios in the
gauge boson sector pushing the first deviations from the SM,
parametrized by F';, formally to the LO. This is not the case for weak
coupling scenarios which are conveniently handled by SMEFT.
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T

FIG. 11.

(a)

(b)

Diagrams contributing to & — gg in SMEFT with single dimension-six insertions (black dots). (a) Contributions of order

~g?/16x* with anomalous couplings defined in Table VIIL. (b) Contributions of order ~g2/(16z)? that can consistently be neglected.

This qualitative picture can be taken over to the process 7 — yy.

the local Higgs-gluon-gluon interaction in SMEFT is already
accounted for by ¢, within the EWChL. While SMEFT has
contributions at all orders in the 1 /A expansion, only a single
coefficient is responsible in the EWChL. An explicit dis-
tinction between the various 1/A>" terms that eventually sum
up to ¢, is not necessary at this stage as it would increase the
number of independent parameters, complicating the explo-
ration of NP effects, which are yet to be discovered. Based on
the idea of organizing the Higgs-field factors (¢'¢)" in
higher dimensional operators, the framework of geoSMEFT
has been developed [63], for which an analysis of 4 — ggcan
be found in [64,65].

In the language of the EWChL and working at NLO in
QCD we have

EWChL

"9 — 1 428, + 27116 cyp + 62+ 1.8404 2,

Fh—)q(l ' ' yg
+2.7116 8, Cyon» (7.1)

where we defined 6. = ¢, — 1. Employing the relations of
Table VIII, it is straightforward to obtain a numerical
expression for SMEFT up to operator dimension six and
NLO in QCD. Defining C; = C;v*/A>, we find

SMEFT

h—gg
SM
h—gg

=142 <C¢D —%C¢D> —2.0164C,, +578.04C 6
D Y D
+ (CQ,D —ZC(/,D) —2.0164 (cq,g —ZC(,,D) o
+1.0164C5, +8.3632 x 10*C2;
+578.04 <C¢D - i C(pD) C,6—582.77C,,C 6.

(7.2)

Note that this expression is not fully systematic. First, it
retains only a part of the O(1/A*) correction to the SM,
since dimension-eight operators are not included, in con-
trast to the general form (7.1). This can be improved by
extending the relations of Table VIII to higher canonical
dimensions. For example, dimension-eight contributions to
(7.2) can be found in [64,65] (minor numerical differences
arise due to a somewhat different treatment of higher order
corrections). Second, it hides the possible implicit loop
factor hidden in the coefficient C,;. A superficial inspec-
tion of (7.2) would therefore lead to expect the highest
deviations to be associated with this operator. As stated
before, adding a consistent power-counting prescription for
loops to the usual canonical counting in SMEFT can
resolve this issue [60]. For instance, the coefficient in
front of C(,,G would change from 578.04 to 3.6605, which is
a number of order unity.

While in SMEFT the exact anomalous coupling between
one Higgs boson and two gluons is given by an infinite
tower of coefficients with increasing number of canonical
dimension (and hence decreasing phenomenological
importance), the formalism of the EWChL highlights the
existence of a single anomalous coupling parameter ¢y, It
is therefore inconvenient to treat C,; and its higher

(8)

dimensional relatives C(pG, C(%)), etc. on unequal footing

for single-Higgs processes. This also becomes clear in the
context of QCD corrections. The latter can be summed up
for all individual SMEFT contributions at once, which is
equivalent to considering only one parameter from the start.
Distinguishing contributions associated with different

canonical dimensions is therefore not possible in the
present case. For instance, C,; and C((/)SG) cannot be
extracted individually in single-Higgs processes, no matter
how precise the experimental measurement is. However,

processes involving two or more external Higgs states need
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additional coefficients, e.g. ¢ 4, In SMEFT at canonical

dimension eight, ¢, and ¢, are represented by different
(8)

linear combinations of C,c and C,;. Disentangling the
latter coefficients thus requires the comparison of processes
with a varying number of Higgs particles [10,62].

VIII. CONCLUSIONS

We have performed a detailed analysis of QCD correc-
tions at NLO for the Higgs-boson decays h — gg and
h — yy, allowing for the presence of anomalous Higgs
couplings from new-physics effects. The natural framework
for this task is provided by the EWChL, which accounts for
anomalous Higgs couplings at leading order in the EFT. In
addition, the EFT is governed by a power counting in loop
orders, which can be systematically combined with QCD
perturbation theory.

For h — gg the relevant EFT coefficients are the local
Higgs-gluon coupling ¢, the Higgs-top coupling ¢, and,
to a lesser extent, the Higgs-bottom coupling c,. They are
scale invariant under QCD. No additional EFT parameters
arise when the QCD calculation is extended from LO to
NLO. For the & — gg rate the impact of QCD is known to
be large, with a K-factor of about 1.7. The uncertainties
from scale dependence are reduced at NLO. This also holds
for the case of anomalous couplings, in particular for the
QCD coefficients of coupling factors, such as c?, C;Cygp OT

cégh, in the expression of the decay rate. Those coefficients
show NLO scale uncertainties at the 10% level, reduced by
about a factor of 2 compared to LO. QCD has less impact
on h — yy. In this case a NLO treatment of QCD effects
practically eliminates uncertainties from perturbative QCD.

A new feature arising at NLO in QCD is that the analysis
becomes sensitive to O(ay) corrections in the EFT coef-
ficients ¢,y and c,,,. Such terms are related to QCD
corrections in the calculation of these coefficients from
matching to the underlying UV completion of the EFT. In
Appendix D we have illustrated this with several toy
models for the UV physics.

We have also compared our treatment of the decays
using the EWChL with a description based on SMEFT.

The results presented here provide the basis for a
consistent determination of anomalous Higgs couplings
from h — gg and h — yy at NLO in QCD.
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APPENDIX A: IR SUBTRACTION
Consider the NLO decay rate (5.1):

NLO __ 1LO
Fh—)gg - Fh—»gg

+T),, + % (A1)

h—gg*

The V and R corrections are separately IR divergent, with V
containing explicit poles in e coming from loop integrals
carried out in dimensional regularization, and R implicit
phase space singularities related to soft or collinear final
state particles. Summing both contributions, however, yields
afinite result. In practice, the phase space integrals cannot be
evaluated analytically for most processes and numerical
integration methods have to be applied. In this case, the pole
cancellation cannot be checked directly. In order to still
obtain sensible results, one has to systematically regulate the
integrand in regions of the phase space where it diverges. As
stated before, we adopt the antenna subtraction formal-
ism [33-35] for our setup, which proves to be particularly
simple for the process at hand, i.e. h — gg.

By construction the antenna subtraction term (S) repro-
duces the exact behavior of the real correction matrix
element in the IR singular limits for each color level in the
1/N. expansion individually. The difference of both can
then be integrated numerically in a straightforward manner,
as the integrand identically vanishes in all IR singular phase
space regions. The subtraction term is constructed in such a
way that, after appropriate factorization of the phase space,
it can be integrated analytically over the phase space of the
particle becoming unresolved. The integrated subtraction
term (T) then exhibits explicit poles in e which exactly
cancel those of the virtual corrections. We have

1% R _ v T
Fh—»gg_'—r‘hagg_\/;drh—»gg Ldrh—»gg
finite
b [, -, o)
finite

where

arfy, == [ arp, (A3)

The IR-subtracted expression for the h — ggg channel
(5.14) is given by
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3
R, S.,99 A 0)4
Jarharin) = vz 1) [ o (S, -
A

0)4 2 0 2
)| d¢3;w(|A,ﬁlggg| 149 | )

24xmyv

o

B 24mm,v*

N (N?-1

4FO|Ah—>gg| )

(A4)

where our special kinematics (1 — 3 decay) allows for the F g antenna function [Eq. (7.8) in [33]] to be written as

_12H12m2+s?2+sg3+s?3' (AS)
2 P $12823513
The IR-subtracted contribution of the &7 — ggg channel (5.22) to the rate evaluates to
/(dFquq drSQq(]) a3 (Nz_l)/dq)3 glA | G0|A |
5 h—gg h—gg 472'th o h—g9qq h—gg
a; STy T3
= W (N% - 1) / dq)3 T <|Ah—>gqq - |Ah—>gg| )’ (A6)
where as before the G antenna function [Eq. (7.14) in [33]] can be simplified yielding
2 2
+ 8515
mtGY =117 (A7)
Sqq
Adding back the (now integrated) subtraction term to the virtual contribution (5.7), we find
T @ my o
FZ—)gq Fh—»_q_g 5127 =1~ 4 2 (N - 1)(R6{Ah—>gq h—»gq} +2N J2 |Ah—>gq| )’ (AS)
where the integrated antenna string is given by
N 7 1 N
ng) J( )-999 + FJ( )98 _ , 2e _fg)(m%l) +_Fg(3)(m%) ) (A9)
N, 3 N,
The integrated antenna functions F (3) and g2 can be found in [33]. Explicitly,
1 1 7 73
JV =— . Re{NCI(e) ~Pol + 3N - gNC} +O(e), (A10)
where L = logu?/m7 + ix and I(€) has been defined in (5.10). We thus find
- a m; 73

Fh—> g Fh—> T
99~ e = 5104y m’

which is finite as ¢ — 0.

APPENDIX B: PARAMETRIC SUPPRESSION
OF THE DECAY RATE
In a theory in which the coupling of the Higgs to gluons
is given by an effective local interaction, such as the ¢,
term in (2.6), the decay rate including O(a;) corrections

2
w7
EOv = 1) (Ao low g =G Nr N AL Py SeRelA AL ) ). (AL

can be given in exact form, as the integral over the phase
space of the real radiation corrections can be calculated
analytically. This is the case for the SM [4], considering
only the top quark and the limit m, — oo, in which the
top-quark loop is no longer resolved, generating an
effective Higgs-gluon interaction of the form hGj,G**.

076021-18



h — gg AND h — yy WITH ANOMALOUS COUPLINGS AT ...

PHYS. REV. D 107, 076021 (2023)

The corresponding Wilson coefficient is known to N*LO in
QCD [8,54,55,57]. In this limit the relevant part of the
effective Lagrangian (2.6) reduces to'”

h
—Ge G,
)i

where the superscript “co” indicates that we sent m;, to
infinity. Since the heavy top limit is actually a very good
approximation already at LO [4], this form of the
Lagrangian enables us to explore the interplay of the
effective couplings ¢,y and ¢, in a simple, yet not
unrealistic scenario. The decay rate reads

a, 2 a
L o J (cggh +—Ct<1 + 11—

s Bl
87 3 Az (B)

11c
re —pioel Sl 0% )o@, (B2
h—gg h—gg |: + e ( +3cggh+2ct + (as) ( )
with
2 (3¢, +2¢,)* m3
Lo _ s #J’ B3
it (471) 187 (B3)
and
R="- log 28 B4

is the finite contribution from the V and R corrections. The
second term of the O(a;) correction is related to the O(a)
correction to the effective coupling, see (B1). For later
convenience, we define

Ilc,

3¢y +2¢, (B3)
Cygn ® —(2/3)c, is obviously a critical region in the
parameter space as the LO result (B3) becomes very small.
While R > 0 for realistic Ny and up (i.e. Np =35 and
Ugr =~ my), the term A can become large and negative,
eventually rendering the whole NLO decay rate unphysical
when 1+ (a;/7)(R+ A) <0. This is an artifact of
neglecting a certain part of the O(a?) corrections—(B2)
is not a perfect square—as we will explain in the following.

For ¢,,, = —(2/3)c,, both the LO and NLO rates vanish
identically. The Higgs gluon coupling becomes effectively
O(a),

az 22¢,h

s 5% 22Gh
eff 3272 3 v

2
Cogh™=3C1

a (apy
G, G,

(B6)

See also Appendix D. Note that here we explicitly set
N, =3.

and the rate starts at O(a}),

a,\4242¢2 m3
re = (ﬁ) Ll O(a)).
Cggh="5Ct

h—gg

97 v (B7)

This term is in fact a genuine part of the NNLO decay rate
for arbitrary c,, and c¢,. While the LO and NLO parts as
well as the other NNLO pieces of the rate are parametrically
suppressed for c,,, & —(2/3)c,, this one is not. It will be
the dominant contribution to the decay rate in this regime,
and should therefore not be neglected, irrespective of being
formally of higher order in perturbation theory. We will
thus define the NLO rate to include (B7),

rio — i |1+ (R + )

a,\4242¢? m}
+ (@) e (B8)
_ 17LO,© ag A 2 A
rhqgg[(ljtza) +;R} (B9)

A now only appears in a square and the rate will always be
positive for positive R. For ¢, &~ —(2/3)c,, we will thus
obtain a more reliable prediction, while for all other cases,
the contribution of the A? term will be subdominant.

It turns out that the same parametric suppression of the
LO and NLO rate occurs when we retain a finite top mass,
namely in the region ¢, & —(c,/2)A(qO) (z;), see (4.2). This
issue can again be resolved by adding (B7), which in fact is
nothing but the m, — oo limit of the suitably IR-regulated
part of the virtual corrections squared contribution to the
NNLO corrections,”

3

4.2
VxV, _fag\TCr . (1) 2my,
FhiggoohR—regulated = (iz) o E?OAq,g,fin<Tt) 2 (B10)
ag\*242¢t m}
= (a) —, (B11)

with A%ﬁn from Eq. (5.9). We will settle for the heavy top
limit here, since the mass effects in this perturbatively
suppressed term will be negligible for most of the param-
eter space, but remark that if one wishes to explore the
parametrically suppressed region, i.e. close to the vanishing
LO rate, one should keep in mind that the calculation is

effectively a LO calculation in this specific approximation.

""The double virtual corrections at the NNLO level consist of
the interference of the Born amplitude with the amplitude with
two additional loops, but also of the square of the amplitude with
one additional loop. The IR divergences are compensated by
double real and real virtual contributions.
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In practice, this treatment amounts to a shift of the
coefficient AN in the rate as defined in (5.2),

ANLO _, ANLO | 54NLO, (B12)
with
4242 m3
sANLO — (%) 22 B13
" (471’ 9z 2 (B13)

This shift is contained in all plots in Sec. VI, where also the
bottom-quark contribution is included. Figure 8 serves as
an empirical check that the latter does not introduce any
new critical points; the global minimum of the rate is
positive for arbitrary values of ¢y, ¢;, and c;.

We remark that this is in general not true if we include
further light quarks, such as the charm. Albeit we expect its
contribution [for ¢, ~ O(1)] to be comparatively small due
to its small mass, it will be possible to find particular
combinations in the now four-dimensional parameter space
spanned by ¢y, ¢, ¢, ¢ for which the NLO rate will
become negative, with very small magnitude. We checked
for this particular scenario that it can only happen if ¢, and
c. exceed ¢, and ¢,y by at least 1 order of magnitude.
Those configurations are well away from any region of
phenomenological interest [58]. In addition, the argument

|

that the predictions in these cases are effectively of lower
order in perturbation theory still holds, and thus they are
subject to larger uncertainties.

APPENDIX C: CORRELATIONS OF THE
PARAMETRIC UNCERTAINTIES OF T,_,,

When calculating the parametric uncertainties of the
decay rates Eq. (4.4) or Eq. (5.2), one has to take into
account the correlations between the respective uncertain-
ties o; of the coefficients A;, as presented in Table VIIL.
Those correlations are described by the symmetric matrix p,
so that

_ ~ -2
or = E GipikGx = E o +
ik 7

E GipPikOks

i#k

(C1)

where in case of the decay h — gg with anomalous
couplings ¢ g, ¢;, and ¢, the vector 6 is defined as

~ _ (2 2 2 N
o= (nghaggh’ CiOut> ChOpb,s Crcgghgtg’ Cbcgghabg’ Cthdb,).

(€2)

At LO and NLO in QCD the correlation matrices read

1 1.000  0.351 1.000 -0.735 -0.736
1.000 1 0.350  1.000 -0.734 -0.735
e 0.351 0.350 1 0.350 -0.893 -0.892 (©3)
1.000  1.000  0.350 1 -0.735 -0.735
—0.735 -0.734 -0.893 -0.735 1 1.000
-0.736 —-0.735 -0.892 -0.735 1.000 1
and
1 1.000 0410 1.000 -0.773 -0.780
1.000 1 0.410 1.000 -0.773 -0.780
NLO _ 0.410 0410 1 0410 -0.896 -0.891 ’ ()
1.000  1.000  0.410 1 —-0.773 —0.780
-0.773 -0.773 -0.896 -0.773 1 1.000
—-0.780 -0.780 -0.891 -0.780 1.000 1

respectively. At the accuracy we are working at, the impact
of the shift (6.7) on pN'© is negligible.

APPENDIX D: TOY MODELS FOR c,,;, AND ¢,

The Lagrangian (2.6) provides an effective description of
the physics around the scale of electroweak symmetry

breaking v. Short distance effects related to the scale f > v
are encoded into the Wilson coefficients such as ¢y, and
Cyyn- By experimentally constraining their values, one can
make statements about the characteristics of the unknown
high scale physics, as different models of the UV theory
lead to different predictions for the size of the effective
couplings. In the following we will consider two toy
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models to sketch how the couplings ¢, and c,,, are related
to the parameters of the full theory, including O(a;)
corrections.

In both scenarios, we consider a new heavy particle,
colored and charged, mediating the coupling of the Higgs
to photons and gluons through a loop, similar to the quark
loops in the SM. Assuming that the interaction of the Higgs
with the new particle i can be implemented by the

substitution
h
m; — m;| 1 +gi,h;

in its mass term, with g;, an arbitrary O(1) constant, the
effective coupling can be derived by means of low-energy
theorems [4,15,16,66], which have been used in the
calculation of various Higgs production and decay
modes [4,67-70]. Similar approaches [52-57] are related
to decoupling relations [71,72], which connect gauge
couplings in the full theory to those in the effective theory
with one or several degrees of freedom removed. The
effective couplings can then be expressed [53] in terms of
gauge independent objects like the MS f functions for the
strong and electromagnetic coupling, and the QCD anoma-
lous mass dimension y,, of the heavy par“ticle,12

(D1)

_ 27g; 1 ey Jda,
ngh - (l?(l _ Ym(a/s)) (ﬂ(as) /} (as) aag)’ (DZ)

2 i (o 0
a
~pa) ). (03)

Quantities marked with a prime are to be evaluated in the
full theory, i.e. including the heavy particle, while other-
wise the effective theory without the heavy particle has to
be employed. The pure QCD and mixed QED-QCD fp
functions are defined through

play) = ”C:;;s = —2a, [e + (Z—;)ﬁo + (Z—;) yu o<ag)]
(D4)

"In the original references, decoupling relations were inves-
tigated with a heavy quark in mind, but the results can be used for
scalar-induced Higgs-gluon and Higgs-photon interactions, too,
assuming (D1) holds.

and

ﬁy(av as) =

(D5)

respectively. The anomalous mass dimension is given by

d
ym=tl = —(ﬂ)y% + O(ad).

= = D6
m du 47 (D6)

Expanding the expressions (D2) and (D3) up to NLO in o
we find

Cogh = —Gih [Aﬂo + <Z—;> (Ap' - Aﬁ%’?n)} +0(a3), (D7)

Ay
s =i | 9+ () (4= 203280 | + O, (B
where we defined
Ap=p" =P, AL = p; - P, (D9)

i.e. the difference of the f-function coefficients in the full
and effective theory.

1. Fermion

As a first example, we can consider a model with an
additional heavy fermion F with electric charge QF in an
arbitrary representation R of SU(N..):

_ h\ -
v
We then find [73]

s ==itn a9 —-(Fe 0w O

3
4
A =-2d(R)IQ}. A} =—4Co(R)A(R)QE.  (DI12)
for the differences of f-function coefficients and
79 = 6C,(R), (D13)

for the leading coefficient of the QCD anomalous mass
dimension of the fermion, which is a known textbook
result [74,75]. We checked (D13) by explicitly carrying out
the mass renormalization of the fermion. Here d(R), C»(R)
and Ty are the dimension, the quadratic Casimir and the
Dynkin index of representation R, respectively. The latter

076021-21



BUCHALLA, HOFER, and MULLER-SALDITT

PHYS. REV. D 107, 076021 (2023)

defines the normalization of the generators in the given
group representation, Tr[T4T%] = Tz5%. C, is the quad-
ratic Casimir of the adjoint representation. Plugging these
quantities into (D7) and (D8) and omitting terms of O(a?),
we obtain

Con = g 9rnTr [1 n <Z—”> (5C, — 3C2(R))], (D14)

s = 3 RIG |1+ () (536,@®)]. @19

For a fermion in the fundamental representation of SU(N .)
with N. =3 we have

2 11a,

Cogh = 3 9F.h [1 + Z;] ; (D16)
aS

Cyyh = 49F.hQ12v [1 - ;} . (D17)

Of course, this result coincides with the heavy-top limit in
the SM.

2. Scalar

We can also consider' a scalar with electric charge Qg in
representation R of SU(N..),

L= Loy + |D,S|> — m}S*S {1+an< ) }

— 22818188, (D18)
where i, j,k,l=1,...,d(R) are color indices. The cou-
pling constant for a single Higgs to the scalar according
to (D1) is then given by

N
gs.n = Bl (D19)

In (D18) we assumed that the quartic coupling is propor-
tional to g2, as is the case in some supersymmetric
scenarios. The coupling 15 depends on the concrete model
under consideration, but in any case obeys

gy = 4 (020

Only after we finished the following calculation we became
aware of [76], in which a very similar model has been considered,
focusmg on the Higgs-gluon coupling.

"“Note that upon integrating out the scalar, the Lagrangian (D 18)
also generates effective couplings involving an arbitrary number of
Higgs particles. The derivation of the corresponding coupling
constants requires a generalization of the expressions (D2)
and (D3), which is beyond the scope of this Appendix. We will
therefore restrict ourselves to the single Higgs case.

Furthermore it is symmetric with respect to i <> k and
J <> L. If we are interested in a model where the four-scalar
interaction does not contribute to the QCD corrections, and
consequently does not affect the Higgs-gluon and Higgs-
photon effective couplings to O(a,), we can simply set
As = 0 in the following results.

The p-function differences read [73]

1

Aﬁ() - ——TR,

AB) = —%d(R)Q%, Ap) = —4C,(R)d(R)Q3. (D22)

The scalar self-interaction does not enter the £ functions
before the three-loop level [77], but appears in the LO QCD
anomalous mass dimension of the scalar,

Z}'”kk

=3C,(R (D23)

We derived yY, by explicit calculation of the mass renorm-
alization of the scalar; our result agrees with [76]. Plugging
everything into (D7) and (D8) we obtain [up to terms
O(a)]

g 4 ii
Cooh = ‘;hTR [1+(4 )<2CA+9C2( )+ d(R)lesk")],
ik

(D24)

Con :%d(mgg {1 + (Z‘—ﬂ) <9C2(R) +%;zgﬂ<k>] :
| (D25)

For a scalar in the fundamental representation of SU(N )
with N, = 3 we have

gs,h 9 ay
ggh 6 |:1 + E;:| , (D26)
Ay
nyh = gS,hQ?S’ |:] + 3;:| s (D27)

if the quartic interaction does not contribute. In case the
scalar is a squark in the Minimal Supersymmetric Standard
Model (MSSM), again in the fundamental representation,
the coupling Ag is given by [78,79]

1

il]kl -
4

. 1
(4Tt + TTE) = 34 = gNeCr. - (D28)
ik
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where T7¢ are the SU(N,) generators in the fundamental
representation. For the effective couplings we then find
(Ne=3)

gs.n 29 a,
Cogh = "¢ [1 + g;} : (D29)
10 a;
Cyyh = gs.h 03 [1 + ?;} . (D30)

Note that these results do not take any gluino exchange into
account [80]. Our expressions agree with those presented

in [8,70,76]. We again find consistent results by matching
the scalar-loop induced amplitudes for 4 — yy [25] and
h — gg [38] in the limit of infinite scalar mass to the
amplitudes in the effective theory with local Higgs-photon
and Higgs-gluon interactions."

SReference [25] does not include the quartic self-interactions
into the calculation of 7 — yy, while [38] presents the results for
h — ggin the mg — oo limit both with and without it. For further
details concerning the previous literature, see footnote 10 in [76].
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