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1 Introduction

Within the Standard Model (SM), the mass and the self-interactions of the Higgs field h
are parametrised by the potential

K

2
Lon D — Vi = — 2k p2 _ x\yp3 — Sh (1.1)
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where v = 246.22 GeV denotes the Higgs vacuum expectation value and
_m
02
The LHC measurement of the Higgs-boson mass mj; = 125.09GeV [1] determined the
first term in (1.1), but the A% and h* couplings, and in particular the SM relation (1.2)
have not been tested. Trying to constrain the Higgs self-couplings and thereby exploring

A=K (1.2)

the mechanism of electroweak symmetry breaking (EWSB) is hence an important goal
of forthcoming LHC runs and other future high-energy colliders such as a hadron-hadron
Future Circular Collider or a Circular Electron-Positron Collider.

One way to constrain the coefficients A and « in (1.1) consists in measuring double-
Higgs and triple-Higgs production. Since the cross section for pp — 3h production is of



O(0.1 fb) at 14 TeV centre-of-mass energy (1/s) even the high-luminosity option of the
LHC (HL-LHC) will only be able to set very loose bounds on the Higgs quartic. The
prospect to observe double-Higgs production at the HL-LHC is considerably better be-
cause at 14 TeV the pp — hh production cross section amounts to O(35 fb) [2-9]. Mea-
suring double-Higgs production at the HL-LHC however still remains challenging (see for
instance [10-27]) and as a result even with the full data set of 3ab~! only an O(1) deter-
mination of the trilinear Higgs coupling seems possible under optimistic assumptions.

A second possibility consists in studying the effects that a modification of A has at loop
level in single-Higgs production. In fact, such indirect probes of the h? coupling have been
first proposed in the context precision studies of ete™ — hZ [28, 29] and subsequently
extended to observables accessible at hadronic machines such as the LHC [30, 31]. For
both types of colliders it has been shown that future determination of A via loop effects
are complementary to the direct HL-LHC determination through pp — hh, since these
probes can provide competitive constraints under the simplified assumption that new-
physics effects dominantly modify the h® coupling.

This paper is a sequel to the article [30], in which two of us have calculated the O(\)
corrections to the gg — h and h — ~~ processes that arise at the 2-loop level within the
SM effective field theory (SMEFT). The discussion in the present paper focuses instead
on associated (Vh) and vector boson fusion (VBF) Higgs production. Specifically, we
compute the 1-loop contributions to the pp — VA and pp — jjh amplitudes that result
from insertions of the effective operator Og = —\ (H TH )3. Combining these contributions
with the O()\) corrections to the partial decay widths of the Higgs boson, we analyse the
sensitivity of present and future LHC measurements of the Vh and VBF Higgs processes
to shifts in the trilinear Higgs interactions. In order to obtain high-precision predictions
for the Vh and VBF Higgs cross sections we include QCD corrections up to next-to-next-
to-leading order (NNLO) in our study. We find that HL-LHC measurements of the Vh
and VBF signal strengths may allow to set bounds on the Wilson coefficient of Og that are
comparable to the limits that are expected to arise from HL-LHC determinations of pp —
hh. By studying differential distributions it may even be possible to improve the obtained
constraints. We present NNLO predictions for the Vh and VBF Higgs distributions that
are most sensitive to the shifts in the trilinear Higgs interactions. Our analysis shows that
measurements of the spectra in V' h production provide sensitivity to the relative sign of
the Wilson coeflicient of Og. The discriminating power in VBF Higgs production is less
pronounced compared to the V' h channels. A similar investigation of the V'h and VBF Higgs
processes in an anomalous coupling approach was presented in [31]. Whenever indicated
we will highlight the similarities and differences between this and our work.

The article at hand is structured in the following way. In section 2 we introduce the
effective interactions relevant for the computations performed in our paper. The results
of our loop calculations of the VVh vertex and the partial decay widths of the Higgs
boson are presented in section 3 and 4, respectively. The computations of the vector boson
mediated Higgs cross sections and distributions are described in section 5 and 6. Our
numerical analysis is presented in section 7. Both LHC Run I and HL-LHC constraints on
the trilinear Higgs coupling are considered. Section 8 contains our conclusions.



2 Preliminaries

Physics beyond the SM (BSM) can be described in a model-independent fashion by sup-
plementing the SM Lagrangian Lgy by effective operators O of mass dimension six. In
our article, we will consider the following Lagrangian

Ck
L=Lsv+ Y, 50k, (2.1)
k=6,H
where .
Os=-A(H'H)",  Op=0,(HH)o"(H'H), (2.2)

with A defined as in (1.2) and H denoting the SM Higgs doublet. The dimension-6 operators
introduced in (2.2) modify the trilinear Higgs coupling. Upon canonical normalisation of
the Higgs kinetic term, one finds

LD —Acgvh? = -\ (1 + g — 302H> vh?, (2.3)

where the Wilson coefficients ¢g and ¢y as well as the trilinear Higgs coupling A are all
understood to be evaluated at the weak scale hereafter denoted by pi,,.

It is important to realise that the indirect probes of the trilinear Higgs coupling con-
sidered in our work measure cs, i.e. the coefficient multiplying the interaction term —A\vh3
in the effective Higgs potential after EWSB. Relating the coefficient c3 to any underlying
theory, such as for instance the SMEFT, necessarily involves model assumptions. In the
following we will focus our attention on BSM scenarios where the Wilson coefficient ¢g rep-
resents the only relevant modification of the h3 vertex. Corrections due to ¢y are on the
other hand ignored. Such effects will cause a universal shift in all Higgs-boson couplings
at tree level and also induce logarithmically-enhanced contributions to the oblique param-
eters S and T at the 1-loop level [32]. The Wilson coefficient ¢y can therefore be probed
by means other than Vh or VBF Higgs production that are the focal point of the present
work. We also do not consider effects of dimension-8 operators such as —\ég/v? (H T )4.1
Under these model assumptions one obtains the simple relation

c3=1+¢cg, (2.4)

which allows one to parameterise modifications of the h3 vertex in terms of the Wilson
coefficient ¢g. In our article we will use this parameterisation, but emphasise that all
formulas and results presented in the following sections can be translated to an anomalous
coupling approach by simply replacing ¢g with c¢s — 1. In fact, we have verified that to
the perturbative order considered here and in [31] the calculations of Vh and VBF Higgs
production in the SMEFT and the anomalous coupling framework agree exactly if the
relation (2.4) is taken into account.

!The effects of —\ég/v* (HTH)4 could be easily incorporated in our analysis by shifting the coefficient cs
introduced in (2.3) by 2¢s [30].



3 Corrections to the VV h vertex

In the SMEFT there can be two different types of corrections to the VVh vertex with
V =W, Z. First, terms that are enhanced by logarithms of the form In(A2/u2) which are
associated to the renormalisation group evolution that connects the new-physics scale A
to py and second, finite contributions that originate from the corrections to the VVh
Green’s function with a modified h® vertex. Since the operator Og only mixes with itself
at the 1-loop level [33-36], the VVh vertex does not receive logarithmically-enhanced
corrections proportional to ég at the first non-trivial order in perturbation theory.

The full O(\) corrections to the renormalised VV'h vertex thus arise from the 1-loop
diagrams shown in figure 1 and a tree-level counterterm graph involving a Higgs wave
function renormalisation. We determine the relevant contributions using FeynArts [37]
and FormCalc [38]. Including the SM tree-level contribution, our final result for the renor-
malised V'V h vertex reads

, 1/2 ) ,
'Y (g1, q2) =2 (\/iGF> my [77“ (1+7(G, %)) + ¢y Falai, a5)| (3.1)

where Gp = 1/(v/2v?) is the Fermi constant, 7V is the metric tensor, while my and ¢/'
with ¢ = 1,2 denote the mass and the 4-momenta of the external gauge bosons. The
indices and momenta are assigned to the vertex as V*(q1) + V¥(q2) — h(q1 + g2) with
(q1+q2)? = m3, i.e. an on-shell Higgs boson. Notice that I'tY (g1, ¢2) contains only Lorentz
structures that gives rise to a non-vanishing contribution when the vertex is contracted
with massless fermion lines, which is equivalent to including only transversal gauge-boson
polarisations ¢/'(¢g;) in an on-shell calculation by requiring €;(g;) - ¢; = 0.

The form factors entering (3.1) can be expressed in terms of the following 1-loop

Passarino-Veltman (PV) scalar integrals

Bo(n2.m2.m2) =
o(p1,mg,mi) = md/%T [lico1 P l+pz,mz)

OB (k?, m2, m?
By (pi,mg,m7) = ( akQO ) : (3.2)
k.2_p2
2 2.2 2 2 2 d’l
C ) - ) » g, My, T
0(]91 (p1 — p2)°, P2, mg, My 2) md/er - 0.12 P+ pi,mi)’
and the tensor coefficients of the two tensor integrals
der
C'u 27 - 7m27m27m / ’
(pl (pl p2) » P2 0 1 2 ZT['d/QTl“ HZ 012 l"‘p“mz)
y (3.3)
d*UI*IY

Cuu 2’ o 7777/2’771277% /
(p1 (p1 p2) » P2, Mg, M 2 z7rd/2rr IL

i=0,1,2 P(l+pi,m;)

Here p is the renormalisation scale that keeps track of the correct dimension of the integrals
in d = 4 — 2¢ space-time dimensions, rr = I'?(1 — €)I'(1 + ¢€) /T'(1 — 2¢) with I'(z) denoting
the Euler gamma function, P(k,m) = k* —m? and py = 0. The definitions (3.2) and (3.3)
resemble those of the LoopTools package [38].
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Figure 1. The three 1-loop diagrams with an insertion of the effective operator Og that contribute
to the VVh vertex at O()). Here ¢ denotes the relevant would-be Goldstone field that needs to be
included if the calculation is performed in a R gauge.

The integrals with a tensor structure (3.3) can be reduced to linear combinations
of Lorentz-contravariant tensors constructed from the metric tensor n*” and a linearly
independent set of the 4-momenta p!'. We define the tensor coefficients of the triangle
integrals in the following way

Cor =" phC, O =nCo+ Y PPICy. (3.4)
i=1,2 4,j=1,2

Notice that of all scalar and tensor-coefficient functions appearing in our 1-loop calculations
only By and Cy are ultraviolet (UV) divergent. These divergent contributions appear in
our final results always in the UV-finite combination By — 4Cy.

With the definitions (3.2), (3.3) and (3.4) at hand, the full analytic expressions of the
form factors can be written as

\é 9m2
it = iz (-0 1200 - Con) - 5 o4 958

47)2
4m) (3.5)
AC
2 2 6
=—=12(C1+C Ci2) .
Falar, 43) (ar)? (C1+4 C11 + Ch2)
Here the arguments of the PV integrals are
By = BO(m}Zwm}mei) ) Co = CO(m}QwQ%»qgam%wm%am%/) ) (36)

and analog definitions hold for the derivative B|, of the scalar bubble integral and the tensor
coefficients C1, C11 and Cpo of the triangle integral. Notice that in contrast to [31] an all-
order resummation of 1-loop wave function effects is not performed in (3.5). Since already
the O(A\?) wave function corrections in the SMEFT will be incomplete due to missing 2-
loop Higgs-boson selfenergy diagrams, it is questionable if such a resummation improves
the precision of the calculation and we therefore do not include it our work.

4 Corrections to the Higgs partial decay widths

To determine the signal strengths in VA and VBF Higgs production, one also has to take
into account that the Higgs branching ratios are modified at the loop level by the presence



of the dimension-6 operator Og. Examples of diagrams that alter the partial widths of the
Higgs to fermions, gluons and photons are displayed in figure 2. Below we will present
results for the O(A) corrections to the partial widths of all relevant Higgs decay modes.
Terms of O(A?) that arise from squared matrix elements with an Og insertion are instead
dropped for consistency since such contributions receive additional but unknown corrections
from the interference of tree-level SM and loop-level SMEFT amplitudes.

In the case of the decays of the Higgs to light fermion pairs f = ¢, £, we write

N!Gpmhmfc 4m?c 3/2
—_ |1 Ay,
42

where N¢ = 3, N/ = 1 and all quark masses m,, are understood as MS masses renormalised

AT(h — ff) = (4.1)

at the scale my, while my denotes the pole mass of the corresponding lepton. The O(A)
correction to the partial decay width I'(h — ff) stem from the graph displayed on the
left-hand side in figure 2. We obtain
Af = (Z;;RG(— 12mfc (Co—C1 —Cy) —9m,21 (¢s +2) Bé) , (4.2)
with
Cyo=Cy (m?,m%,m%,m%,m%,mi) , (4.3)
and analogue definitions for the tensor coefficients C7 and C5. Notice that the flavour-
dependent contributions are suppressed by light-fermion masses compared to the flavour-
independent contribution proportional to B( that arises from the wave function renormal-
isation of the Higgs boson. The corrections A are hence to very good approximation
universal. The result (4.1) agrees numerically with [31].
The shifts in the partial width for a Higgs boson decaying into a pair of EW gauge

bosons can be cast into the form [39]

1 (™ dgmyT (mn=a)*  gg2 my T
AF(h—>VV):/ P VoV 2/ S RVEV p, (4.4
m Jo  (af —mi)? +myTy Jo (g3 —mi)? + mi T,

and include the contributions from both the production of one real and one virtual EW
gauge boson h — VV* or two virtual states h — V*V*. In (4.4) the total decay width of
the relevant gauge boson is denoted by I'yy and the integrand can be written as

Gpm3
Iy = b Ny yJalqd, g3, m}) B(q7, g3, mp) Av (4.5)
827

with Ny =1, Nz =1/2 and
x  y\?2 Adxy 12zy
Ly z) = 1,77,) il . 2) = oz, y, : 4.6
alzy ) =(1-2-2) -, Blays) =al@ye)+— (4.6)
The O(A) correction to the partial decay width I'(h — V'V') arises from the diagrams shown
in figure 1. We find
AV = W R6|:— GBO —24 (mVCO - COO)

(4.7)
12 2 2 2 2 2 .2
_ 12ala, @5 mi) (a1 + 45 — i) (Cy + Cy1 + Cr2) — 9m3 (G + 2) B(’)} .

B(q?,q3,m?)
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Figure 2. Feynman diagrams with an insertion of the effective operator Og that lead to Higgs-boson
decays into fermion (left), gluon (middle) and photon (right) pairs.

Here the arguments of the PV loop integrals are defined as in (3.6). We have verified that
the expression (4.4) agrees numerically with the results presented in [31].

The changes in partial decay widths of the Higgs boson to gluon and photon pairs can
be written in the following way

Gra?m? 2
AT(h = gg) = ——=21N" A, A,
(h= 99) 36v2md |41 Y
48)
2 2 (
Gpa2m3 4Nch
AT(h =)= ———21% Af— Aw| A,
=17 = o5 SR A

f

where oy = as(my), o = 1/137.04, while Q, = 2/3, Q4 = —1/3 and Q; = —1 denote
the electric charges of the fermions. The leading-order (LO) form factors that encode the
1-loop corrections due to SM fermion and W-boson loops read

A=D1 40— fan® ———
= o] 1)

1
Aw =2+ 31w + 3mw (2 — 7y ) arctan? —— |
Tw — 1
with 7x = 4m3/m2 for X = f,W. The O()) correction to the partial decay width of the
Higgs to gluons and photons originate from 2-loop diagrams with an insertion of Og. Two
example graphs are shown in the middle and on the right of figure 2. The results presented

in [30, 40] lead to
A Cs

A, = (a2 (8.42 — 9mj, (¢6 + 2) By) ,
s ) (4.10)
A, = W(73.7079mh(66+2)36).

Notice that there is no need to take the real part here because the By, integral corresponding
to a Higgs loop is real for on-shell kinematics. The expression for A, agrees with the results
obtained in [31].

5 Description of the Vh calculation

In order to explain how we obtain our predictions for the associated production of the
Higgs boson with massive gauge bosons it is useful to first consider the O(\) corrections
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Figure 3. Examples of diagrams that contribute to pp — Zh at O(a?). As indicated by the black
square the left and middle diagram receive a correction of O()\) from dy, while the graph on the
right-hand side does not involve a modified ZZh vertex. See text for further explanations.

to oy = o(qq — Vh) working to zeroth order in the strong coupling constant. At this
order in QCD the O(\) shift in the integrated partonic cross section can be written as

G2md 2 2 12m2
Aoy = Fy Ny a(m%/,m%b,s) a(mv,mh,s)zs—l; s
T (3 - mv)

with Ny = 1 and Nz = (1 —8TYQqs2 +8Qgsi) /2, where Ty (Q,) denotes the third
component of the weak isospin (electric charge) of the relevant quark. The function dy

Sy, (5.1)

encodes the contributions from the three 1-loop diagrams in figure 1 when one of the gauge
bosons is contracted with a quark line and the other one is put on its mass shell. Explicitly
we find
ACs
(4m)?
2

B 12a(mi,, m3, s) s (m3, — mj + s)

(SV = Re| — 6B0 —24 (m%/ C() — C()o)
(5.2)

(C1 + Ci1 + Cha) — 9, (G +2) B |

a(m?,m2,s) s+ 12m2,

where the function a(z,y, z) has been defined in (4.6). The arguments of the scalar triangle
integral are
Co=Cy (m,%, s,m%/,m%,m%, m%/) , (5.3)

and all other tensor coefficients carry the same functional dependence. The By integral is
defined in (3.6). Our result (5.2) for y can be shown to agree with the analytic expression
given in the publication [28] for the case of eTe™ — Zh.

At NNLO the production cross section for pp — Vh receives corrections from two
types of topologies. The first kind of graphs involves an exchange of a single off-shell
vector boson in the s-channel, while the second sort of corrections arise from the coupling
of the Higgs boson to a closed loop of top quarks. For on-shell bosons the former type
of O(a?) corrections have been obtained in [41], while fully differential NNLO calculations
of these Drell-Yan (DY) parts have been presented in [42, 43] and [44] for the Wh and Zh
final state, respectively. Subsets of the diagrams where the Higgs is radiated off a top loop
have been considered in [44, 45] and a calculation of all such graphs can be found in [46].
The latter results have been implemented into version 8 of MCFM [47].

The existing fully differential MCFM implementation of pp — Vh at NNLO serves as
a starting point of our own computation. We have identified the routines in MCFM that



correspond to the two different kinds of O(a?) corrections. For the case of pp — Zh

S
representatives of the two types of contributions are displayed in figure 3. Notice that in
all diagrams where the Higgs is not radiated from a top loop the dy correction factorises and
thus we are able to include the complete O()) term (5.2) on top of the NNLO corrections.
In the case of the contributions with top loops however not all O(a?) corrections factorise.
Non-factorisable contributions which involve a top box and a top-Higgs triangle as well
as double-box contributions are in fact not known and thus cannot be included. FEffects
due to Higgs wave function renormalisation, on the other hand, factorise and we take
them into account in our computations. As a result, our numerical predictions for the
differential pp — V'h cross sections are NNLO accurate only for what concerns the O())
terms associated to dy, while we are missing O(a2) contributions proportional to Aé that

stem from top loops.

6 Description of the VBF Higgs calculation

To obtain predictions for VBF Higgs production we employ the structure-function ap-
proach [48]. In this formalism the VBF Higgs process can be described to high accuracy
as a double deep-inelastic scattering process (DIS), where two virtual EW gauge bosons
emitted from the hadronic initial states fuse into a Higgs boson. Neglecting small QCD-
interference effects between the two inclusive final states, the differential VBF Higgs cross
section is in our case given by a product of two 3-point vertices I'{ (Q1, Q2) and two DIS
hadronic tensors Wi (z;, Q?):

2 4
Grmy,

AL(QD) AT (Q3)

doypr =
(6.1)

X W;K/(x17 Q%) Fl\‘}p(le QQ) (FI(/U(QD QQ))* Wp‘g'(:va Qg) dqy.
Here Ay (Q?) = 1/(Q? +m2,), Q? = —¢? and z; = Q?/(2P; - ¢;) are the usual DIS variables

with Pi“ the 4-momentum of proton ¢ = 1,2 and df2 denotes the 3-particle VBF phase
space. The hadronic tensor can be expressed as

prpr
W (a1, @) = (- ) B )+ B Y (0 2)
‘ " (6.2)

jetvrr LT BV (1 Q2
+ 2P” 3 ( 15 Q’L )
where €777 is the fully anti-symmetric Levi-Civita tensor and we have introduced

P
P g =Py, P“—P"+Q2 " (6.3)
The standard DIS structure functions are denoted by FY (z;, Q?) with m = 1,2, 3.
Using the decomposition (6.2) the squared hadronic tensor in (6.1) can be written in

terms of the DIS structure functions as

W (21, Q) T (Q1, Q2) (T (Q1, Q2)) " W, ($2>Q2)

—4\fGFmVZwmn ml,Ql) (:cg,Qg) (64)

m,n



Defining the short-hand notations?
@ @=q, P-Pr=ppa, C=1+27(Q1,0Q3), C =27(Q}Q3), (6.5)

the non-vanishing coefficients w,,, included in our analysis read

2
wi1 = (2C1 — q12C2) + (C1 + q12C2) % ,
13

Poo P 2Py qi2 Paadd
wig = —C1 —5 — (C1 + q12C2) ( + + ;
Q3 PpQi Q1Q3 Q7Q3
Py P, 2Piaqi2 Piidi
wa; = —C1—5 — (C1 + q12C2) ( + + ,
Q3 PLQ3  Q1Q3 Q1Q3
wog = % C1 (plz Q1Q3 + P11 Py Q3 + PiaPasQf + P11 Py (I12)2
P11 Py Q7 Q5 (6.6)
+Co (P12QF + Pi1q12) (Pa1Q3 + Paz qi2)
X <P12 Q3Q3 + P11 Py1 Q3 + P1aPyy Q% + Py Py Q12>] ;
1
w3z = 1P Py [201 (P12 q12 — P12 Po1)

—Cy {P12P22 Q5 + (P12 @7 + Pi1Po1) Q3 + (Pi1Pa2 + PiaPo1) iz — pr2 Q%z}} :

Notice that in the above expressions for the coefficients w.,,, we have neglected terms
quadratic in the form factors Fj o %, Q%) Such contributions are suppressed relative to
the linear terms in (6.6) by a factor of \ég/(4m)? and thus formally of 2-loop order in the
SMEFT. Since the 2-loop SMEFT contributions to the O(A\?) corrections remain unknown
including terms quadratic in (3.5) would thus not improve the accuracy of the calculation.

With all the non-vanishing coefficients wy,, at hand it is now rather straightforward
to calculate NNLO QCD corrections to the inclusive [49, 50] and exclusive [51] VBF Higgs
cross section.?> Our computations rely on the techniques and the Monte Carlo (MC) codes
developed in the latter work. In the inclusive part of the calculation, we employ the phase
space from the h + 2jets VBF calculation implemented in POWHEG [53], while the matrix
element is evaluated with structure functions based on parametrised versions [54, 55] of
the NNLO DIS coefficient functions [56-58] integrated with HOPPET [59]. The exclusive
calculation relies also on the NLO part of the POWHEG h + 3jets VBF code [60], which
implements the results of [61]. To take into account contributions from the second Lorentz
structure in (3.1) the SM implementation [60] had to be extended. This extension re-
quired, in particular, new tree-level h 4 4 jets matrix elements, which were generated with

2For VBF kinematics the form factor Fi 2(Q%, Q%) are real and in consequence there is no need to take
the real part in the last two definitions in (6.5).

3Very recently the next-to-next-to-next-to-leading order (N®LO) QCD corrections to the inclusive
VBF Higgs cross section have been calculated in the structure-function approach [52]. We do not in-
clude N®*LO effects in our analysis since they amount to O(1%o) shifts, which is well within the NNLO scale
uncertainties.

~10 -
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Figure 4. Left: predictions for the inclusive Wh, Zh and VBF Higgs production sections oy
as a function of ¢g. The dashed and solid curves correspond to /s = 8 TeV and /s = 13 TeV,
respectively. Right: relative modifications of o as a function of the Wilson coefficient of Og. Only
results for /s = 13 TeV are shown.

MadGraph5_aMCNLO [62]. The numerical evaluation of 1-loop Feynman integrals is performed
by QCDLoop [63, 64] after reducing the tensor coefficients appearing in (3.3) to basic PV
scalar integrals. Further technical details on the implementation of the NNLO VBF Higgs
cross section computations are given in [51].

7 Numerical results

In this section we study the numerical impact of the O(X) corrections that we have derived
earlier in sections 3 and 4. We first present results for the modifications of the Higgs
production cross sections o; in the vector boson mediated channels I = Wh, Zh, VBF.
Then we study the corrections to the partial Higgs decay widths I'f' = TI'(h — F) and
branching ratios Br!" = Br(h — F). This discussion is followed by an analysis of the shape
changes in the Vh and VBF Higgs distributions due to the O(\) corrections. We finally
derive the constraints on the Wilson coefficient ¢g that arise from LHC Run I and II data,
and explore the prospects of the HL-LHC in improving the current bounds. Both the limits
from double-Higgs production as well as Vh and VBF Higgs production are considered.

7.1 Modifications of the Higgs production cross sections

We begin our discussion by considering the modifications of the inclusive vector boson
mediated Higgs production sections o that result from the presence of the O(\) corrections.
The corresponding predictions are shown in the two panels of figure 4 as a function of cg.
In the left plot we display the total cross sections for pp collisions at /s = 8 TeV (dashed
curves) and /s = 13 TeV (solid curves). In the former case, we find

Y = (oh Y )sm (1+74-107% ¢ — 1.5-107° &)

O'Wh == SM (
BTV _ 8TeV Jsm (1+7.5-1073 G —1.5-107% &) | (7.1)
oVEY = %EQFV Jsm (143.3-107% ¢ —1.5-107° ) ,
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where the prediction for the Wh cross section includes both the pp — WTh and the
pp — W™h channel. The SM predictions that enter the above formulas read (U%,T,SV)SM =
(0.76 £ 0.02) pb, (051°V)sm = (0.42 £ 0.01) pb and (0§55 )sm = (1.66 & 0.04) pb. In the

latter case, we instead obtain
aine = (opn Y )sm (1+82-107° 6 — 1.5-107° ) ,
o3tV = (05, )sm (1+8.0-1072 66— 1.5- 1073 &3) , (7.2)
ovhrY = (ovhr Jsm (1+3.3-107 66— 1.5-107% &3) ,

and the relevant SM cross sections are (o121 ®V)sm = (1.49 + 0.03) pb, (¢3TV)em =

(0.87 4 0.03) pb and (oi5tV)sm = (3.94 £ 0.08) pb. Our results have been obtained with
the implementations of the Vh and VBF Higgs calculations described in sections 5 and 6.
They correspond to PDFALHC15 nnlo_mc parton distribution functions (PDFs) [65] and the
quoted uncertainties include both scale, PDF and «a; errors. In the case of Vh (VBF Higgs)
production our default scale choice is pyg = my + mp, (o = mp). The perturbative un-
certainties are estimated in both cases by identifying the renormalisation and factorisation
scales up and pp with po and varying po by a factor of two around the default scale.
The above formulas can be compared to the next-to-leading order (NLO) results for the
Vh and VBF Higgs production cross sections presented in [31]. Concerning oy, and oypr,
we find that the inclusion of O(a?) corrections essentially does not change the functional
dependence on ¢g compared to NLO. In the case of oz, NNLO effects have instead an
impact since they shift the term linear in ¢ by around —20% (—10%) compared to the
8 TeV (13 TeV) NLO prediction. The observed shifts originate from the negative O(a?)
contributions due to heavy-quark boxes of the type gg — Zh. Given that the corresponding
non-universal O(\) corrections are not included in our calculation (see the discussion in
section 5) it remains unclear whether the inclusion of NNLO effects improves the precision
of our pp — Zh predictions. We add that we have verified that at NLO our numerical
results for Vh and VBF Higgs production all agree with the predictions given in [31].
Looking at the results (7.1) and (7.2) one observes that the linear dependence on the
Wilson coefficient ¢g of the VA and VBF Higgs cross sections is different. This feature is
expected because the terms linear in ¢g originate from both tree-level counterterm graphs
involving a Higgs wave function renormalisation as well as the interference of tree-level
with 1-loop amplitudes. While the Higgs wave function renormalisation constant depends
only on my, the interference contributions have a non-trivial dependence on the external
4-momenta. As a result the O(¢g) terms are process and kinematics dependent. To better
illustrate the numerical impact of the O(\) corrections, we plot Aor/(Aor)sm as a function
of G in the right panel of figure 4 employing /s = 13TeV. We see that for ¢g ~ —15
the Vh and VBF Higgs cross sections are shifted by about —50% and —40%, while for
¢¢ ~ 15 the corresponding shifts are around —25% and —30%. Given that the functional
dependencies of (7.1) and (7.2) are approximately the same, effects of similar size are
obtained at /s = 8 TeV. The corresponding predictions are not shown in the latter figure.

7.2 Modifications of the Higgs decays

We now turn our attention to the partial decay widths and branching ratios of the Higgs.
In figure 5 we illustrate the numerical impact of the O(\) corrections on these observ-
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Figure 5. Shifts in the partial decay widths (left panel) and the branching ratios (right panel) of the
Higgs boson as a function of the Wilson coefficient ¢g. The coloured curves indicate the individual
decay channels, while the black dashed curve corresponds to the total Higgs decay width.

ables. As input parameters we have used ag(myp) = 0.1127, m; = 173.2GeV, my(mp,) =
2.81GeV, m¢(myp) = 0.65GeV, m,; = 1.777GeV, my = 80.37GeV, myz = 91.15GeV,
I'yy = 2.0886 GeV and I'y; = 2.4958 GeV. The quoted values for the bottom and charm
quark MS masses have been obtained by employing 2-loop running. The SM predictions for
the total decay width of the Higgs and its branching ratios are taken from [66]. In the case
of the partial decay widths (left panel), one observes that the relative corrections to I'f" all
have a very similar ¢; dependence and are essentially always negative. These features are
related to the fact that for |ég| = 1 the partial decay widths are dominated by the universal
corrections arising from the Higgs wave function renormalisation which is quadratic in ¢g
and carries a minus sign. Numerically, we find that the relative shifts in I'f’ can reach up to
around —40% (—45%) for ¢g ~ —15 (g ~ 15). The corrections to the total decay width Ty,
are only about —30%. In the case of the shifts in the Higgs branching ratios (right panel),
one observes instead that the modifications in all channels do not exceed +10% in the
same Cg range. The impact of O(A) corrections is thus generically smaller in the branching
ratios than in the partial decay widths, since in the former quantities the universal Higgs

wave function corrections and thus the quadratic dependence on ¢g cancels.

7.3 Modifications of the Vh and VBF Higgs distributions

Since the vertex corrections (3.1) depend in a non-trivial way on the external 4-momenta,
the O()\) corrections not only change the overall size of the cross sections in Vh and VBF
Higgs production but also modify the shape of the corresponding kinematic distributions.
In this subsection we present results for the spectra that are most sensitive to modifications
in the trilinear Higgs coupling. All results shown below correspond to /s = 13TeV,
PDF4LHC15 nnlo_mc PDFs and the default scale choices introduced in section 7.1. Off-shell
effects in Higgs-boson production are taken into account by modelling the width of the
Higgs with a Breit-Wigner line shape.
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Figure 6. Comparison of the prp (left) and my, (right) spectrum in Wh production. The upper
panels show the SM predictions (black) as well as the cases ¢g = —10 (blue) and ¢ = 10 (red). The
ratios between the case ég = —10 and the SM (blue) and the case ég = 10 and the SM (red) are
displayed in the lower panels. All results correspond to pp collisions at /s = 13 TeV.

We begin our discussion with pp — Wh. In figure 6 the distributions of the Higgs-
boson transverse momentum (pr ) and the invariant mass of the Wh system (myyy,) are
shown. The black curves in the panels represent the SM predictions, while the blue and
red curves correspond to a new-physics scenario with ¢g = —10 and ¢g = 10, respectively.
All results have been obtained at NNLO with the MC code described in section 5. One
sees that the shape of the displayed distributions provide sensitivity to the sign of ¢g. In
the case of ég = —10 the prj (myp) spectrum increases relative to the SM distribution as
a function of prj (myy), approaching a constant value in the limit of large prj (mws).
For ¢¢ = 10 the ratio R instead decreases with p7p, (mw,) becoming again flat for prp — oo
(myyp, — 00). The behaviour of the distribution for large prj, and my, can be understood
from the y/s — oo limit of (5.2). In this limit only the Higgs wave function renormalisation
contributes and the vertex correction dy takes the simple form

lim &y = A%
V/s—00 V- (471')2

(—=9mj (6 +2) By) = —1.5- 1073 6 (G + 2) . (7.3)

It follows that for large transverse momenta (invariant masses) the deviation from 1 of
the ratio R of the prj (mwn) spectrum for ég # 0 and ¢ = 0, i.e. the SM distribution,
is approximately given by (7.3). New-physics scenarios with ¢ < 0 will hence lead to
harder prj; and myyy, tails than cases with ¢g > 0, while they predict softer spectra at
low prj and myyy. These features are clearly visible in figure 6 and are also present in
other kinematical observables such as the transverse momentum pry of the W boson.
The shapes of all rapidity distributions in pp — Wh production are in contrast largely
insensitive to the sign of ¢z. Notice that our general arguments also apply to the case of
pp — Zh, and as a result the distributions in the Zh channel resemble those found in Wh
production. We therefore do not show predictions for the various Zh spectra.
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Figure 7. Comparison of the pp, (left) and pr j, (right) spectrum in VBF Higgs production. The
style and colour coding of the curves follows the one of figure 6.

In figure 7 we present our results for two kinematic distributions in VBF Higgs pro-
duction, namely the Higgs transverse momentum prj and the transverse momentum of the
third jet pr j,. The spectra shown are obtained with the fully-differential NNLO VBF code
described in section 6 and correspond to the following selection cuts. Events should have
at least two jets with pr ; > 25 GeV, the two jets with highest pr ; are required to have an
absolute rapidity of |y;| < 4.5, be separated by Ayj;, j, > 5 in rapidity, have an invariant
mass mj, j, > 600 GeV and be in opposite hemispheres (i.e. y;,y;, < 0). In our analysis jets
are defined using the anti-k; algorithm [67], as implemented in FastJet [68], with radius
parameter of 0.4. As before we present results for the benchmark scenarios ¢g = —10 (blue
curves) and ¢ = 10 (red curves) and compare them to the SM predictions (black curves).
From the left panel in the figure we see that the shape of the pr distribution in VBF
Higgs production is modified only mildly by the presence of new physics in the k3 coupling,
and in consequence the ratio to the SM is almost constant in prj. This feature can be
explained by realising that even for large pr one of the squared momenta Q? or Q3 that
enters the form factors Fy2(Q3%,Q3) (see (6.5)) can be small. As a result for fixed prp
a range of Q%,Q values is probed and the constant ratio to the SM reflects this averaging.
Similar averagings also take place for instance for the transverse momentum of the first and
second hardest jet, and hence the ratios R corresponding to pr;, and prj, turn out to be
almost flat as well. On the contrary, when the third jet is hard both Q%Q tend to be hard.
An increase in magnitude of both Q%Q gives rise to an approximately linear modification of
the form factors F1 2(Q%, Q3). This results in a linear shape in the ratio to the SM, as can
be seen from the right panel in figure 7. Still the effects are relatively small for the pr j,
values accessible at the LHC, which will limit the discriminating power of shape analyses
in the VBF Higgs production channel.

~15 —



7.4 Constraints on ¢g from double-Higgs production

In the next subsection will derive the existing and possible future limits on the modifica-
tions of the trilinear Higgs-boson coupling that arise from Vh and VBF Higgs production.
All the numbers that we will present should be compared to the bounds that one can
obtain by studying pp — hh production at the LHC. For definiteness we will assume
throughout our numerical analysis that the modifications of the Wilson coefficient of the
operator Og furnish the dominant contribution to the observable under consideration, and
consequently neglect effects associated to other dimension-6 operators such as for instance
Op — see (2.2).

The ATLAS collaboration has recently performed a search for Higgs-boson pair pro-
duction in the 2b2b final state using 13.3 fb™! of /s = 13 TeV data [69]. From this mea-
surement the cross section times branching ratio for non-resonant SM Higgs-boson pair
production is constrained to be less than 330 fb, which is approximately 29 times above
the SM expectation of (o132 TV = (11.3J_r(1)jg) pb. By employing HPAIR [70, 71], we obtain

2b2b
oan iy = (o3 ¥ )sm (1 —0.82¢ + 0.29¢3) pb. (7.4)

From this formula we find that the ATLAS limit on the pp — 2h — 2b2b production cross
section translates into the following 95% confidence level (CL) bound

& € [—9.5,12.3], (7.5)

if theoretical uncertainties are taken into account. Note that (7.5) improves on the bound
of ¢ € [—15.5,18.1] that has been derived in [30] from the ATLAS Run I searches for
pp — hh [72-74] by around 35%. It follows that the combination Acs introduced in (2.3)
can at present still deviate from the SM trilinear Higgs coupling A by a factor of roughly 11.

The small rate, the mild dependence of the cross section on A and the difficulty of
selecting signal from backgrounds make determinations of the trilinear Higgs coupling in
pp — 2h production challenging even at the HL-LHC. For instance the ATLAS study of
the 202 final state [23] foresees a 95% CL limit of

G € [-2.3,7.7], (7.6)

assuming 3ab~! of integrated luminosity. Multivariate analyses (MVAs) and/or combina-
tions of 2b2y with other decay channels such as 272b [26] or 2b2b may allow to improve (7.6),
by how much precisely is however unclear at present.

7.5 Constraints on ¢g from Vh and VBF Higgs production

Since only the product of the production cross sections o and branching ratios Brf" of the
Higgs boson can be extracted experimentally, it has become customary to define the signal

strengths
or BI‘F

(or)sm (Brf)sy’

which characterise the Higgs boson yields in a specific production and decay channel relative

pr = (7.7)

to the SM expectations. The formalisms of signal strengths can then be used to test the
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compatibility of the LHC measurements with the SM and to interpret the Higgs data in
the context of BSM searches.

To obtain the current constraints on ¢g we use the LHC Run I combination of the
ATLAS and CMS measurements of the Higgs boson production and decay rates [1]. In the
case of the vector boson mediated production processes the relevant uf parameters read

W 065108, W - 1380, -

Wy T = 112F08, pi? = 0.48%55] Y = 1052541 '
where the subscript V' indicates that the above numbers correspond to a combination of
the Vh and VBF channels. These numbers have been obtained from a 10-parameter fit to
each of the five decay channels and can be found in the upper part of table 13 of [1]. The
quoted uncertainties take into account the experimental uncertainty in the measurement
of ,uf as well as the SM theory error associated to each particular channel. In the following
we will employ this framework to set limits on the Wilson coefficient ¢g.

Using our predictions for o; and Br! presented in sections 7.1 and 7.2 we then can
calculate the signal strengths uf and compare them to experiment. Including the errors
quoted in (7.8) but neglecting theoretical uncertainties associated to missing A terms, we
obtain the limit

& € [~13.6,16.9], (LHC Run1I), (7.9)

by performing a x? fit with Ax? = 3.84 which corresponds to a 95% CL for a Gaussian
distribution. This constraint is somewhat weaker than both the bound (7.5) as well as the
limit of ¢¢ € [—11.9,10.3] that follows from a combination of the gg — h and h — v
channels [30, 40]. Notice that our bound (7.9) compares well with the current limits on
the modifications of the trilinear Higgs coupling reported in [31].

The experimental prospects for measuring the Higgs boson signal strengths (7.7) in
the vector boson mediated production modes at future LHC runs has been studied by both
the ATLAS and CMS collaborations [75-80]. To estimate the sensitivity on ¢¢ that can be
reached at the HL-LHC with 3ab~! of data, we study two benchmark scenarios based on
the results reported in the fourth and fifth column of table 1 of [77].* Our first scenario
includes the current theory uncertainties and reads

AMW}L = :i:37%, AILLWh = :I:lg%,
A = +15%,  Apfpr = 419%, Apfhe = +21%,  Aplhp = £22%,

whereas in the second benchmark scenario theoretical errors are not taken into account.

“The inclusion of further channels such as for instance pp — Vh(h — 7F77) [81] or technical de-
velopments like extended jet tracking [82] are expected to result in an improved precision on the signals
strengths p¥. In order to obtain a conservative future limit on the Wilson coefficient ¢ we do not consider
such improvements.
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The corresponding relative uncertainties are

Apll, = +£36%, A, = +17%,
Ap, = +13%, ApY) = +21%,  Apll = +12%, (7.11)
AV = +9%,  Aplpe = +16%,  Apfle = +16%,  Apdly = +15%.

Notice that compared to the CMS projections [79] our HL-LHC benchmark uncertain-
ties Auf are comparable but in all cases slightly larger, irrespectively of whether or not
theory errors are included in the final numbers.

Assuming that the central values of the future HL-LHC measurements coincide in
every channel with the predictions of the SM, we obtain the following 95% CL limit on the
Wilson coefficient of Og from our x? fit

¢6 € [—7.0,10.9], (HL-LHC, all uncertainties), (7.12)
when all uncertainties are included. If theoretical errors are neglected, we instead find
Gs € [—6.2,9.6], (HL-LHC, no theory uncertainty) . (7.13)

These limits improve on the current constraint (7.9) by a factor of around 1.7 to 2, depend-
ing on how theory errors are treated. They should be compared to the determination (7.6)
of ¢ in double-Higgs production. We see that with the full HL-LHC data set the indirect
determination of ¢g through measurements of pp — Vh and pp — jjh should allow to
test shifts in the trilinear Higgs coupling that are at the same level than the more direct
extraction via pp — hh. A comparison of (7.12) and (7.13) also shows that theoretical
uncertainties are not a limiting factor for the extraction of ¢g through measurements of Vh
and VBF Higgs production.

We finally add that future LHC combinations of the cross section measurements of
pp — Vh and pp — jjh with those of gg — h [30, 31] and pp — tth [31] are expected to
further strengthen the indirect constraints on the Wilson coefficient of the operator Og.
Differential information from single Higgs production and/or decays may also be used to
improve the sensitivity on ¢g. Making the latter statement more precise would require
a MVA of the prospects to measure Vh and VBF Higgs distributions in the HL-LHC
environment building on the results presented in section 7.3. Such a study is however
beyond the scope of this article.

8 Conclusions

The main goal of this work was to constrain possible deviations in the h® coupling using
measurements of Vh and VBF Higgs production in pp collisions. In order to keep the
entire discussion model independent, we have adopted the SMEFT framework, in which the
effects of new heavy particles are encoded in the Wilson coefficients of higher-dimensional
operators. Within the SMEFT, we have calculated the O(A) corrections to the pp — Vh
and pp — jjh amplitudes that arise from insertions of the operator Og = —A (H tH )3 into
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1-loop Feynman diagrams. We have supplemented this calculation by a computation of
the O(\) corrections to the partial decay widths of the Higgs boson in h — ff, h — VV,
h — gg and h — 7v. By combining both calculations we are able to derive the full O())
corrections to all phenomenological relevant vector boson mediated Higgs signal strengths.

To obtain accurate predictions for the pp — Vh and pp — jjh our MC simulations
include QCD corrections up to NNLO. We have studied the impact of a modified h*
vertex on the inclusive cross sections and the most important kinematic distributions in
V' h and VBF Higgs production. The dependencies of the inclusive production cross sections
on ¢g turn out to be process dependent and slightly stronger in the V'h channels than in
VBF Higgs production. Since the O(\) corrections to the VVh vertex depend in a non-
trivial way on the external 4-momenta, the ¢g dependence is also sensitive to the kinematic
configurations of the final state under consideration. Our study of kinematic distributions
in pp — Vh and pp — jjh shows that the shapes of the transverse momentum or invariant
mass spectra in these channels are sensitive to both the size and sign of ¢g. However a more
detailed analysis than the one performed in our article is required to determine to which
extent differential information in Vh and VBF Higgs production can be used to improve
the constraints on ¢g that can be derived using inclusive rates. We plan to return to this
question in future work.

Under the assumption that c¢g is the only Wilson coefficient that obtains a non-zero
correction in the SMEFT, we have then studied the sensitivity of present and future LHC
measurements of Vh and VBF Higgs production to a modified h? interaction. We have first
demonstrated that the constraint on ¢g that follows from a combination of the LHC Run I
measurements of signal strengths in VA and VBF Higgs production are slightly more strin-
gent than the limit obtained from double-Higgs production using Run I data. In the case of
the HL-LHC with 3 ab~! of integrated luminosity, we have furthermore found that it should
be possible to improve the present bound by a factor of at least 1.7. As a result indirect
determinations of |¢s| < 9 based on Vh and VBF Higgs production data alone should be
possible. This conservative limit is not significantly weaker than the bound obtained by
the ATLAS sensitivity study [23] from double-Higgs production at the HL-LHC.

Further improvements of the constraints on the trilinear Higgs coupling are possible
by combining the signal strength measurements in pp — Vh and pp — jjh with those in
gg — h [30, 31] and pp — tth [31]. The indirect probes of the trilinear Higgs coupling
studied here and in [30, 31] hence provide information that is complementary to the direct
determinations of A\ through pp — hh production. Since the indirect and direct tests
constrain different linear combinations of effective operators in the SMEFT, we believe
that it is crucial to combine all available information on the h? coupling in the form of
a global fit to fully exploit the potential of the HL-LHC. We look forward to further
theoretical but also experimental investigations in this direction.
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