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1. Introduction

The precise determination of Higgs boson properties is one of the primary goals in particle
physics, particularly in the LHC programme at CERN. For this purpose, single Higgs boson plus
jets production and double Higgs boson production are key processes at the LHC, which can probe
the Higgs boson transverse momenta (p? ) spectrum and the trilinear Higgs boson selfcoupling.
They are sensitive to new physics effects beyond the Standard Model (SM), which are well-studied
in the literature such as in Refs. [1-4]. To distinguish potential new physics effects, it is necessary to
compute the higher-order QCD and electroweak (EW) radiative corrections for single Higgs boson
plus jets and double Higgs boson production.

For single Higgs boson plus jet production (H+jet), the full NLO QCD corrections are
computed in Refs. [5-7]. In particular, we have performed a dedicated study on top-quark mass
(m,) effects in Ref. [6]. Recent studies on top-quark mass effects on Higgs boson p‘;l spectrum can
also be found in the literature such as in Refs. [8, 9]. The EW corrections via massless quark loops
have been computed in Ref. [10], the corrections induced by a trilinear Higgs coupling in the large-
m, expansion have been calculated in Refs. [11]. We have computed the first full EW corrections
involving top quarks in the large-m; expansion in Ref. [12]. Recently, the beyond-the-SM effects
on Higgs boson p? spectrum have been explored in Refs. [13-15].

For single Higgs boson plus two jets production (H + 2 jets), we have computed the first NLO
QCD corrections accounting for the top-quark mass effects in Ref. [6].

For double Higgs boson production (HH), the Yukawa-top and Higgs self-coupling corrections
are addressed in Refs. [16-20], the EW corrections involving top quarks are computed analytically
in the large-m, expansion in Ref. [12], the factorisable EW corrections are computed analytically
in Ref. [21], and the full EW corrections are computed numerically in Ref. [22].

In these proceedings, we summarise our contributions for these processes in Refs. [6, 12, 17, 21].

2. NLO QCD corrections for H + jet and H + 2 jets production

The computation of NLO QCD corrections for single Higgs boson plus jets production is
performed in the NNLOJET framework, which is a parton-level event generators equipped with
the antenna subtraction method [23]. The loop-induced matrix elements for H + jet and H + 2 jets
contributing at the Born level and real corrections are provided by OpenLoops2 [24], and the matrix
elements for virtual corrections of H + jet are provided by SecDec [25]. The input parameters are
my = 125 GeV,m, = 173.055 GeV,v = 246.219 GeV,+/s = 13 TeV, where v is the vacuum
expectation value and +/s is center of mass energy at the LHC. We assume massless light quarks
in initial and final states. In our computation, the top-quark mass is renormalised in the on-
shell scheme. Renormalisation and factorisation scales are chosen as ur r = &rp - Hr/2 with

Hr =, /m%{ + p% g T 2 Ip1,l, where the sum includes all final-state partons. Our central scale
’ J

corresponds to ér r = (1, 1) and we determine scale uncertainties via the standard 7-point factor-2
variations &r F = (2,2), (2,1), (1,2), (1, 1), (1,3), (3, 1), (4,3). We employ the prj > 30GeV
cut for H + jet production, and ptj, > 40GeV and ptj, > 30 GeV cuts for H + 2 jets production.
We study top-quark effects for these processes through three approaches: the heavy top
limit (HTL), the so-called full theory approximation (FTupprox) through a reweighting procedure
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Figure 1: Transverse momentum distribution of the Higgs (left) and the hardest jet (right) in H+ jet
production. We show LO predictions in the full SM QCD (magenta) and the HTL (green) as well as NLO
predictions in the HTL (blue), the FTypp0x (red) and the full SM QCD (orange). The upper panel shows
absolute predictions. The first ratio plot shows corrections with respect to LOSM, while the second ratio
plot shows NLO corrections normalised to the respective LO prediction. Shaded bands correspond to scale
variations. Error bars indicate integration uncertainties. (from Ref. [6])
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Figure 2: Transverse momentum distribution of the Higgs (left) and the hardest jet (right) in H + 2 jets
production. Colour coding and labelling as in Fig. 1. (from Ref. [6])

based on the Born-level top-mass effects [26], and the exact top-mass dependence in the full SM
QCD (only for H + jet production). We show the transverse momentum distribution for the Higgs
boson (p? ) and the hardest jet (p]T.l) for H + jet production in Fig. 1 and for H + 2 jets production in
Fig. 2. The fiducial total cross section for H + jet and H + 2 jets production are presented in Table 1,
including the results for boosted Higgs boson with p? > 300 GeV. A detailed study of fiducial total
cross sections with different p? cuts ranging from 50 GeV to 800 GeV can be found in Ref. [6].
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Inclusive pr g pr.H > 300 GeV
o [pb]
LO NLO K LO NLO K
HTL 8224311 13.57*34L  1.65 | 0.086*00%  0.160*0%5  1.86
H+jet FTapprox | 856753 14.06(1)*511 1.64 | 0.046*%950  0.088*902  1.91
SMQCD | 8.56*53 14.15(7)*35 1.65 | 0.046*493%  0.089(3)*00%0  1.93
HTL 2.87+L80 4337030 1,51 | 012019970 0.16070012 133
H+2jets  FTypprox | 292717 4.45(1)F0%  1.52 ] 0.068*00%  0.092790%  1.35
SMQCD | 2.92+170 - ~ | 0068904 - -

Table 1: Integrated cross sections at LO and NLO QCD in the HTL and FT,pp0x approximations and with
full top-quark mass dependence (SM QCD) for H + jet and H + 2 jets production together with corresponding
K-factors. Uncertainties correspond to the envelope of 7-point scale variations. For H + jet production we
require pt; > 30GeV, while for H + 2 jets production we require ptj, > 40GeV, prj, > 30GeV. On
the left no further phase-space restrictions are considered, while on the right we require pr g > 300 GeV.
Numerical integration errors larger than permil level are indicated in brackets. (from Ref. [6])

3. NLO EW corrections for H + jet and HH production

We perform analytic two-loop calculations for NLO EW corrections for H + jet and HH pro-
duction by expansions in both low-energy and high-energy regions. In particular, as shown in
Fig. 1, the major contribution for H + jet is from the low-energy region, which can be captured by a
large-m; expansion. A dedicated review on analytic expansion for EW corrections can be found in
Ref. [27]. Note that the factorisable contributions for gg — HH are computed in a fully analytic
form in Ref. [21]. Sample two-loop diagrams contributing to gg — HH are shown in Fig. 3.
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Figure 3: Two-loop Feynman diagrams contributing to gg — HH. Dashed, solid, wavy and curly lines
correspond to scalar particles, fermions, electroweak gauge bosons and gluons, respectively.
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Figure 4: LO "L{g(g[){H (left) and NLO EW ‘LI(O 1)  (right) matrix elements plotted as a function of /s for

gg — HH. Results are shown up to order 1/’";10 (from Ref. [12]).
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Figure 5: LO ‘LI ©) ooH (left) and NLO EW 1{ (0 ]) (right) matrix elements plotted as a function of +/s for
gg — gH. Results are shown up to order l/mt. (from Ref. [12])

Large-m, expansion: We perform analytic calculations for the full top-quark-induced EW cor-
rections for gluon-fusion H +jet (gg¢ — gH) and HH (gg — HH) production through the large-m,
expansion. We assume the expansion hierarchy

2 2 2 2 2 2
my > Ewmyy,, Ezmy > 5,1, My, My, My, (1)

where £z, £w are the gauge-fixing parameters. The large-m, expansion for bare two-loop amplitudes
is performed to the order 1/ m? with the help of exp [28]. We perform parameter renormalisa-
tion for independent parameters {e, my,mz, m;,mg} with ¢ = VAra and external Higgs fields
renormalisation, both in the on-shell scheme (G, scheme). Note that £y and £z drop out for both
gg — HH and gg — gH renormalised amplitudes.

For the numerical evaluation, we use the inputs m; = 172 GeV myg = 125 GeV,my =

80 GeV,mz = 91 GeV , and introduce the ratio parameter p,,, = ‘f In the following we choose

ppr = 0.1 and consider the squared matrix element Ugepy = u® gHH “”LI(;)H% for gg —» HH and
Ugeen = U, égng +2U g(ggi{) for gg — gH. For definitions of matrix elements and their prefactors,

please refer to Ref. [12]. The LO and NLO EW numerical results are shown in Fig. 4 for gg — HH
and Fig. 5 for gg — gH. For both processes, our large-m; expansions yield reasonable predictions
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Figure 6: Real part of Fy,oy; for fixed scattering angle 6 = 7/2 (left) and different fixed pr values (right). For
the fixed pr plot, an offset is applied such that the curves with different p are separated. (from Ref. [17])

for the v/s < 290 GeV region. We observe that the EW corrections for gg — HH are sizeable in
the low-energy region, lifting the di-Higgs destructive interference effects which is present at the
LO. The EW corrections for gg — gH are relatively small.

High-energy expansion: We perform the analytic high-energy expansion for the two-loop leading
Yukawa corrections for HH production. This contribution is generated through diagrams of the
type (b-4) shown in Fig. 3. We consider two approaches with the following hierarchies:

(A) 5,1> m? > (ml;}t 2, (m%)! 2 and (B) s,t>m’=~ (mi;j’,t S (m$)! 2, 2)

int and m¢}' are internal and external Higgs masses respectively. We employ exp for

where m
amplitude-level expansions, differential equations and power-log ansatz methods for master in-
tegrals, and compute the boundary master integrals in the high-energy limit using AsyInt [29].
Through this procedure, we obtain analytic results for the amplitudes expanded up to order m!?°. For
the numerical evaluation, we employ the Padé approximation to enlarge the radius of convergence
of our results. We show results for the real part of box-type form factor of F) for fixed transverse
momentum pr and fixed scattering angle in Fig. 6. For the fixed scattering angle plot, the solid
curves represent Padé results with uncertainty bands and the dashed curves show naive expansions.

We observe the central value of Padé results agree in both approaches down to /s ~ 400 GeV.

4. Conclusion

In these proceedings, we have summarised our recent contributions to NLO QCD and EW
corrections for loop-induced Higgs bosons production at the LHC. These include the QCD and EW
corrections for H + jet production, QCD corrections for H + 2 jets production, and EW corrections
for HH production. For QCD corrections, we have conducted dedicated studies on the top-quark
mass effects for H+ jet and H + 2 jets production. These effects are crucial for making precise
predictions of loop-induced Higgs boson production at the NLO accuracy. For EW corrections, we
have performed analytic expansions for H + jet and HH production in different kinematic regions.
These results provide a good approximation across a vast range of phase space regions, showing a
promising prospects for analytic higher-order EW calculations.
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