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The soft gluon resummation effect in the Higgs boson plus two-jet production at the LHC is studied by
applying the transverse momentum dependent factorization formalism. The large logarithms, introduced
by the small total transverse momentum of the Higgs boson plus two-jet final state system, are
resummed to all orders in the expansion of the strong interaction coupling with the accuracy of Next-
to-Leading Logarithm order. This significantly improves the theoretical prediction. We also compare our

result with the prediction of the Monte Carlo event generator Pythia8, and find noticeable difference in
the distributions of the total transverse momentum and the azimuthal angle correlations of the final state
Higgs boson and two-jet system, when applying similar kinematic cuts used in the LHC data analysis. This
difference is large enough to affect the measurement of Higgs boson coupling to the vector boson at the

future High luminosity LHC.
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1. Introduction

After the discovery of Higgs boson at the CERN Large Hadron
Colllider (LHC) [1,2], determining its properties has become one of
the most important tasks for the high energy physics community.
It requires a careful comparison between the experimental mea-
surements of various Higgs boson production and decay channels
and the Standard Model (SM) predictions. Among these channels,
the Higgs boson plus two jet production at the LHC is one of
the most important ones to test the couplings of the Higgs bo-
son [3-12], which can be expressed as:

A(P) + B(P) — H(Py) + Jet(Pj1) + Jet(Pj2) + X, (1)

where P and P represent the incoming hadrons’ momenta, Py is
the momentum of the final state Higgs boson, and the momenta of
the final state jets are Pj; and P, with their rapidities y;; and
¥ 2, respectively. In this production, the Higgs boson can be pro-
duced via two gluon fusion (GF) or two vector boson fusion (VBF)
mechanisms. Being able to separate the GF and VBF production
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channels would help determining the couplings of Higgs boson, for
they are sensitive to the effective coupling of Higgs boson to glu-
ons and to weak gauge bosons, respectively. To achieve this gaol,
we study the kinematic distributions of the Higgs boson and the
two final state jets and their correlations. For example, the rapid-
ity gap of the two final state jets (|JAy ;| =1yj1 — ¥21) in the GF
process tends to be smaller than that in the VBF process. There-
fore, requiring a larger value of [Ay ;| would enhance the relative
contribution from VBF process [13].

In addition, the differential cross sections of the total trans-
verse momentum (4, = P{ + Pj-] + Pj-z) for the Higgs and the
two final state jets are also sensitive to the production mecha-
nisms. Such ¢, distributions are strongly dependent on the soft
gluon radiations, especially in the small g region. Since the effect
of soft gluon radiations is determined by the color structures of
the scattering processes, and the Higgs boson GF and VBF produc-
tion mechanisms in this channel have different color structures,
their q, distributions will peak at the different values. Hence, a
precise theoretical prediction on the q, distribution is needed to
separate the GF and VBF production processes. To reliably predict
the g, distribution, soft gluon shower effect must be considered.
The soft gluon shower effect brings the large Sudakov logarithms
into all orders of the perturbative expansion, and then breaks the
validity of the perturbative expansion. Fortunately, this problem
can be resolved by performing an all-order transverse momentum
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dependent (TMD) resummation calculation based on the TMD fac-
torization theorem [14-16], which is widely used to resum these
large logarithms in color singlet processes [17]. For the processes
with more complicated color structures, the TMD resummation
was discussed firstly in Ref. [18] for colored heavy particle pro-
duction processes. For the processes with massless jets in the final
states, the extra soft gluon radiation could be within or outside the
jet cone. Within the jet cone, the radiated gluon can be treated as a
part of the jet, and it leads to a contribution for the bin of g, =0.
If it is outside the jet cone, it will generate the large Sudakov log-
arithm, and it should be resummed. Its details can be found in the
recently developed TMD resummation method [19-21].

In this work, we will apply the TMD resummation method
to study the soft gluon resummation effect on the production of
Higgs boson plus two jets in hadron collision. In terms of the
TMD factorization formalism, the g, differential cross section is
factorized into several individual factors which will be analytically
calculated up to the one-loop order. As of today, the Monte Carlo
(MC) event generators are the only available tools to predict the
soft gluon shower effect for this channel. Our calculation not only,
for the first time, provides an important test on the validity of the
commonly used MC event generators, but also brings the accuracy
of the theoretical prediction into the Next-to-Leading Logarithm
(NLL) level.

2. TMD factorization
In our calculation, the effective Lagrangian in the heavy top

quark mass limit is used to describe the effective coupling between
Higgs boson and gluons [22],

o
Loff = — o CFl PV, (2)

127

where v is the vacuum expectation value, H the Higgs boson field,
FMV the gluon field strength tensor, and a the color index. Our
TMD resummation formula can be written as:

dbo

ddeYJld.V]ZdP]]J_d jZLdZQL

_Z[ @n)? _larbwabeHcd(xlvbe)+Yab—>Hcdi| . (3)

where yy, yj1 and y > denote the rapidities of the Higgs boson
and the jets, respectlvely, PpiL and P PjaL are the jets transverse
momentum, and q| = PHL + P]u + P]u is the imbalance trans-
verse momentum of the Higgs boson and the two final state jets.
The first term (W) contains all order resummation effect and the
second term (Y) accounts for the difference between the fixed or-
der result and the so-called asymptotic result which is given by
expanding the resummation result to the same order in « as the
fixed order term. x; and x; are the momentum fractions of the
incoming hadrons carried by the incoming partons, with

VM 4 Ph e 4 [P e [T, eV
X1,2 = \/E .

We can write the all order resummation result for W as

(4)

Wab— Hed (X1, X2, b)

=x1 fa(x1, F =bo/b.)x2 fb(x2, LF = bo/bx)
« e~ Ssud(Q?. 1) p=Fnp(Q2.b)

o
R d
X Tr | Hap—» Hea (L)exp[— / fy“]sabﬁmwo/b*)
bO/b*

d
x expl— / Lyl (5)
"
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where s = x1x3S, and S is the hadronic center of mass energy
squared, bg = 2e~7E, with yr being the Euler constant, [t is the
resummation scale to apply the TMD factorization in the resum-
mation calculation, as in the Collins 2011 scheme [16]. We would
like to emphasize that the above formula applies for both of VBF
and GF channels. f; (%, ur) are the parton distribution functions
(PDFs) for the incoming partons a and b, and the wr is the evo-
lution scale of the PDFs. The renormalization scale has been set
as the mass of Higgs boson. Hyp_, g is the hard factor, and it is a
matrix based on a set of basis color factors. By applying the Catani-
De Florian-Grazzini (CFG) scheme [23] and the TMD factorization
in the Collins 2011 scheme [16], we obtain the color singlet com-
ponent in the hard factor matrix H ", b»Hcd for the VBF channels, at
the next-to-leading order (NLO), as

Cra N2 N2
(1)VBF __ ;(0)VBF LFUs 2( K 2 ( M
Habchd Hﬂb*)HCd 27T |:_1 ( >_1n ("_>

t1 ty
n2
—3In (”—) —3In
t

2 13 2
= ln<R2)1n<P2 )+7—§n2} : (6)

where R and P, ; denote the jet size and transverse momenta of
the final state jets, and H© is the tree level cross section. Denot-
ing the initial parton momenta as (pq, pp) and the final state jet
momenta as (pji, pj2), the above kinematic variables f; and £,
can be expressed as t1 = (pq — pj1)? and & = (pp — pj2)?. Simi-
larly, we have @iy = (pq — pj2)® and {1 = (pp — pj1)*. In the above
hard factor, besides the contribution from the virtual correction
at the one-loop order, we have also included two pieces of con-
tributions from real gluon radiation. The first one is from the jet
function, which describes the gluon radiation within the jet [24].
Here, we follow Ref. [24] and apply the dimensional regularization
method to integrate the allowed phase space volume of the radi-
ated gluon, and the anti-kr jet algorithm is adopted. Another one
comes from the e-expansion terms in the soft gluon radiation out
of the jet, which contributes to a finite term when Fourier trans-
formed into b-space with the dimension D =4 — 2¢ [19]. Here,
we make the light jet off-shell to regulate the collinear divergence
associated with the soft gluon radiation at small transverse mo-
mentum ¢, which effectively excludes gluon radiation within the
jet cone in the narrow jet approximation. As found in Ref. [20],
the different treatment of the jet part in the jet functions and the
soft factor leads to a finite contribution in the hard factor, which
does not depend on the jet cone size. Numerically, it is found to
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be approximately ;‘—;CA(%Z) and ;‘—;CF(%Z) for gluon and quark

jet, respectively. We have included these additional contributions
in the above equation, which were not included in Ref. [21]. For
the VBF channel, in addition to the color singlet contribution, there
is also a non-zero color-octet component in the hard factor matrix,
at the o order. However, in the perturbative expansion it does not
contribute until next-to-next-leading-order (NNLO). Hence, we ig-
nore its contribution in this work.

For the GF channel, we analytically calculate the complete hard
factor matrix for the process Hg; ;... at the NLO, using the he-
licity amplitudes given in Ref. [25], as suggested in Ref. [26]. The
needed color basis for this calculation is identical to that for de-
scribing di-jet production in hadron-hadron collision, as given in
Ref. [19]. The soft factor Sgp_.Hycq iS also a matrix in the color
space, and y° is the associated anomalous dimension for the soft
factor, which can also be obtained from the result for di-jet pro-
duction [19] by switching the Mandelstam variables  and i to
(1 +£2)/2 and (17 + {i)/2, respectively. The Sudakov form factor
Ssud resums the leading double logarithms and the sub-leading
logarithms, which is

. du? s s
Ssud (s, [4, bs) = / Lz ln(—z)A+B+Dln27
M P41 R?
bg/b2
—|—Dln7S } (7)
2 b
PJLZRZ

where the coefficients A, B and D can be expanded perturba-
tively in «s, and they are defined as A = ZiA(")(‘]"T—S)(l), B =

> B® (%)(') and D =Y ;D" (‘;‘T—S)('). For GF process, gg — Hgg
process at the NLO, we have A =C4%, B=—2C4f0% and D =
Ca 5‘—7; For VBF process, qq — Hqq process at the NLO, we have
A=Cr%, B=-3/2C;% and D = Cr5<. The coefficients A and
B come from the energy evolution effect in the TMD PDFs [15],
so that they only depend on the flavor of the incoming partons
and are independent of the scattering process. The coefficient D
is derived from the soft factor associated with the final state jet.
It quantifies the effect of soft radiation which goes outside the jet
cone, hence it depends on the jet size R. Since our calculation is
based on the small cone size approximation, only the term propor-
tional to log(1/R?) is kept in the final expression of the Sudakov
factor of Eq. (7), which describes the q, distribution. The b-space
variable b, =b/\/1+ b2 /b2 ., with bpnax = 1.5 GeV~!, which make
the lower limit in the Sudakov integrand to be larger than the
scale Agcp and all the pieces in it can be calculated by the
perturbative QCD theory. Consequently, a non-perturbative factor
e=Fnr(@%D) has to be added to model the non-perturbative con-
tribution arising from the large b-region. In this work, we choose
the non-perturbative formalism presented in Ref. [27], which how-
ever only affects the prediction in extreme small g region (g, <1
GeV).

3. Numerical analysis

We apply the above resummation formula to compute the q
distributions of the Higgs boson production associated with two
high energy jets. In our numeric calculations, we have included
the A® contribution at the two-loop order [28] in the Sudakov
form factor, in addition to the A, B and DM contributions
discussed above. This is because the coefficient A only depends
on the flavor of the incoming partons, and not on the scattering
process. Besides, we have included a theta-function ®( —q) in

Eq. (3) to limit the range of q, integration, because the resum-
mation formula is only valid in the region of q, < ft. Based on

the study in Ref. [20], we choose resummation scale i = P’Jej’_d
or il = lef in this work to estimate the theoretical uncertainty,

where P¥? and P are the transverse momenta of the final
state leading jet and sub-leading jet, respectively. The resummation
scale can be chosen arbitrarily, however, we should use the typi-
cal scale in the processes in order to reduce the impact of missing
higher-order contributions. This process is dominated by double t-
type channel, and the typical scale is the jet Pj,. Therefore, we
choose the jet P;; as the resummation scale in our prediction.
The uncertainty from the choice of & will decrease after we in-
clude higher order corrections in the hard factor. In addition, we
take the mass of the Higgs boson (mpy) to be 125 GeV, and set
the renormalization scale related to the «(ft) in the hard factor
to fi = my in this study, with the CT14 NNLO PDFs [29]. Follow-
ing the experimental analysis [30], we require the rapidity of the
observed jets to satisfy |y ;| < 4.4. We use the anti-k; algorithm to
define the observed jets, and the jet size and the minimal trans-
verse momentum are set at R =0.4 and P;; > 30 GeV, which are
similarly used in the experimental analysis [30]. In our calcula-
tion we have applied the narrow jet approximation [31]. We have
also constrained the two final state jets to have a large rapidity
separation with |[Ay ;| > 2.6, which was applied in experimental
analysis to enhance VBF contribution. Hence, we applied this cut in
both VBF and GF channels for comparison. In order to enhance VBF
contribution, the di-jet invariant mass cut is also applied in some
LHC measurements, however it is already largely included by the
cut on Ayy;, since a large Ay;; implies a large di-jet invariant
mass. Hence, we do not consider it in this work.

Finally, we compare in Fig. 1 the predictions from our resum-
mation calculation, the fixed order calculation, and the MC event
generator Pythia8. A noticeable difference is found in the shape of
the g, distribution, predicted from our resummation calculation,
for the VBF and GF production processes. The peak position for
the VBF process is around 5 GeV, while for the GF process, it is
around 30 GeV. This is because the sub-leading logarithm in the
VBF production process can become large, as analyzed in Ref. [21],
which can then push the peak position of the g, distribution to a
much smaller value than that in the GF production process. Hence,
the GF contribution can be largely suppressed, as compared to the
VBF contribution, by requiring g, to be small in the Higgs boson
plus two jet events produced at the LHC. To further compare the
Pythia8 predictions against ours, besides the q, differential cross
sections in the first two plots of Fig. 1, we also show their normal-
ized distributions in the third and fourth plots. It is evident that
Pythia8 predicts a flatter shape than ours, and another significant
disagreement lies in the peak position of the g distribution from
the VBF production process. Pythia8 predicts a peak in g, around
10 GeV, while ours is at about 5 GeV. We notice that the shape
of g, distribution is not sensitive to the choice of i for the VBF
contribution, which leads to a small theoretical uncertainty band
in the normalized g, distribution, as shown in the third panel of
Fig. 1. In contrast, the relatively large theoretical uncertainties in
the normalized ¢, distribution for the GF contribution, as shown
in the fourth panel of Fig. 1, arise from the stronger & dependence
in predicting the shape of g, distribution. Comparing to pythia8
predictions, there is a small shoulder for the resummation result
in the third plot of Fig. 1 around 30 GeV. It is because the Y piece
peaks around the same region. In that region, both resummation
and fixed-order contributions are important. The resummation cal-
culation contains an all order contribution, while the Y piece only
takes account of Y1, so there is a mismatch between them. Such
non-physical behavior could come from this mismatch, however
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Fig. 1. The differential cross sections of Higgs boson plus two jet production at the LHC as functions of g, and azimuthal angle ¢ between Higgs boson and the final state
two-jet system. In these plots, “NLO” is fixed order prediction at the next-to-leading order and it is the tree level of Higgs plus three partons production; “Asy” stands for
the asymptomatic behavior of fixed order computations at low transverse momentum q ; “Y"-piece represents the difference between the full results from the fixed order
calculations and the asymptotic results; “Res” is the final resummation result; “Pythia8” is the predictions from Pythia8. In the GF channel, we only consider the dominant
gluon-gluon scattering contribution in this work. The « order Y pieces are included in the resummation curves. The predictions from Pythia8 are based on the tree level

scattering amplitudes with parton showers. The uncertainty of our resummation calculation is estimated by varying the resummation scale /i from P'ﬁd to Pj”f

Table 1

The predicted kinematic acceptances for the azimuthal angle cut-off in the Higgs boson plus two jet production at the LHC.
Cut-off (7w — ¢) <0.2 <03 <04 <05 <0.54
Res VBF 78.15~76.77% 88.00~86.59% 93.09~92.43% 95.85~95.49% 96.53~96.50%
Pythia8 VBF 60.64% 73.35% 81.45% 86.80% 88.44%

further studies are needed to resolve this issue. We will show all
the details about these in a long version of this paper.

In the fifth plot of Fig. 1, we also show the distribution of the
azimuthal angle ¢ between the Higgs boson and the final state jet
pair which is calculated by integrating all the possible phase space
except for constraining the ¢ value within a certain bin region.
Such differential cross section is also sensitive to the soft gluon
radiation and the Higgs boson production mechanism. Requiring
a large separation in this azimuthal angle could largely suppress
the GF contribution, but not the VBF contribution. The experimen-
talists at the LHC have already applied this technique to enhance
the fraction of VBF contribution in their data, after imposing some
proper kinematic cuts [30], in order to measure the coupling of
Higgs boson to weak gauge bosons. To this aim, a precise theo-
retical evaluation of the kinematic acceptance after imposing the
kinematic cuts is needed. In Ref. [30], the ATLAS Collaboration
required the azimuthal angle separation (¢) between the Higgs
boson and the di-jet system to be ¢ > 2.6, and compared the
measured fiducial cross section with the Pythia8 prediction. Be-
low, we shall compare the predicted kinematic acceptance from
Pythia8 to our resummation calculation. As shown in Table 1, the
predicted kinematic acceptance with ¢ > 2.84 is larger by about
14% in our resummation calculation than in Pythia8. For ¢ > 2.6,
they differ by about 8%, and our resummation calculation results

in a larger total fiducial cross section. This implies a larger value
in the coupling of Higgs boson to weak gauge bosons by about
4%. At the High-Luminosity LHC, with an integrated luminosity of
up to 3000 fb~!, the expected precision on the measurement of
the production cross section of the SM-like Higgs boson via VBF
mechanism is around 10% [32]. Hence, the difference found in our
resummation and Pythia8 calculations of the fiducial cross sections
could become important. Further comparisons on various event
shapes between the experimental data and our resummation pre-
dictions could also be carried out in order to test the Standard
Model and to search for New Physics.

4. Summary

In summary, we have applied the TMD resummation theorem
to study the production of the Higgs boson associated with two
inclusive jets at the LHC. Based on the TMD factorization formal-
ism, all the factors are calculated up to the NLO. Our work pro-
vides a framework for applying the TMD resummation calculation
to other 2 — 3 scattering processes. More importantly, this is the
first time in the literature the effect from multiple soft gluon radi-
ation is studied for this production channel of the Higgs boson at
the NLL order, which brings the accuracy of theoretical prediction
into a new stage. We find large difference between the Pythia8
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and our predictions in the distributions of the total transverse mo-
mentum (g ) and the azimuthal angle (¢) correlations of the final
state Higgs boson and two-jet system, after imposing the kine-
matic cuts used in the LHC data analysis. Although in this work,
we only consider the gg — Hgg channel for the GF process, as
ref. [21] showed, the q, distribution shapes for all channels in
the GF process are almost same, therefore our conclusions based
on the distribution shapes work for the whole GF process. In this
paper, we only compare the resummation result with Pythia8 pre-
dictions. A comparison with predictions from other parton shower
methods is also desired. But this is beyond the scope of the present
paper, and we leave that for future work.

At the end of this paper, we would like to discuss the non-
global logarithms in the Higgs boson plus jet production processes.
The non-global logarithms are found to be important in some pro-
cesses. (See, e.g., a recent review in Ref. [33].) They appear at
two-loop order, which is beyond the scope of the current paper.
How to deal with the non-global logarithms in the Higgs boson
plus jet production processes remains to be investigated. We hope
to come back to this issue in the future.
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