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Impact of gluon polarization on Higgs boson plus jet production at the LHC
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In this paper we consider Higgs boson plus jet production as a process that is sensitive to the linear
polarization of gluons inside the unpolarized protons of the LHC. The leading order expressions for the
transverse momentum distribution of the Higgs boson plus jet pair are provided in terms of transverse
momentum dependent quark and gluon distributions. This includes both angular independent and
azimuthal angular dependent contributions, presented directly in the laboratory frame. Lacking
experimental constraints on the linearly polarized gluon distribution, we study its effects on Higgs
boson plus jet production using two different models to illustrate the generic features and maximal
effects. It is found that the cos 2ϕ distribution may be the most promising observable, as it is driven by
only one initial linearly polarized gluon. The potential advantages of the Higgs boson plus jet process
compared to other processes sensitive to the linear polarization of gluons are discussed.

DOI: 10.1103/PhysRevD.91.074024 PACS numbers: 12.38.-t, 13.85.Ni, 13.88.+e

I. INTRODUCTION

Higgs production has been shown to be sensitive to the
polarization of gluons, even in collisions between unpo-
larized protons such as at the LHC [1–4]. Gluons with
nonzero transverse momentum with respect to the proton
momentum can be linearly polarized [5], which affects for
instance the transverse momentum distribution of pro-
duced Higgs bosons. Although the amount of polarization
is currently unknown, it is known that it is at the very
least perturbatively generated [1,6] and, therefore, non-
zero. There are also strong indications that at small
momentum fractions x the linear polarization becomes
maximal [7–9]. If sufficiently large, the polarization offers
a new tool to analyze Higgs couplings to the various
standard model particles into which it can decay [4]. To
describe the effects of this gluon polarization, the for-
malism of transverse momentum dependent (TMD) par-
ton distribution functions (or TMDs, for short) is natural
to consider, cf. e.g. [10,11]. This has been studied for the
particular case of Higgs production in Refs. [2–4] and
including the effects of TMD evolution in Refs. [12,13]. It
turns out that at the Higgs mass scale MH of about
125 GeV, the effects of linear gluon polarization are not
expected to be large, at the few percent level most likely.
Moreover, the effects are largest at small values of the
transverse momentum of the Higgs, i.e. a few GeV, where
the cross section is difficult to measure. In this paper we
consider an alternative offered by the production of a
Higgs boson in association with an additional jet, which
has been widely studied without including gluon

polarization, e.g. Refs. [14–22]. The effect of gluon
polarization shows up in the transverse momentum dis-
tribution of the Higgs boson plus jet pair, where the pair
transverse momentum can be of the order of a few GeV,
while the separate transverse momenta of the Higgs boson
and the jet can be substantially larger. The invariant mass
of the Higgs boson plus jet system will be even larger
than MH, but the advantage is that a range of scales is
now accessible, as opposed to the very narrow range
around MH accessible in Higgs production. In principle,
this range of scales offers a way to map out the TMD
evolution, although the feasibility in practice remains to
be seen.
Experimentally the limiting factors are the resolution of

the transverse momentum of both the Higgs boson and the
jet and how well the jet direction coincides with that of the
fragmenting parton. At CMS the jet transverse momentum
resolution at 10 GeV is typically 1.5 GeV and at 100 GeV
it is 8 GeV [23]. The ultimately achievable resolution on
the Higgs transverse momentum is not clear, but it is likely
multiple GeV. On an event-by-event basis the deviation of
the jet axis as obtained by jet finding algorithms from the
direction of the fragmenting parton can also be as large as
a few GeV in transverse momentum [24]. Altogether these
uncertainties in the pair transverse momentum can be
substantial and the goal of obtaining several bins in the
region up to say 10 GeV will be quite challenging. A
numerical study using a Monte Carlo simulation will have
to be done to study the actual feasibility, but that is beyond
the scope of this paper. Here we focus on the cross section
expressions and on the differences of the Higgs boson plus
jet process to Higgs production and to some other similar
processes, pointing out the advantages it in principle has
to offer.
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In this paper we present the relevant expressions for
Higgs boson plus jet production in leading order and study
the impact of the gluon polarization in two models for the
gluon distributions involved. Both models have the ad-
vantage that they allow us to obtain analytic expressions,
but we mostly present numerical results to show the
qualitative differences between the two cases more clearly.
We also present results for angular distributions, which
have the advantage of singling out specific contributions.
Although measurements of angular distributions generally
require large statistics, probing a nonzero result may
nevertheless be possible when integrating over transverse
momenta up to some maximum value as suggested
in Ref. [25].

II. OUTLINE OF THE CALCULATION

We study the process

pðPAÞ þ pðPBÞ → HðKHÞ þ jetðKjÞ þ X; ð1Þ

where the four-momenta of the particles are given within
round brackets, and the Higgs boson and jet in the final
state are produced with momenta that have components
in the plane orthogonal to the direction of the initial
protons that are almost back to back. To leading order in
perturbative QCD the reaction proceeds via the partonic
subprocesses

aðpaÞ þ bðpbÞ → HðKHÞ þ cðKjÞ; ð2Þ

with parton c fragmenting into the observed jet.
Specifically, the following channels can contribute:
gg → Hg, gq → Hq and qq̄ → Hg [26–28]. The corre-
sponding Feynman diagrams are depicted in Fig. 1. In the
calculation of the scattering amplitudes, we take the quark
masses to be zero, except for the top quark mass Mt.

Therefore the Higgs boson can couple to gluons only via a
top quark loop. We consider the limit Mt → ∞ in which
this coupling can be approximated by a point interaction.
The corresponding Feynman rules of the effective
Lagrangian can be found, for example, in Ref. [28].
Furthermore, we perform a light cone decomposition of
the two incoming hadronic momenta, PA and PB, in terms
of the lightlike vectors nþ and n−, which satisfy the
relations n2þ ¼ n2− ¼ 0 and nþ· n− ¼ 1:

Pμ
A ¼ Pþ

An
μ
þ þ M2

p

2Pþ
A
nμ−; and Pμ

B ¼ M2
p

2P−
B
nμþ þ P−

Bn
μ
−:

ð3Þ

The partonic momenta pa and pb can be expressed in terms
of the light cone momentum fractions (xa, xb) and the
intrinsic transverse momenta (paT , pbT) as follows:

pμ
a ¼ xaP

þ
An

μ
þ þ p2

a þ p2aT
2xaP

þ
A

nμ− þ pμ
aT; and

pμ
b ¼

p2
b þ p2bT
2xbP−

B
nμþ þ xbP−

Bn
μ
− þ pμ

bT: ð4Þ

Using nþ and n− the light cone components of any vector v
are defined as v� ≡ v · n∓, while v⊥ refers to the
components of v orthogonal to the proton momenta PA

and PB. Moreover, one has v2⊥ ¼ −v2⊥. Therefore in
Eq. (4), if we neglect the proton mass, pμ

aT ¼ pμ
a⊥

and pμ
bT ¼ pμ

b⊥.
We assume that, at sufficiently high energies, TMD

factorization [10,11] holds for the process in Eq. (1), and
hence its cross section is given by the convolution of one
soft, partonic correlator for each proton and a hard part,

(a) (b) (c)

(d) (e) (f)

FIG. 1. Feynman diagrams for the partonic subprocesses contributing to pp → H jet X at leading order in perturbative QCD: gg → Hg
(a)–(d), gq → Hq (e), qq̄ → Hg (f).
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dσ ¼ 1

2s
d3KH

ð2πÞ32EH

d3Kj

ð2πÞ32Ej

X
a;b;c

Z
dxadxbd2paTd2pbTð2πÞ4δ4ðpa þ pb − KH − KjÞ

× TrfΦ½U�
a ðxa; paTÞΦ½U�

b ðxb; pbTÞjMab→Hcðpa; pb;KH;KjÞj2g; ð5Þ

with s ¼ ðPA þ PBÞ2 being the total energy squared in the
hadronic center-of-mass frame. The sum in Eq. (5) runs
over all the partons that take part in the reaction, the
appropriate trace is taken over Dirac and Lorentz indices,
and Mab→Hc denotes the amplitude for the process

ab → Hc. The parton correlators Φ½U�
a;b describe the hadron

→ parton transitions. They can be parametrized in terms of
TMDs and are defined in terms of QCD operators on the
light front (LF): ξ · n≡ 0, where n≡ n− for parton a with
momentum p ¼ pa and n≡ nþ for parton b with mo-
mentum p ¼ pb. Specifically, at leading twist the quark
correlator for an unpolarized hadron can be written as
[29,30]

Φ½U�
qijðx; pTÞ¼

Z
dðξ ·PÞd2ξT

ð2πÞ3 eip·ξhPjψ jð0ÞU½0;ξ�ψ iðξÞjPi⌋LF

¼1

2

�
fq1ðx;p2TÞPijþih⊥q

1 ðx;p2TÞ
½pT;P�ij
2Mp

�
;

ð6Þ

whereU½0;ξ� is the process dependent gauge link connecting
the two quark fields, which renders the correlator gauge
invariant. Furthermore, fq1ðx; p2TÞ is the TMD describing
unpolarized quarks inside an unpolarized hadron, and
h⊥q
1 ðx; p2TÞ, commonly referred to as the Boer-Mulders

function, is the time-reversal (T) odd distribution of
transversely polarized quarks inside an unpolarized hadron
[30]. Analogously, for an antiquark one has

Φ̄½U�
qijðx; pTÞ ¼ −

Z
dðξ · PÞd2ξT

ð2πÞ3 e−ip·ξ

× hPjψ jð0ÞU½0;ξ�ψ iðξÞjPi⌋LF

¼ 1

2

�
fq̄1ðx; p2TÞPij þ ih⊥q̄

1 ðx; p2TÞ
½pT; P�ij
2Mp

�
:

ð7Þ
The definition of the gluon correlator in terms of the gluon
field strength Fμν has been given for the first time in
Ref. [5]. For an unpolarized hadron, using the naming
convention of Ref. [31], one has

Φ½U�μν
g ðx; pTÞ ¼

nρnσ
ðp · nÞ2

Z
dðξ · PÞd2ξT

ð2πÞ3 eip·ξhPjTr½Fμρð0ÞU½0;ξ�FνσðξÞU0
½ξ;0��jPi⌋LF

¼ −
1

2x

�
gμνT fg1ðx; p2TÞ −

�
pμ
Tp

ν
T

M2
p

þ gμνT
p2T
2M2

p

�
h⊥g
1 ðx; p2TÞ

�
; ð8Þ

with the transverse tensor gμνT defined as gμνT ¼
gμν − nμþnν− − nμ−nνþ. The function fg1ðx; p2TÞ is the unpo-
larized gluon distribution and h⊥g

1 ðx; p2TÞ the distribution
of linearly polarized gluons, which satisfies the model-
independent positivity bound [5],

p2T
2M2

p
jh⊥g

1 ðx; p2TÞj ≤ fg1ðx; p2TÞ; ð9Þ

valid for all values of x and pT . In contrast to h⊥q
1 ðx; p2TÞ,

h⊥g
1 ðx; p2TÞ is T even, and hence it can be nonzero also in the

absence of initial and/or final state interactions. However,
as any other TMD, h⊥g

1 ðx; p2TÞ can in principle receive
contributions from these interactions, which can render it
process dependent and even hamper its extraction for
processes where factorization does not hold, such as dijet
production in hadron-hadron collisions [32–34].

The cross section is calculated using Eq. (5), in which we
insert the parametrizations of the correlators in Eqs. (6)–(8)
and the explicit expressions of the amplitudes Mab→Hc.
From the δ function in Eq. (5), with p−

a ¼ pþ
b ¼ 0, the light

cone momentum fractions xa;b can be expressed in terms of
the rapidities (yH, yj) and transverse momenta (KH⊥, Kj⊥)
of the produced Higgs boson and jet, respectively:

xa ¼
M⊥eyH þ jKj⊥jeyjffiffiffi

s
p ; xb ¼

M⊥e−yH þ jKj⊥je−yjffiffiffi
s

p ;

ð10Þ

valid with corrections of order Oð1=sÞ and where we have
introduced the transverse mass M⊥ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

H þ K2
H⊥

p
≥

MH. If we neglect terms suppressed by powers of
jqT j=M⊥, the final result has the form
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dσ
dyHdyjd2K⊥d2qT

¼ α3s
144π3v2

1

xaxbs2
½Aðq2TÞ

þ Bðq2TÞ cos 2ϕþ Cðq2TÞ cos 4ϕ�;
ð11Þ

where we have introduced the sum and difference of the
final transverse momenta, K⊥ ¼ ðKH⊥ − Kj⊥Þ=2 and
qT ¼ KH⊥ þ Kj⊥. Moreover, v is the vacuum expectation
value and ϕ is the azimuthal angle between K⊥ and qT ,
namely ϕ ¼ ϕ⊥ − ϕT. The functions A, B and C contain
convolutions of the various TMDs and, besides q2T , they
depend also on the Mandelstam variables ŝ, t̂, û for the
partonic subprocesses in Eq. (2), which satisfy the relations

ŝ ¼ ðpa þ pbÞ2 ¼ 2pa · pb ¼ ðKH þ KjÞ2
¼ M2

H þ 2KH · Kj ¼ xaxbs;

t̂ ¼ ðpa − KHÞ2 ¼ M2
H − 2pa · KH ¼ M2

H − xaM⊥
ffiffiffi
s

p
e−yH

¼ ðpb − KjÞ2 ¼ −2pb · Kj ¼ −xbjKj⊥j
ffiffiffi
s

p
eyj ;

û ¼ ðpa − KjÞ2 ¼ −2pa · Kj ¼ −xajKj⊥j
ffiffiffi
s

p
e−yj

¼ ðpb − KHÞ2 ¼ M2
H − 2pb · KH

¼ M2
H − xbM⊥

ffiffiffi
s

p
eyH ; ð12Þ

with ŝþ t̂þ û ¼ M2
H. The explicit expressions for A, B

and C are provided in the following three subsections.

A. Angular independent part of the cross section

The term A in Eq. (11) is given by the sum of
contributions from the relevant partonic subprocesses, i.e.

Aðq2TÞ ¼
X
a;b;c

Aab→Hc
f þAgg→Hg

h ; ð13Þ

where

Agg→Hg
f ¼ Nc

N2
c − 1

M8
H þ ŝ4 þ t̂4 þ û4

ŝ t̂ û
C½fg1fg1�; ð14Þ

Agq→Hq
f ¼ 1

2Nc

�
−
ŝ2 þ û2

t̂
C½fg1fq1� −

ŝ2 þ t̂2

û
C½fq1fg1�

�
;

ð15Þ

Aqq̄→Hg
f ¼ N2

c − 1

2N2
c

t̂2 þ û2

ŝ
C½fq1fq̄1�; ð16Þ

Agg→Hg
h ¼ Nc

N2
c − 1

M4
H

ŝ
t̂ û

C½whh
0 h⊥g

1 h⊥g
1 �

¼ 1

9

Nc

N2
c − 1

M4
H

K2⊥
C½whh

0 h⊥g
1 h⊥g

1 �: ð17Þ

In Eqs. (14)–(16), Nc is the number of colors and we have
introduced the convolutions of TMDs

C½wff�≡
Z

d2paT

Z
d2pbTδ2ðpaT þ pbT − qTÞ

× wðpaT; pbTÞfðxa; p2aTÞfðxb; p2bTÞ; ð18Þ

with the transverse weight whh
0 given by

whh
0 ¼ 1

M4
p

�
ðpaT · pbTÞ2 −

1

2
p2aTp

2
bT

�
: ð19Þ

The expressions in Eqs. (14)–(16) are in full agreement
with the unpolarized partonic cross sections calculated for
the first time in Ref. [26]. The term in Eq. (17), due to the
presence of linearly polarized gluons inside an unpolarized
proton, is a new result, similar to the modifications of the
transverse momentum distribution of Higgs bosons [3,4]
and (pseudo)scalar quarkonia [35] inclusively produced in
hadronic collisions.

B. The cos 2ϕ angular distribution of the
Higgs-jet system

Similarly to Eq. (13), the term B in Eq. (11) can be
written as

Bðq2TÞ ¼
X
a;b;c

Bab→Hc; ð20Þ

where

Bgg→Hg ¼ Nc

N2
c − 1

×

�
t̂2ðt̂þ ûÞ2 − 2M2

Hû
2ðt̂þ ûÞ þM4

Hðt̂2 þ û2Þ
ŝ t̂ û

× C½wfh
2 fg1h

⊥g
1 �

�
þ ðxa ↔ xb; t̂ ↔ ûÞ; ð21Þ

Bgq→Hq ¼ 1

2Nc

�
ŝû
t̂
C½wfh

2 fq1h
⊥g
1 � þ ŝ̂t

û
C½whf

2 h⊥g
1 fq1�

�
;

ð22Þ

Bqq̄→Hg ¼ N2
c − 1

2Nc

t̂ û
ŝ
2C½whh

2 h⊥q
1 h⊥q̄

1 �; ð23Þ

and the transverse weights read

wfh
2 ¼ 1

M2
p

�
2
ðqT · pbTÞ2

q2T
− p2bT

�
; ð24Þ

whf
2 ¼ 1

M2
p

�
2
ðqT · paTÞ2

q2T
− p2aT

�
; ð25Þ
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whh
2 ¼ 1

M2
p

�
2
ðqT · paTÞ · ðqT · pbTÞ

q2T
− paT · pbT

�
: ð26Þ

A cos 2ϕ double Boer-Mulders (quark) contribution with
transverse weight whh

2 has been found for the Drell-Yan
process as well, and it is expected to lead to a violation of
the Lam-Tung relation [36,37]. A similar asymmetry has
been predicted for photon+jet [38] and dijet production
[32,39] in proton-proton collision. A cos 2ϕ modulation
due to the convolution of unpolarized and polarized gluon
distributions as in Eq. (21) has been predicted also for the
inclusive hadroproduction of diphotons [4,40], dijets [32],
heavy quark pairs [41,42], and J=ψ þ photon pairs [25].

C. The cos 4ϕ angular distribution of the
Higgs-jet system

The only channel that contributes to the cos 4ϕ modu-
lation of the cross section is gg → Hg. Therefore we can
write

Cðq2TÞ ¼ Cgg→Hg ¼ Nc

N2
c − 1

t̂ û
ŝ
C½whh

4 h⊥g
1 h⊥g

1 �

¼ 1

9

Nc

N2
c − 1

K2⊥C½whh
4 h⊥g

1 h⊥g
1 �; ð27Þ

with

whh
4 ¼ 1

2M4
p

�
2

�
2
ðqT · paTÞðqT · pbTÞ

q2T
− paT · pbT

�
2

− p2aTp
2
bT

�
: ð28Þ

An analogous cos 4ϕmodulation has been predicted for the
first time for the inclusive hadroproduction of dijets [32],
and subsequently also for reactions with diphotons [4,40],
heavy quark pairs [41,42], and J=ψ þ photon pairs [25] in
the final state.

III. TRANSVERSE MOMENTUM DEPENDENT
OBSERVABLES

The (normalized) cross section for the process pp → H
jet X, differential in q2T and ϕ, is defined as

dσ
σ

≡ dσR q2Tmax
0 dq2T

R
2π
0 dϕdσ

; ð29Þ

where, restricting now only to the subprocess gg → Hg, dσ
is given by

dσ ≡ dσ
dyHdyjd2K⊥d2qT

¼ α3s
144π3v2

1

xaxbs2
½Agg→Hg

f þ Agg→Hg
h þ Bgg→Hg cos 2ϕ

þ Cgg→Hg cos 4ϕ�: ð30Þ

By substituting into Eq. (29) the expression for dσ in
Eq. (30), one obtains

dσ
σ

¼ 1

2π
σ0ðq2TÞ½1þ R0ðq2TÞ

þ R2ðq2TÞ cos 2ϕþ R4ðq2TÞ cos 4ϕ�; ð31Þ

with

σ0ðq2TÞ≡ C½fg1fg1�R q2Tmax
0 dq2TC½fg1fg1�

; ð32Þ

and

R0ðq2TÞ ¼
M4

Hŝ
2

M8
H þ ŝ4 þ t̂4 þ û4

C½whh
0 h⊥g

1 h⊥g
1 �

C½fg1fg1�
; ð33Þ

R2ðq2TÞ ¼
t̂2ðt̂þ ûÞ2 − 2M2

Hû
2ðt̂þ ûÞ þM4

Hðt̂2 þ û2Þ
M8

H þ ŝ4 þ t̂4 þ û4
C½wfh

2 fg1h
⊥g
1 �

C½fg1fg1�
þ ðxa ↔ xb; t̂ ↔ ûÞ; ð34Þ

R4ðq2TÞ ¼
t̂2û2

M8
H þ ŝ4 þ t̂4 þ û4

C½whh
4 h⊥g

1 h⊥g
1 �

C½fg1fg1�
: ð35Þ

It is possible to single out the different terms 1þ R0, R2,
R4 in Eq. (31) by defining the observables [25]

hcos nϕiqT ≡
R
2π
0 dϕ cos nϕdσ

σ
; n ¼ 0; 2; 4; ð36Þ

such that the average values of cos nϕ are given by the
integrals of hcos nϕiqT over q2T,

hcos nϕi≡
R q2Tmax
0 dq2T

R
2π
0 dϕ cos nϕdσ
σ

¼
Z

q2T max

0

dq2Thcos nϕiqT ;

n ¼ 0; 2; 4: ð37Þ

We comment on the value of q2Tmax in the next section.
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It can be easily shown that

1

σ

dσ
dq2T

≡ h1iqT ¼ σ0ðq2TÞ½1þ R0ðq2TÞ�; ð38Þ

hcos 2ϕiqT ¼ 1

2
σ0ðq2TÞR2ðq2TÞ; ð39Þ

hcos 4ϕiqT ¼ 1

2
σ0ðq2TÞR4ðq2TÞ: ð40Þ

In the next section we provide numerical estimates for
these observables in the specific configuration in which the
Higgs boson and the jet have the same rapidities (yH ¼ yj).
In this particular kinematic domain, the expressions in
Eqs. (33)–(35) reduce to

R0ðq2TÞ ¼
1

2

M4
H

9K4⊥ þ 8K2⊥M2
H þM4

H

C½whh
0 h⊥g

1 h⊥g
1 �

C½fg1fg1�
; ð41Þ

R2ðq2TÞ ¼
K2⊥ð2K2⊥ þM2

HÞ
9K4⊥ þ 8K2⊥M2

H þM4
H

×
C½wfh

2 fg1h
⊥g
1 � þ C½whf

2 h⊥g
1 fg1�

C½fg1fg1�
; ð42Þ

R4ðq2TÞ ¼
1

2

K4⊥
9K4⊥ þ 8K2⊥M2

H þM4
H

C½whh
4 h⊥g

1 h⊥g
1 �

C½fg1fg1�
: ð43Þ

IV. NUMERICAL STUDY

A. Gaussianþ tail model

In order to quantify the effects of gluon polarization
on the observables defined in the previous section,
we assume that the unpolarized gluon TMD is approx-
imately a Gaussian at small transverse momentum, but
has the proper power-law falloff at large transverse
momentum [12]:

fg1ðx; p2TÞ ¼ fg1ðxÞ
R2

2π

1

1þ p2TR
2
; ð44Þ

where fg1ðxÞ is the gluon distribution integrated over
the transverse momentum squared p2T and we
choose R ¼ 2 GeV−1. In order to show the maximal
effects, for the distribution of linearly polarized gluons
we take

h⊥g
1 ðx; p2TÞ ¼

2M2
p

p2T
fg1ðx; p2TÞ; ð45Þ

with fg1 given by Eq. (44). In this case the bound in
Eq. (9) is saturated for every value of x and p2T . In

analogy to Eq. (44), we also consider the following
model from Ref. [12]:

h⊥g
1 ðx; p2TÞ ¼ cfg1ðxÞ

M2
pR4

h

2π

1

ð1þ p2TR
2
hÞ2

; ð46Þ

with c ¼ �2 and Rh ¼ 3R=2, for which the bound is
saturated only in the limit pT → ∞.
It is convenient to consider the Fourier transforms of the

above functions in Eqs. (44) and (46):

~fg1ðx; b2Þ ¼
Z

d2pTe−ib·pT f
g
1ðx; p2

TÞ ¼ fg1ðxÞK0ðb=RÞ;

ð47Þ

~h⊥g
1 ðx; b2Þ ¼

Z
d2pT

ðb · pTÞ2 − 1
2
b2p2T

b2M2
e−ib·pT h⊥g

1 ðx; p2
TÞ

¼ −π
Z

dp2
T
p2
T

2M2
J2ðbpTÞh⊥g

1 ðx; p2
TÞ

¼ c
4
fg1ðxÞ

b
Rh

K1ðb=RhÞ: ð48Þ

In this way the relevant convolutions can be expressed as

C½fg1fg1� ¼ fg1ðxaÞfg1ðxbÞ
Z

∞

0

db
2π

bJ0ðbjqT jÞK0ðb=RÞ2;

ð49Þ

C½whh
0 h⊥g

1 h⊥g
1 � ¼ c2

8
fg1ðxaÞfg1ðxbÞ

×
Z

∞

0

db
2π

bJ0ðbjqT jÞ
b2

R2
h

K1ðb=RhÞ2;

ð50Þ

C½wfh
2 fg1h

⊥g
1 � ¼ −

c
2
fg1ðxaÞfg1ðxbÞ

×
Z

∞

0

db
2π

bJ2ðbjqT jÞ
b
Rh

K0ðb=RÞK1ðb=RhÞ;

ð51Þ

C½whh
4 h⊥g

1 h⊥g
1 � ¼ c2

8
fg1ðxaÞfg1ðxbÞ

×
Z

∞

0

db
2π

bJ4ðbjqT jÞ
b2

R2
h

K1ðb=RhÞ2:

ð52Þ

By substitution into Eqs. (41)–(43), one finds
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R0ðq2TÞ ¼
1

2

M4
H

9K4⊥ þ 8K2⊥M2
H þM4

H

c2

8

×

R∞
0 dbbJ0ðbjqT jÞ b2

R2
h
K1ðb=RhÞ2R

∞
0 dbbJ0ðbjqT jÞK0ðb=RÞ2

; ð53Þ

R2ðq2TÞ¼
K2⊥ð2K2⊥þM2

HÞ
9K4⊥þ8K2⊥M2

HþM4
H

−c
2

×

R
∞
0 dbbJ2ðbjqT jÞ b

Rh
K0ðb=RÞK1ðb=RhÞR

∞
0 dbbJ0ðbjqT jÞK0ðb=RÞ2

; ð54Þ

R4ðq2TÞ ¼
1

4

K4⊥
9K4⊥ þ 8K2⊥M2

H þM4
H

c2

8

×

R
∞
0 dbbJ4ðbjqT jÞ b2

R2
h
K1ðb=RhÞ2R∞

0 dbbJ0ðbjqT jÞK0ðb=RÞ2
: ð55Þ

Results for the upper bound of R0 in Eq. (41) are shown
in Fig. 2, where we use the unpolarized TMD distribution
in Eq. (44), while h⊥g

1 is given by Eq. (45) in the left panel
and by Eq. (46) in the right panel. The results are presented
for two different choices of K⊥ ≡ jK⊥j∶K⊥ ≡ jK⊥j ¼ 10
and 100 GeV.
The corresponding results for the transverse momentum

distribution defined in Eq. (38), with σ0 given in Eq. (32)
and q2Tmax ¼ M2

H=4, are depicted in Fig. 3. The choice of
qTmax is motivated by the requirement of TMD factoriza-
tion that qT ≪ Q, where Q denotes the hard scale. In the
present case we have two hard scales: MH and K⊥. The
kinematics considered here is strictly speaking the back-to-
back correlation region where jqT j ≪ jK⊥j. By integrating
up to q2Tmax ¼ M2

H=4, one however also includes configu-
rations jqT j≳ jK⊥j in which H and the jet are not
approximately back to back in the lab frame. This situation

is not included in the calculation of 2 → 2 scattering
processes presented here. However, for the model where
the TMD has a power-law tail, the recoil against a third
particle emitted into the final state in 2 → 3 processes is
mimicked to some extent. Differently put, the tail of
the TMD is sufficiently hard to produce large-qT pairs.
This is the reason why we extend the integration to
q2Tmax ¼ M2

H=4. For the numerical results it does not make
too much of a difference. In the Gaussian model considered
in the next subsection, the tail of the TMDs is too
suppressed to mimic the contribution from 2 → 3 proc-
esses; hence, in that case we restrict to q2Tmax ¼ K2⊥=4 to
emphasize the proper region of validity. As a last comment
on this point, sometimes the angular distribution of pair
production processes is considered in the rest frame of the
pair, for instance the Collins-Soper frame [25,40]. In that
case the relative magnitude of jqT j with respect to jK⊥j is
not automatically apparent. In the case of Higgs boson plus
jet, the center-of-mass energy of the pair is generally much
larger than jqT j, while jqT j can be smaller or larger than
jK⊥j. If one restricts to 2 → 2 scattering processes,
one should realize that the region jqT j≳ jK⊥j is not
properly described, but at best mimicked by including
the perturbative tails of the TMDs.
Our estimates for hcos 2ϕiqT and hcos 4ϕiqT are pre-

sented in Figs. 4 and 5, respectively, with K⊥ ¼ 10 and
100 GeV. As before, for fg1 we have adopted the ansatz in
Eq. (44), while h⊥g

1 is given either by Eq. (45), in the left
panels, or by Eq. (46), in the right panels. Moreover, we
have chosen again q2Tmax ¼ M2

H=4.
Although we have plotted its absolute value, we point out

that hcos 2ϕiqT is the only observable, among the ones
discussed here, that is sensitive to the sign of the polarized
gluon distribution, and it is expected to be negative
if h⊥g

1 > 0.
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FIG. 2 (color online). Upper bounds of R0 defined in Eq. (33) for the subprocess gg → Hg and yH ¼ yj; see also Eq. (41). The
unpolarized distribution fg1 is taken as in Eq. (44), while h⊥g

1 either saturates its positivity bound in Eq. (45) (left panel) or is given by
Eq. (46) (right panel). The blue band indicates the range for K⊥ → 0.
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Since the magnitudes of hcos 2ϕiqT and hcos 4ϕiqT turn
out be very small, it will be easier to measure the integral of
these observables over q2T, up to q2Tmax, as defined in
Eq. (37). In both models for h⊥g

1 , we find that jhcos 2ϕij ≈
12% when K⊥ ¼ 100 GeV, while its value is about
0.5% when K⊥ ¼ 10 GeV. We find that hcos 4ϕi is about
0.2% at K⊥ ¼ 100 GeV and completely negligible at
K⊥ ¼ 10 GeV. These numbers are for q2Tmax ¼ M2

H=4 in
both numerator and denominator.

B. Gaussian model

For comparison, we now consider a Gaussian model for
the TMD distributions, which is widely adopted in many
phenomenological studies at lower hard scales. We assume

that the unpolarized TMD gluon distribution has the
following Gaussian form [3]:

fg1ðx; p2TÞ ¼
fg1ðxÞ
πhp2

Ti
exp

�
−

p2T
hp2

Ti
�
; ð56Þ

with a rather large hp2
Ti ¼ 7 GeV2 to effectively include

the broadening effects due to multiple gluon emissions. The
polarized distribution is chosen to saturate the positivity
bound, as in Eq. (45), in order to see the maximal effects
allowed. Our results for the transverse momentum distri-
bution of the Higgs boson plus jet pair, the jhcos 2ϕij and
hcos 4ϕi asymmetries, are shown in Fig. 6. For the
Gaussian model we fix q2Tmax ¼ K2⊥=4 as explained above.
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FIG. 4 (color online). Absolute value of the hcos 2ϕiqT asymmetries for the process pp → H jet X, defined in Eq. (36), as a function of
the transverse momentum qT of the Higgs boson plus jet pair, under the same conditions as in Fig. 3. The blue band indicates the range
for K⊥ → ∞.
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FIG. 3 (color online). Transverse momentum distribution of the Higgs boson plus jet pair in the process pp → H jet X, as defined in
Eq. (29), for the subprocess gg → Hg, q2Tmax ¼ M2

H=4, and yH ¼ yj. The TMDs are the same as in Fig. 2. The solid line indicates the
distribution in the absence of linear polarization. The blue band indicates the range for K⊥ → 0.
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We find that jhcos 2ϕij ≈ 9% and hcos 4ϕi ≈ 0.4% at
K⊥ ¼ 100 GeV, very similar to the values obtained with
the previous model, despite the considerable differences. At
K⊥ ¼ 30 GeV, jhcos 2ϕij ≈ 3% and hcos 4ϕi ≈ 0.02%.
As can be seen in the above numerical results, the

Gaussian model exhibits a double node in R0, whereas the
Gaussian+tail model does not. In Ref. [3] it was noted that
the TMD convolution involving the weight whh

0 exhibits a
double node independent of the form of the TMD h⊥g

1 .
More explicitly, the following integrals vanish:R
d2qTðq2TÞαC½whh

0 h⊥g
1 h⊥g

1 � ¼ 0 for α ¼ 0 and α ¼ 1, which
it is important to mention is not due to the angular
integration. However, this does not imply that the actual
distribution R0 exhibits two nodes, because the expression
in Eq. (33) in terms of TMD convolutions only holds
for q2T ≪ Q2 for some hard scale Q. In general,R q2T max
0 dq2Tðq2TÞαC½whh

0 h⊥g
1 h⊥g

1 � ≠ 0. The addition of order

q2T=Q
2 terms that are dominant at large q2T and that can be

cast into the same convolution form [2] allows us to extend
the integration region to all qT . However, this need not lead
to a vanishing q2T-weighted integral. In order for linearly
polarized gluons to not affect the qT-integrated cross
section, there should always be one node at least, but it
may well be outside the TMD region, i.e. in the region
q2T ∼Q2. This is why models for h⊥g

1 can lead to an R0

distribution exhibiting any number of nodes in the TMD
region. As the Gaussian model has no significant contri-
butions outside the TMD region, it does have to display two
nodes in the TMD region, as we confirm it does.

V. FINAL REMARKS

For the measurement of the effects discussed here, the jet
transverse momentum resolution is an important factor. As
the resolution scale is probably on the multiple GeV level
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FIG. 6 (color online). Transverse momentum distribution (left panel), jhcos 2ϕiqT j (central panel) and hcos 4ϕiqT (right panel)
asymmetries for the process pp → H jet X, as a function of the transverse momentum qT of the Higgs boson plus jet pair, in the case of
equal rapidities and for q2Tmax ¼ K2⊥=4. The unpolarized distribution fg1 is taken to have a Gaussian dependence on transverse
momentum as in Eq. (56) with hp2

Ti ¼ 7 GeV2, while h⊥g
1 saturates its positivity bound in Eq. (45).
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FIG. 5 (color online). hcos 4ϕiqT asymmetries for the process pp → H jet X, defined in Eq. (36), as a function of the transverse
momentum qT of the Higgs boson plus jet pair, under the same conditions as in Fig. 3. The blue band indicates the range for K⊥ → ∞.

IMPACT OF GLUON POLARIZATION ON HIGGS BOSON … PHYSICAL REVIEW D 91, 074024 (2015)

074024-9



and the effects in the models are largest for qT values in the
few GeV region, it may be hard to experimentally probe the
region of interest here. We note however that no exper-
imental knowledge is available on the shape of the h⊥g

1

distribution; hence, there are no constraints available to
bound or indicate the typical width of the distribution.
In the models we have made specific assumptions
(R ¼ 2 GeV−1 in the Gaussianþ tail model and hp2

Ti ¼
7 GeV2 in the Gaussian model) which need not correspond
to the actual distribution. The latter could be significantly
broader than expected from intrinsic transverse momentum
effects, due to multiple gluon emissions, just like non-
perturbative effects can affect the Z-boson production
distribution at transverse momentum values well above a
few GeV. We therefore caution the reader not to take the qT
ranges in the figures too literally. The models are intended
to illustrate what kind of features can arise qualitatively
from linearly polarized gluons. The magnitudes of the
asymmetries do give an indication of the maximal effects
one might expect.
Next we comment on possible effects from the color flow

in the process. The analysis presented here ignored the
effects of initial and final state interactions. In the process

pp → HX, the gauge link structure of Φ½U�μν
g ðx; pTÞ in

Eq. (8) is given by two infinite staplelike gauge links that
both run to minus light cone infinity. It is denoted as Γ½−;−†�
in Ref. [43]. Given that we restrict to T-even distributions,
this is equal to Γ½þ;þ†�. In the process of Higgs boson plus
jet production there is a more complicated gauge link
structure, which has not been considered yet for all
subprocesses. The gauge link structure of gq → Hq will
be the same as that of gq → γq given in Ref. [43], but
gg → Hg has no analogue considered before. In any case,

we expect that the h⊥g½U�
1 ðx; p2TÞ distribution(s) probed in

pp → H jet X are different from the one in pp → HX. It is
not clear at present how large quantitatively the differences
between these distributions are in practice, but it should be
kept in mind that T-even distributions do not require initial
or final state interactions to be nonzero, unlike for instance
Sivers functions. The gauge link dependence need not be
the dominant dependence therefore. As such, there is no
reason to assume that they are very large or very small. This
simply remains to be seen. Given that there are sufficiently
many processes sensitive to the linear gluon polarization,
the size of the initial and/or final state interactions can, at
least in principle, be extracted from experiment. As a final
comment, we point out that there are at present no
indications that factorization will be broken in the process
pp → H jet X due to color entanglement effects like in
pp → H jet jet X [34].
In this paper we have considered linear gluon polariza-

tion effects in Higgs boson plus jet production. Compared
to similar processes where a color singlet state plus a jet is
produced, the case of Higgs production is special. Its large

mass allows for an unsuppressed angular independent
contribution in the region qT ≪ K⊥ ≪ MH, cf. Eq. (41).
This is not the case, for instance, in heavy quarkonium plus
jet production, where in addition issues related to color
octet contributions (even if suppressed) may lead to
complications regarding the factorization [44]. Other color
singlet state plus jet production processes, such as on- or off
shell (Drell-Yan [45]) photon plus jet production, or W- or
Z-boson plus jet production, are not sensitive to h⊥g

1 , but

only to h⊥q
1 . This also applies to Higgs production in

association with a photon, W or Z boson. The H þW and
H þ Z processes have been investigated in great detail
already, but without inclusion of polarization effects (of
quarks in this case) [46–51]. We point out that to probe h⊥q

1

the best processes probably are still the Drell-Yan process
as suggested in Ref. [36] or photon plus jet production [38].
Moreover, we note that the process Higgs plus W boson
receives a contribution from h⊥q

1 only proportional to the
very small Higgs coupling of the light quarks inside the
proton and can therefore rather be viewed as a cross-check
process.
Linear gluon polarization effects in other color singlet

pair production processes have been studied, i.e. diphoton
production in Ref. [40] and J=ψ plus photon production in
Ref. [25], but as mentioned those studies were done in the
Collins-Soper frame, where the restriction qT ≪ K⊥ is not
imposed or automatically respected. The numerical results
obtained in those studies do not show a clear advantage
over Higgs boson plus jet production, giving similar or
smaller values for the angular asymmetries. The lower
energy and the better transverse momentum resolution
could provide a big advantage though.
When it comes to probing the linear polarization of the

gluons, Higgs boson plus jet production has some addi-
tional features compared to inclusive Higgs production.
One is the possibility of probing a continuous range of
hard scales, allowing, at least in principle, for a study of
TMD evolution. This is not possible in Higgs production,
where the hard scale is fixed to be MH. Another is that,
because the Higgs-jet system can be in various angular
momentum states, angular distributions can be probed
that are not accessible in inclusive Higgs production
where the recoiling jet is not observed. Thanks to this,
effects involving only one initial linearly polarized gluon
can be probed through the cos 2ϕ distribution, as in
[25,40,41].
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