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Impact of gluon polarization on Higgs boson plus jet production at the LHC
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NL-1081 HV Amsterdam, The Netherlands
(Received 21 December 2014; published 21 April 2015)

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 2¢ 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

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 My 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
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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 My, but the advantage is that a range of scales is
now accessible, as opposed to the very narrow range
around My 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.

© 2015 American Physical Society
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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

p(Py) + p(Pg) » H(Ky) +jet(Kj) + X, (1)
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

(2)

with parton ¢ fragmenting into the observed jet.
Specifically, the following channels can contribute:
99— Hg, gqg > Hq and qg — 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 M,.

a(pa) +b(py) = H(Ky) + c(Kj),

PHYSICAL REVIEW D 91, 074024 (2015)

Therefore the Higgs boson can couple to gluons only via a
top quark loop. We consider the limit M, — oo 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, P, and Pp, in terms
of the lightlike vectors n, and n_, which satisfy the

relations n3 =n*> =0and n,-n_ = 1:
2 2
Ph=Pin +—Ln', and Py=_—-Ln" + Pgyn
a = Fany + s B —ny + Pyn-.
2P} 2P,

(3)

The partonic momenta p, and p, can be expressed in terms
of the light cone momentum fractions (x,, x,) and the
intrinsic transverse momenta (p,r, p,r) as follows:

2 2
Pa +p T
ph = xan{nﬁ + Tpfl’l’i =+ PZp and
P% +I’%T
Pl = =2——2Lnl, + x,Pgn* + ply. (4)

2"be[_?

Using n and n_ the light cone components of any vector v
are defined as vr=uv- ny, while v, refers to the
components of » orthogonal to the proton momenta P,
and Pg. Moreover, one has v2 = —v}. Therefore in
Eq. (4), if we neglect the proton mass, ph, = ph
and pyr = pj,, .

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,

FIG. 1.
(@—(d), gg — Hq (e), qqg — Hg ().

Feynman diagrams for the partonic subprocesses contributing to pp — H jet X at leading order in perturbative QCD: gg — Hg

074024-2
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1 &Ky &K

do =
77 25 (2n)2Ey (27)2E; 2~
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Z / dx,dx, d°prd*pyr (27)*6* (P + Py — K = K;)

x TH{OY) (x pur) O (%, i) |M=HE (p o, pyi Ky, KPS (5)

with s = (P4 + Pg)? 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 M?=H¢ denotes the amplitude for the process

ab — Hc. The parton correlators @Lug 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): £- n = 0, where n = n_ for parton a with
momentum p = p, and n =n, for parton b with mo-
mentum p = p,,. Specifically, at leading twist the quark
correlator for an unpolarized hadron can be written as
[29,30]

o) pr)= [ % P (Pl (0) Ui () P) e

A,
{f‘f( PP+ i (xpp) T ]f},

M,

(6)

n

n)?

“(pen)

~g{ i - (5

with the transverse tensor ¢ defined as ¢ =
" —nf.n” — n*n¥. The function f{(x,p%) is the unpo-
larized gluon distribution and hll 9(x,p%) the distribution
of linearly polarized gluons, which satisfies the model-
independent positivity bound [5],

P% 1
DL 10 (.03
p

< f(x.p7), )
(x.p7),
th (x,p%) is T even, and hence it can be nonzero also in the
absence of initial and/or final state interactions. However,

valid for all values of x and p;. In contrast to hlq

as any other TMD, hlLy (x,p%) 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].

|

where Uy 4 is the process dependent gauge link connecting
the two quark fields, which renders the correlator gauge
invariant. Furthermore, f7(x,p%) is the TMD describing
unpolarized quarks inside an unpolarized hadron, and
hJ‘q(x p%), commonly referred to as the Boer-Mulders
function, is the time-reversal (7)) odd distribution of
transversely polarized quarks inside an unpolarized hadron
[30]. Analogously, for an antiquark one has

(I>£1l,]]](x,PT) —/4( (2”))(1 &r -ipe
<P|WJ(O)U[O(§]WZ( )|P>JLF

, , P,
— s {rierhe, + it 0L,
)

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

N o d d ,
ol 2/ (5(2) r lP§<P|Tr[F”ﬂ< )U[Oaf]FW(é)U[g,o]]|P>JLF

Pk | gu PE ) lg(x,p%)}, ®)

T om?

The cross section is calculated using Eq. (5), in which we
insert the parametrizations of the correlators in Egs. (6)—(8)
and the explicit expressions of the amplitudes MP~H¢,
From the § function in Eq. (5), with p; = p; = 0, the light
cone momentum fractions x, , can be expressed in terms of
the rapidities (yy, y;) and transverse momenta (K, Kj, )
of the produced Higgs boson and jet, respectively:

_MJ_eyH+|KjJ_|€yj _MJ_e_yH—|—|KjJ_|e_-VJ
xa — \/E 5 xh — \/E )
(10)

valid with corrections of order O(1/s) and where we have
introduced the transverse mass M, = /M3 + K%, >
My. If we neglect terms suppressed by powers of
lg7|/M |, the final result has the form

074024-3
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do a 1 »

A
ddeyjdeJ_dqu 14473 v% x xbsz[ (7)
+ B(q7) cos2¢ + Clq

) cos 44,
(11)

where we have introduced the sum and difference of the
final transverse momenta, K, = (Ky, —K;,)/2 and
qr = Ky, + Kj, . Moreover, v is the vacuum expectation
value and ¢ is the azimuthal angle between K| and g7,
namely ¢ = ¢, — ¢p7. The functions A, B and C contain
convolutions of the various TMDs and, besides q%, they
depend also on the Mandelstam variables 3, 7, it for the
partonic subprocesses in Eq. (2), which satisfy the relations

§=(pa+pp)* =2pa Po = (Ku +K;)?
=M% + 2Ky - K = x,x,5,
= (pa—Kpn)* = M%i —2p, Ky =M% —x,M \/se™n
= (pp = Kj)* = =2py - K; = —x,|Kj 1 [V/5e”,
i = (po = Kj)* = =2pa - Kj = —x,|Kj1 |[V/se™
= (py — KH)2 = M%—] —2py- Ky
= Mjy —x,M\/se™, (12)

with § + 7+ &t = M2,. 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.

— ZA?beHc+A%G—’Hg7 (13)

ab,c

A(g})

where
N, M§ +3*+#+at
99—~Hg __ H CIFIr9 14
A N2—1 :S\"l\‘i/\l [flfl]? ( )
N 1 52 + i’ 52 + 72
A — A -EE e - S e,
(15)
. — 12+
99—~Hg _ q £q
16
AT D
—H NC § hh1Lgg L
A = N2 lMﬁ,ﬁC[wéhhl Ty
1 N, MH lg, L
9N2 -1 K2 C[ hhhl ghl g]‘ (17)

PHYSICAL REVIEW D 91, 074024 (2015)

In Egs. (14)—(16), N, is the number of colors and we have
introduced the convolutions of TMDs

Clwffl= /dZPaT/JZPbT52<PaT +Ppur —4r)
X W(paT’pr)f<xa’piT)f(xbapiT)’ (18)

with the transverse weight wi" given by

L . 2 _l 2 a2 19
[ D
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 2¢p angular distribution of the
Higgs-jet system

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

qT) ZBabeHc (20)
a,b,c
where
BIg—~Hg — L
N2 -1
" 2(14 0)? = 2M30* (1 + i) + M}, (P + ?)
St
x C[mﬂghff{hfg]} (x> xpien),  (21)
I L Y +§—?C[whf Iy f4]
2N 7 2 J1ih PRAUC RISt
(22)
_ 17 _
Bea~Hy — ——”20[ et (23)
and the transverse weights read
L[, (gr-por)® ]
fh 17" Por 2
Wy =— |2—F——=DPir|, 24
2 M% |: q% bT ( )
whf — [ (qr - paT) _p? ] (25)
? M%a q97 “ay
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whh — |2 (97 *Par) - (g7 Por)
oM e

—Par P71 |- (26)

A cos2¢ double Boer-Mulders (quark) contribution with
transverse weight w4 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 cos2¢ 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/y + photon pairs [25].

C. The cos 4¢p angular distribution of the
Higgs-jet system
The only channel that contributes to the cos4¢ modu-

lation of the cross section is gg — Hg. Therefore we can
write

PHYSICAL REVIEW D 91, 074024 (2015)

ITII. TRANSVERSE MOMENTUM DEPENDENT
OBSERVABLES

The (normalized) cross section for the process pp — H
jet X, differential in g7 and ¢, is defined as

do do

= q , (29)
o T max dq2 2ﬂd¢d0

where, restricting now only to the subprocess gg — Hg, do
is given by

do
dYHdedZKJ_dqu

aff 1

do =

- Agg—>Hg Agg—>Hg B99~HI cos 2,
T 1440 x xbsz[ ! A * ¢

+ C99719 cos 4¢p). (30)

By substituting into Eq. (29) the expression for do in

PPN Eq. (30), one obtains
NC tu q s
Claz) = CorM0 = == Clwi iy 'y
LW, 2 — L oolgh)1 + Rola})
.
=gz KLCWI A, (27) o 20 o\
a + R,(g%) cos2¢) + R4(q%) cos4g],  (31)
with
with
1 Pa ) 2
Wf{h _ . {2[2 (qr-p ’l‘)qu Por) —Pur Pur [fgfg]
M i o0(q7) =— (32)
) ) f T max dq C[fgfg]
~PurPyr (- (28)
and
An analogous cos 4¢ modulation has been predicted for the
first time for the inclusive hadroproduction of dijets [32], 5 M7},3? Clwhh 1Y)
and subsequently also for reactions with diphotons [4,40], Ro(gq7) = M, 3+t ClAr (33)
heavy quark pairs [41,42], and J/y + photon pairs [25] in &
the final state.
|
Ry(@2) R+ )2 = 2M%02 (3 + i) + M& (2 + 02) Clw) FIh ] o xp i o d) (34)
= PV E— Xy <> Xp, it),
o M+ 5+ 7+ 2t CUf '
[
252 Clwhh o Lo T g2 " dg cos npdo
Rulah) = I (as) foos ) = L LI S st
My + 3+ +at CIfAf] o
It is possible to single out the different terms 1 + R, R,, i dg7(cos ngp),, .
R4 in Eq. (31) by defining the observables [25] 0
21 d d n=20,24. (37)
(cosng),, = Jodpcosngdo 604 (36)
o

such that the average values of cosn¢ are given by the
integrals of (cosn), over g7,

We comment on the value of g2 .. in the next section.

074024-5
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It can be easily shown that

1 do

dg? = (1),, = 00(q7)[1 + Ro(q7)]. (38)
(c0s2p),, = yolahRalad).  (39)
(cos4),, = 300(a}Rs(a3). (40)

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 (yg = y;).
In this particular kinematic domain, the expressions in
Egs. (33)—(35) reduce to

! M3, Clw"hy "h |

Ry(q3) == , 41
) =Sk wag ot cn
> K% (2K% + Mp)
Rolar) = 5 + 8K2 M2, + M*
1 1" H H
ClAf)
1 K} Clwiny ' hy?
Ri(a}) = L il @)

29K% +8KXMZ + M4 ClfIfY]

IV. NUMERICAL STUDY

A. Gaussian + 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]:

Rz 1

= ) 44
AWnrre @)

f1(x.p7)
where f9(x) is the gluon distribution integrated over
the transverse momentum squared p3 and we
choose R =2 GeV~!. In order to show the maximal

effects, for the distribution of linearly polarized gluons
we take

2

2M
h?(x.p7) = p—z”fﬁ'(ﬁap%), (45)
T

with f{ given by Eq. (44). In this case the bound in
Eq. (9) is saturated for every value of x and p2. In

PHYSICAL REVIEW D 91, 074024 (2015)

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

MR, 1
2r (1+piR:)?’

Y (x.p3) = cff(x) (46)

with ¢ =42 and R, =3R/2, for which the bound is
saturated only in the limit p; — 0.

It is convenient to consider the Fourier transforms of the
above functions in Egs. (44) and (46):

Flleb?) = /dzpre‘””’ff‘i’(xa pt) = f1(x)Ko(b/R).

(47)
- Lp2pd
hy?(x, b%) = / &pr przMz PL g-vor it (x, p})
- d pTJ(b Y (x, i)
= PT2M2 2\0PT s P1
=ffg<x>3K]<b/Rh>. (48)
47 "R

h

In this way the relevant convolutions can be expressed as

CUtF] = i) [ 5 bIolblar] Kolb/R):

(49)
2
Clwgh hy") = 5 (k) f ()
® db b?
< | S baoblanh g K (b/R,)
(50)

Chwd" Fimy") = =3 () (x0)
- Kolb/RIK,(b/Ry).

(51)

o db
X/ o bjz(b|‘1T\)
0 T

2
C
Clw"hy *hy*] = 1 (x) 1 ()

x A d—bJ4<b|qT|> _Ky(b/Ry).

h
(52)

By substitution into Egs. (41)—(43), one finds

074024-6
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L oMy e
29K% + 8K3 M3 + M7, 8
fooo dbbJ(blqr|) %Kl (b/Rh)2
J5> dbbJo(blar|)Ko(b/R)*

Ro(‘l%)

(53)

Rt - ORI ME)
2T oK+ 8K2 MY, + MY, 2
1 1" H H
5> dbbJy(blar|)g-Ko(b/R)K\ (b/Ry)
J5° dbbJo(blar|)Ko(b/R)? ’

(54)

Ri(q7) = ! y -
49K% + 8KI M3 + M, 8
fooo dbbJ,(blqr|) Ibq—%Kl(b/Rh)z

J§° dbbJo(blgr|)Ko(b/R)?

(55)

Results for the upper bound of R, in Eq. (41) are shown
in Fig. 2, where we use the unpolarized TMD distribution
in Eq. (44), while h ll 9 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| = |K | [: K, =|K,| =10
and 100 GeV.

The corresponding results for the transverse momentum
distribution defined in Eq. (38), with ¢ given in Eq. (32)
and g2 ... = M2 /4, are depicted in Fig. 3. The choice of
471 max 18 motivated by the requirement of TMD factoriza-
tion that g << O, where Q denotes the hard scale. In the
present case we have two hard scales: My and K. The
kinematics considered here is strictly speaking the back-to-
back correlation region where |¢7| < |K | |. By integrating
up 0 ¢ ... = M?% /4, one however also includes configu-
rations |q7| 2 |K,| in which H and the jet are not
approximately back to back in the lab frame. This situation

1 T T T

PHYSICAL REVIEW D 91, 074024 (2015)

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-g; pairs.
This is the reason why we extend the integration to
G% max = M2, /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 ¢%,,,, = K3 /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 |q;| with respect to |[K | 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 |gq7|, while |g7| can be smaller or larger than
|[K,|. If one restricts to 2 — 2 scattering processes,
one should realize that the region |g7| = |K .| is not
properly described, but at best mimicked by including
the perturbative tails of the TMDs.

Our estimates for (cos2¢), and (cosd¢), are pre-
sented in Figs. 4 and 5, respectively, with K| = 10 and
100 GeV. As before, for /] we have adopted the ansatz in
Eq. (44), while h]Lg is given either by Eq. (45), in the left
panels, or by Eq. (46), in the right panels. Moreover, we
have chosen again g%, = M%/4.

Although we have plotted its absolute value, we point out
that (cos2¢), 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 1Y > 0.

1 T T T

\ Ro R,
0.8 K, =10GeV ----1 08} K, =10GeV - ---1
\
A K, =100 GeV e K| =100 GeV e
0.6 | \ b 0.6 E
\
\ =~
\ SN
0.4 \ E 04F s E
\ S
\ N
\ S
02F N 1 02F Sl _
ol D DS o [ SO ST ST s
o2l Gaussian + tail, max pol. i o2k Gaussian + tail i
0 0.5 1 1.5 2 0 0.5 1 1.5 2

q7 [GeV]

FIG. 2 (color online).

qr [GeV]

Upper bounds of R, defined in Eq. (33) for the subprocess gg — Hg and yy = yj; see also Eq. (41). The

unpolarized distribution f9 is taken as in Eq. (44), while hllg 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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FIG. 3 (color online).

qr [GeV]

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, G5 .x = M% /4, and yy = ¥j- 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.

Since the magnitudes of (cos2¢), and (cos4¢), turn
out be very small, it will be easier to measure the integral of
these observables over g%, up to g% ,.... as defined in

Eq. (37). In both models for /¢, we find that |(cos 2¢)| ~
12% when K, = 100 GeV, while its value is about
0.5% when K| = 10 GeV. We find that (cos4¢) is about
02% at K, =100 GeV and completely negligible at
K, = 10 GeV. These numbers are for g%, = M%/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

0.003 T T T T
| ( cos2q>>qT | [GeV ™)

0.0025 E

K, =10GeV -—--
0.002 K, =100 GeV v 1
0.0015 | ]
0001 F % ]

X Gaussian + tail, max pol.
0.0005 f 1
0 ke T o - ;_ ......

0 2 4 6 8 10 12
q7 [GeV]

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

with a rather large (p?) =7 GeV? 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 |(cos 2¢)| and
(cos4¢) asymmetries, are shown in Fig. 6. For the
Gaussian model we fix g7, = K3 /4 as explained above.

fi(x.p?) = (56)

0.003 T T T T
| ( coqu))q | [GeV™]
T
0.0025 | ]
K, =10GeV ----
0.002 K| = 100 GeV wwwervvvvee ]
0.0015 F ]
0001f: % ]
: Gaussian + tail
0.0005 [ 1
e e P

0 2 4 6 8 10 12
qr [GeV]

FIG. 4 (color online). ~ Absolute value of the {cos 2¢) 4, asymmetries for the process pp — H jet X, defined in Eq. (36), as a function of
the transverse momentum ¢ of the Higgs boson plus jet pair, under the same conditions as in Fig. 3. The blue band indicates the range

for K| - oo.
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FIG. 5 (color online).
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0.0003 | ( cos4), [GeV™ 1
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0.00015 | 1
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Gaussian + tail
5107 F . .
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(cos4¢), asymmetries for the process pp — H jet X, defined in Eq. (36), as a function of the transverse

momentum gy of the Higgs boson plus jet pair, under the same conditions as in Fig. 3. The blue band indicates the range for K| — oo.

We find that |(cos2¢)|~9% and (cosd¢p)~0.4% at
K, =100 GeV, very similar to the values obtained with
the previous model, despite the considerable differences. At
K, =30 GeV, [{cos2¢)| ~ 3% and (cos4¢p) ~ 0.02%.
As can be seen in the above numerical results, the
Gaussian model exhibits a double node in R, whereas the
Gaussian-+tail model does not. In Ref. [3] it was noted that

the TMD convolution involving the weight w{" exhibits a

double node independent of the form of the TMD hllg .
More explicitly, the following integrals vanish:
[ dqr(q3)*Cwlhi?hy?) = 0 for @ = 0 and @ = 1, which
it is important to mention is not due to the angular
integration. However, this does not imply that the actual
distribution R, exhibits two nodes, because the expression
in Eq. (33) in terms of TMD convolutions only holds
for g3 < Q* for some hard scale Q. In general,

e 42 (g2)Clwh 1) # 0. The addition of order

g7/ Q? terms that are dominant at large g7 and that can be
cast into the same convolution form [2] allows us to extend
the integration region to all g;. However, this need not lead
to a vanishing g3-weighted integral. In order for linearly
polarized gluons to not affect the gr-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

¢% ~ Q2. This is why models for /;? can lead to an R,
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

T . 0.004 . . . . 35107 . : :
0.14+ 57ldo/dgr [GeVH 1 2 cosdd), [GeV™>
00035 | [(c0s20) | [Gev) - (cosdp), [ ]
0.12 1
\ 0.003 b -4 =30GeV - —---
ol \\ K, =30GeV ——-- ] K, =30GeV ---- 2510 F . K, =30GeV
\ 0.0025 | : . %K =100 GeV eerveenee
L K| =100 GeV -evvvnee LK, =100 GeV wrveree 20104+ 1 K =100 GeV ]
0.08 ., 1 0002 1 ] .
2 lin. pol. =0 —— : 4
0.06 1 i 1510
: 0.0015 1
3 -4 L : ; i
0.04 Gaussian, max pol. 0.001 Gaussian, max pol. - 1.0-10 3 Gaussian, max pol.
§ PN 2
0.02F 1 0.0005 | i NI . 50107 §
F NIl i
:: 7/ Sl ' _oooodld
0 L 0 i L ! L sl o [ f Sl L A
0 2 4 6 8 10 0 2 4 6 8 10 12 0 2 4 6 8 10 12

qr [GeV]

T [GeV]

FIG. 6 (color online). Transverse momentum distribution (left panel), [(cos2¢), | (central panel) and (cos4¢), (right panel)
asymmetries for the process pp — H jet X, as a function of the transverse momentum g of the Higgs boson plus jet pair, in the case of
equal rapidities and for g7, = K% /4. The unpolarized distribution f{ is taken to have a Gaussian dependence on transverse

momentum as in Eq. (56) with (p2) = 7 GeV?, while hlig saturates its positivity bound in Eq. (45).
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and the effects in the models are largest for ¢, 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 hng
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 =2 GeV~! in the Gaussian + tail model and (p?) =
7 GeV? 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 g
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 @_[QU]””(x,pT) in
Eq. (8) is given by two infinite staplelike gauge links that
both run to minus light cone infinity. It is denoted as "=
in Ref. [43]. Given that we restrict to T-even distributions,
this is equal to T++7. 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 gg — Hq will
be the same as that of gg — yq given in Ref. [43], but
gg — Hg has no analogue considered before. In any case,

we expect that the /%" (x, p2) distribution(s) probed in
pp — H jet X are different from the one in pp — HX. Itis
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

PHYSICAL REVIEW D 91, 074024 (2015)

mass allows for an unsuppressed angular independent
contribution in the region ¢; < K| < My, 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 hll 7. but

only to hll". This also applies to Higgs production in
association with a photon, W or Z boson. The H + W and
H + 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 & IL a
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 hqu 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/y plus photon production in
Ref. [25], but as mentioned those studies were done in the
Collins-Soper frame, where the restriction g < 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 M. 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 cos2¢ distribution, as in
[25,40,41].

ACKNOWLEDGMENTS

This work was supported by the European Community
under the “Ideas” program QWORK (Grant No. 320389).
We thank Paolo Gunnellini, Jean-Philippe Lansberg,
Hannes Jung and Pierre Van Mechelen for useful comments
and information.

074024-10



IMPACT OF GLUON POLARIZATION ON HIGGS BOSON ...

[1] S. Catani and M. Grazzini, QCD transverse momentum
resummation in gluon-fusion processes, Nucl. Phys. B845,
297 (2011).

[2] P. Sun, B.-W. Xiao, and F. Yuan, Gluon distribution
functions and Higgs production at moderate transverse
momentum, Phys. Rev. D 84, 094005 (2011).

[3] D. Boer, W.J. den Dunnen, C. Pisano, M. Schlegel, and W.
Vogelsang, Linearly Polarized Gluons and the Higgs Trans-
verse Momentum Distribution, Phys. Rev. Lett. 108, 032002
(2012).

[4] D. Boer, W.J. den Dunnen, C. Pisano, and M. Schlegel,
Determining the Higgs Spin and Parity in the Diphoton
Decay Channel, Phys. Rev. Lett. 111, 032002 (2013).

[5] P.J. Mulders and J. Rodrigues, Transverse momentum
dependence in gluon distribution and fragmentation Phys.
Rev. D 63, 094021 (2001).

[6] P.M. Nadolsky, C. Balazs, E.L. Berger, and C.-P. Yuan,
Gluon-gluon contributions to the production of continuum
diphoton pairs at hadron colliders, Phys. Rev. D 76, 013008
(2007).

[71 A. Metz and J. Zhou, Distribution of linearly polarized
gluons inside a large nucleus, Phys. Rev. D 84, 051503
(2011).

[8] F. Dominguez, J.-W. Qiu, B.-W. Xiao, and F. Yuan, Linearly
polarized gluon distributions in the color dipole model,
Phys. Rev. D 85, 045003 (2012).

[9] A. Schifer and J. Zhou, Higgs boson production in high
energy proton-nucleus collisions, Phys. Rev. D 85, 114004
(2012).

[10] J. Collins, Foundations of Perturbative QCD (Cambridge
University Press, Cambridge, 2011).

[11] M. G. Echevarria, A. Idilbi, and 1. Scimemi, Factorization
theorem for Drell Yan at low ¢; and transverse momentum
distributions on the light cone, J. High Energy Phys. 07
(2012) 002.

[12] D. Boer and W.J. den Dunnen, TMD evolution and the
Higgs transverse momentum distribution, Nucl. Phys. B886,
421 (2014).

[13] M. G. Echevarria, T. Kasemets, P. J. Mulders, and C. Pisano,
QCD evolution of (un)polarized gluon TMDPDFs and the
Higgs gr-distribution, arXiv:1502.05354.

[14] U. Baur and E. W.N. Glover, Higgs production at large
transverse momentum in hadronic collisions, Nucl. Phys.
B339, 38 (1990).

[15] D. Graudenz, M. Spira, and P. M. Zerwas, QCD corrections
to Higgs-boson production at proton-proton colliders, Phys.
Rev. Lett. 70, 1372 (1993).

[16] S. Abdullin, M. Dubinin, V. Ilyin, D. Kovalenko, V. Savrin,
and N. Stepanov, Higgs Boson Discovery Potential of LHC
in the Channel pp — yy + jet, Phys. Lett. B 431, 410
(1998).

[17] D. de Florian, M. Grazzini, and Z. Kunszt, Higgs Production
with Large Transverse Momentum in Hadronic Collisions
at Next-to-Leading Order, Phys. Rev. Lett. 82, 5209
(1999).

[18] A. Belyaev, R. Guedes, S. Moretti, and R. Santos, BSM
Higgs searches in the gluon fusion process pp —
h+ jet > " +17 + jet at the LHC, Proc. Sci., DIS
2010 (2010) 207.

PHYSICAL REVIEW D 91, 074024 (2015)

[19] T.T. Jouttenus, I. W. Stewart, F.J. Tackmann, and W.J.
Waalewijn, Jet mass spectra in Higgs boson plus one jet at
next-to-next-to-leading logarithmic order, Phys. Rev. D 88,
054031 (2013).

[20] X. Liu and F. Petriello, Reducing theoretical uncertainties
for exclusive Higgs boson plus one-jet production at the
LHC, Phys. Rev. D 87, 094027 (2013).

[21] P. Sun, C.-P. Yuan, and F. Yuan, Kinematical correlations
for Higgs boson plus High Pt Jet Production at Hadron
Colliders, arXiv:1409.4121.

[22] S. Dawson, I. M. Lewis, and M. Zeng, Effective field theory
for Higgs boson plus jet production, Phys. Rev. D 90,
093007 (2014).

[23] CMS Collaboration, Search for jet extinction in the inclusive
jet-p, spectrum from proton-proton collisions at
/s = 8 TeV, Phys. Rev. D 90, 032005 (2014).

[24] CMS Collaboration, Jet Corrections to Parent Parton En-
ergy, Report No. CMS-PAS-JME-08-002.

[25] W.J. den Dunnen, J.P. Lansberg, C. Pisano, and M.
Schlegel, Accessing the Transverse Dynamics and Polari-
zation of Gluons inside the Proton at the LHC, Phys. Rev.
Lett. 112, 212001 (2014).

[26] R. K. Ellis, I. Hinchliffe, M. Soldate, and J.J. van der Bij,
Higgs decay to t77: a possible signature of intermediate
mass Higgs bosons at the SSC, Nucl. Phys. B297, 221
(1988).

[27] S. Dawson, Radiative corrections to Higgs boson produc-
tion, Nucl. Phys. B359, 283 (1991).

[28] R. P. Kauffman, S. V. Desai, and D. Risal, Production of a
Higgs boson plus two jets in hadronic collisions, Phys. Rev.
D 55, 4005 (1997); 58, 119901 (1998).

[29] A. Bacchetta, M. Diehl, K. Goeke, A. Metz, P.J. Mulders,
and M. Schlegel, Semi-inclusive deep inelastic scattering at
small transverse momentum, J. High Energy Phys. 02
(2007) 093.

[30] D. Boer and P.J. Mulders, Time-reversal odd distribution
functions in leptoproduction, Phys. Rev. D 57, 5780 (1998).

[31] S. Meissner, A. Metz, and K. Goeke, Relations between
generalized and transverse momentum dependent parton
distributions, Phys. Rev. D 76, 034002 (2007).

[32] D. Boer, P.J. Mulders, and C. Pisano, Dijet imbalance in
hadronic collisions, Phys. Rev. D 80, 094017 (2009).

[33] M. G. A. Buffing and P.J. Mulders, Gauge links for trans-
verse momentum dependent correlators at tree-level, J. High
Energy Phys. 07 (2011) 065.

[34] T.C. Rogers and P.J. Mulders, No generalized TMD
factorization in hadroproduction of high transverse momen-
tum hadrons, Phys. Rev. D 81, 094006 (2010).

[35] D. Boer and C. Pisano, Polarized gluon studies with
charmonium and bottomonium at LHCb and AFTER, Phys.
Rev. D 86, 094007 (2012).

[36] D. Boer, Investigating the origins of transverse spin asym-
metries at BNL RHIC, Phys. Rev. D 60, 014012 (1999).

[37] D. Boer, S.J. Brodsky, and D.S. Hwang, Initial state
interactions in the unpolarized Drell-Yan process, Phys.
Rev. D 67, 054003 (2003).

[38] D. Boer, P.J. Mulders, and C. Pisano, T-odd effects in
photon-jet production at the Tevatron, Phys. Lett. B 660,
360 (2008).

074024-11


http://dx.doi.org/10.1016/j.nuclphysb.2010.12.007
http://dx.doi.org/10.1016/j.nuclphysb.2010.12.007
http://dx.doi.org/10.1103/PhysRevD.84.094005
http://dx.doi.org/10.1103/PhysRevLett.108.032002
http://dx.doi.org/10.1103/PhysRevLett.108.032002
http://dx.doi.org/10.1103/PhysRevLett.111.032002
http://dx.doi.org/10.1103/PhysRevD.63.094021
http://dx.doi.org/10.1103/PhysRevD.63.094021
http://dx.doi.org/10.1103/PhysRevD.76.013008
http://dx.doi.org/10.1103/PhysRevD.76.013008
http://dx.doi.org/10.1103/PhysRevD.84.051503
http://dx.doi.org/10.1103/PhysRevD.84.051503
http://dx.doi.org/10.1103/PhysRevD.85.045003
http://dx.doi.org/10.1103/PhysRevD.85.114004
http://dx.doi.org/10.1103/PhysRevD.85.114004
http://dx.doi.org/10.1007/JHEP07(2012)002
http://dx.doi.org/10.1007/JHEP07(2012)002
http://dx.doi.org/10.1016/j.nuclphysb.2014.07.006
http://dx.doi.org/10.1016/j.nuclphysb.2014.07.006
http://arXiv.org/abs/1502.05354
http://dx.doi.org/10.1016/0550-3213(90)90532-I
http://dx.doi.org/10.1016/0550-3213(90)90532-I
http://dx.doi.org/10.1103/PhysRevLett.70.1372
http://dx.doi.org/10.1103/PhysRevLett.70.1372
http://dx.doi.org/10.1016/S0370-2693(98)00547-4
http://dx.doi.org/10.1016/S0370-2693(98)00547-4
http://dx.doi.org/10.1103/PhysRevLett.82.5209
http://dx.doi.org/10.1103/PhysRevLett.82.5209
http://dx.doi.org/10.1103/PhysRevD.88.054031
http://dx.doi.org/10.1103/PhysRevD.88.054031
http://dx.doi.org/10.1103/PhysRevD.87.094027
http://arXiv.org/abs/1409.4121
http://dx.doi.org/10.1103/PhysRevD.90.093007
http://dx.doi.org/10.1103/PhysRevD.90.093007
http://dx.doi.org/10.1103/PhysRevD.90.032005
http://dx.doi.org/10.1103/PhysRevLett.112.212001
http://dx.doi.org/10.1103/PhysRevLett.112.212001
http://dx.doi.org/10.1016/0550-3213(88)90019-3
http://dx.doi.org/10.1016/0550-3213(88)90019-3
http://dx.doi.org/10.1016/0550-3213(91)90061-2
http://dx.doi.org/10.1103/PhysRevD.55.4005
http://dx.doi.org/10.1103/PhysRevD.55.4005
http://dx.doi.org/10.1103/PhysRevD.58.119901
http://dx.doi.org/10.1088/1126-6708/2007/02/093
http://dx.doi.org/10.1088/1126-6708/2007/02/093
http://dx.doi.org/10.1103/PhysRevD.57.5780
http://dx.doi.org/10.1103/PhysRevD.76.034002
http://dx.doi.org/10.1103/PhysRevD.80.094017
http://dx.doi.org/10.1007/JHEP07(2011)065
http://dx.doi.org/10.1007/JHEP07(2011)065
http://dx.doi.org/10.1103/PhysRevD.81.094006
http://dx.doi.org/10.1103/PhysRevD.86.094007
http://dx.doi.org/10.1103/PhysRevD.86.094007
http://dx.doi.org/10.1103/PhysRevD.60.014012
http://dx.doi.org/10.1103/PhysRevD.67.054003
http://dx.doi.org/10.1103/PhysRevD.67.054003
http://dx.doi.org/10.1016/j.physletb.2008.01.021
http://dx.doi.org/10.1016/j.physletb.2008.01.021

DANIEL BOER AND CRISTIAN PISANO

[39] Z. Lu and I. Schmidt, Azimuthal angle dependence of dijet
production in unpolarized hadron scattering, Phys. Rev. D
78, 034041 (2008).

[40] J. W. Qiu, M. Schlegel, and W. Vogelsang, Probing Gluonic
Spin-Orbit Correlations in Photon Pair Production, Phys.
Rev. Lett. 107, 062001 (2011).

[41] D. Boer, S.J. Brodsky, P.J. Mulders, and C. Pisano, Direct
Probes of Linearly Polarized Gluons inside Unpolarized
Hadrons, Phys. Rev. Lett. 106, 132001 (2011).

[42] C. Pisano, D. Boer, S.J. Brodsky, M. G. A. Buffing, and
P.J. Mulders, Linear polarization of gluons and photons in
unpolarized collider experiments, J. High Energy Phys. 10
(2013) 024.

[43] C.J. Bomhof and P.J. Mulders, Nonuniversality of trans-
verse momentum dependent parton distribution functions,
Nucl. Phys. B795, 409 (2008).

[44] J.P. Ma, J.X. Wang, and S. Zhao, Breakdown of
QCD factorization for P-wave quarkonium production
at low transverse momentum, Phys. Lett. B 737, 103
(2014).

PHYSICAL REVIEW D 91, 074024 (2015)

[45] S. Dooling, F. Hautmann, and H. Jung, Hadroproduction of
electroweak gauge boson plus jets and TMD parton density
functions, Phys. Lett. B 736, 293 (2014).

[46] T. Han and S. Willenbrock, QCD correction to the pp —
WH and ZH total cross sections, Phys. Lett. B 273, 167
(1991).

[47] K. Hagiwara, R. Szalapski, and D. Zeppenfeld, Anomalous
Higgs production and decay, Phys. Lett. B 318, 155 (1993).

[48] CMS Collaboration, Search for the standard model Higgs
boson produced in association with W and Z bosons in pp
collisions at \/s=7TeV, J. High Energy Phys. 11 (2012) 088.

[49] J. Ellis, V. Sanz, and T. You, Associated production
evidence against Higgs impostors and anomalous couplings,
Eur. Phys. J. C 73, 2507 (2013).

[50] R. M. Godbole, D. J. Miller, K. A. Mohan, and C. D. White,
Jet substructure and probes of CP violation in Vh produc-
tion, arXiv:1409.5449.

[51] R. V. Harlander, A. Kulesza, V. Theeuwes, and T. Zirke, Soft
gluon resummation for gluon-induced Higgs Strahlung, J.
High Energy Phys. 11 (2014) 082.

074024-12


http://dx.doi.org/10.1103/PhysRevD.78.034041
http://dx.doi.org/10.1103/PhysRevD.78.034041
http://dx.doi.org/10.1103/PhysRevLett.107.062001
http://dx.doi.org/10.1103/PhysRevLett.107.062001
http://dx.doi.org/10.1103/PhysRevLett.106.132001
http://dx.doi.org/10.1007/JHEP10(2013)024
http://dx.doi.org/10.1007/JHEP10(2013)024
http://dx.doi.org/10.1016/j.nuclphysb.2007.11.024
http://dx.doi.org/10.1016/j.physletb.2014.08.033
http://dx.doi.org/10.1016/j.physletb.2014.08.033
http://dx.doi.org/10.1016/j.physletb.2014.07.035
http://dx.doi.org/10.1016/0370-2693(91)90572-8
http://dx.doi.org/10.1016/0370-2693(91)90572-8
http://dx.doi.org/10.1016/0370-2693(93)91799-S
http://dx.doi.org/10.1007/JHEP11(2012)088
http://dx.doi.org/10.1140/epjc/s10052-013-2507-6
http://arXiv.org/abs/1409.5449
http://dx.doi.org/10.1007/JHEP11(2014)082
http://dx.doi.org/10.1007/JHEP11(2014)082

