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We consider single-diffractive (SD) Higgs production in association with heavy flavor in proton-proton
collisions at the LHC. The main focus of our study is a reliable estimate of SD/inclusive ratio, not a
precision computation of the cross sections. The calculations are performed within the framework of the
phenomenological dipole approach, which includes by default the absorptive corrections, i.e., the gap
survival effects at the amplitude level. The dominant mechanism is the diffractive production of heavy
quarks, which radiate a Higgs boson (Higgsstrahlung). Although diffractive production of r-quarks is
grossly suppressed as 1/m?, the large Higgs-top coupling compensates this smallness and the
Higgsstrahlung by t-quarks becomes the dominant contribution at large Higgs boson transverse momenta.
We computed the basic observables such as the transverse momentum and rapidity distributions of the
diffractively produced Higgs boson in association with the bottom and top quark pair. Finally, we discuss a
potential relevance of the diffractive Higgsstrahlung in comparison to the Higgsstrahlung off intrinsic

heavy flavor at forward Higgs boson rapidities.
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I. INTRODUCTION

The Higgs boson recently discovered at the LHC [1,2]
appears to be one of the most prominent standard candles for
physics within and beyond the Standard Model (SM) (for
more details of the Higgs physics highlights at the LHC see
e.g., reviews [3,4] and references therein). Most of the SM
extensions predict stronger or weaker distortions in Higgs
boson Yukawa couplings. In this sense, measurements of the
Higgs-heavy quarks couplings become a very important task
of the ongoing Higgs physics studies at the LHC and serve as
one of the major probes for the signals of New Physics.

Phenomenological tests of a number of New Physics
scenarios at a TeV energy scale relies upon our
understanding of the underlined QCD dynamics and back-
grounds. The QCD-initiated gluon-gluon fusion mecha-
nism is one of the dominant Higgs bosons production
modes in inclusive pp scattering which has contributed to
its discovery at the LHC [1,2]. The hard loop induced
amplitude has been studied in a wealth of theoretical
articles so far. The inclusive cross section has been
calculated at up to next-to-next-to-leading order in QCD
[5-10] and recently up to N*LO level [11]. Also, the QCD
soft-gluon resummation at up to next-to-next-to-leading
logarithm approximation was performed in Ref. [12] and
the next-to-leading order factorized electroweak correc-
tions were incorporated in Ref. [13]. Besides the standard
collinear factorization approach, inclusive Higgs boson
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production has been studied in the k | -factorization frame-
work in Refs. [14,15]. The inclusive associated production
of the Higgs boson and heavy quarks has been thoroughly
analyzed in the k| -factorization in Ref. [16].

The phenomenological studies of inclusive Higgs boson
production channels typically suffer from large Standard
Model backgrounds and theoretical uncertainties, strongly
limiting their potential for tracking possibly small New
Physics effects. As a promising way out, the exclusive and
diffractive Higgs production processes offer new possibilities
to constrain the backgrounds, and open up more opportunities
for New Physics searches (see e.g., Refs. [17-20]).
Likewise in inclusive production, the loop-induced gluon-
gluon fusion gg — H mechanism is expected to be an
important Higgs production channel in single diffractive
pp scattering as well, while this is the only possible
mechanism for the central exclusive Higgs production [17].

Once the poorly known nonperturbative elements are
constrained by pure SM-driven data sets, they can also be
applied for a description of other sets of data potentially
sensitive to New Physics contributions. This way, it would be
possible to pin down and to constrain the yet unknown
sources of theoretical uncertainties purely phenomenologi-
cally to a precision sufficient for searches of new phenomena
at the LHC. In particular, diffractive production of heavy
flavored particles at forward rapidities is often considered as
one of the important probes for the QCD dynamics at large
distances, which can be efficiently constrained by data.

The understanding of the mechanisms of inelastic diffrac-
tion came with the pioneering works of Glauber [21],

© 2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.92.094014
http://dx.doi.org/10.1103/PhysRevD.92.094014
http://dx.doi.org/10.1103/PhysRevD.92.094014
http://dx.doi.org/10.1103/PhysRevD.92.094014

PASECHNIK, KOPELIOVICH, AND POTASHNIKOVA

Feinberg and Pomeranchuk [22], Good and Walker [23]
where diffraction is conventionally viewed as shadow of
inelastic processes. This picture is realized, in particular, in the
framework of the dipole approach [24] where a diffractive
process looks like elastic scattering of gg dipoles of different
sizes, and of higher Fock states containing more partons.

By construction, the phenomenological color dipole
approach effectively takes into account the major part of
the higher-order and soft QCD corrections [25]. In par-
ticular, the dipole model predictions appear to be very close
to the corresponding predictions of the collinear factori-
zation approach at next-to-leading order (NLO) for the
Drell-Yan production process [26] as well as in heavy
flavor production [27]. In this sense, the dipole approach is
analogical to the k| -factorization technique (see e.g.,
Ref. [16] and references therein).

Besides, it provides a prominent way to study the
diffractive factorization breaking effects due to an interplay
between hard and soft interactions. In addition, the gap
survival effects are effectively taken into account at the
amplitude level. Previously, the latter effects have been
successfully studied in the case of forward Abelian radi-
ation of virtual photons (diffractive Drell-Yan reaction) in
Refs. [28,29], as well as for the more general case of
forward gauge bosons production [30], and in the non-
Abelian case of the forward heavy flavor production [31].
The main ingredient of the dipole formalism is the process-
independent universal dipole-target scattering cross sec-
tion. It can thus be determined phenomenologically, for
example, from the deep inelastic scattering (DIS) data [32].
Based on the formalism developed earlier [30,31], in this
paper we employ the color dipole approach specifically for
the inclusive and, for the first time, single diffractive Higgs
boson production in association with a heavy quark pair in
proton-proton collisions at the LHC.

Since the Higgs boson-quark couplings in the SM are
proportional to the quark masses, a significant contribution
to the Higgs production at forward rapidities comes from
the Higgsstrahlung process off heavy quarks (predomi-
nantly, off bottom b and top ¢ quarks) in the proton sea.
Furthermore, in this paper we do not take into consideration
the inclusive and diffractive Higgsstrahlung mechanism
off the intrinsic heavy flavors, which was previously
studied in Refs. [33,34]. Here we consider diffractive
Higgsstrahlung off heavy quarks produced via the pertur-
bative gluon-gluon fusion mechanism which plays a role as
the major background component for the forward diffrac-
tive Higgsstrahlung off intrinsic heavy flavor. A relative
smallness of the production modes over the intrinsic ones at
forward rapidities would be an important message for
future forward diffractive Higgs production studies.

The paper is organized as follows. Section Il is devoted to
a discussion of inclusive Higgsstrahlung off heavy quarks in
the dipole framework in the large Higgs boson transverse
momentum limit which is then used in derivation of the
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single-diffractive (SD)-to-inclusive ratio. The corresponding
amplitude in momentum space is derived in the Appendix.
The SD Higgsstrahlung process has been thoroughly ana-
lyzed both analytically and numerically within the dipole
picture in Sec. III. In particular, the SD-to-inclusive ratio has
been obtained in analytic form and applied to get an estimate
for the SD Higgsstrahlung cross section. Such a ration has
been verified against the SD-to-inclusive ratio for beauty
production at CDF Tevatron [35] (for more details, see
Ref. [31]). Finally, basic conclusions are made in Sec. IV.

II. INCLUSIVE HIGGSSTRAHLUNG
IN THE DIPOLE PICTURE

Inclusive production of heavy quarks in association with
the Higgs boson at the leading order has been studied
earlier in detail in the framework of the kp-factorization
approach in Refs. [14,16]. In this section, we investigate the
corresponding process in the dipole framework.

The basic strategy here is to derive an approximated
dipole formula for the inclusive cross section valid at large
Higgs boson transverse momenta and then to use it in
derivation of analytic expression for the SD-to-inclusive
ratio. The latter can then be employed beyond the high-p,
approximation and would provide an important answer
about a relative smallness of the SD Higgsstrahlung
component, which is the basic goal of this paper.

The amplitude of the inclusive Higgsstrahlung process in
gluon-proton scattering by means of single gluon exchange
in the 7 channel,

G,+p— Q0H + X,

Q=cb1 (21

where G, is the initial gluon in color state a, is described in
Born approximation by the set of eight diagrams shown
in Fig. 1.

(7) (8)

FIG. 1. Leading-order gluon-initiated contributions to the in-
clusive QQH system production in the gluon-proton scattering in
the proton rest frame.
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Note, the Born-level diagrams are shown in Fig. 1 only
for illustration. By virtue of the color dipole framework, the
inclusion of the universal dipole cross section phenom-
enologically generalizes the Born diagrams and effectively
resums the lower gluonic ladder diagrams at small x to all
orders, similarly to the k&, -factorization technique. The
upper partonic ladder will be accounted via Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi evolution of the gluonic
density at the NLO.

The kinematics and a detailed derivation of the corre-
sponding amplitude in impact parameter representation are
presented in the Appendix. In order to derive the dipole
|

Aﬂﬁ:/dzkj_ d’x  d’x
© ) (227 (20) (2n)

in terms of the impact parameter dependent amplitudes
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formula for the corresponding process, one should switch
to the impact parameter representation performing 2D
Fourier transform over the relative transverse momentum
between Q and O, x, total transverse momentum of the

QQH system, k 1, and the transverse momentum of the
Higgs boson, k, defined in the gluon-target c.m. frame in
the limit k > k| and a3 < 1. The latter differs from the
standard Higgs boson transverse momentum defined in
proton-target c.m. frame. Corresponding amplitudes in the
impact parameter space are

N2-1

Bﬁﬁe_’%ﬁ_"w—’w =3 Z f’éT{Tard’j’(ld) + Tdra’j'gd)}élz,
d=1

TG 7p) = Uy (a a3 7. p) {W) (5 —ar) — 7@ (s —ar -2+ (ﬁ))] :
a

A

TG 75) = ol as 7. 7) {M(sma — @ ( +a?—~<ﬁ—a?>>]-

Here, we introduced short-hand notations for the respective production of the wave functions for given scales

R oy O3~ AL
Uy (a,a3;7,p) = ES@QQ(r, my)@on(p + ar, ), (2.2)

A RN az » > _ - 4 -
U, (a, 357, p) E;‘DQH(—ID+GV, 7) Qoo (r.mg), (2.3)
where 7 is the hard scale determined in Eq. (A26), 7, are the standard SU(N,.) generators related to the Gell-Mann matrices

as A, = 7,/2, and the gluon-target interaction amplitude 7@ (s) is an operator in color and coordinate space of the target
quarks defined as [36]

—ikls

\/_/ deL G/HX (ke X)) s = ZT‘(‘j)Z(E - b)),

k+m J

(2.4)

Here, (s — b ;) is the interaction amplitude of projectile heavy quark with jth constituent valence quark in the target proton,

5 is the transverse distance between projectile heavy quark and the center of gravity of the target, b; the transverse distance
between jth constituent valence quark in the target and the center of gravity of the target.
The G, — QQ and Q/Q — Q/Q + H distribution amplitudes in impact parameter representation read

A . d*x A -
Dpo(7.€) E/ 50p0(x. €

(271-) )e—z;{ r

(\/)_\/,{mQ(e ) +i(1-2a)G-1)(2-V,) = (¢ x i) - V,} Ko (er), (2.5)
9 d'x -igp — M0 MpG-N~+0- £
bn(7.) = [ o3z @m0 = o HG(omo 479, ) Kofep) 26)
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Opo(%.€) = Ve %) éQH(’ag)E\/n;—’lepVle’ (2.7)

V2 P+ e’

respectively, where V(y) (y = a3/@ or as/a) and U(x) are defined in Eq. (A20), r = || and p = |p|. When taking the
square of the total inclusive G, + p — QQH + X amplitude in impact parameter representation
AP (Fi1.p1: P2 p2) = /dzsd{X} > (AT L p) AT (2 52)) g, (2.8)

Assa.p

one implicitly performs an averaging over color indices and polarization A, of the incoming projectile gluon G, in the
G, — Q0 and Q/Q — Q/Q + H distribution amplitudes as well as over valence quarks and their relative coordinates in

the target proton [3¢g)
> H&h =1
pifi pofl

Then, squaring the operator (¢
function |3¢g), and summing over the final {X} leads to

DA o AT 2| 1 .o
[ XY GO Gl = 3G )

where the color averaging procedure

(iled - 2i) s, = {

S (e aBh) (& ThE) = Tr(a'h).

|- Besides, one uses the general properties of the 2-spinors

(2.9)

) and then averaging it over quark positions and quantum numbers the initial nucleon wave

(2.10)

%511(1’ : J:J/

o (2.11)
_%5aa’ : J?é.]/

has been performed, and S(s;,s;) is the scalar function given by

S(Ekasl) =35

/d{b}le Sy by G -

. __D(sk -

1= D7) | 1@, ({B)]:

J#]

in terms of the quark-target scattering amplitude, )((i?), and the proton wave function, @3, {l;} This function is directly
related to the universal gg dipole cross section known from phenomenology as follows:

O -

The universal dipole cross section o5, implicitly
depends on energy. Although being universal, it cannot
be calculated reliably from the first principles, but is known
from phenomenology. A popular simple Golec-Biernat—
Wiisthoff (GBW) ansatz for the saturated shape of the
dipole cross section with x,-dependent parameters fitted
to the HERA hard DIS data at small x [32],
5[l — e K /RG],

0qq (k) =

(2.13)

is sufficient for our purposes here since the typical hard scale
of inclusive Higgsstrahlung is large, i.e., u ~ M > m,, and
thus all the incident dipole sizes are small compared to the
hadron scale (the latter is not true for diffraction, see below).
In this case, due to the color transparency property it suffices
to use

oG —5) = / PSSG +51,545)) + SG + 525 +52) = 25G + 5.5+ 5).

(2.12)
* 0p 2 -
ag(R) = = R,  R<Ry(x), (214
to the first approximation. The GBW fits provide
6o = 23.03 mb, Ry(x) = 0.4 fm x (x/xy)%14,
Xo = 3.04 x 1074 (2.15)

Following to the above scheme one obtains the ampli-
tude squared |A|? in an analytic form as a linear combi-
nation of the dipole cross sections for different dipole
separations, with coefficients given by color structure and
distribution amplitudes. The dipole formula for the differ-
ential cross section of the G, + p = QQH + X process
then reads
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do(Gp d;dﬁQO: +X) _ / Prdp|AP (7. 7). (2.16)
Here, the amplitude squared in the general form
ARG 5) = 3 (000 + W0 oy (7. Ry, ~Ra) + 60, o, (R)) + WaWog, (Ry)).
where
ouit (11 1. 15) = qu(71) - qual +13) - qu(71 +1) + %q@ +h+ 1),
R, E%(ﬁ+ofr’), kzz%(ﬁ-a?). (2.17)

Transition to the hadron level is usually performed as
follows (see e.g., Ref. [36]):

do(Gp - QQH + X)
dadln oy ’

do incl
dYdadn o

Glx1.1) (2.18)

where the projectile gluon distribution in the incoming
proton is treated via the collinear factorization technique, Y
is the rapidity of the QQH system, and

M
G(xy, u?) = x19(x1, p12), X12 = 7§€iy (2.19)
J
daincl 1 350 2 S
~ _ L u)Tr[8KC, -
iQ ) AR ) P TR

where K; ; are defined in terms of momentum-space wave
functions (2.7) as

ps a3 N N 0 A R
K,=-—0; — ok, —[® 1), (221
1 2 QQ(}{ aK mQ)@z[ QH(Z T)}sz ( )

= a3 8 A - A - _ -
’Cz =———= [@QH(Z, T)]E:—TCG)QQ(K + ak, mQ), (222)

a 07
and

dQ = dx,dad In azd*xd*x (2.23)

is the element of the phase space volume associated with
the produced system QQH. The remaining momentum
integrals can then be numerically evaluated over a given
phase space volume specific to a given measurement (see
below).

In Fig. 2 the approximated dipole formula result for the
inclusive Higgsstrahlung cross section differential in Higgs
boson transverse momentum « (2.20) is compared to the
corresponding exact calculation in the k,-factorization

are the collinear gluon density at the hard scale p> = M?
being the invariant mass of the QQH system defined in
Eq. (A24) and the momentum fractions of the projectile and
t-channel gluon, respectively.

In order to obtain the Higgsstrahlung cross section
differential in relative transverse momenta ¥ and x, one
can directly use the asymptotic amplitudes (A27) and (A27)
in the limit of small k| < x, k. At the level of cross section,
this asymptotics is equivalent to taking the first quadratic
term in the dipole cross section (2.14). In this case, we
obtain the fully differential inclusive Higgsstrahlung cross
section which reads

(2.20)

approach of Ref. [16]. Remember, the asymptotic dipole
formula Eq. (2.20) is obtained in the collinear projectile
gluon and soft target gluon k| < x, k approximations, as
well as for a3 < 1. In this case, the final Higgs boson
transverse momentum is entirely generated by a recoil
against heavy quarks in the final state. Besides, the Higgs
boson is assumed to take only a relatively small fraction of
the quark momenta. A comparison with the exact result of
Ref. [16] shows that the asymptotic Higgs boson spectrum
(2.20) generated by purely final state kinematics dominates
the total cross section at large Higgs boson transverse
momenta k = my and approaches the exact result both in
shape and normalization. At lower transverse momenta,
however, we notice a missing strength due to the omitted
diagrams as well as a potentially large role of the non-
Gaussian tail in primordial gluon transverse momenta
distribution. The latter should be accounted for by the
use of unintegrated gluon distribution functions as was
done in Ref. [16].

On the other hand, the simplified dipole formula (2.18)
with a collinear starting parton density function (PDF)
(2.19) and the quadratic approximation in the dipole cross
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FIG. 2. The differential Higgs boson transverse momentum x
distribution of the inclusive Higgsstrahlung obtained via the
asymptotic dipole formula (2.20) valid in the limit of small
k, <x, ¥ and a3 <1 in comparison to the exact
result of k| -factorization from Ref. [16].

section (2.14) will enable us to calculate the SD-to-
inclusive ratio in a fully analytic form which does not
depend on higher order QCD corrections and on projectile
gluon evolution and is given only in terms of parameters of
the universal dipole cross section (see below). As will be
discussed below, the ratio is not sensitive to the high-ps
approximation we adopted in the analysis of the absolute
cross sections as well as to the short-distance corrections to
the gg — QQH subprocess. It therefore can be applied to
the conventional NNLO + NNLL QQH inclusive cross
sections and/or those obtained in the k; factorization
approach known from the literature in order to get a good
first estimate of the diffractive Higgsstrahlung cross
section.

III. SINGLE DIFFRACTIVE HIGGSSTRAHLUNG
IN THE DIPOLE PICTURE

When it comes to diffraction, the QCD factorization in
hadronic collisions is severely broken by the interplay of
soft and hard QCD interactions and by the absorptive
effects [28,29]. While the former mechanism, which is the
leading twist, is frequently missed, the latter effect is
modeled by the gap survival probability factor, which is
usually applied to correct the factorization-based results. A
successful alternative to the factorization-based parton
model, the color dipole description [24] goes beyond the
QCD factorization and naturally accounts for the hard-soft
QCD dynamics interplay, and for the absorptive effects at
the amplitude level (see e.g., Refs. [30,31]). The single
diffractive QQ + H production (with the leading proton
and a rapidity gap) is not yet available in the literature, and
this section is devoted to the corresponding analysis in the
dipole approach.

PHYSICAL REVIEW D 92, 094014 (2015)
A. Diffractive amplitude

In order to derive the single diffractive Higgsstrahlung
amplitude in impact parameter representation we refer to
the corresponding framework previously developed for
diffractive gluon radiation and diffractive DIS processes
in Refs. [26,32,37] and we adopt similar notations in what
follows. Similarly to the inclusive case considered above,
we are interested in single-diffractive Higgsstrahlung at
high energies when the Higgs boson takes a relatively small
fraction of the heavy quark momentum since the well-
known wave functions for G — QQ and Q(Q) — Q(Q) +H
are factorized out in the impact parameter space. The
latter situation thus enables us to employ the dipole
approach in this first study of the diffractive
Higgsstrahlung process.

For illustration, the dominating parton-level gluon-ini-
tiated graphs are shown in Fig. 3 where we account only for
the diagrams where the active gluon is coupled to the hard
Q0 + H system, while the soft screening gluon couples to
a spectator parton at a large impact distance. Other
diagrams where both active and screening gluons couple
to partons at small relative distances are the higher twist
ones and thus are strongly suppressed by extra powers of
the hard scale > ~M? (see e.g., Refs. [30,31]). This
becomes even more obvious in the color dipole framework
due to color transparency [24] making the medium more
transparent for smaller dipoles.

In what follows, we do not explicitly calculate the
Feynman graphs in Fig. 3 but instead adopt the Good-
Walker picture of diffraction [23] where a diffractive
scattering amplitude is proportional to a difference between
elastic scatterings of different Fock states off the target in
the target rest frame. To this end, applying the generalized
optical theorem in the high energy limit with a cut between
the screening and active ¢-channel gluons as illustrated in
Fig. 3, we write

FIG. 3. The dominating gluon-initiated contributions to the
single diffractive QQ + H production in pp collisions. The hard
G,+p— OQH + X subprocess via single gluon exchange
where all possible digluon couplings to QQH system are
resummed and denoted by a filled grey circle and explicitly
described in Fig. 1. The unitarity cut between the t-channel
“active” (rightmost gluon) and “screening” (leftmost gluon)
exchanges is shown by vertical dashed line. In actual calculations,
we adopt the Good-Walker picture of diffraction [23] (see the
main text).
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A§p(F1.72.73)

J : j * * =2 2
=§Z<ln|(AZ”)T|Y V(Y Aser(Fr. 72, 73)[in"), - (3.1)
v

where A, is the “screening gluon” exchange amplitude
between a constituent (valence) projectile quark and the
target, A% is the “active gluon” exchange amplitude
between color-singlet G,(QQ)H system and the target
found earlier. In the above equation, summation goes
through all the intermediate states {Y*} except the projec-
tile gluon G,, and a is the color index of the projectile
gluon G,,. The latter gluon can be assumed to be decoherent
in color with respect to valence quarks in the incoming
proton wave function and thus its color should be summed
up independently of the screening A, amplitude at the
level of cross section.

Indeed, the projectile hard gluon before its splitting to
QQH system in the color field of the target undergoes
multiple radiation steps g — gg populating the forward
rapidity domain with gluon radiation with momenta below

where A(z(")), B(z®)), and €(z()) are arbitrary functions
of z() matrices corresponding to valence quarks with
j =1, 2, 3 in the projectile proton, respectively.

It is well known that the gluons in such a gluonic ladder
are predominantly located in a close vicinity of the valence
quarks in the so-called “gluonic spots” which have mean
size of about ~0.3 fm [38,39]. Thus, to the first approxi-
mation one could neglect the distance between the projec-
tile gluon G, — QQ + H and the closest constituent quark
compared to the typical distances between the constituent
quarks ~1 fm. Then, the amplitude of the screening gluon
exchange summed over projectile valence quarks j = 1, 2,
3 reads

Z Td’ {Vd’

JELd

Agc)r (F1.72.73) —Ja(Fi+75)} (3.3)

where 7| is the impact parameter of the gluon G, or the
closest constituent quark ¢; (the gluon G, is assumed to
belong to one of the three gluonic spots in the projectile
proton), 7;; =7; —r; is the distances of the other two
constituent quark g;, j# i from the g; quark, and the
matrices 7, are the operators in coordinate and color space
for the target quarks defined in Eq. (2.4). Due to the color

transparency, the soft amplitude (3.3) naturally vanishes if

PHYSICAL REVIEW D 92, 094014 (2015)

the hard scale of the process p7™ < u. The radiated gluons
should then be resummed and can be taken into account by
using the corresponding gluon PDF similarly to the
inclusive case considered above. Since the hard gluon
experiences many splittings on its way (e.g., radiates many
gluons and quarks) before it gives rise to the QQ + H
system, naturally its color gets completely uncorrelated
with the color of the parent valence quark, which should be
taken into account in the respective color averaging
procedure. So in the single diffractive amplitude squared
one effectively sums over the projectile gluon color as
follows:

N2-1

Z (A (A%D) ) 3g),

a=1

|Asp | = (3.2)

where the averaging over the colors of the constituent
quarks in the incoming proton wave function |3¢) is
implicitly performed according to the rule

all the distances in the projectile proton disappear, i.e.,
7 ; — 0. Finally, one should sum over contributions from
the valence quarks (or the corresponding “spots”), i.e.,

3
Asu. rl,rz,rg, ZASCD (34)

i=1

which is equivalent to accounting for cyclic permutation of
the valence quarks at the amplitude level.

In what follows, it is convenient to choose the following
set of independent variables:

{F1. 72,73} = {5,712, i3} (35)
where s is the impact parameter of the projectile gluon G,.
In variance with the inclusive case considered above, the
diffractive scattering is very sensitive to the typical hadron
size in the projectile proton, i.e., large hadron-scale dipoles
7/l ~b~R,, i # j (R, is the mean proton size) become
important and control the diffractive Higgsstrahlung. In this
case the Bjorken variable x is ill defined, and a more
appropriate variable is the pp collisions energy. An energy
dependent parametrization of the dipole cross section with
the same saturated shape as in the GBW case (2.13)
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054(R,3) =0p(8)[1 —e

with parameters being functions of the gluon-target c.m.
energy squared § = x;s (s is pp c.m. energy squared),

_iaZ/Rf)(fv)]’ (36)

R0(§) =0.88 fm(s0/§)0'14

R

was proposed and fitted to the soft hadronic data in
Ref. [38]. Here, the pion-proton total cross section is
parametrized as [40] oph(8) = 23.6(5/59)%% mb, s, =
1000 GeV?, the mean pion radius squared is [41]
(ra), = 0.44 fm?.

Following the above scheme one obtains the diffractive
Higgsstrahlung amplitude A‘S‘D in analytic form as a linear
combination of the dipole cross sections for different dipole
separations. As was anticipated, the diffractive amplitude
|

(3.7)

|ASD|2 256 |\Illl’1| |\Pﬁﬂ|2 Z Qhard SOft’

Qg = Tr[8K, K]+ 8K,,K5
QY

where IACLZ are defined earlier in Egs. (2.21) and (2.22),

(3.9)

with the saturated form of the dipole cross section in the
KST (energy dependent) form (3.6) and (3.7). Equa-
tion (3.8) corresponds to the single diffractive QQH
production process in the Good-Walker picture [23], by
|

dGSD
dadlna3(fl5j_ N

- KiK3,; -
soft — {[2vi66q(;12) + vlgqq(ru - ?13) + vlaqq(FIB)}V]qu("lZ)
+ [Viog,(F12) +2V,05,(F12 = 713) = Vio5,(713)]V o4, (F12 — T13)

+ [Vi(qu(;n) V,qu(r12 - ;13) + zvlaqq(FIS)}vjaqq(rl?s)}’

. 2ﬂ)z/l—[dzr >, H dxkdxédx;mdx’g”/dzr(flpMSD
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represents the destructive interference effect from scatter-
ing of dipoles of slightly different sizes and vanishes as
Adp @3 in the limit @3 — 0. Such an interference results
in the interplay between hard and soft fluctuations in the
diffractive pp amplitude, enhancing the breakdown of
diffractive factorization [28,29].

B. The dipole formula for the cross section

Note that initial (in| and intermediate |Y*) states are
composite and contain the projectile proton wave function
of the initial proton W;(7;, x;) and the projectile proton
remnant wave function W (7, x,) as a function of positions
7; and momentum fractions x; of all the incident partons.
Using the squaring rule for gluon-target interactions given
by Eq. (2.10), integrating over s according to Eq. (2.12),
keeping only the leading (quadratic) terms in small
p, r <r;; and Fourier-transforming the amplitude back
to momentum space, we obtain explicitly

KiK.

(3.8)

[
construction. We notice that the soft (r;;-dependent) part of
the SD amplitude squared in Eq. (3.8) has been accumu-

ij
lated in Q¢

and r is contained in Qﬁgrd, while the partonic structure of
the projectile proton is concentrated in |W¥j,|*>. The ampli-
tude above is normalized in such a way that the cross
section of the QQ + H production in forward single-
diffractive pp scattering reads

while all the dependence on the hard scales p

2, (3.10)

klmn

where & | is the transverse momentum of the final proton associated with the 7-channel momentum transfer squared,

t=—8.]%

x; /, are the fractional light-cone momenta of the valence/sea quarks and gluons. As long as the forward

diffractive cross section (3.10) is known, the total SD cross section can be evaluated as

dJSD . 1 dGSD
dQ BSD(S) de&L

Bgp(s) =

5, -0

(r, ch> /3 +2apIn(s/sy),

s; =1 GeV?, (3.11)
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where dQ is the element of the phase space volume defined in Eq. (2.23), and Bgp(s) is the Regge-parametrized #-slope of
the differential SD cross section (with &), = 0.25 GeV~2), which is expected to be similar to the t-slope measured in
diffractive DIS.

The initial proton ¥;, and proton remnant ¥, wave functions in Eq. (3.8) encode information about kinematics and
probability distributions of individual (incoming and outgoing) partons. In the unobservable part, the completeness relation

to the wave function of the proton remnant W, in the final state reads

Z‘Ilfm I, 7”2, r’is {xq 2} {xl 2})

6(r3 — r3 H5 Xatg~ q/y

fin

= 5(7”1 - 7”/1)5(”2 -

In the above formula, S-functions reflect momentum
conservation and will simplify the phase space integrations
over the unobservable variables in the single diffractive
Higgsstrahlung cross section considerably (see below).

The light-cone partonic wave function of the initial
proton W, depends on transverse coordinates and fractional
momenta of all valence and sea quarks and gluons. As was
mentioned above, we assume that the mean transverse
distance between a source valence quark and the sea quarks
or gluons is much smaller than the mean distance between
the valence quarks. Therefore, the transverse positions of
sea quarks and gluons can be identified with the coordi-
nates of the valence quarks, and the proton wave function
squared |¥;,|> can be parametrized as

3a* —a(P+r2+72) 1.2,... 2.3....
—5 e TRIRIR (xy, {xg T H {xg T )

x 8(F + 7y + 73) <1—x1 Zm) (3.13)

|\Ilin‘2 =

/dequxk6<1—x1 qu/g> (er g b o) = <2>2g(x1,,,2),

b k£l

in terms of the PDF of the hard gluon g(x;, 4*

Wi (7. 70 (02, (12))

(3.12)

|

where a = ( §h> is the inverse proton mean charge radius
squared, the variable x} = x; is defined as the light-cone
momentum fraction of the hard gluon related to rapidity Y
of the produced QQ + H system in Eq. (2.19); R is a
valence/sea (anti)quark distribution function in the projec-
tile proton. For simplicity, we parametrize the valence part
of the proton wave function in the form of symmetric
Gaussian for the spacial quark distributions. Notice that R
distribution has a low (hadronic) scale, so the constituent
quarks, i.e., the valence quarks together with the sea and
gluons they generate, carry the whole momentum of the
proton, by construction.

In the case of diffractive gluon excitations, after inte-
gration over the fractional momenta of all partons not
participating in the hard interaction, we arrive at a single
gluon distribution in the proton, probed by the heavy
system M,

(3.14)

) with fractional momentum x;, with a proper color factor being the square of

the Casimir factor C,/Cr = 9/4, where for N, = 3 the factors C4 = N. =3 and Cr = (N2 —1)/2N, = 4/3 are the
strengths of the gluon self-coupling and a gluon coupling to a quark, respectively. While single diffraction with production
of Q0 and hence QQH is dominated by the gluon-gluon fusion (“production”), in the corresponding inclusive process the
“bremsstrahlung” contribution can also be important but only at very forward rapidities currently unreachable for
measurements (for more details, see Ref. [31]).

In the single diffractive QQH production cross section the phase space integral of the soft part QY

«oft Over the positions of
the valence quarks 71,3 in the proton wave function can be taken analytically, i.e.,

ii 1 2a - - ii N AN i i
/dzrlcfzrzdzme a(ritr+r V(P + Ty +74)Q . = §/ d2r12d2r13e‘?<’%2+r?3+’12’13)98{)ﬁ = 47%63(3)A(5)57,

where the inverse proton mean charge radius squared a = 1.38 fm™~2, the soft factor
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A(3) = [a(aR} + 1)*(aR§ + 3)*(aR} + 4)*(aR} + 12)*(a*R{ + 8aR} + 3)?]™!
x {5a"9R2 1 1924°RS + 3058a5RIS + 26224a7 R + 132803a°RY> + 4099684’ R.0

+771368a* RS + 85521643RS + 509454a%RE + 149040aR2 + 18144}

and Ry = R((8), 69 = 0¢(58) are defined in Eq. (3.7), and
5§ =xs.

The differential SD Higgsstrahlung cross section appears
to be proportional to the differential inclusive cross section
found earlier in Eq. (2.20), namely,

daincl
dQ ’

dosp _ 4Rj(xy)
aQ 35,

Fs(xy, )

(3.16)

where dQ is the element of the phase space volume defined
in Eq. (2.23),

29a? ZA M
Fs(xl, S) = 729a Go(les) (xls) , X, = —€+Y
40967 BSD(S) \/E
(3.17)

dosP/dQ  4R}(x,)

(3.15)

is the energy dependent soft factor, A = A(8), Bsp =
Bgp(s) and 7 = z(a3) are defined in Egs. (3.15), (3.11)
and (A26), respectively. Note, the differential cross section
Eq. (3.16) is the full expression, which includes by default
the effects of absorption at the amplitude level via
differences of elastic amplitudes fitted to data, and does
not need any extra survival probability factor. This fact has
been advocated in detail in Ref. [30], and we do not repeat
this discussion here.

C. Diffractive-to-inclusive ratio and diffractive
Higgsstrahlung cross section

The SD-to-inclusive ratio accounting for differences in
respective phase space volumes Q' and Q take the follow-
ing simple form:

M2

Rsp/ina(M?. x1, 5) = 5(M?)

do™/dQ 35,

STl Fg(xy, 8)0(M2, s), X5 (3.18)

- ’
X8

where do®P/dQ and do'™'/dQ are the diffractive and inclusive Higgsstrahlung cross sections found above,
respectively; Ry = Ry(x,), 6y and Fg = Fg(x,,s) are defined in Egs. (2.15) and (3.17), respectively, and
5(M?,s) is the suppression factor caused by an experimental cut on £ =1— x, variable. The latter factor needs
a more detailed clarification.

Indeed, in order to compare our results for the SD-to-inclusive ratio to experimental data, we have to introduce in our
calculations the proper experimental cuts. For example, in diffractive (Z, W [42], heavy flavor [35], etc.) production
measurements at CDF Tevatron, 0.03 < £ < 0.1 constraint was adopted (see e.g., Ref. [42]). Since our single-diffractive
cross section formula (3.16) is differential in kinematics of the produced QQH system, but not in kinematics of the entire
diffractive QQH + X system, and experimental cuts on Y-rapidity (or x;) distribution of a produced system are typically
unavailable, a direct implementation of the & cuts into our formalism and direct comparison to the CDF data cannot be
performed immediately.

A way out of this problem has been earlier proposed in Ref. [30]. At small £ — O one can instead write the single
diffractive cross section in the phenomenological triple-Regge form [43],

dO'pp s1G G 1)
a dfdsl];% B ?1 ;ZIR e Beerrt - P o=Bippy Bppi = Rpp; — 2ap In€,
G3p(0) = Gppr(0) = 3.2 mb/GeV?, R3, =42 GeV72, R%pr = 1.7 GeV~2, (3.19)
I
where i=P,R, s;=1GeV? ap(0)=1 and op= S 5) — [ dp% [04; dédoth /dphdé
0.25 GeV‘.2 is the slope of the Pomeron trajectory (for T f dp? fg ms Jedoll / dp? dé’
more details, see Ref. [30]). Then an effect of the ) min
experimental cuts on ¢ in the phenomenological cross o M min N%z (3.20)
section (3.19) and in our diffractive cross section calculated mnm g s '

above (3.16) should roughly be the same and the suppres-
sion factor ¢ in Eq. (3.18) valid at CDF environment can be
estimated as [30]

Here My i, =M is the minimal produced diffractive
mass containing the QQH system only. The value of
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SD-to-inclusive ratio

Y=0, 14 TeV

Y=3,14TeV — ——-
' Y=0,2TeV - - -- 7
Y=0,0.5TeV --------

0.1

RSD/in(:I(M)

0.01 F

0.001 . . . . . . . .
200 300 400 500 600 700 800 900 1000

FIG. 4. The SD-to-inclusive ratio R(M) as a function of 0QH
invariant mass M for different c.m. energies /s = 0.5, 2, 14 TeV
and QQH rapidities Y = 0, 3.

5 = 8(M?,s) in Eq. (A21) is essentially determined by the
experimental cuts on £ and is not sensitive to the upper limit
in denominator, so we fix it at a realistic value e.g., &, ~
0.3 [30]. As a result, for the suppression factor due to &-cut
we have

Vs =14 TeV, 0=0.18...0.24 for

M = 150...500 GeV., (3.21)

respectively, and weakly depends on c.m. energy.

It turns out that the ratio (3.18) is controlled mainly by soft
interactions, i.e., expressed in terms of the soft parameters
only Ry(x,), Ry(8),5,and 64 (5). A slow dependence of these
parameters on the collision energy s and the hard scale M?
governs such dependence of the diffractive-to-inclusive

10

T tH ——
bbH ———

si‘ngle diffractive QQH prc‘:duction‘
LHC, 14 TeV

do/dyy (fb)

FIG. 5.
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production ratio analogically to the diffractive gauge boson
production case earlier discussed in Ref. [30]. A measure-
ment of the M? dependence of such a ratio would enable to
constrain the x- and s-dependence of the saturation scale as
an important probe of the soft QCD dynamics.

In Fig. 4 we show the SD-to-inclusive ratio of the cross
sections (3.18) for different c.m. energies /s = 0.5, 7,
14 TeV and for two distinct rapidities ¥ =0 and 3 as
functions of QQH invariant mass M. The effect of additional
&-cuts for SD cross section 0.03 < £ < 0.1 is accounted for
by means of the multiplicative factor § defined in Eq. (3.20).
The considered ratio is found to be consistent with the
experimentally observed one for diffractive beauty produc-
tion in Ref. [35]. As expected from earlier considerations of
the diffractive Drell-Yan [28,29] and gauge bosons produc-
tion [30] in the dipole framework the diffractive factorization
in the SD Higgsstrahlung is broken by transverse motion of
valence quarks in the projectile proton. The latter effect leads
to such unusual behavior of the SD-to-inclusive ratio as its
growth with the hard scale, M, and decrease with the c.m.
energy, \/s.

Due to universality of the SD-to-inclusive ratio (3.18)
which depends only on parameters of the dipole cross
section it can be applied to the inclusive QQH production
cross section known in the literature to a rather high
precision. In order to get a reasonable estimate for the SD
Higgsstrahlung cross section one can multiply the corre-
sponding inclusive cross sections obtained e.g., in the k| -
factorization approach with Ciafaloni-Catani-Fiorani-
Marchesini—evolved unintegrated gluon density following
Ref. [16]. In Fig. 5 we present the resulting curves for the
single diffractive pp — X + (bbH) + p (dashed lines)
and pp —» X+ (ftH) + p (solid lines) cross sections
differential in Higgs boson rapidity yy (left panel) and
transverse momentum «x (right panel) at the LHC energy

tH ——
bbH ———

sinéle diffractive QQH p?oduction ‘

LHC, 14 TeV

0.1

0.01

0.001

do/dx (fb/GeV)

0.0001

1e-05

1e-06 . . . . .
100 200 300 400 500 600

x (GeV)

The differential cross sections in Higgs boson rapidity do/dyy (left panel) and transverse momentum do/dx (right panel) of

single diffractive Higgsstrahlung off 77 (solid lines) and bb (dashed lines) pairs at the LHC (/s = 14 TeV). The effect of additional &-
cuts for SD cross section 0.03 < £ < 0.1 is accounted for by means of the multiplicative factor § defined in Eq. (3.20). The
corresponding inclusive cross sections have been obtained in the k| -factorization approach with CCFM-evolved unintegrated gluon

density following Ref. [16].
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/s =14 TeV. At midrapidities, the top and bottom
do/dyy cross sections turn out to be rather close
to each other, while top contribution strongly dominates
over the bottom one at large Higgs boson transverse
momenta k 2 my. Comparing our results for the produc-
tion gg — QOH mode with the results for the diffractive
Higgsstrahlung off the intrinsic heavy flavor from Ref. [34]
we conclude that the intrinsic contribution to the diffractive
Higgs production becomes important at rapidities yy > 3.5
and should be taken into account. Of course, a relation of
the experimental acceptances for Higgs boson and heavy
quark decay products with actual phase space bounds on
producing Higgs boson and heavy quarks is the matter of a
dedicated Monte-Carlo detector-level simulation (see e.g.,
Refs. [18-20]) which can be done in the future if necessary.

IV. SUMMARY

Here we presented the first calculation of the single
diffractive (SD) Higgsstrahlung process off heavy (top and
bottom) quarks. We compute the SD-to-inclusive ratio
within the light-cone dipole approach. For this purpose,
we estimate the transverse momentum distribution of the
inclusive and SD cross sections in the dipole framework at
large Higgs boson transverse momenta (k > my) and
observe that they are proportional to each other. Thus,
the considered high-p | limit enables us to extract the SD-
to-inclusive ratio in a simple analytic form which then
could be used beyond the adopted approximations. The
ratio between them takes a simple analytic form and
depends only on parameters of the dipole cross section.
By using the naive GBW parametrization we estimate the
numerical accuracy of this ratio for not too large QOH
invariant masses to be within a factor of 2. Such a
theoretical uncertainty accounts for typical uncertainties
in the choice of available parametrizations for the dipole
cross section (or unintegrated gluon densities). So by
applying the ratio given by Eq. (3.18) to the inclusive
Higgsstrahlung HQQ cross sections obtained elsewhere
one would get a reasonable estimate for the SD
Higgsstrahlung cross section which can be used in practice.

For the SD case, we numerically evaluated the corre-
sponding differential cross sections in transverse momen-
tum of the Higgs boson and relative transverse momentum
of heavy quarks. Similarly to other hard diffractive proc-
esses [28-31], breakdown of QCD factorization leads to
rather mild scale dependence of the cross section, 1/ m2Q
(compare with 1/ m‘b in diffractive DIS). Such a leading
twist behavior is confirmed by the comparison of data on
diffractive production of charm and beauty [31]. Radiation
of the Higgs boson enhances the relative contribution of
heavy flavors at high transverse momenta. In Eq. (3.16) one
also observes a peculiar feature of similarity of the slopes of
differential in « inclusive and diffractive cross sections
(while the slope for beauty is larger than for top as is seen in

PHYSICAL REVIEW D 92, 094014 (2015)

Fig. 5) (right panel). This could be anticipated, since the
main fraction of the transferred momentum originates from
the short distance interaction, which is the same in inclusive
and diffractive processes.

The same scale dependence, 1/ sz, for diffractive and
inclusive cross sections leads to flavor independence of
their ratio. This is an apparent manifestation of dif-
fractive factorization breaking, indeed, such a ratio in
DIS is steeply falling with m,. The Higgs couplings
cancel in the ratio. The SD-to-inclusive ratio is similar
to that for heavy quark production, which was calcu-
lated in [31] in good agreement with experimental data
from the Tevatron.

Another interesting feature of SD-to-inclusive
Higgsstrahlung ratio, which can be observed in Fig. 5, is
its falling energy and rising M-dependence, where M is the
invariant mass of the produced QQH system. This is
similar to what was found for the diffractive Drell-Yan
process [28,29] and has the same origin: breakdown of
QCD factorization and the saturated form of the dipole
cross section. Of course, the corresponding SD QQH cross
sections by themselves are rather small and may not be
measurable with the current LHC instrumentation. On the
other hand, these correspond to a background for the SD
Higgsstrahlung off intrinsic heavy flavor [34]. The intrinsic
mode increases relative to the background and becomes
important at large rapidities yyz > 3.5.

Within the dipole model the effects of absorption are
included by default in a most natural way, quantum
mechanically. They are contained in the parametrization
of the dipole cross section fitted to experimental data,
and the dipole formula for diffractive scattering is self-
contained and does not require any extra factors. These
corrections are accounted for in our calculations at the
amplitude level, while most of the existing calculations of
the absorption effects have been calculated so far proba-
bilistically. The differences might be large, although are
difficult to quantify at present. Unfortunately, calculation of
the central double-diffractive particle production within the
dipole approach is still a big challenge. Besides, the
probabilistic methods are process and kinematics depen-
dent. Nevertheless, a detailed comparison of dipole model
predictions with probabilistic estimates for the gap
survival is a doable problem which is planned for further
studies.
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APPENDIX A: INCLUSIVE HIGGSSTRAHLUNG
AMPLITUDE IN MOMENTUM SPACE

Explicitly, the inclusive Higgsstrahlung amplitude in
gluon-proton collision is described by the set of eight
diagrams shown in Fig. 1 and reads

2_ A
Bﬂﬁ o lagmo L IT(I) Gp—»X(kJ_’ {X}) qu Flfﬂ
a - \/_ ad 72 2 D

4nv = = k1 + my !

(A1)

where v = 246 GeV is the standard Higgs vacuum expect-
ation value entering the Yukawa couplings in the Standard
Model [44], a, is the QCD coupling, D, are the propagators
defined below, N. = 3 is the number of colors, £ are the
io, (& Q) m is
the effective gluon mass which serves as an 1nfrared
regulator, {X} is the set of variables describing the final
state X, F° (c?,z—»((k 1.{X}) is the amplitude of the ¢-channel

gluon interaction with the proton target p in the target rest
frame which determines the unintegrated gluon density F
as follows [36]:

heavy quark two-component spinors, é"

N2-1 . .
/ (X} FD (o (XD = 42 F (R ),

d=1
M2
Xy = m (A2)
Mtk my ks md 4k
ay a a3 ’
. 3 3
=Sk Sa-t, (A3)

M is the invariant mass of the produced QQH system, %1,2’3
and a; , 3 are the transverse momenta and fractions of the
initial light-cone momentum of the projectile gluon carried
by the produced heavy quarks Q, Q (with mass m) and
Higgs boson H (with mass my = 126 GeV), respectively,
and s is the Mandelstam variable being the total energy of
the pp collisions in the p p c.m.s. frame. The color matrices

Tilz,(i j_) for Ith diagram in Eq. (A1) act in the color space 9f
the QQ and have indices i, j corresponding to the Q and Q,
respectively,

1 3 6 2 4 5
T IR R R R

N2—1
7 8 .
Tﬁld) = ng) =1 Z fadeTe = TaTa = TaTa (A4)
e

PHYSICAL REVIEW D 92, 094014 (2015)

where 7, are the standard SU(N,.) generators related to the
Gell-Mann matrices as 1, = 7,/2.

In what follows it would be instructive to introduce the
quark momentum fraction relative to the QQ pair

k¢

qt’ gt =k +k,

(AS)

a =

such that

ay = a&3, oy = (_Z(_l3 (A6)
Then, the relative transverse momenta between the heavy
quark and antiquark, », and between the radiated Higgs
boson and QQ pair, k, are

;(:C_(kl —akz, I?:(jl k —a3(k] +k2), (A7)
respectively, serve as convenient phase space variables of
the considering reaction such that the element of the phase
space is

dQ o dadn ayd*xd’. (A8)

The incident transverse momenta k; are then defined as

%1 = }?—05[1?—553_/(;],
_k'z - —7{—6:[1?—5:32l],

k3 = l_(" + a3kL7

such that in the limit of small a3k < k, the variable K has
the meaning of the transverse momentum of the Higgs
boson, while the transverse momentum of the QQ pair is
given by

-

koo =k +ky = K+ k.

(A9)

The set of eight vertex operators I'; corresponding to the
[th diagram in Fig. 1 reads

Fl = VZ(%137 al)i\]Z(%Q’ a2)a
U (k17a1>‘71(k23’ a2)

&7
[

—051 (kl,al)vl(km - 053’&»0‘2)7
Iy= —azvz(kn — asky.a)Us(ky, ).
Fs = —052053 (k1 kJ_ al)vl(k23va2)v
e = —ala3V2(k13,al)U2(k2 ~ki.a),
(k1 - alkl’al)vl(k23va2)

fs = a1a3Vz(k13,a1)U2(k2 - a2kJ_, 062),

I; = —(12053

(A10)
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where momentum. The propagator functions D; which enter the
denominator in Eq. (Al) read
k13 = a3k1 - a1k3 = (Z3;( - al?, (All)
223 = 0@%2 - az_k':z) = —a37( - 6:1?, (AIZ) Dl - AO(kZ)AZ(kB, a1 a2)7
. R R . Dy = Ag(ky) Ay (kos, an, ay),
and the 2 x 2 matrices U;, and V, are given by - - - -
Dy = Ag(ky)A;(ky, kys — azk a0, a3),
Ul(kl’ al) = ng : E + (] - 2&1)(3 ’ ?l)(é : kl) D4 = Ao(zz)AI(zz, %13 - 0@7{!,0{2,(11, a3),
+i(exn) ki, Ds = Al@l - zl’7<'23’0‘17052»053)A2(%23,az’(ll)a
02(](2’ aZ) = mQE : E + (1 - 2“2)(3 : 171)(2 ' k2) D6 = Al(%z — zL, 7&13,052,051,053)A2(z13, al,az),
—i(exn) -k, D; = Az(%zyaz,al)Al(%l - (117&, %23,01»02»03)»
Vig =2mpay, (e, - a3). (A13) Dg = Az(%mal,%)Al(%z - azl;i’ %13,02,0’1,0’3)’
Here, ¢ is the initial gluon G, polarization vector, ¢ = (A14)
{6',6%,6%} is the vector of Pauli matrices ¢¢, and 7 is the
unit vector in the direction of the corresponding particle ~ where
|
Ag(ky) = m} + K,
- 2 -2 -2 _
Ay (ky, ks, ap, o, a3) = apazk + oy ks + @ apmyy + az(a + ajaz)mp,
Ao (kizeay,ap) = azmy + ayamy; + ki@ =1-a, (A15)

It is worth noticing that D, functions are dependent on others since

[Ag (k1) As (kaz, an. )] ™' = oy [Ag(ky ) Ay (kg Koz . ap. a3)] 7!

+ a3 Ay (ks ap, ) Ay (ky Koz ., ap, a3)] 7!

is satisfied. Together with the above relations, the latter one enables us to represent the total Higgsstrahlung amplitude (A1)

ML
By =

iaymy N Fi) (ki (X))

Vénv T

in terms of two independent helicity amplitudes

Ty = ey (ko ) (ki Kas) = i (K Koy = ask )} + anas { (ky ko) = Ay (ky = K1 Kas) 31 (Kos)

- 0!1(13,52(](13){22(/(2 —ky, k13) - /Alz(kz -k, k13)}7

f2 = az{ﬁz(kzv k13) —/22@2, %13 - a3kl)}92@2)

Wt 4 AR
ic'i N m?] éQ {TquTl + TdTuTZ}gﬂ' ’ (A16)
(A17)
+ 0103,32(];13){;12(%2, z13) - 22(%2 - %Lv %13)}
- 0520‘3{;11@1 - zb z23) - ;11(7‘1 - 051zg %23)}@(%23), (A18)
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where
- U 7& B g U ]_é ’
(k) = 1 ( lqal) Dy(ky) = 2( 2ﬁ052)’
Ay (ky) Ay(k2)
Nt ‘A/ z , ~ /7 ‘A/ % s
P1(k23) — L( 23 2) . pz(k13) — {( 13 ]) ,
Az(k23,az,0!1) Az(k,3,al,a2)
o V, (k3. o V, (k3.
(ki kys) = —= L( 23 %) . o (ky ky3) = ——= {( EIL) ,
Al(klskZSaal»az»GZ») Al(kzskl_%’az’al’%)

. U, (k.
’ /12(k27k13) = > —2>( z a2) . (A19)
Al(k2vkl3’a2’al’a3)

Ul (kla al)

;11(];1,%23) = >
Al(kl’ k23’ (11»02»0'3)

Clearly, the amplitudes ?1,2 are related by a symmetry T, < T; with respect to Q and Q interchange, i.e., %1 <~ 7<2 and

a <> a,. Apparently, Tl,z vanish in the forward direction k | — 0 which guarantees the infrared stability of the cross
section.

The above expressions significantly simplify, if the longitudinal momentum fraction a5 carried by the emitted Higgs
boson is small, i.e., a3 < 1, corresponding to the dominant configuration for the fluctuation of the projectile gluon,
G, — Q0 + H. Then the operators (A13) are

A

U, (k,a) = U,(~k.@) = O (k)
Vi=aV(as/a), Vy=a?V(as/a), Viy)=2(1=y)my. (A20)

Ao(k) =Dy (% — a(® — ky)).
Ag(ko) =Dy (% +a®=k1)).  Dy(k) =K +m,
Az(%w,ahaz) =a’D,(k — (a3/a)%, @),
Bo(kys. ar.a0) = @Dy + (ay/@)%.a).  Dy(k.a) =k +wi(a).
Ay (ki ko, oy, a0) = @z D, (k) + @D, (ky /@, @)
Ay (ky ks 0. p) = afas D) (ky) + a@D; (ks /e a)]. (A21)

where m% + %2
2 a2 = 2 » Mg
M —MQQ+K + M=, MQQ_ aa
200N 2 a\? 2 4z
w*(a) = m}; + <a> mp. (A22) 4 M TR (A24)
as

The typical scales for incident transverse momenta are L . .
In the dominating configuration corresponding to a; <«

- . a ~ @ asymptotics we have
|kJ_| ~ mg < |K'

- - -
. ||, K| ~ my, |%| ~ mg,

(A23) A1(%1,%23, ay, @) = ad@* (K> +7°),
such that Ay (ky, ki3, a0, 1) = aa? (K + 72), (A25)
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where

In this asymptotics we finally get

PHYSICAL REVIEW D 92, 094014 (2015)

Tl<%l,){,l-()) —

Tz(l-él,}{, ;(") =

T =mp + ;M3 . (A26)
] ;J({—aoi—lg)) { (w/5) Vi) _ } (A27)
Ge—alk—k ) LT+ 22 4 (k+ (a3/a)k,)
V) } O +a(k~k.) (A28)
TR 24 (@4 (as/a)k, ) D%+ a® - k)

N {V(a3 Ja)
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