PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: June 15, 2016
REVISED: July 20, 2016
ACCEPTED: August 7, 2016
PUBLISHED: August 24, 2016

The Higgs transverse momentum spectrum with finite
guark masses beyond leading order

Fabrizio Caola,” Stefano Forte,” Simone Marzani,® Claudio Muselli® and
Gherardo Vita?
@Theory Division, CERN,

Genéve 238, CH-1211 Switzerland

Tif Lab, Dipartimento di Fisica, Universita di Milano and
INFN, Sezione di Milano,
Via Celoria 16, Milano, 1-20133 Italy

¢Department of Physics, University at Buffalo, The State University of New York,
Buffalo, NY, 14260-1500 U.S.A.

dCenter for Theoretical Physics, Massachusetts Institute of Technology,
Cambridge, MA, 02139 U.S.A.
E-mail: fabrizio.caola@cern.ch, forte@mi.infn.it,

smarzani@buffalo.edu, claudio.muselli@mi.infn.it, vita@mit.edu

ABSTRACT: We apply the leading-log high-energy resummation technique recently derived
by some of us to the transverse momentum distribution for production of a Higgs boson
in gluon fusion. We use our results to obtain information on mass-dependent corrections
to this observable, which is only known at leading order when exact mass dependence is
included. In the low pr region we discuss the all-order exponentiation of collinear bottom
mass logarithms. In the high pr region we show that the infinite top mass approximation
loses accuracy as a power of pr, while the accuracy of the high-energy approximation is
approximately constant as pr grows. We argue that a good approximation to the NLO
result for pr 2 200 GeV can be obtained by combining the full LO result with a K-factor
computed using the high-energy approximation.

KEYWORDS: Perturbative QCD, Higgs Physics, Resummation

ARX1v EPRINT: 1606.04100

OPEN AcCCESS, (© The Authors.

Article funded by SCOAP®. doi:10.1007/JHEP08(2016)150


mailto:fabrizio.caola@cern.ch
mailto:forte@mi.infn.it
mailto:smarzani@buffalo.edu
mailto:claudio.muselli@mi.infn.it
mailto:vita@mit.edu
http://arxiv.org/abs/1606.04100
http://dx.doi.org/10.1007/JHEP08(2016)150

Contents

1 Introduction 1
2 Resummation 3
2.1 Kinematics and definitions 3
2.2 The impact factor 5
2.3 Perturbative expansion 8
3 Parton-level results 11
3.1 Leading order: comparison to the exact result 11
3.2 Expansion coefficients beyond the leading order 12
3.3 Bottom logs 15
4 Phenomenology 17
4.1 Validation of the high-energy approximation 18
4.2 The mass-dependent spectrum beyond leading order 19
5 Conclusion 23
A Form factors and perturbative coefficients 23

1 Introduction

The discovery of the Higgs boson at the CERN Large Hadron Collider (LHC) [1, 2] set an
important milestone for our understanding of fundamental interactions. So far, the prop-
erties of the new particle seem consistent with Standard Model predictions, which suggests
a simple electroweak symmetry breaking sector [3, 4]. A major goal of the LHC Run II
is establish whether the new particle is indeed the Higgs Boson of the Standard Model or
there are some deviations pointing towards new physics. In order to reach this goal, very
precise theoretical predictions for signal and background processes are mandatory.

The dependence of the cross-section on heavy quark masses is an interesting probe
of the properties of the Higgs boson both within and beyond the Standard Model, since
it gives access to the structure of the ggH coupling [5-10]. A particularly interesting
observable in this respect is the transverse momentum distribution, since it allows a study
of the ggH coupling at different energy scales and can then provide valuable information
on its structure.

Gluon fusion is the main Higgs production mechanism at the LHC. In this channel the
total production cross-section was recently computed to N3LO accuracy [11, 12]. Recently,
fully differential results for Higgs production in association with one hard jet have become



available [13-15]. However, all these results have been obtained in the approximation in
which heavy quark masses are assumed to be very large, and the coupling of the Higgs
boson to gluons is then described using an effective theory.

At the inclusive level, this is just as well since the dependence on the heavy quark mass
is very weak and under good theoretical control at present collider energies [16]. On the
other hand, large effects are expected in the transverse momentum distribution. Indeed,
theoretical predictions for this observable in the full theory, which are only known at the
lowest nontrivial order [17], show large deviations from the effective theory as soon as pr
is comparable to the top quark mass. The fact that only the leading order is known is
particularly problematic since we know from the inclusive case that radiative corrections
are very large.

In ref. [18] some of us have shown that using high-energy resummation methods it is
possible to glean partial information on the heavy quark mass dependence at higher order,
at the level of the inclusive cross-section. These results were subsequently used to construct
an optimized approximation to the NNLO [16, 19, 20] and N3LO [21-24] inclusive cross-
section with full top mass dependence. The goal of this paper is to apply similar ideas to
transverse momentum distributions; this is possible thanks to the recent derivation [25] of
high-energy resummation for transverse momentum distributions.

High-energy resummation is available only at the leading logarithmic level: it pro-
vides us with information on the contribution to all orders in o which carries the highest
logarithmic power of In mii Still, this provides relevant insight on the heavy quark mass
dependence. Indeed, in the opposite kinematic limit, namely the threshold limit in which
mT%L — 1, all the dependence on the heavy quark mass can be absorbed in a factorized
Wilson coefficient which depends only on the strong coupling and the ratio of the heavy
mT%L. On the contrary,
in the high-energy limit the behaviour of the total cross-section in the effective and full

quark to the Higgs mass, up to terms suppressed by powers of 1 —

theory are qualitatively different, as the former is double-logarithmic [26] and the latter
single-logarithm [18] (i.e. they are respectively a series in o In — and o, In 25).
h h

In ref. [25], where a general resummation of transverse momentum distributions was
derived, a first application to Higgs production in gluon fusion in the effective field theory
limit was presented. Here, we will apply the same general formalism to the same observable,
but now retaining full heavy quark mass dependence. Besides studying the top mass
dependence in the boosted Higgs region, our results provide some insight on bottom logs
when both top and bottom mass dependence is retained. Indeed, in the region mg < p2
bottom mass effects may become relevant. Of particular interest is the region m,% <p2 <
m,%, in which logarithmically enhanced, though mass-suppressed terms appear [27]. We
will be able to study these logs to all orders, albeit in the high-energy limit.

The paper is organized as follow: in section 2 we present the resummation of the
transverse momentum distribution for Higgs production in gluon fusion with complete
quark mass dependence. In section 3 we discuss the partonic resummed cross-section. We
check that its leading order truncation agrees with the high-energy limit of the exact result,
and that in the pointlike limit it reproduces the resummed result of ref. [25]. We study the



first few orders of its perturbative expansion, and specifically we study the high-p; region
and compare the high-energy result expanded through NLO in the effective and full theory.
We use these result as a way to qualitatively estimate mass corrections beyond leading
order: we show that for high enough transverse momenta the high-energy approximation
provides a reasonable estimate of higher-order corrections while the effective field theory
fails completely. We also address to all orders the structure of the logarithmic dependence
on the bottom mass. In section 4 we discuss phenomenological implications: we repeat
the comparison of various approximations of section 3 but now at the level of hadronic
cross-sections and K-factors. We conclude that currently the best approximation in the
high pr 2 200 GeV region is obtained by combining the exact LO result with a K-factor
determined in the high-energy approximation. We also compare our results to previous
estimates of finite mass effects based on matching to parton showers [28]. More accurate
approximations could be obtained by combining multiple resummations, as we discuss in
section 5 where conclusions are drawn and future developments are discussed.

2 Resummation

Leading-log high-energy resummation has been known for inclusive cross-sections [29, 30]
and rapidity distributions [31] since a long time. More recently, a framework for the resum-
mation of transverse-momentum spectra was developed by some of us [25]. In this section,
after a brief summary of notation and conventions, we apply it to the resummation of the
Higgs transverse momentum distribution in gluon fusion with finite top and bottom masses,
and then study its perturbative expansion, which will allow us to obtain the truncation of
the resummed result to any finite order.

2.1 Kinematics and definitions

In standard collinear factorization, the hadron-level transverse momentum distribution can

be written as

do 1 1
Te (7—,5 ) {yz}) = / d.’IJl / de
dgp 2; (VTG E) B

do;; T
: ](mlxz’gp’{yi}vas(ui),ui,@) fi (w1, 12) £ (22, 42) . (2.1)

where f;(x;) are parton distributions and we parametrized the kinematics in terms of the
following dimensionless ratios

2 2 2
m P m;
S my, my,

where myj,, m; are respectively the Higgs and the various heavy quark masses, pr is the
transverse momentum of the outgoing Higgs boson and s is the (hadronic) center-of-mass
energy.



Equation (2.1) can be cast in the form of a standard convolution by an appropriate
choice of hard scale. To see this, we define

2 2
(&) =7 (VI+E+VE) :%, (2.3)

thus identifying the threshold energy

V@2 = \miy + 03+ ViR (2.4)

with the physical scale of the process. Note that when pr < myg, 7 =~ 7, while when

pr>my, T & 4’%. If we now introduce the partonic equivalent of eq. (2.3)

== (2.5)

we can rewrite the hadronic cross-section as

/

7 = i\ - ySpy 1Y Sy Cs ) ’ ) 2.
i o) =7S [ Wy (G ) [ 252 @ st )| (26)

where the parton luminosity is defined in the usual way as

g
Lij (z, 1z) =/ nyi (y> 1) £ <;Uu§> : (2.7)
and
iy ' 2 2y _ 40 ! , 2 2 2
dé_p («'1:75177 {y’b}7a57/’l/R7/‘LF) dé—p <(m+ é_1;)275177 {yl}7a87l"LR7/‘LF> . ( 8)

That Q? is a natural choice for the process is demonstrated by the fact that eq. (2.6) takes
the form of a convolution, and thus in particular it factorizes upon Mellin transformation.
In the following, we fix u2 = p2 = Q? and drop for simplicity the dependencies on these
scales. The full scale dependence can be restored at any stage using renormalization group
arguments.

High-energy resummation is usually performed in Mellin (V) space. For the sake of
the determination of the leading-logarithmic (LLx) result, it is immaterial whether the
scale is chosen as Q% eq. (2.4) (so the Mellin IV variable is conjugate to 7’ eq. (2.3)) or m%
(so Mellin N is conjugate to 7 eq. (2.2)), because the choice of scale is a subleading In x
effect. The LLx expression of the partonic cross-section can be expressed in terms of the
Mellin transform?!

dé;; 1 L dby;
ze (Voo {ihi) = | dwa i (76 (k) (2.9)

Note that with a slight abuse of notation we use the same notation for a function and its Mellin

transform.



through an impact factor hy.:
doj
dé,

where v () is the BFKL LLz resummed anomalous dimension [32-37]. The impact factor

(N s (i) = B (07 (52) 57 (55 ) 6 i} (2.10)

for the gg channel is defined as

hggapT (N7 M17 M27 gp? {yl}) = hpT (Nv Mla M27 ép’ {yl})
= My MR (M) R (M>)

b M1 > ¢ cMz—1 ¢ )
></O de € /O GEEEC, (N.EE 6 {u)). (211)

Here the process-dependent coefficient function C),. describes the interaction of two hard
off-shell gluons with the Higgs boson (its computation will be described in the next sub-
section), the Mellin transforms in ¢ and & resum multiple high-energy gluon emission and
R(M) is a function which fixes the factorization scheme; the reader is referred to ref. [25]
for full derivations and details.

Due to the eikonal nature of high-energy gluon evolution, results for all other partonic
channels can be trivially obtained from eq. (2.11):

C
hqg,pT (N7 M17 M27 gpa {yz}) = l |:hpT (NJ M17 M27 gpa {yl}) - hPT (N7 07 M27 £p7 {yZ}) 3

Ca
(2.12)

C 2
hqql,pT (N> My, M, £p7 {yl}) = <CZ> [hPT (N7 My, Mo, 5}77 {yl}) - hPT (Nv 0, M, ‘fp’ {yi})+

— hpy (N, M1, 0, &p, {yi})], (2.13)

where ¢,¢ can be any quark or anti-quark. The subtraction terms in eq. (2.12) ensure
that at least one emission from the quark line is present, see ref. [25] for details; note
that subtraction of hy, (N, 0,0,&,, {y:}) is not necessary because this contribution vanishes
for pp # 0.

2.2 The impact factor

The computation of the coefficient function C),. which enters eq. (2.11) follows the proce-
dure outlined in refs. [18, 25]: C). is closely related to the transverse momentum distribu-
tion for the process

9" (k1) +g" (k2) = H (p). (2.14)

Specifically, the off-shell gluon momenta can be parametrized in terms of longitudinal and
transverse components as

k1= zp1 + k1
ko = zpa + ki 2 (2.15)



with

p; =0, pi ke =0, i,j=1,2
ki = ki =—&mj <0, ki = kiy=—Emj <0 2p1 - pa = &,

ki1« ko = —\/ng% cosf .

The coefficient function Cpp. (N, €, &, &y, {yi}) is then defined as the Mellin transform

1
CPT (N7£7£_7 gpa {yz}) = /0 d$.CUN_1CpT (w7£a£—7 gp? {yl}) (216)
where
_m
T= (2.17)

Note that Mellin transformation in eq. (2.16) is performed for simplicity with respect to
the standard pr-independent scaling variable eq. (2.17) as in the inclusive computation
of ref. [18]: as already mentioned, computing the Mellin transform with respect to the
variable 2’ eq. (2.5) would lead to a result which differs by subleading terms, and thus to
the same final LLx answer.

The quantity Cp, (7, &, €, &y, {y:}) in eq. (2.16) is the transverse momentum distribution

Coe (2,6, €, 6 lsh) = [ 52 2516C§011M<g*g* )P
de(kﬁkQth)xa(gpgéQ gécose). (2.18)
In eq. (2.18) dP is the phase space factor
dP (k1 + ks %ph):jglcs (i—1—5—5—2 §§c0s9> %; (2.19)

the sum over off-shell gluon polarizations is performed using

S ek esr (ki) = —2-2 t (2.20)
)\ b

and the flux factor is determined on the surface orthogonal to p; 2.
After standard algebraic manipulations, C),, can be written as

27rd9~

CPT (N7 57 gv gpv {yz}) = 209 ({yz}) /0 dx xN_Q /0 %F (€7 g? §p7 {yz})

5<i_1_§p>5<§p_5_€_2 §§cos€), (2.21)



where og is the LO Higgs production cross-section

2

o({wih) = o6 DK (w)| (2.22)

{v:}

G202

L= s, 2.2
g0 5767 ) ( 3)
| T—dy -1

K()=6y(1->(1—4y)ln 2.24
R R (2:24)

In eq. (2.23) (as well as in all the remaining Equations in this paper) the branch cut in
the logarithm should be handled by giving y a small negative imaginary part. The rather
lengthy explicit formula for the form factor Fis reported in appendix A, together with some
limiting cases. Note that the quark mass dependence is contained both in the Born cross-
section o and in the form factor F. Note also that if the exact quark mass dependence is
retained, the form factor F vanishes in the &, — oo limit, while it approaches a constant
(F — cos?6) in the pointlike approximation. This fact leads to a qualitatively different
high-energy behaviour in the two cases, which we will discuss in detail in the next sections.

Inserting the expression eq. (2.21) for the coefficient function C),, in the impact factor
eq. (2.11) and using one delta function to perform the x Mellin integral we obtain

hPT (N7 M17M27§p7 {yl}) =

el
OMWDMMﬁMMRw@u+®NA e, €]

[Tiaas [ i@ 66 b (1-6 -6 - 2VEGw) . (229

where we have introduced

k2 = k’2
u = cos 0, 51222—]%1, 522202—;; (2.26)
and defined )
F (1,88, {ui}) = F (§,€.&,{ui}) - (2.27)

We have performed several checks on eq. (2.25). Using the expressions in appendix A
it is easy to see that in the y; — oo limit eq. (2.25) correctly reproduces the pointlike result
of ref. [25]. Also, upon integration over §, it reproduces the inclusive result of ref. [18].
Finally, it is clear from eq. (2.26) that the & — 0 limit at fixed £; 2 can be treated in
the eikonal approximation. As explained in ref. [25], in this limit the result with full
heavy quark mass dependence must reduce to that of the effective theory, up to a Wilson
loop prefactor, i.e., the impact factor eq. (2.25) reduces to the pointlike result, up to the
replacement of the Born cross-section eq. (2.22) with its pointlike form. Comparing to the
pointlike impact factor, as given in eqs. (4.3), (4.5) of ref. [25], this implies the consistency
condition

lim F'(&1,82,&p,yt) = L-a-6Y (2.28)
£)0 1,82,Sps Yt) = 2\/@ .

which can be explicitly checked using the formulas in appendix A.



2.3 Perturbative expansion

The perturbative expansion of the impact factor which leads to the resummed result can
now be obtained by performing the integrations in eq. (2.25). For the sake of extracting the
first several orders in the expansion of the cross-section in powers of o we are interested
in, we need the expansion of the impact factor in powers of M;. This task is not entirely
straightforward because of the 1/M; collinear singularities coming from the §Mi_1 terms.
Although the actual singularities are removed by the M;R(M;) factorization terms, they
prevent a naive Taylor expansion in M;. In ref. [25] this problem was circumvented by
analytically computing the impact factor for arbitrary values of M;. In the present case,
however, an analytic computation does not appear viable because of the complexity of F
when the full quark mass dependence is retained.

In order to extract the desired coefficients in the expansion of the impact factor we
then proceed as follows. First, we note that because of the kinematics in the LLx limit
we cannot have collinear singularities in both £ and & at the same time. This is because
the transverse momentum of the two incoming off-shell gluons must exactly balance the
Higgs transverse momentum, so we cannot have &; = & = 0 and §, # 0 at the same time.
This is made explicit by the delta constraint in eq. (2.25). It is then natural to split the
integration domain in two regions, one with & > & and another with & > &;. In the first
one, we define & = 2£; and rewrite eq. (2.25) as

B (N, My, Mo, &, {yi}) =

Mi+Mo—1 1 "
00({yi})M1M2R(M1)R(M2)W/ dz 2M2~1

1

2d > _
B 77\/1?719/0 A&y & MTNR (64, 260, 6, {wi}) 0 (1 — & (1 + 2Vzu + 2))
(2.29)

where we have denoted with héT the contribution from this first integration region.
We now use the delta function to perform the &; integration to obtain

hII7T (N, Mb M27 gp? {yl}) =

Mi+Mz—1 1
a0 ({yi}>M1M2R(M1)R(M2)M/ dz zM21

z

1 1 Miy+Ms 1
F ;
1 7mV1 —u? [14-2\/511—1-2} <1+2\/5u+z 1+2yzu+ 2

7€pa {yz}> .
(2.30)

Note that in eq. (2.30) the limit & — 0 is harmless and only the limit z — 0 is associated
with a collinear singularity. We compute it using the identity

o y
M=t [/~ 2
M-
2.31
S N 2a)




where the plus distribution is defined as

1 1
[ =16, 9) = [ )10 - 9000 2:32)
0 0
We then rewrite eq. (2.30) as

hP{T (N7 M].v M27€p7 {yl}) =

I])WH-Mz—l 1 2du
oo ({yi}) MiMyR (M) R (Ma) U+ Janvi@

1 b aMIMe R (a,b, &) {yi}) = F (1,0,60, {4i}) ap,
X (MQF(LO, {yi})+/0 dz ZM> (2.33)

z

where we have introduced the notation

1 z

- b=} S 2.34
1+2yzut 2 ) = T a2 (2:34)

a=a(z,u) =
In eq. (2.33) the collinear pole in My = 0 has been isolated explicitly, and the remainder
can be Taylor-expanded in M;; eq. (2.33) only involves integrals over compact regions,
which can be easily performed numerically. Since F' is symmetric under & <> & exchange,
the result for the second region & < & can now be obtained from the left hand side of
eq. (2.33) via M; <+ M exchange.
Combining the contributions from the two regions, we find that the expansion of the
impact factor eq. (2.25) has the general structure

hpT (N7 M17 M27 €p7 {y’b}) -

;)\41+M2*1
oo ({yi}) R (M) R(Mz3) W
x| co (o (D) (M1 + Ma) + 7 i (&, {weh) (MEME + M0gf) | (235)
j>k>0
with
co&p{yi}) / ﬁ F(01.6,.{y:}) (2.36)
1 1
cir(p{yi}) = (G — Dk — 1)1+ 45
L odu U nd=taln* =20 F (a,b,¢,,{yi}) — 0;1In" 12 F(1,0,6,,{yi})
></_17r 1_u2/0dz .
+(j < k) (2.37)

and a, b defined in eq. (2.34). A relatively simple analytic expression for ¢y is presented in
appendix A, see eqgs. (A.13), (A.14).



The expansion and resummation of the transverse momentum distribution in the MS
scheme are finally obtained by substituting the expansion eq. (2.35) of the impact factor
in egs. (2.10), (2.11), (2.12), and then letting [37, 38|

My = My = ~ (%) - %% +0 (o) (2.38)
and
RBys (S5) =1+ 0 (ad) (2.39)
MS N s) .

Note that this means that at O (as) (LO), only the coefficient cg (€, {y;}) contributes
to the transverse momentum distribution while at O (a2) (NLO) we must also include
c11 (&, {vi}), and at O (a?) (NNLO) c21 (&, {yi}) (here and henceforth we count powers
of as not including the overall a? factor from oy).

In view of our main goal, which is to estimate finite quark mass effect, it is interesting
to compare our result eq. (2.35) with its pointlike counterpart, as obtained in ref. [25]. In
that reference, the impact factor was obtained in closed form:

Mi+M—1

hoY (N, My, Mo, €,) = 0§ “ R (My) R (Ma) W

F(1+M1)F(1+M2)F(2—M1—M2) (1 2M1M2 >:|

I'(2—M;)T'(2— M) (M + My) 1— My — M
(2.40)
which can be expanded in power of M7 and Ms, with the result
Mi+Ms—1
PL PL
hpy' (N, My, M, &) = o "R (M1) R (Ma) &7‘5)1\[
P
x|l + M)+ ST B (Mg M) | (2.40)
§>k>0

Although eq. (2.35) and eq. (2.41) have the same formal structure, if the exact quark
mass dependence is retained, the coefficients c;, eq. (2.36) depend non-trivially on &,
while in the pointlike approximation they are just numbers. The pr independence of the
L
k

coefficients cI'F is a reflection of the collinear origin of high-energy radiation and of the

7,
pointlike nature of the interaction, see [25]. Nevertheless, as we already mentioned, in the
&p — 0 limit the pointlike result should be recovered up to an overall rescaling. This in

particular implies that

cin & {ui}) = iR (2.42)
p

Using eq. (2.36) and the explicit form of F' in the &, — 0 limit given in appendix A, it
is indeed straightforward to show that eq. (2.42) numerically holds for arbitrary j, k. The
situation is rather different in the opposite §, — oo limit. Indeed, in this case it is clear
from eq. (2.41) that the pointlike impact factor behaves like h;} ~1n? €,/€,. On the other
hand, thanks to the presence of the form factor F' in eq. (2.36) the impact factor in the
full theory vanishes at least as hp, ~ In/ &/ fg, leading to a much softer high p; spectrum.

~10 -



3 Parton-level results

We now present and discuss results for the partonic cross-section in the gluon channel ob-
tained from the expansion eqs. (2.35)—(2.36) of the resummed results. We will specifically
include top and bottom masses, i.e. henceforth {y;} = {y:, y»}. We expect the coefficients
cik (&p {uit) = ¢k (&py ye, yp) to depart from the pointlike limit when the transverse mo-
mentum starts resolving the top loop, for &, ~ y;, and also to show some smaller deviation
from the pointlike behaviour in the region &, 2 v in which the bottom mass effects are felt.

First, we compare the exact result, which as mentioned is only known at LO, to
our high-energy result, and to the pointlike limit. Then, we discuss the structure of the
first several perturbative expansion coefficients ¢; ; eq. (2.36), and specifically compare the
pointlike limit to the contributions of top, bottom and interference. Finally, we use our
result to address the issue the possible exponentiation of bottom logs in the intermediate
scale region my, < pr < my which has been the object of some recent discussion [27, 39-42].

Here and in the rest of this paper we will show all results for my = 125.09 GeV and
with heavy quark masses given as pole masses, with the values

me = 173.07GeV,  y = 1.914; (3.1)
mp = 4.179 GeV, yp = 0.00112. (3.2)

Note that the difference between pole and MS masses is NLLz, and thus for our LLz results
only the numerical value of the heavy quark mass matters. Similarly, different scale choices
only affect our predictions at NLLz. As explained in section 2, we set ug = @ eq. (2.4) for
the numerical results shown in this section.

3.1 Leading order: comparison to the exact result

At leading O(as) our result reduces to

dgtte—LO (0. 30) o (€ ) 2C a5 1
—_— = C _—
dép 0 (Yb, Yt) Co (Sp> Yt> Yb T fp7

with og given by egs. (2.22), (2.24) and cp, eq. (2.36); note in particular that it does not

(3.3)

depend on x because the LLx cross section is proportional to o a'j In* 'z, k > 0. The
coefficient ¢y can be determined in fully analytic form, see egs. (A.13), (A.14).

In figure 1 we compare the exact [17], high-energy and pointlike [43] LO results for
four different values of z’' eq. (2.5). Here and henceforth we only show predictions for
large enough pr > 30 GeV: at lower p; fixed-order predictions cease to be valid, and must
be improved through Sudakov resummation. The relation of the latter to the high-energy
approximation was recently discussed in ref. [44]. As expected, the pointlike approximation
breaks down for pr = m; where the finite-mass result drops rather faster; the deficit which is
seen in the pointlike result for ppy < my is due to the finite bottom mass. The high-energy
approximation appears to be very accurate for 2’ < 0.1; for higher 2’ values it starts
deteriorating and for large 2’ ~ 0.5 it is typically off by 20%. However, the accuracy of the
high-energy approximation does not depend on pr if pr 2 mpy: the large-pr behaviour of

~

the high-energy approximation is qualitatively the same as that of the full result.

- 11 -
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Figure 1. The partonic leading order transverse momentum distribution in the high-energy limit
(blue, solid) compared to the exact result of ref. [17] (black, dotted). The leading order pointlike
result [43] is also shown for comparison (red, dot-dashed). Results are shown for three different
values of ' eq. (2.5): 2’ = 0.01 (top left), 2’ = 0.1 (top right), 2’ = 0.5 (bottom left), ' = 0.9
(bottom right); in each case, the ratio to the exact result is also plotted.

The pointlike approximation instead departs from the exact result by an increasingly

large amount as pr grows: in fact, as pr — 00, co (&, Yt, yp) €q. (3.3) drops at least as

-5 while it is constant in the effective theory, so d"L;JéLO ~ % with a = 2 in the
Pt v p—00 (PT)

full theory, and @ = 1 in the effective theory. In the opposite limit pr. — 0 instead, as
discussed in section 2.3 (see eq. (2.42)), the high-energy limit becomes pointlike, up to an
overall rescaling: it is indeed clear from the plots that in the region ' < 0.1 in which the
high-energy approximation holds, as pr — 0 the high-energy and pointlike results coincide.
An immediate consequence of this discussion is that in the large pr 2 m; region it is

generally rather more advantageous to rely on the high-energy approximation, than use
pure effective field theory results, as we will discuss in more detail in section. 4.

3.2 Expansion coefficients beyond the leading order

We now study the expansion coefficients of the impact factor eq. (2.35), which we compute
including both top and bottom mass, i.e. using eq. (2.36). As discussed in the end of
section 2.3, the LLx transverse momentum distribution up to NNLO is fully determined
from knowledge of the first three coefficients. Explicitly, using eq. (2.35) with eqs. (2.38)—
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(2.39) and inverting the Mellin transform eq. (2.9) we get

do > k k1 Inf1y
xS (m7£p7ytayb) = 0o (ytvyb)zck’ (gpaytayb) Oés(—l) TN (34)
d&p — (k—1)!
with
2C, ¢ s Yt
Cl (5?7 Yt, yb) = A (gpé.yt yb) (35&)
D
202 2¢ (&p, Yt yp) In&p + € Yt
Co (& ) = 2= AT DL RERICATED (3.5D)
™ &p
39 In? 2 1
Cs (fp, Ui, Z/b) _ 27TC;A Co (§p7 Yt Z/b) n gp +2¢11 (€p7 Yt, Z/b) nép +c2.1 (§p7 Yt, yb>. (3.50)

&p

Note that the leading power of In §, is always proportional to the lowest order coefficient cy.

The coefficients are shown in figure 2, and compared to their (constant) pointlike
counterparts [25]. As expected, the coefficients tend to the pointlike limit as &, — 0, while
they vanish at large ¢, as required in order for the inclusive cross-section to be free of
spurious double energy logs, as discussed in ref. [25]. In the high-energy limit, the overall
power behaviour at large pr remains the same to all orders, and equal to that of the leading
order, which as we have seen above, coincides with that of the exact leading order. The
fact that the high-energy approximation holds as holds as 2/ — 0, while in the opposite
2’ — 1 limit the high-py power behaviour is also to all orders the same of the leading-order
result [45] suggests that the high-energy approximation reproduces the correct high-p
behaviour of the full result to all orders.

As seen in section 3.1, the pointlike approximation breaks down for pr ~ m;. In the
high-energy limit, one expects the departure from pointlike to become increasingly marked
as the perturbative order is raised, because with an increasingly large number of hard
emissions more energy flows into the loop which is less well approximated by a pointlike
interaction: so higher-order coefficients ¢; ; deviate more from their pointlike limit than
lower-order ones. On the other hand, the lower order coefficients are enhanced by higher
powers of In¢,, see eqgs. (3.4)—(3.5), so low-order coefficients dominate, and the shape of
the pr distribution remains similar as the perturbative order is increased, as we will also
discuss at the hadronic level in section 4.

Also as discussed in section 3.1, the effect of the bottom quark can be seen in the
departure of the coefficients from the pointlike value at small pr, even though the pointlike
limit is always recovered in the pr — 0 limit. It is interesting to assess the relative impact
of the bottom, top, and interference contributions. In order to do this, we write each
coefficient as

Cj,k (£p7 Y, yb) = Rt (yt7 yb) C;',k (§p7 yt) + Rb (yt7 yb) C‘ly'),k (gpa yb) + Ri (yt7 yb) C}j,k (gpa Yt, yb) )
(3.6)
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Figure 2. The first three coefficients ¢; ; eq. (2.36) in the expansion of the transverse-momentum

dependent impact factor eq. (2.35) with finite top and bottom masses, compared to the pointlike
result.
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where the normalization ratios

t _ ‘K(yt)‘Q _
Blww) = e+ ke~ (372)
K ()
R () = K () + K ()* - (37
R (o) = K (yo)" K (ye) + K(yo) K(ye)" _ 145 (3.7¢)

1K (ye) + K ()|

account for the mismatch in normalization between the Wilson coefficients K in the form
factor eq. (2.27) when both the top and bottom contributions are included.

The separate contributions are compared in figure 3 to each other and to their sums,
already shown in figure 2, both with and without the normalization coefficients eq. (3.7).
It is clear that while in each case the un-normalized coefficients ¢!, ¢® and ¢ are all of the
same order, after multiplying by the Wilson coefficients egs. (3.7) the top contribution is
dominant, while the pure bottom contribution becomes entirely negligible. However, in the
region my < pr S my and even for somewhat larger pr values the interference contribution
provides a small but non-negligible correction. Figure 3 shows that this feature, well
known at LO, appears to persist also at higher orders In this range of pr, the transverse

momentum spectrum acquires a dependence on In 2 &, as we now discuss.
my,

3.3 Bottom logs

The region in which my < pr < my is particularly intricate because the Higgs momentum
spectrum becomes a multi-scale problem. Indeed, it was pointed out in ref. [39] that in this
region finite bottom mass effect are visible in the spectrum, which thus deviates from the
prediction obtained using transverse momentum resummation. Specifically, in ref. [27] it
was shown that the cross-section contains contributions proportional to ln T which can be
traced to non-factorized soft or collinear logs. This immediately raises the questlon whether
such behaviour persists at higher orders, perhaps requiring resummation [27, 40, 41]. The
resummation of these soft logs as recently discussed in ref. [42]; in the high energy limit
considered here we focus on the collinear ones instead.

It turns out in fact that, in the high-energy limit, collinear logs are present to all
perturbative orders, but not of increasingly high logarithmic order, at least at the LLx
level. To see this, we first consider our LO result eq. (3.3) when m? < p2 < m} [27), ie.,
using dimensionless variables y, < §, < 1. Collinear bottom mass logs are extracted by
performing the simultaneous limit g—z — 0 and &, — 0 [27]. We get

dot© Grv202 20, f 2
T @)~ TR I D ) 4 ()
P P

2
But z% = %, so this agrees with the conclusion of ref. [27] that the transverse momentum
b

4 2
. . . . . m
spectrum contains a collinear contribution proportional to . L In* 21
b

T""H
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Figure 3. Contribution from top (red, solid), bottom (green, dot-dashed) and interference (purple,
dashed) to the coefficients shown in figure 2, with their sum also shown as blue line: the three
coefficients ¢g, ¢1,1 and ¢y 1 are shown from top to bottom, including (left) or not including (right)
the normalization due to the Wilson coefficient egs. (3.6)—(3.7).

The corresponding result at all orders can be obtained by performing the same limit

on the function F' eq. (2.27), which contains all the &, and y, dependence of the resummed
result. We get

F(&,6,&,0) ~ |pa(&,&)n? & + p3 (€1, &) In? &
0 Yo Yo

Yp—

+p2 (€1,&2) In? S +p1(£1,&2)In S +pol, (3.9)
Yb Yb
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where the coefficient of the highest log has the simple form

(1—& — &)

pa (§1,62) = 1696

(3.10)

and we omit the lengthy expressions of the other coefficients. Using eq. (3.10) in eq. (2.27)
the integrals over &; in the expression of the coefficients can be performed analytically, and
we find that the leading contribution to the impact factor in the limit is

Mi+Mo—1

hy (N, My, Ms, &y, ~ ot V"R(M;) R (M) 22—
pr ( 1, M2, &p, yp) w0 70 (M) R (Ma) (1+§p)N

T (M1 + My) + Yk (M{M;f +MfM§> It &2

J>k>0 b
(3.11)
where cipgj are the coefficients which appear in the expression of the impact factor in the

pointlike limit eq. (2.41).

Equation (3.11) thus indeed shows that at LLz level a collinear log appears to all
orders, but with a fixed power: to all orders at LLx the highest power of log is four. The
log originates from the dynamics of the quark loop, but it is to all orders proportional to
the pointlike result. Because the highest power of the In p2/ mg terms is fixed at LLx, from
our result we cannot exclude higher order logs and their exponentiation at the subleading
log-x level.

4 Phenomenology

We now turn to the phenomenological implications of our results. First, we repeat the
comparisons that were presented in the previous section at the hadronic level. In particular,
we validate the high-energy approximation at leading and next-to-leading order, and then
provide prediction for the transverse momentum distribution at NLO based on the high-
energy approximation.

As explained in section 3.1, the high-energy approximation is mostly relevant in the
region pr > my, where the pointlike approximation fails, while for lower p; values the
high-energy result rapidly approaches its pointlike limit, and eventually, for low enough pr,
Sudakov resummation of transverse momentum logs becomes necessary. In the region of
interest for this study, as demonstrated in section 3.2, the contribution of the bottom quark
is entirely negligible. Therefore, in the remainder of this section we will only include the
top contribution. Furthermore, as previously mentioned, the LLxz behaviour of all partonic
channels can be deduced from the gluon-gluon case, and will thus be included throughout
this section. All plots are produced with p2 = p2 = Q% and with the PDF4ALHC15 NNLO
set of parton distributions PDFALHC15_nnlo_100 [46-52], for the LHC with /s = 13 TeV.
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Figure 4. The ratio of the high-energy approximation (in solid blue) and of the effective theory
result (in dotted red) to the full result for the hadron-level transverse momentum distribution at
LO plotted as a function of pr (GeV) at the LHC 13 TeV.

4.1 Validation of the high-energy approximation

We have seen in section 3.1 that the pointlike approximation to the exact result of ref. [17]
deteriorates by an increasingly large amount as pr grows beyond pr = my, while the high-
energy approximation has an accuracy which is essentially independent of pr for fixed value
of the partonic scaling variable 2’ eq. (2.5). The partonic 2’ is of course bounded by the
hadronic 7/ eq. (2.3), which in turn depends on the scale Q? eq. (2.4) which for large py is
Q?* ~ %. Because we have seen that the high-energy approximation is good for =’ < 0.5
and only deteriorates slowly for larger values of 2/, noting that 7/ = 0.5 corresponds to
pr ~ 4.6TeV for the LHC at 13TeV, we expect the high-energy approximation to be
reasonably accurate up to large values of pr.
We define the NLO transverse momentum distribution

—— (T &py Yty s) = s + o +0 (o), 4.1
d{p ( Dy It ) dfp dfp ( ) ( )
and the K-factor
1)
=14+ L/dgp‘ (4‘2)
a0 /g,

In figure 4 we compare the leading order contribution dggj) computed in the high-energy

approximation to the exact result of ref. [17], and also with the effective-field theory result.
It is clear that, as expected, the high-energy approximation is most accurate for pr ~ mpy
but only slowly deteriorates for larger p;: in fact, for all 0.5 < pr < 1TeV the high-energy
approximation is about 60% of the full theory LO result. The effective field theory result
instead is driven by the fact that at the parton level it has the wrong large-p; power

behaviour, and is off by an increasingly large factor: at py ~ 1TeV it is in fact too large

by about one order of magnitude.
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Figure 5. The ratio of the high-energy approximation to the pointlike result for the hadron-level
transverse momentum distribution plotted as a function of pr (GeV) at the LHC 13 TeV for the
LO, on the left and for the NLO contribution, on the right.

Beyond leading order we do not have any exact result to compare to, as only the ef-
fective field theory result is available. We expect a similar pattern to hold, and we can
provide some evidence for this by studying the relation between the high-energy approx-
imation and the full result, both determined in the pointlike limit. This comparison is

shown in figure 5 (left) for the LO contribution dgg) . It is apparent that the quality of the
high-energy approximation in the pointlike limit is quite similar to that in the full theory

discussed above. The NLO contribution dgg;) is also shown in figure 5 (right): we compare
the high-energy pointlike result of ref. [25] to the full result of ref. [53]. Again, in the
medium-high pr region we are interested in the pattern is quite similar to that seen at LO.

This suggests that the high-energy approximation might remain accurate in a relatively
wide kinematic region. In order to test this, we have repeated the comparison of the high-

energy to the full result for the NLO term dgé;), both in the pointlike limit, shown in
figure 5, for a wide range of values of pr and the collider energy. Results are shown in
figure 6. As expected, the high-energy approximation becomes better as the center-of-
mass energy is increased at fixed pr. On the other hand, if p; is varied at fixed energy the
quality of the approximation remains constant in a wide range of transverse momenta, and
it only starts deteriorating when the transverse momentum is larger than say ~ 20% of its
upper kinematic limit y/s/2. This is expected because the high-energy limit holds when /s
is much larger than all other scales: for instance, at large pr there are Inpy contributions
which should be resummed to all orders [54], but are increasingly subleading in the high-
energy expansion. However, in this region the transverse momentum distribution is tiny, so
in practice the high-energy approximation is uniformly accurate throughout the physically

relevant region.

4.2 The mass-dependent spectrum beyond leading order

We now finally turn to the pr spectrum of the Higgs boson with finite top mass beyond
leading order. In this case the exact result is unknown, and thus we can only compare differ-
ent approximations. In figure 7 we compare three different determinations of the K-factor
eq. (4.2) in the high-p; region we are interested in: using the full pointlike NLO result,
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Figure 7. The NLO K-factor eq. (4.2) computed using the full result in the pointlike limit (red,
dashed), and the high-energy approximation, either with full mass dependence (blue, solid) or in
the pointlike limit (green, dotdashed). In each case, the LO cross-section is computed using the
same approximation as the NLO term.

the high-energy approximation to it (i.e. pointlike, and high-energy), and the high-energy
result, but with full mass dependence. In each case, both the LO and NLO contributions
are computed using the same approximation. This plot shows that for pp = 200 GeV all
these K-factors have a similar behaviour, and differ by comparable amounts.
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for comparison (black, dotted). In the bottom plot all curves are shown as ratios to the exact LO
result.

This plot suggests two main conclusions. First, in the only case in which we can
compare the high-energy approximation to the full result, namely the pointlike limit, we
see that the high-energy approximation is quite good (red vs. green curve in figure 7), with
2 200 GeV, which does not deteriorate as

pr increases. Second, even though (recall section 3) the shape of the distribution at high
pr differs between the pointlike and massive case (a different power of pr) the K factors

an accuracy of about 20% or better for all p

are similar and approximately p; independent, at least in the only case in which we can
compare the pointlike and massive results, namely the high-energy limit (green and blue
curve).

These two observations, taken together, suggest that the best approximation to the
full NLO result can be obtained by combining the full LO result with a K-factor computed
in the high-energy approximation, namely, by multiplying the LO cross-section by the K
factor (blue curve) of figure 7, corresponding to the high-energy fully massive result. This
is our preferred approximation, and it is shown in figure 8, where it is also compared to
the LO exact result and to the NLO pointlike approximation; all results are also shown
as ratios to the LO. It is clear that the pointlike result has the wrong power behaviour at
large pr and thus fails for pr 2 200 GeV.

~

The comparison of K-factors of figure 7 suggests that if one wishes to use the NLO
pointlike result, rather than the high-energy approximation, a better approximation can
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be obtained by using the pointlike NLO to compute the K factor (red curve of figure 7),
and using this K factor to rescale the full massive leading order. The quality of this
approximation is possibly comparable to that of our favorite approximation based on the
high-energy limit: indeed, as discussed in section 3.2 this approximation captures the
leading log contributions proportional to ¢y in eq. (3.5). This curve is also shown in
figure 8: it is seen to be quite close to our favorite approximation in a wide range of pr
but it starts departing from it only at the largest pr where we expect the high-energy
approximation to be more accurate.

If our approximation to the K-factor based on the high-energy limit is used, it is
natural to ask what is the associated uncertainty. Having observed that, at the level of
K-factors, the difference between the pointlike and massive cases is somewhat smaller than
the difference between the high-energy and full results (see figure 8), we can conservatively
estimate the uncertainty on the high-energy approximation to be given by the percentage
discrepancy between high-energy and full results (both pointlike) shown in figure 6. Of
course, this is just the uncertainty related to the high-energy approximation, which will
then have to be supplemented with all other sources of uncertainty (missing higher orders,
as, PDFs, etc.).

Before concluding, let us comment on different approaches that can be found in the
literature. So far studies of finite top mass effects have been performed by merging different
hard-jet multiplicities and parton showers [55] and, more recently, in ref. [56] and in the
context of jet veto analysis [27] and NNLO matching to parton showers [28].

In refs. [57, 58], finite top mass effects were evaluated using an asymptotic expansion in
inverse powers of the top mass. This expansion is accurate below 2m; and finite-top mass
corrections in this region were found to below 10%. Our approximation, which is valid in
the high-pr region, is therefore complementary and one would expect that a combination
of the two approaches, in analogy to what was done for the inclusive case [16, 20], will
provide a reliable approximation across a wide range of pr.

In ref. [55], top mass effects on the transverse momentum distribution were calculated
using a matched parton shower approach. This analysis is particularly interesting for us
because both the approach of ref. [55] and ours implicitly relies on the assumption that real
radiation provides the bulk of radiative corrections in the high p; region. Nevertheless, this
assumption is then used quite differently in the merged sample and high-energy approx-
imations. Indeed, in the former real emission diagrams are accounted for exactly, while
virtual corrections are dropped altogether. The final result is then affected by merging
ambiguities. In the high-energy approach instead real emission is only included in the LLx
approximation, accompanied however by a matching set of virtual corrections to ensure a
well-defined NLO result.

Despite these differences, both approaches are supposed to capture the bulk of NLO
corrections in the high pr region, where the dominance of real emission is a reasonable
assumption. As a consequence, a significant disagreement between our results and ref. [55]
would imply the presence of large out of control subleading effects, which would somewhat
hamper the phenomenological relevance of these analysis. Fortunately, it turns out that
the two approaches lead instead to the same conclusions. Indeed, in the high transverse
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momentum region we find that the K factor in the pointlike and exact theory are compa-
rable, and that the shape in p; of our NLO approximation closely follows the behaviour
of exact LO, in agreement with conclusion drawn with the analysis of ref. [55] (see for
example figure 4 of that reference).

5 Conclusion

In this paper, we have applied the high-energy resummation of transverse momentum
distributions of ref. [25] to Higgs production in gluon fusion with full dependence on heavy
quark masses. We have determined explicit expressions for the resummation coefficients of
the resummed results to all orders.

The all-order expression has enabled us to show that the collinear bottom mass logs
which are relevant in the region m;, < pr < mpy are present to all orders in the high-
energy limit, but with a fixed power of log. We have then studied the impact of finite
mass corrections in the first few orders. We have shown that the pointlike approximation
= my, while the high-energy approximation provides reasonably accurate

~

fails badly for pr
results for center-of-mass energies above a few TeV and for all p;. Its accuracy does not
deteriorate as pp grows, unless pr becomes a sizable fraction of the center-of-mass energy.

We have thus argued that the best approximation to the transverse momentum distri-
bution at past and future LHC energies for all pr = 200 GeV can be obtained by combining
the known exact leading order result with a K-factor computed in the high-energy approx-
imation. At the hadronic level, we have provided results to NLO; the partonic NNLO
results presented here suggest that it will be interesting to investigate the relative accuracy
of various approximations at NNLO and beyond. More accurate approximations to the full
result could be constructed by combining information on the pr distribution coming from
the high-energy limit with that from the opposite soft limit, in which resummed results are
also available [45]. All these developments are under investigation and will be the object
of forthcoming publications.
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A Form factors and perturbative coefficients

We give here the expressions used in the computation of the pr-impact factor presented
in section 2. We also provide analytic form of the first LO coefficient of the expansion in
power of o, of the pr-impact factor, discussed in section 3.1.
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The pr-impact factor is expressed in eq. (2.25) as a double integral over & and &
of a function F ({1,&2,&p, {yi}). This function is deduced from the off-shell form factor

F (57 5’ §p7 {yz}) as

F (517 527 fpv {yz}) = F (gp fla 5;0 f?a épv {yz}) . (A'l)
This form factor is given by [18, 59]:
2
- - 2304
F (6,66 {ui)) = Q:KW 2)155@% (A.2)
with the sum ¢ which runs over the set {y;} of quarks circulating in the loop, and
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( P y) \/&
2y 6EE —¢-¢ ¢(1—
(2+58) (e~ +¢+ 8+ 109 - S=E=F oS00
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1 3 %& 3
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where Az = (1 +§—|—@2 — 4£€ and

4y
+1
p— %
(p,y) = 16W2\/ In (A.4)

c@g)—llm1>mC‘yﬁ>
0 ySH Y _167T2\/E Y- 1_y7517
1—x_ 65 1—2_678
In(l—2z_)1 2 In(1— 1 3
+ In ( x)n<1$52>+n( Z)n<1263>
4 Lip (y40}) +Lia (4-01) — Lia (3e67) — Lia (1-57)
+ Lis (x+5;) + Lig (x_(S;) — Lis (w+52_) — Lis (ac_52_)
4—Idg(z+5§)-+ljg(z_6§)——Iﬁg(z+5§)——lj2(z_5g)] (A.5)
with
—{+£-1 E—€6-1 §+6+1
= 0y = 03 = A.
1 s 2 N, 3 ~, (A.6)
5t = 11252', (A7)
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and

R —;y(l:l: 1—1—4?), (A.8)
__ £ 4y
zy = 21y<1 + 41— 4y>. (A.10)

The form factor A can be expressed in terms of standard one-loop scalar integrals [60] by
letting Co(, &, yi) = miIs(—Emi, —Emi, mj, m7, m7, m7)/(167%) and Bo(p,y) — Bo(1,y) =
[Lo(pm3, mZ, m?) — Io(m3, m?,m?)] /(167%). As already stated in the main text, the an-
alytic continuation of the form factor has to be handled by giving y a small negative
imaginary part.

Using these expressions, we obtain the following limiting cases

1— & —£)2
yh*{{.loF(glvé-Q:E}hy) = (46515252) (All)
1 & — )2
i F (61,60,6 (i) = T2 (A12)

Finally, we provide an analytic expression for the first expansion coefficient ¢ eq. (2.36)
of the perturbative expansion eq. (2.35):

2
2304
m@&m>‘sz A0, Ep o i) (A.13)
with
1 4y — 1 — 9 vV1— 4y —1
A (07 SP’ §P> y) = 327‘(2 ?(/1 n gp)ng l \/1_7 n 1 ]1'12 ]
\/1_71 \/ + 1 \/ 517
(1 + gp v1i—dy— 1 1 /1
4

+ e (A.14)
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