EPJ Web of Conferences 90,07004 (2015)
DOI: 10.1051/epjconf/ 20159007004
© Owned by the authors, published by EDP Sciences, 2015

Hadron structure beyond collinear level and precision DIS measurements
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Abstract. General formulations of QCD factorization for hadronic collisions extend the notion of ordinary
parton distributions to transverse-momentum dependent (TMD) parton density and parton decay functions. We
discuss the use of the recent high-precision deep-inelastic scattering (DIS) measurements for determination of
TMD distributions. These are relevant for both low-pr and high-pr physics in hadron collisions. We comment
on applications to multi-jet final states associated with electroweak gauge boson production at the LHC.

1 Introduction

Transverse momentum dependent (TMD) parton distribu-
tions extend the concept of ordinary (integrated) parton
distribution functions (pdfs) to include transverse momen-
tum and polarization degrees of freedom. They encode
nonperturbative information on hadron structure which is
essential in the context of QCD factorization theorems
for multi-scale, non-inclusive collider observables. Clas-
sic examples are found in processes such as Drell-Yan
(DY) production when the vector boson invariant mass is
large compared to its transverse momentum, and deeply
inelastic scattering (DIS) when the photon-hadron center-
of-mass energy is large compared to the photon virtuality.
In each of these cases, TMD pdfs obey evolution equa-
tions which generalize renormalization group evolution to
the appropriate multi-scale regime. In each case such gen-
eralized evolution equations, once combined with factor-
ization of the physical cross section in terms of TMD pdfs,
allow one to resum logarithmically enhanced contributions
to the perturbation series expansions for the physical ob-
servables to all orders in the QCD coupling.

A general program for TMD pdfs phenomenology was
proposed in [1]. Recently, the TMDIib library has been
started [2] to provide a platform for the collection and
comparison of phenomenological studies of TMD pdfs.
This aims to incorporate as broad as possible a set of
processes and collect results from different approaches to
TMD evolution and fitting. This includes e.g. parton-
model fits [3, 4] of low-energy data [5, 6]; CSS [7, 8]
fits [9-11] of DY data [12, 13]; TMD fits [14—16] of high-
energy DIS data [17-19].

This article focuses on the use of the precision DIS
data from the combined HERA measurements [18, 19] to
make a determination of the TMD gluon density [15] in-

cluding, for the first time, experimental and theoretical un-
certainties. The basis of this determination is the factoriza-
tion of TMD pdfs in DIS at high energy. We briefly recall
the main elements of this in Sec. 2. The results of the fits
to precision measurements are summarized in Sec. 3. We
discuss implications and give final comments in Sec. 4.

2 DIS at high energy and factorization of
TMD pdfs

Consider deeply inelastic lepton-hadron scattering in the
high-energy region s = 2q - p > Q7 where p is the
hadron four-momentum, ¢ is the four-momentum trans-
ferred by the lepton, and Q? = —¢?. In this region the per-
turbation series expansions for the DIS structure functions
F; (j = 2,L) are affected by potentially large logarithms
(s In 5/Q?)" to all orders in the QCD coupling ey TMD
high-energy factorization for the structure functions [20]
is pictured in Fig. 1. It is given in terms of two-gluon irre-
ducible (2GI), perturbatively-calculable kernels and gluon
(off-shell) Green’s functions. The TMD gluon density is
defined from the latter by using the high-energy projector
Py [20, 21] over spin and momentum.

The TMD factorization (Fig. 1) allows one to iden-
tify and sum the logarithmically enhanced corrections to
coefficient functions and anomalous dimensions for x =
0?/(2p-q) < 1, fully taking into account the factorization
scheme and factorization scale dependence. This has been
applied to leading and next-to-leading logarithmic accu-
racy [20, 22, 23].

The perturbation expansions in the flavor-singlet sec-
tor are single-logarithmic at high energy. For ex-
ample, the gluonic hard-scattering coefficient function
Cg(N, a,, 0% /,uz) for the DIS structure function F,, as a
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Figure 1. (left) Transverse momentum dependent high-energy factorization for DIS structure functions; (right) decoupling of 2GI

kernels via the high-energy projector.

function of the moment N Mellin-conjugated to x, has the
@, expansion at scale u> = Q% [20]
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where ay = a,Cy/m, C4, = 3, T = 1/2, and the coef-
ficients are given in the MS minimal subtraction scheme.
The N — 0 poles a(a; /N k> 1, correspond in x-space
to next-to-leading-logarithmic (NLL) higher-loop correc-
tions a?(a,Inx)*"!. With respect to the first two terms
(one-loop [24] and two-loop [25], corresponding to lead-
ing order (LO) and next-to-leading order (NLO)), the next
two terms (i.e., three-loop ! and four-loop) are logarith-
mically enhanced. Moreover, their numerical coefficients
are significantly larger than the LO and NLO ones. The
physical origin of the logarithmically enhanced higher-
loop terms lies with contributions to QCD multi-parton
matrix elements from regions which are not ordered in the
initial-state transverse momenta.

Given these results, there is little theoretical justifica-
tion for treating the region x < 1 by truncating the pertur-
bative expansion to fixed NLO (or NNLO) level. In this
region fixed-order perturbative approaches, however suc-
cessful phenomenologically, are theoretically disfavored.
(See [27] for discussion of double-logarithmic corrections
to DIS in the region x — 1 and to timelike processes, and
the need for resummations in these cases.) TMD factoriza-
tion is required to treat the physics of the scaling violation
in the high-energy regime, where transverse momentum
ordering in the partonic initial state does not apply.

This is the motivation for the work we are going to
describe in the next section, in which a quantitative step
is taken toward going beyond fixed-order phenomenology,
and using the high-precision combined measurements [18,
19] for determination of the nonperturbative TMD gluon
density function.

I The three-loop coefficient agrees with the complete next-to-next-to-
leading-order (NNLO) calculation [26].

It is worth noting that similar motivation is at the ba-
sis of approaches such as those in [23]. These works go
beyond fixed-order analyses by including perturbative re-
summations. However, they do not attempt to extract in-
formation on the TMD gluon density from experimental
data.

3 TMDs from the combined HERA data

The combined measurements of proton’s DIS struc-
ture functions at the HERA collider [18] provide high-
precision data capable of constraining parton density func-
tions over a broad range of the kinematic variables. These
data have been widely used for determinations of the inte-
grated (collinear) pdfs and for applications of these pdfs
to LHC processes [14, 28]. Ref. [15] takes a first step
to extend this approach by studying what can be learnt
from the precision DIS data about hadron structure beyond
collinear level, using the TMD factorization of Sec. 2.
Phenomenological applications of this approach at
HERA collider energies require matching of x <« 1 contri-
butions with finite-x contributions. To this end, in [15]
the evolution of the gluon density is obtained by com-
bining the resummation of small-x logarithmic contribu-
tions [29] with medium-x and large-x contributions to par-
ton splitting [30] according to the CCFM evolution equa-
tions [31]. This is done via the exclusive parton-branching
Monte Carlo implementation [32] of CCFM evolution.
The TMD gluon distribution at the initial scale of the
evolution is determined from fits to precision DIS data.
Fits are performed to the combined HERA charm-quark
leptoproduction data [19] over the whole kinematic range
of the measurement, corresponding to 0% > 2.5GeV?, and

to the F, structure function data [18] in the range Q2 > @2,
X < X, where we take 0° = 5 GeV2, T = 510732

2The restriction on the kinematic range for the F» data is motivated
by the fact that the approach relies on perturbative factorization theorems,
which classify higher-order corrections according to the logarithmic hier-
archy based on high Q2 and low x. The choice of the cuts Q, X presented
here may however be regarded as conservative. As discussed in [15],
extensions to lower Q% and higher x are possible — this may be part
of programs for investigating future uses of HERA precision measure-
ments [33]. See e.g. [34] for some of the issues involved in approaches
to low Q7 using unintegrated parton correlation functions.
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Figure 2. The fit [15] to DIS precision measurements: (top) charm leptoproduction data [19]; (bottom) inclusive structure function

data [18].

The fits to the HERA measurements are obtained with the
herafitter package [14, 17, 18, 35], treating the corre-
lated systematic uncertainties separately from the uncorre-
lated statistical and systematic uncertainties.

The Monte Carlo implementation [32] of CCFM
evolution includes two-loop running coupling, finite-x
gluon splitting and energy-momentum consistency con-
straint [15, 36]. In addition to the gluon-induced process

v'g® — qq the contribution from valence quarks is in-
cluded via y*q¢ — ¢ by using a CCFM evolution of va-
lence quarks [37]3 Two different functional forms (with
three and five parameters) for the starting gluon distribu-
tion are used. The corresponding results for the values of
x° per degree of freedom are shown in Table 1. This re-

3TMD sea quarks [38] are not yet included.
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Table 1. The values of x* /ndf [15] corresponding to the best fit for charm structure function F ;Cha'm), for inclusive structure function
F>, and for the combination of F ;Cha"") and F».

X ndf(FS™™) | P [ndf(Fa) | x*/ndf (F> and F§™™)
3-parameter 0.63 1.18 1.43
5-parameter 0.65 1.16 1.41
x p’=m; k=1 GeV* x f p’=m? k=10 GeV”
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Figure 3. Experimental and theoretical uncertainties of the unintegrated TMD gluon density versus x for different values of transverse
momentum at p* = m% [15]. The yellow band gives the uncertainty from the factorization scale variation, while the curves indicate the
uncertainties from renormalization scale, starting scale, and experimental errors, as described in [15].

ports the y? per degree of freedom for the best fit to the
charm structure function F' ;Charm) [19], the inclusive struc-
ture function F, [18], and a combination of both. Fig. 2
shows the description of the charm leptoproduction and
inclusive structure function measurements, by the individ-
ual fits and a combined fit. Plotted are the reduced cross
sections defined in [18, 19].

We see from Table 1 that the best-fit y?/ndf is be-
low 1 for the charm structure function, while it is around
1.18 for the inclusive structure function. This is in ac-
cord with expectations based on charm production cou-
pling predominantly to gluons while the inclusive structure
function couples to quark channels, for which sea quark
distributions are not yet included at TMD level. Despite
the restricted kinematic range of the experimental data an-
alyzed, the great precision of the measurements provides
a highly nontrivial test of the approach. Based on the fit
to charm-quark and inclusive data, Ref. [15] presents two
sets of TMD pdfs, JH-2013. It also presents experimen-
tal and theoretical uncertainties associated with these. An
example is shown in Fig. 3, where different contributions

to the uncertainty (both from experiment and from theory)
are plotted for different values of transverse momentum at
evolution scale equal to the Z boson mass. The uncertain-
ties are small for low x values, while they become sizeable
for high x values, where there is little constraint from ex-
perimental data, and the theoretical accuracy of the calcu-
lation decreases.

4 Discussion

The work described in Sec. 3 is the first determination of
the TMD gluon distribution which includes the precision
DIS measurements and which provides experimental and
theoretical uncertainties. As discussed earlier, despite the
limited kinematic range of the F, data, Q2 > 5 GeV?,
x < 5-1073, their high precision implies a stringent test of
the approach based on TMD factorization at high energy.
The method [15] for determining uncertainties as-
sociated with the TMD pdfs, implemented within
herafitter [14], includes theoretical uncertainties on
the TMD gluon density from variation of the factorization
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Figure 4. Total transverse energy Hr distribution in final states with W-boson + n jets at the LHC, forn > 1, n > 2, n > 3. The purple,
pink and green bands correspond to the mode A, mode B and mode C, described in [42], to estimate theoretical uncertainties. The
experimental data are from [43], with the experimental uncertainty represented by the yellow band.

scale and renormalization scale. This differs from that usu-
ally followed in determinations of ordinary, collinear pdfs
from fixed-order perturbative treatments. In this case, no
uncertainty on the pdfs is considered from scale variation.
It is only when computing predictions for any specific ob-
servable that the theoretical uncertainty on the predictions
is estimated by scale variation. In the approach [15] one is
interested to study the uncertainty from varying scales in
the theoretical calculation used to determine the pdf. For
example in Fig. 3 the renormalization scale (blue dashed
curves) and the factorization scale (yellow band) are var-
ied by a factor of 2 above and below the central value. It
can be interesting to extend this approach to collinear fits.

Having examined physics in the HERA region, one can
ask whether this theoretical framework can be used to treat
higher pr processes. To this end observe that, unlike forms
of TMD factorization specifically designed for the low-pr
region [7, 39, 40], the factorization [21] employed in the
previous section is based on the high-energy expansion

4/s — oo and it is valid for arbitrarily large momentum
transfers. It is designed to take into account TMD phys-
ical effects which persist at high py and can affect final
states with high jet multiplicities [41]. We further note that
the implementation [32] of TMD evolution as an exclu-
sive branching Monte Carlo process explicitly provides,
along with the parton density, the detailed structure of the
final states.* Based on these observations, Ref. [42] inves-
tigates the applicability of the TMD theoretical framework
to large-pr processes, by studying multi-jet final states as-
sociated with Drell-Yan (DY) production of electroweak
gauge bosons at the LHC.

Fig. 4 shows predictions based on the TMD distribu-
tion functions discussed in the previous section for the to-
tal transverse energy Hy distribution in final states with W-
boson + n jets, with n = 1,2, 3, at the LHC. For compar-

4This is a specific feature of the approach [32] and distinguishes
it both from ordinary parton-shower Monte Carlo generators and from
TMD resummation programs such as [10, 11].
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Figure 5. (top) Azimuthal distance of the two leading jets associated with W-bosons, for pr > 20 GeV (left) and pr > 30 GeV (right);
(bottom) transverse momentum of the third jet (pr > 30 GeV). The purple, pink and green bands correspond to the mode A, mode
B and mode C, described in [42], to estimate theoretical uncertainties. The experimental data are from [43], with the experimental

uncertainty represented by the yellow band.

ison we plot the experimental measurements [43] (jet ra-
pidity || < 4.4, jet transverse momentum py > 30 GeV).
The main features of the Hy distribution are described by
the predictions, including the case of higher jet multiplic-
ities. The theoretical uncertainties are shown according
to three different modes as discussed in [42]: mode A
(purple band in the plots) includes uncertainties due to the
renormalization scale, starting evolution scale, and exper-
imental errors, while mode B (pink band in the plots) and
mode C (green band in the plots) also include factoriza-
tion scale uncertainties.> The theoretical uncertainties are
larger for larger Hy (increasing x) and, at fixed Hr, for
higher jet multiplicities. Ref. [42] also examines the trans-
verse momentum spectra of the individual jets, and the an-
gular correlations between the jets and of the jets with the

SMode B is to be regarded as the most conservative estimate and gives
the largest uncertainty bands. Mode C is most closely related to to the
estimation of uncertainties in standard, collinear calculations, and gives
bands intermediate between the other two modes. See [42] for details.

vector boson. Within the uncertainties, a good description
of the measurements [43, 44] is found. Fig. 5 shows the
azimuthal distance between the two leading jets, and the
transverse momentum of the third jet.

The main advantage of the exclusive TMD approach
to W-boson + n jets proposed in [42] is the possibil-
ity to construct a formalism which interpolates from low
pr to high pr, and incorporates all-order coherence ef-
fects [31, 41, 45] associated with multiple soft-gluon emis-
sion at finite angle, possibly enhanced in events with large
rapidity intervals between final-state particles [46]. These
effects are beyond treatments based on next-to-leading-
order perturbation theory matched with collinear parton
showers [47]. With automated methods for off-shell multi-
leg calculations currently being developed [48], the TMD
approach could become a general tool for phenomenologi-
cal analyses of complex hadroproduction final states at the
LHC.
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A general motivation for TMD approaches comes from
the observation of sizeable kinematic corrections to show-
ering algorithms due to collinearity approximations [49].
This, for instance, underlines the relevance of Monte Carlo
generators [50, 51] that aim to go beyond these approxi-
mations. In the specific case of vector boson + jets, TMD
corrections to showering [52] may affect the interpretation
of W + 2j measurements [53] as a signal for double parton
scattering.

It should be noted that, unlike the HERA measure-
ments in Sec. 3, the longitudinal momentum fractions x
sampled in the W-boson + jets cross sections at the LHC
are not very small. Moreover, quark density contribu-
tions matter at TMD level. For these reasons, W + jets
pushes the limits of the approach, in a manner which can
be controlled using the estimation of theoretical and ex-
perimental uncertainties on TMD distributions. The re-
sults are however encouraging, and sufficiently general to
be of interest to any approach that employs TMD for-
malisms in QCD to go beyond fixed-order perturbation
theory and appropriately take account of nonperturbative
effects. This can be relevant both to precision studies of
Standard Model physics and to new physics searches for
which vector boson plus jets production is an important
background. In particular, future applications may employ
vector boson pp data to advance our knowledge of trans-
verse momentum parton distributions.
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