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Introduction The intrinsic transverse momentum k7 of partons in hadronic states at high energies
is one of the most important contributions to non-perturbative physics in production processes at
hadron colliders. The intrinsic k7 measures transverse degrees of freedom of the strong interactions
for low mass scales in the QCD evolution [1]. It is taken into account in parton-shower Monte
Carlo event generators [2] which are used in analyses of experimental data at colliders, as well as in
QCD calculations based on factorization and evolution of transverse momentum dependent (TMD)
parton distributions [3, 4].

The intrinsic k7 distribution can be extracted from comparisons of theory predictions with
experimental measurements of the transverse momentum pr of lepton pairs in the Drell-Yan (DY)
process. This has recently been carried out for the HErwic [5] and PyTHiA [6] collinear parton
showers [7] and for the parton branching (PB) [8—11] formulation of TMD evolution [12]. A good
description of the low-pr experimental data is achieved in both cases. For parton showers, this
necessitates a value of the intrinsic-k7 parameter that rises steeply with energy (Fig. 1 left). This is
not needed in the PB TMD approach (Fig. 1 right).

In these proceedings, we discuss two aspects of these studies and the determination of intrinsic
kr parameters. First, we recall the results of Ref. [16], interpreting the different behaviors seen in
Fig. 1 from the standpoint of including (or not) the evolution of the partonic transverse momentum
in the parton cascade [17] through TMD distributions, and in particular the role of QCD emissions
beyond the soft-gluon resolution scale [18].

The second aspect concerns the value of the intrinsic k7 parameter g extracted from the
analysis of LHCb measurements [19] shown in Fig. 1 (right), which appears to be about 30% lower
than values obtained from the analysis of CMS [15, 20] and ATLAS [21] measurements at similar
energies. We revisit the study of the LHCb dataset [22] presenting new results which take into
account a number of potentially significant factors, including the contribution of forward rapidities to
the transverse momentum distribution, the treatment of final-state radiation, the role of experimental
uncertainties and especially correlations in the extraction of the intrinsic k7 parameters.

All PB TMD results shown in these proceedings use the Cascabpe [23, 24] Monte Carlo genera-
tor. The hard scattering is simulated at next-to-leading order with MADGrRAPHS_aAMC@NLO [25],
matched to the TMD parton distributions and initial-state shower as described in Refs. [26-29].
Final-state radiation and hadronization are simulated with Pytuia 6 [30].

Soft gluons at low kr We analyze the difference between the two panels of Fig. 1 in terms of
the partonic branching phase space [18] shown in Fig. 2 (left). In this diagram, the vertical axis
represents the transverse momentum g7 of the emitted parton, with hard emissions at the top. Along
this axis, emissions with ¢, < gg ~ 1 GeV are considered soft and non resolvable. The horizontal
axis corresponds to the longitudinal momentum fraction z carried by the emitting parton after a
splitting, which is kinematically limited by the energy scale at the branching u (diagonal lines).
The evolution is carried out between the hard scale u and the small scale g ~ 1GeV at which
non-perturbative structure of the hadron is parameterized.

An essential feature of the PB TMD is its treatment of soft, non resolvable branchings (gray
region in the diagram), which corresponds to non-perturbative Sudakov effects. This region domi-
nates the PB TMD results for the rapidity evolution kernel [31, 32] at large transverse distances b.
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Figure 1: Extraction of intrinsic k7 parameters from measurements of DY transverse momentum distributions
at varying center-of-mass energies. The plot on the left-hand side [7] is based on the collinear parton-shower
Monte Carlo generators HErwiG [5] and PyTaiA [6], with underlying-event tunes CH2 and CH3 [13] and
CP3 through CP5 [14], respectively. The plot on the right-hand side [12] is based on the PB TMD method,
with the horizontal line based on CMS 13 TeV data [15].
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Figure 2: Partonic branching phase space diagram (left, adapted from Ref. [18]) and intrinsic k7 parameter
extracted from fits of PB TMD to DY pr using dynamic soft-gluon resolution scale [16] with gg = 1 GeV
(right).

Such results may be compared with analogous ones from fits of DY data [33-35] and from lattice
calculations [36—41] (in particular, regarding the asymptotic large-b behavior [42-45]).

The dependence of PB results in the treatment of the soft, non resolvable region is highlighted
in Ref. [16] by stopping the evolution at the “dynamical” soft-gluon resolution scale zqy, [18] that
corresponds to the red line in Fig. 2 (left). First, it is verified by an xFitter [46] analysis that
precision deep inelastic scattering (DIS) measurements are well described by applying the soft-
gluon resolution zgy, in the TMD evolution. Second, the analysis of Fig. 1 is repeated to extract
the parameter controlling the intrinsic k7 behavior. The results, shown in Fig. 2 (right), exhibit an
increase in the value of the extracted intrinsic kr with energy, similar to HErwiG and PyTHia. A
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similar study [47] demonstrates that the slope increases with larger g.

Correlated uncertainties and the forward region As mentioned in the introduction, one can
see in Fig. 1 (right) that the PB TMD fits to the LHCb measurements [19], as well as to some of the
lower-energy measurements, favor lower values of intrinsic k7. This raises the question of possible
physical effects which may be responsible for this: e.g., the impact of large-x parton distributions
in the forward LHCb region and at low energy, the TMD flavor dependence in the valence and
sea quark sectors, or the interplay of large-x and small-x effects on transverse momentum in the
forward-rapidity asymmetric kinematics.

[

14.5
X LHCb data
—e— PB TMD

,_.
=
o

—
w
ot

X2 /n.df.

&
=)

Bin 2 (2.2 to 3.4 GeV) [pb]

Fit to CMS data
14 e 1D naive: pp < 5.8 GeV
1D full: pr < 5.8 GeV
® 2D, corrected |y, pr < 5.8 GeV

,_‘
I
I3

05 06 07 08 09 10 11 12 115 12.0 125 13.0 135
qs [GeV] Bin 1 (0 to 2.2 GeV) [pb]

Figure 3: (Left) intrinsic-k7 values extracted from fits to LHCb data: (blue) no correlations; (orange)
including correlations; (green) including correlations and correcting the rapidity distribution. (Right) the
effect of including correlations in the case of the LHCb dataset [19]: dashed lines corresponds to no
correlations, shaded areas correspond to correct correlations included.

In Ref. [22] we focus on the LHCb measurement. The approach followed for the result shown
in Fig. 1 (right) is based on minimizing the y? between the measurement and the predicted p7
distributions, neglecting correlations among uncertainties in the measurement made in the different
bins. We start by qualitatively reproducing these results (blue line in Fig. 3) using the first four bins of
the pr distribution. We then make two changes to obtain the orange line: we scale the prediction to
match the measured total cross section, and we take correlations into account. Finally, we fit the 2D
measured pr-rapidity distribution to obtain the green curve; for this result, we include a correction
of the inclusive rapidity distribution predicted by the PB TMD. We make two observations: a) in
our fits, the minimum is shifted to a value compatible with the main result of Ref. [12] extracted
from the CMS DY measurement [15], and b) the minimum is steeper, resulting in a more precise
determination of the intrinsic k7 parameter.

The reason for these changes is illustrated in the right panel of Fig. 3. The LHCb measurement
is projected to the plane formed by the first two bins of the p distribution. The PB TMD prediction
for different values of the intrinsic k7 parameter is represented as a blue line. The experimental
uncertainty, accounting for correlations, is shown as the diagonal ellipses for y? = 1, 2, and 3. The
dashed lines show the correspond to the same uncertainty without accounting for the correlation
between the bins. Without the correlation, the y? < 1 region includes values of g between 0.8 and
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1.1 GeV. Accounting for the correlation reduces this to a fraction of the interval between 1.0 and
1.1 GeV. Taking correlations into account is thus essential to fully exploit the constraining power of
a measurement.

Summary and outlook We presented two effects influencing extractions of the intrinsic kr
parameters of Monte Carlo generators. We first illustrated that the treatment of soft, non resolvable
gluon emissions has an impact on the center-of-mass-energy dependence of the extracted parameters.
Then, we turned to experimental effects and highlighted the importance of a correct treatment of
correlated uncertainties in fits. In Ref. [22], we find that other effects are important for the description
of the LHCb data, including the treatment of QED final-state radiation and background processes.
Once these effects are taken into account, good sensitivity to nonperturbative TMD dynamics can
be achieved in the forward region.
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