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Drell-Yan pair production in hadron-hadron collisions

O The production of Drell-Yan (DY)
lepton pairs in hadron collisions -
excellent process to study various

QCD effects

I - Non-perturbative region
- intrinsic motion of partons
- resummation of multiple soft
gluon emissions

IT - Transition region

IIT - Perturbative higher-order
contributions dominating

DY production at NLO studied using the Parton Branching (PB) Method which
introduces a transverse degree of freedom (kt - parton transverse momentum) from
the beginning instead of treating it as a higher order corrections



Parton branching

U q:, #
a, X, b>a+c ki 2
~u-b hi k.1, zit Gyi-15 Mit
_ C, g, g, . ~ i - branching ,
Z = XX, w variable M\N\)
+ ...
z - longitudinal ka2 Gue2s o
momentum transfered VIV
b, X, at the branching
| —L u, (O<z<zy .__
One branching More branchings

O z, - soft gluon resolution parameter defining resolvable (z < zy) and non-resolvable
(z > z)) parton branchings

> PB method takes into account angular ordering based on colour coherence in QCD

according to which the angles of partons with respect to an initial hadron increase in
the subsequent branching

w=lwl=q/(1-2)



Transverse Momentum Dependent (TMD) parton densities

[ Parton evolution is expressed in terms of resolvable, real emission DGLAP splitting
functions, P, for parton splitting b — a, and Sudakov form factors (4,) which give
the probability to evolve from one scale to another scale without resolvable
branching

0 The TMD for a parton a, with the longitudinal momentum fraction x of the hadron
and the transverse momentum k, evaluated at a scale L

B2y A, (u?)
S Ag(u?)
=M

_ (R) f L ' 12
< [T PP A (L 12 )

p? Ay’ M
Ao(znr, %, ) = exp (— Z/ - / a0 2))
b VMG 0
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.Aa(:zz,k,lﬂ) = AG(H2) Aav(g;,k,ug) +Z/ @(,u2 —,u’z) @(M/Z _ Mg)
b K

Aq(z,k, ;u2)- The TMD at the starting scale , is a nonperturbative boundary condition
to the evolution equation and is determined from experimental data

» Integration of Aa(z, k, 1*) over all k gives collinear PDFs - f (x,u?)

> z)y — 1 gives the exact solution of the DGLAP evolution

> With angular ordering, TMDs well defined and independent of the choice of the $oft-
gluon resolution scale when z,, — 1



Impact of the internal motion on k+ distributions

d Intrinsic ky- transverse momentum which posses parton inside a hadron due to its
internal (Fermi) motion

> In the evolution, it is intfroduced as a non-
perturbative parameter and is generated from
a Gaussian distribution of of the width o which
is expressed via parameter q. in the PB model:
g = q2/2

Ao(X Ko.to?) =T (% 1o”)-exp(-1ko?|/952)/ (Y 7rqs)

O o, = o (u?(1 - z)?) = a,(q+?) > the TMD set termed as PB-NLO-2018 set 2

up, X = 0.01, u = 50 GeV up, x = 0.01, L = 400 GeV
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> Significant effect of the intrinsic-k; at low ky and low scales



Soft contributions and Sudakov form factor

Q Since a,= a,(q1) 2 g9 where a, is frozen leads to two different regions:
a perturbative region, with g > qo , and and non-perturbative region of g+ < qq

Zgn = 1-qo/1
-> Two regions of z:
- a perturbative region, with 0 < z < zy . (g1 > qo)
- anon-perturbative region with zy, <z < zy (gt < qo)

> define a perturbative (P) and non-perturbative (NP) (z4, < z < zy, zyy = 1) Sudakov
form factors

7 dq’2 M= 1 R
X exp (—Z/ = / dzsz(a)(aS,z)
b 12 q z
2

= AY (/f,uo,qg) AN (u2,u3,q3> :




DY pairs with low invariant mass

[ For theoretical prediction - PB TMD Monte Carlo event generator CASCADE3 based
on PB-NLO-2018 Set2 is used (default - g, = 0.5 GeV, g+ > g, = 0 GeV)

O Matrix elements are obtained from the MADGRAPH5_AMC@NLO event generator at
next-to-leading (NLO) and are matched with TMD parton distributions and showers
obtained from PB evolution

Q The final state parton shower in CASCADES is generated from PYTHIA since here
are no PB-fragmentation functions available yet

PHENIX; Drell-Yan /5 = 200 Gev [9]
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» QED radiation not contributing o the low DY invariant mass and low pair p region

> Fair description of the low DY pair invariant mass and transverse momentum /
distributions obtained in hadron-hadron collisions at low energies.
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DY pair production at the LHC and the impact of QED
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> QED plays important role in the mass region bellow the Z peak down to about 40 GeV

> PB provides a good description of experimental DY invariant mass and transverseg
momentum distributions in the wide range of center-of-mass collision energies
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Determination of the Gaussian width q.

d The recent publication from CMS on transverse momentum distribution in a wide DY
invariant mass [2] provides a detailed uncertainty breakdown

\\’/\

- the basic data for

the determination
\\ of the intrinsic-k;
v S | aw | am—— | | parameter g,
50 6 106 170 350 1000
mee [GeV] Eur.Phys.J.C 84 (2024) 2, 154

O qs parameter in PB-NLO-2018 Set 2 is varied and compared to the measurement

> X2 is calculated to quantify the model agreement to the measurement
X2 = ) (= ) Ci (mie = 1)
ik

0 The covariance matrix Cy consists of a component describing the uncertainty in the
measurement, C;measurement and the statistical (bin by bin stat. unc) and scale
uncertainties in the prediction

— rmeasurement model—stat. scale
Cix = Cig + Ciy + Ci

qs = 1.04 £ 0.08 GeV 9



https://arxiv.org/abs/2205.04897

DY data at lower energies

O No full error breakdown is available for the other measurements

> All uncertainties treated as being uncorrelated and do not include any systematic
uncertainty coming from the scale variation in the theoretical calculation

Analysis /s Collision type
CMS (2022) [2] 13 TeV PP
LHCb (2022) [3] 13 TeV PP
CMS (2021) [4] 8.1 TeV pPb

ATLAS (2015) [5] 8 Tev pp
CDF (2012) [6] 1.96 TeV PP
CDF (2000) [7] 1.8 TeV Dp
DO (2000) [8] 1.8 TeV bp
PHENIX (2019) [9] 200 GeV pp
E605 (1991) [10] 38.8 GeV pp
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| Intrinsic kr—width depending on /s and DY mass |

do = 102 GeV - minimal parton transverse momentum emitted at a branching
Eur.Phys.J.C 84 (2024) 2, 154

gt > qo = soft contributions included
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- Consistent values of g, for a large range of DY pair invariant masses
- Very mild or no centre-of-mass energy dependence of q,

- The result in contrast to the ones obtained from standard Monte Carlo event
generators which need a strongly increasing intrinsic-k+ width with /s

T. Sjostrand, Peter Z. Skands, JHEP 03 (2004) 053; Stefan Gieseke, Michael H. Seymour, Andrzej Siodmok, JHEP 06 (2008) 001; 11
CMS, GEN-22-001, 2024



Try to introduce energy dependence of the intrinsic-k in PB

d Try to mimic parton-shower event generators by demanding a minimal parton
transverse momentum (qo= 1 and 2 GeV) - g+ > qq

- 2y constrained: zy= z4, = 1-qo/p' < 1

2
NP 2 2 2 H r ZM
9 A((L ) (/—L 7/‘1“0?QO) - exp (—2/2 d,(;l, / dz = Pfff) (OZS,Z)) _ neglec_‘_ed
p YHo H z

2

dyn

- Real emissions with z> 1 - g/’ - neglected

gluon, u =4 GeV down, u =4 GeV

107"

1072

ter 2.2.4

1073

TMDplotter 2.2.4

TMDplot

104

O Integrated parton distributions very different for the two cases "

- soft contributions important also for collinear distributions



q. vs Vs for different q,

F|-|-_ q. = f(fs) = a.(fs)b arXiv:2404.04088
>
8 ® qo—) 0 GeV
vw A q0= 1 GeV
o L q,= 2 GeV

——

—_\
!
—_—

i

1 | [ [ | | I 1 1 1 11 1 |
102 10° 10*
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Q The intrinsic-k; width parameter increases with the collision energy
d The slope od the dependence increases as q, increases
O Larger q, means that more soft contributions are excluded

13
- Larger intrinsic-k; needed to compensate missing contribution from soft gluons


https://arxiv.org/pdf/2404.04088

Closer look into DY pair low p; distributions with different q,
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https://arxiv.org/pdf/2404.04088

g as a function of DY pair invariant mass with a g, cut at LHC

E =8 TeV (ATLAS) E =13 TeV (CMS)
gp=1GeV —e— do=1GeV —&—

Jp=2GCeV —@— gp=2GeV —®—

25F 25F
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Q Q
@) @)
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15F 15 t 4
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O From the available measurements and existing uncertainties: q, remains independent
of the DY pair invariant mass for q, < 2 GeV

- the fraction of soft parton contributions with the transverse momentum ~1 GeV
which populate the DY p1 region up to 2-3 GeV similar for different mass regions
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Integrated PDFs with a g, cut at high scales

down, 1 = 500 GeV, I-;‘ from 0.000001 up to 1000 GeV

down, p = 70 GeV, kl from 0.000001 up to 1000 GeV down, i = 150 GeV, k from 0.000001 up to 1000 GeV ?
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The scale values relevant for available measurements from LHC

O The change of the integrated PDFs by introducing a cut of gy ~ 1 GeV is similar for
different scale values, y, relevant for the available measurements at the LHC

- Consistent with the result of q,vs m(Il) from the available measurements from LHC

- Consistent with the non-perturbative Sudakov FF which is sensitive at small values
of p (the next slide) and changes slowly with p in the region of p ~ 100 GeV where

measurements from the LHC have been performed
16



Integrated PDFs with q, cut at low scales

down, p =10 GeV, kl from 0.000001 up to 1000 GeV down, u =20 GeV, k[ from 0.000001 up to 1000 GeV

down, p =3 GeV, k . from 0.000001 up to 1000 GeV
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O Different trend at low p which corresponds to the measurements of the pair
pr at low invariant masses not yet available at the LHC

» The change in the integrated PDFs by introducing the q, ~ 1 GeV cut varies rapidly
with the p scale relevant for DY pair masses ~10 GeV

- The relative amount of soft gluons removed by the cut changes significantly at low
scales and the measurable changes in the value of g, could be expected at low DY

pair invariant masses 17



g as a function of DY pair invariant mass with a g, cut at small /s

O At the collision energies of 27.4 GeV (E288) and 38.8 GeV (E605), the DY pairs with
the low inv. mass are mainly produced at high x from the valence contributions

» One cannot expect measurable dependence of g, on DY pair invariant mass

T T T 1.1
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- Although the errors are large and it is not possible to draw a firm conclusion, the
trend of change of the g, with m(ll) is noticeable in the measurements obtained
from the E605
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Z peak region for different q,

O The prediction distributions obtained at different center of mass collision energies
for the three values of q, (0, 1, 2 GeV) with optimal values of q,

CMS, 13 TeV, Z/y* — €767, 76 < my < 106 GeV
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O Similar relative contribution of soft emissions in the transition region at different

collision energies

O The cut on the transverse momentum of the radiated parton in the branching, qq, up
to 2 GeV does not affect the distribution of the transverse momentum of the Drell-

Yan pair with p+(I) = 10-15 GeV

19
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Summary

The PB method provides a measurement of the intrinsic-k; width that does not depend
on the invariant mass of the DY pair, nor on the center-of-mass collision energy /s

The inclusion of soft gluons is crucial for providing /s-independent intrinsic-k+

We learned the following about the soft gluons contribution to DY pair production in
hadron-hadron collisions:

There is an interplay between the internal transverse motion and soft gluon
contribution in the non-perturbative region of the DY transverse momentum
distribution

The relative contribution of the soft gluon emissions which interplays with internal
parton transverse motion increases with the collision energy

With the available measurements and existing uncertainties, we still cannot confirm

the dependency of the relative soft gluon contribution on the DY pair invariant mass

- consistent with the behaviour (the small sensitivity) of the non-perturbative
Sudakov FF in the measured regions

The intrinsic-k; contribution can be disentangled from the non-perturbative Sudakov
one only by the proper treatment of the non-perturbative processes which can be
provided by the PB Method due to its sensitivity o non-perturbative TMD
contributions 20
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The ratio of the cross section to Z peak region for different q,
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