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. The Drell-Yan pr

* Impact of three-dimensional hadron structure on final states in high energy DIS,
semi-inclusive DIS, low pr DY

* Intrinsic transverse motion of partons?
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figure from J. High Energ. Phys. 2019, 61 (2019)

* High pr region: QCD perturbation to finite order & collinear PDF
* Atregion of decreasing pr, not able to describe

 prediction from any finite order of perturbation theory @ collinear PDF diverge!
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https://link.springer.com/article/10.1007/JHEP12(2019)061

. TMD and DY Process

* Behavior of Z-boson near the peak region is controlled by multi-parton radiation

* Not well approximated by the pertuzlz\tl)a;cive expansion as pr = 0

N 1 M?
g X — In™ —
Pt — Pr

* Requires resummation of scattering amplitudes with an infinite number of real and virtual
insertions of soft gluons
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TMD and DY Process

* Behavior of Z-boson near the peak region is controlled by multi-parton radiation

* Not well approximated by the pertuzlz\tl)a;cive expansion as pr = 0

N 1 M?
g X — In™ —
Pt — Pr

* Requires resummation of scattering amplitudes with an infinite number of real and virtual
insertions of soft gluons

* Accomplished with PDFs that explicitly depend on transverse momentum and
polarization (TMDs)

* Obey evolution equations (generalization of ordinary renormalization-group evolution of
collinear PDFs)

* Combined with the TMD factorization of the physical cross section

* Allow resummation of log(pr/M) to all higher orders in the QCD coupling
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. Fine-binned p;(DY)

uncertainty figures from Eur. Phys. J. C 80, 616 (2020)

° I—OW'pT region Strongly depends on & Eur. Phys. J. C 83, 628 (2023)
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https://link.springer.com/article/10.1140/epjc/s10052-020-8001-z
https://link.springer.com/article/10.1140/epjc/s10052-023-11631-7

Fine-binned p+(DY)

uncertainty figures from Eur. Phys. J. C 80, 616 (2020)

* Low-pr region strongly depends on

& Eur. Phys. J. C 83, 628 (2023)

TMD
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* Such fine-binned treatments require
delicate control of uncertainties —

experlmenta”y Cha”engmg Bin intervals are 2 GeV

Z-pr peak ~ 4 GeV
(Not really a “fine-structure’)

* Very important to
* Study the TMD sensitivity

* Find a methodology which works with
a more coarse-grained binning

0~1 GeV, the unfolding
uncertainty shoots up
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https://link.springer.com/article/10.1140/epjc/s10052-020-8001-z
https://link.springer.com/article/10.1140/epjc/s10052-023-11631-7

. The Parton Branching Method

* Solve the evolution equation and determine TMD parton density A(q, g; x, K, u?)

* Rely on renormalization group evolution .. High Energ. Phys. 2018, 70 (2018)

CMS_2022_12079374
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* Provide a basis for including TMD in parton shower MC calculations
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Consistent with multiple-jet structure PR preemerere

* Related to evolution of PDF and describe DIS structure functions
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https://link.springer.com/article/10.1140/epjc/s10052-024-12507-0
https://link.springer.com/article/10.1007/JHEP09%282022%29060
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.074008

PB-TMD Parton Density

Aa(x: k! HZ)

d?u’
= 0,02, 1A 1) + |

'

* |ntrinsic momentum k

* Evolve upwards with no branching or 1 or more branchings

j dze,, (4, PR); 0)A,(x/z, k + (1 — 2)p', 1u'?)

X, W, kr; Flavor b

A A

* Without branching: Sudakov form factor 4, (u?, ué)
* Accurate to next-to-leading log (NLL)

* Seerecent development to NNLL: arXiv:2412.21116 Aq(U2,uf; zu)
ft-gluon resolution parameter z

. R). sott-g p M

« Evolution kernal (4, P®®); 9) (see J. High Energ. Phys. 2018, 70 (2018) for detail)

* Real-emission splitting functions Pcf,f)

« Initial A4 (x, Kk, ud) to be determined by fit and factorization
Phys. Rev. D 99, 074008 (2019)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.074008

. A First Observation on the TMD Template

* Us = O‘s(ﬂlz(l

—2)?)

TMDIib website:

https://syncandshare.desy.de/index.php/s/GjjcwKQC93M9g79e?path=%2FTMD%20grid%2ofiles

See also: Phys. Rev. D 100, 074027 (2019)

* AOb(x kr, Mo) = fo, p(x, .Uo) * exp(— kT/CIs)/“CIs
* fop(x, ud) fit from HERA combined data

* Intrinsic kt factorized by g,
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https://syncandshare.desy.de/index.php/s/GjjcwKQC93M979e?path=%2FTMD%20grid%20files
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.074027

. A First Observation on the TMD Template

TMDIib website:
12 2 https://syncandshare.desy.de/index.php/s/GjjcwKQC93MQ9g79e?path=%2FTMD%20grid%20files
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° See also: Phys. Rev. D 100, 074027 (2019)
* AOb(x kr, 4g) = fon (x, ug) * exp(—k7/qs)/mq; 10°
* fop(x, 1g) fit from HERA combined data - \
. . . 400 £
* Intrinsic kt factorized by g, 8 E 7 R
300 [— : . —
. i : O
When s mcrgases. . 3 20E7 [s=13TeV pp>ziy' > I'T ooy
* Low-pr region predominantly altered 100 5~ MADGRAPH@NLO+CASCADE(PBset2) | ;59 ey
* Peak shifting to larger pr f S omon
. . . . . . 108 #*& q, = 0.96 GeV
* The essential information on the intrinsic kr can o & - 104 GV
5 o o '04E i, **i*r g, =1.12 GeV
be extracted from a well-defined ratio between £ .oz;ﬁ Ny ,% »
C 0 1 W“Mm '“*%"F; i ﬂ“"w ‘w“" ;ﬁ'; e Sl ik n“ e ﬁ ‘-"w‘
the low and high p; regions s i
0.92 ;
2 J4a 6 8 10 2 14 16 18 20
p_(II) [GeV]

E)FOA LAk
@ University nﬁﬂ?nd Technology of ¢ \?



https://syncandshare.desy.de/index.php/s/GjjcwKQC93M979e?path=%2FTMD%20grid%20files
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. A pr-ratio Observable

TMDIib website:
https://syncandshare.desy.de/index.php/s/GjjcwKQC93M9g79e?path=%2FTMD%20grid%2ofiles
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. Sensitivity Study

* Check if the py-ratio has a comparable sensitivity as using whole shape for
extracting qs

e Separation momentum pg is important

* Too low, soft-gluon splitting will be integrated into the upper region -- a loss of sensitivity to
TMD parameter.

* Too high, the information on low pr is undetectable.
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Sensitivity Study

* Check if the py-ratio has a comparable sensitivity as using whole shape for
extracting qs

e Separation momentum pg is important
* Too low, soft-gluon splitting will be integrated into the upper region -- a loss of sensitivity to

TMD parameter. D -
* Too high, the information on low pr is undetectable. - :-ZT::X:ZI:TZEZX jiz?jggzg
. ege o (3‘ 0.01 == =+ =+ bin width = 1 GeV !
* A pseudo-data test for the py-ratio sensitivity to g, & F o onwen-ose
* Set g; = 0.89 as the pseudo-data sample g :
e Extract g, with templates constructed with a certain p; ¢ "F
» Repeat the extraction with different p, 5o P—e? .
* The sensitivity is at the same level as fine-binning case ™ f- rmimimnrunrnimnnnni:

* 1 bininterval, 1 experimental unc. | b, [GeV]




. Sensitivity Study with Cut and Resolution

o * Check the pr-ratio is still sensitive to TMD after these
F 7 ilas N Apply lepton cut . g o .
wof- Sy~ APy cut + 3% energy resoluton effects are applied (=> before unfolding in experiment)
wk- N * Phase space cut changes shape and is related to sensitivity
5 OF s : 0 :
fgw'r NG * Momentum resolution causes migrations
n . _g ‘:- k \ F
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[ J
Extract qs with Real Data o [ e ] e
1 EEE R
* (, is extracted with PB-TMDs in several public results M |
= 1
Eur. Phys. J. C 84, 154 (2024) N T ;
arXiv:2404.04088 arXiv:2502.19380 f !
* Previous studies extract q; o
CMS
« Dependence on+/s is analyzed and compared with collinear parton A i |
Shower CP4 CH2 I
o0l =& CP3 CAS3 /€,

* Very different behavior

i |
* Nonperturbative Sudakov effects arising from the region near the soft-gluon /
resolution boundary 10ty !
0.8}

 Different treatments of soft radiative processes

Tuned parameter ¢q [GeV]

H o 0.6
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https://arxiv.org/pdf/2409.17770

Extract g with Real Data

Refe rence: 2.0 — s = 1.04+ 0.08 GeV § DO (2000) 1.8 TeV 2.00 CMS 2022 12079374
$  COMS (2022) 13 TeV $  CDF (2012) 1.96 TeV —— Combined fit
e §  LHCb (2022) 13 TeV CMS (2021) 8.16 TeV 175 - L
Eur. PhVS J. C 84: 154 (2024) §  ATLAS (2015)8TeV &  PHENIX (2019) 200.0 GeV 1 & Individual regions
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* CMS datais used for an extraction with a wide range of my;
* In the reference study, same TMD set (PB-NLO-HERAI+II) is
used for extracting g,

Q) ¢B#ZLLX S

[]
fScience and Technology of China



https://link.springer.com/article/10.1140/epjc/s10052-024-12507-0
https://link.springer.com/article/10.1140/epjc/s10052-023-11631-7

Reference:

Eur. Phys. J. C 84, 154 (2024)

Data from CMS
collaboration:

Eur. Phys. J. C 83, 628 (2023)

at the same level
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Extract g with Real Data

From binned pr
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Published in Phys. Rev. D 111, 036018 (2025)
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https://link.springer.com/article/10.1140/epjc/s10052-024-12507-0
https://link.springer.com/article/10.1140/epjc/s10052-023-11631-7
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.036018

Summary and Outlook

* We report a pr ratio observable in TMD parameter extraction
* The pr ratio has comparable sensitivity as fine-binned pr shape
* The fine-binning pr is restricted by the precision in the most sensitive p; region
* The separation p; is important in finding the best sensitivity

* In the future
* More TMD forms to reduce the bias from the p; range
* Test with extreme conditions
* Also apply this methodology in different topics — helpful in investigating TMD vs. /s

* Also in experiments
* We advocate the experiments associate with TMD performance studies
* This study can be considered as a methodology in such topics
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That’s all «©
Thanks for your attention
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. Backup - the PB evolution

The evolution in terms of two branching variables, z and p A, K, 1?)
z is the longitudinal momentum transfer at the branching, controlling = A,(u?, ué)A,(x, K, us)
the rapidity of the parton emitted along the branching chain 2u
u is the mass scale at which the branching occurs and is related to + j i j dzeqy (4, PR 0)Ap(x/2,k + (1 — 2)p', p'?)

the branching’s kinematic variables according to the ordering
condition.

The double evolution in rapidity and mass for TMD distributions

can also be formulated in a Collins-Soper-Sterman (CSS) X, W, ky; Flavor b

The equation is obtained at the angular ordering: o, = s (u?(1 —
z)?), corresponding to Catani-Marchesini-Webber evolution A A

Alternative TMD set, transverse-momentum ordering (correspond
to DGLAP evolution) ag = o (u?). Much worse fit with DY shape
(Phys. Rev. D 99, 074008 (201951)

A(pfy1, 185 2y -
Ao(12, 1f5 2u) Xiv1 Hir »&(2i41)

Evolution of kr:

u=1q.|l/(1—2) k=-)q; (sumoverall euclidean
transverse momentum of branching parton)

soft-gluon resolution parameter zy;: defines resolvable and non-
resolvable branchings

Xi, Ui, kri; Flavor a
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Backup - PB Sudakov compare with CSS

PB: solve probabilities with Monte Carlo

Real-emission branching probability Pcfg)
5> 2 The k(© of the splitting functions
Sudakov form factor 4,(u?, ug)

u? g2 ZM - . (1)
Ay (u2, 1i2) ~ exp | — / (hfz (/ k(o) 1 dz —d, (Ufs)) comcndeslw1th AYY at LL, the
PB Sudakov p2 M 0 -2z d©® = —-BW gives NLL, etc.

Loy

See Pos EPS-HEP2023, 270 (2024) for factors’ definition

Introduce intermediate dynamical scale zg,,, = 1 — qo /U, qo is the minimal resolvable emitted transyerse

momentum g 1 ,

, AP (12 g2) = e —[ —l[—ka 1 (—)—da
Resolvable (perturbative) PB Sudakov factor —* (W, 90) PXP( 2 1 |2 (ary)fIm 72 (o
CSS1 SUdakOV ASSSH(Q:' Q(}&ba LayLa, bmax, Cl, Cg) =

Series expansion in strong

L2 2
n (%) HBa(as) coupling. LL (o x InV—1 (1pw_2>)
T

2
HQ dy?
exp —/ ’{;2 Ag(as)
pi. M H
given by AW NLL (o x

QQ
X exp {_gafA (:Eaa b1 bllla.x) - 9&‘/3(3?&‘: ba bmax) - gK,a(ba bmax) In @ lnN (M_ZZ)) by A(Z) and B(l)’ etc.
0 Pr

—

See arXiv:2412.09108 for comparison with CSS2, NNLL result and more discussion
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