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Predictions: A Novel Insight from the Parton-Branching Method

Sara Taheri Monfared on behalf of the CASCADE group

HELMHOLTZ

DESY



Outline

Drell-Yan transverse momentum specterum
Parton Branching method

Tuning the intrinsic k  parameter with CASCADE

Primordial k . parameter across different Monte Carlo event generators
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Introduction: DY p; spectrum
DY provides a clean, high-resolution final state for better understanding of

. = ?
Why small p, region in DY various QCD effects.

Fred Olness, CTEQ summerschool 2003

Perturbative contributions Description of DY p; spectrum can be divided into three theoretical regions:

i +power corrections
120 /

* Perturbative region: Collinear factrorization theorem suffices to describe
the hard real emissions, perturbative higher-order contributions dominant

do/dQ;, pb/GeV

80 — * Transition region: Soft emissions important, no clear separation between
perturbative and non-perturbative effects!

60

* Non-perturbative region: Predominantly sensitive to intrinsic k; and very

40 o~ W~ v X soft gluon emission
CTEQ6EM
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Perturbative
physics dominates
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Nonperturbative Q. GeV
dynamics ("intrinsic kr")

Today's Focus: Exploring intrinsic k. contribution in PB-set2 via low p. DY data tuning.
As a first step, I'll explain PB method.
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http://www.physics.smu.edu/~olness/cteq2003/olness_dy_part2.pdf

The Parton Branching (PB) method

Evolution for both collinear and TMD PDFs

Parton BR approach provides angular ordered evolution for TMD parton densities
PB-Set1 (a (4?)) and PB-Set2 (a_(p,*=p*(1-2)%)):

—

~ d’
Ak ) = Ao k2, 1) A0 (2 i) + / #’“A (12, 120 — W20 — 1)
1

X Z/ dzP(z, oy )Ab( (kL 4+ (1= 2)u)) aﬂf) : (
b

T

z,, - soft gluon resolution parameter
Forz,, ~ 1 : we recover DGLAP

N Z/ dzPy Zce)fa(T )

initial distribution is factorized in a collinear part and a normalized Gaussian factor with the width defined by the q_parameter

and collinear parton densities:

fala, 1?) = fo(z, 1) Ay (1, un)+/

= ke

ds s

. 1 kin
Aa(jjz k‘jd_?(]: au’(g]) — {I"fa(l‘: au’(g}) T 5 €XPp ( 9
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Non-perturbative distribution

Not calculable in perturbative QCD. -
Described by phenomenological models Lof _
Modelled using a tunable parameter, q_, through a Gaussian distribution Ll  gs=05
First assuption was q_=0.5 GeV _ | —as=1o0
= 06 ] qs=1.5
o ] gqs=2.0
E’ ] gs=25
down, x = 0.01, u = 50 GeV down, x = 0.01, p = 350 GeV % |
T T reormmrme ] = NF g ? :
i. PE-MNLO-HE A | F 26 0-920.0 ] 2 E Egitg:gﬂ::tiﬁgﬁ% i
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1 : 18 Significant effect of the
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Tuning the Intrinsic k; parameter

Our setting: We use PB-set2 [a (p,)] with g_ =1 GeV and a (M )=0.118

Hard process:
* NLO hard-scattering ME are generated by the MADGRAPH_AMC@NLOQO based on collinear PB-set2
* HERWIGG6 subtraction terms are used since they are based on the same angular ordering conditions

Soft process:
 k,is added to ME by an algorithm in CASCADE using the subtractive matching procedure
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mailto:MADGRAPH_AMC@NLO

Fit of the Gauss width in pp at 13 TeV

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

CMS 36.3 fb' (13 TeV)

HMG5_aMC(0j)+CAS s Statistical

: Bl © scale
Results obtained from public Eur. Phys. J. C 83 (2023) 628 analysis - 50 <My <76 GeV e TMD unc.

—

1
1

« m_ = [50,76], [76,106], [106-170], [170-350], [350-1000] GeV

* Detailed uncertainty breakdown: complete treatement of experimental T R R I
uncertainties + correlations between bins of the measurement - 76 <Mee <106 GV
* Variable: p(ll) — analysing up to the peak in the p, range to maximize

the sensitivity to intrinsic k. distribution

* At higher DY transverse momenta, higher order contributions in the
matrix element have to be taken into account
* We vary the q_ parameter and calculate a x* to quantify the model

agreement to the measurement.
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The Gauss width obtained in each mg, bin

CMS (2022) 13 TeV

2.00
—— Combined fit

1.754 - Individual regions

1.50 - Final q_ extracted from combined covariance matrix

1.95 - analysis across 5 mass bins
= ._L l .
S 1.00 % J 1 * One-sigma confidence obtained as the region of
2 H 2 2

0.75 ¢ all q_ values for which x*(q,) <x_.° +1

0.50 - * Scan resolution and bin uncertainties are taken

0.25 - into account

0.00 . - . - q.=1.04 £ 0.08 GeV

200 400 600 800 1000 S
mee [GeV]

Harmonious q_: The values extracted from all m_, interval are compatible with each other.

Peak Precision: The most precise determination is obtained from the z peak region.
Sensitivity check: The sensitivity at high mass suffers from larger statistical uncertainties in the measurement.
Moreover the high mass is less sensitive to q_
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Data used to test the Gauss width at various energies

No full error breakdown is available for the other measurements
All uncertainties treated as being uncorrelated and no systematic uncertainty from scale variation in the theoretical calculation
p, cut:

« Lower CM energies: limited p_({f) range — Analyzing intrinsic-k . impact across entire p_({f) range.
* Higher CM energies: Investigating up to peak region

Analysis Vs Collision types | ndf " ’
CMS (2022) 13 TeV PP 25 2.5 4
LHCb (2022) 13 TeV pPp 5
CMS (2021) | 8.1TeV pPb 5 201
ATLAS (2015) 8 TeV PP 8 - ‘
CDF (2012) | 1.96 TeV PP 6 ERE
CDF (2000) 1.8 TeV Pp 5 )
DO (2000) 1.8 TeV PP 4 L0+
PHENIX (2019) | 200 GeV PP 12
E605 (1991) | 38.8 GeV pp 11 L —
Total 81 e Sum of all measurements
0400.00 0.I25 0.30 0.I7-5 l.IOO l‘r25 l‘-ISO ll75

qs [GeV]
The global x2 distribution exhibits a minimum at around q_ = 1.0 GeV, which is consistent with the value obtained from the

measurement over a wide m_, that includes a detailed uncertainty breakdown, with correlated experimental uncertainties.
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Mass dependence of the intrinsic k;

M(I*l") in DY events ~ hard scattering scale

2.0
— g, =1.0440.08 GeV -+ D@ (2000) 1.8 TeV
L8 - M+ CMS (2022) 13 TeV H+  CDF (2012) 1.96 TeV
' ¢+ LHCb (2022) 13 TeV 4+ PHENIX (2019) 200.0 GeV
M+ ATLAS (2015) 8 TeV 4 E605 (1991) 38.8 GeV
1679 & CDF (2000) 1.8 TeV
1.4 -
>
]
© 12
= ———e—
1.0 4 '—"—Ofxf
08 - - —_——
+ |_T_|
0.6 1 S
10" 10? 10°
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No dependence of q_ on various m(I*l) ranges
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Can we have a universal primordial k. parameter for all
the energies (CASCADE, PHYTHIA, HERWIG)?
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Energy dependence of the intrinsic k;

Energy scaling behavior of intrinsic k. width

2.0 - — ¢, =1.0440.08 GeV ¢ D0 (2000) 1.8 TeV
¢ CMS (2022) 13 TeV ¢ CDF (2012) 1.96 TeV
1.8 ¢ LHCbH (2022) 13 TeV ¢ CMS (2021) 8.16 TeV
¢ ATLAS (2015) 8 TeV ¢ PHENIX (2019) 200.0 GeV
1.6 - ¢ CDF (2000) 1.8 TeV E605 (1991) 38.8 GeV
1.4
>
S 1.2
S

: i
0.5 } ]

RSN

0.6 1

0.4 1

101 100 10!
V's [TeV]

CASCADE: No/weak dependence of q_on various center of mass energies from 32 GeV to 13TeV.
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Non-perturbative effects: lessons from
CAS CAD E PYTH IA8 H E RWI G6 fixed target,Tevatron, and LHC data,
) ) Weijie Jin, Armando Bermudez Martinez,
Sara Taheri Monfared, Mikel Mendizabal
Morentin, Kyle Cormier, Saptaparna
Bhattacharya
(paper in preparation)

Comparing three different Monte Carlo Event Generators:

gs Vs Vs
* DY ME produced with MadGraphSMC@NLO at NLO —— CASCADE3
. : : : — PYTHIAS
proper subtraction term is applied 11 ek
« Intrinsic k is modeled by Gaussian distribution 2% 10°
* q,1s the Gaussian width <
o
* No sensitivity to the PY8 UE tunes observed S8
* Identical slope for PY8 and H7 100 .
* Different intercepts for PY8 and H7 /
» AO shower in H7— more ISR— lower Intrinsic k.
102 103 104
Vs [GeV]

* Conventional collinear MC generators: a Gaussian width exceeding the Fermi motion kinematics 1s needed to describe the measurements.
* Why? Pending for future theorethical interpretation-recently published documents related to this subject:

* The cutoff dependence in backward evolution in QCD parton shower: arXiv:2309.15587
* Role of the soft gluons in collinear parton densities: arXiv:2309.11802
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https://arxiv.org/pdf/2309.15587.pdf
https://arxiv.org/pdf/2309.11802.pdf

Summary and conclusions

Focus on Low Transverse Momenta in PB method: contribution of pure intrinsic k_in the PB method is discussed.

Stability of Intrinsic-k . Parameter: Our significant outcome is the extraction of the intrinsic-k . parameter q_ from DY cross
section, yielding a consistent value of q_ = 1.04 + 0.08 GeV valid across various mass ranges (~10-1000 GeV) and center-of-
mass energies (32 GeV to 13 TeV).

Contrast to Standard Monte Carlo Generators: Our results challenge the commonly used width values for intrinsic Gauss
distributions in standard Monte Carlo event generators, which vary with center-of-mass energy.
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o, scale

PB-Sets are fitted to precision DIS HERA measurements using the xFitter platform (x?/dof=1.21)

Accessible in TMDIib and TMDplotter
Both having q =0.5 GeV
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« Significant difference at low transverasal momenta of partons

* For heavy flavors the difference much smaller since they are only generated dynamically
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TMDplotter 2.2.4

« PB-Set2 provides a much better description of measured Z/y p. at LHC, in low-energy experiments, and of di-jet Ag near the
back-to-back region. This underlines the relevance of the angular-ordered coupling in regions dominated by soft emissions.
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Scale Dependence of Intrinsic k; Sensitivity in TMD and DY p;

Why lowest DY mass region is the most sensitive one?

CMS_2022_12079374

—_
—
1

50 < myge < 76 GeV g, =08 [T 10 [ 12GeV

e T ® -}-E

down, x = 0.01, p = 50 GeV down, x =0.01, u = 350 GeV

10° T T TTTTT] T T T 1110 T T T 1T T T TTTTT
PE-HLO-HE Rk 201 8-se2
PE-NLO-HERAl | F2a2-q20.0

Prediction
Measurement
—
fam]

10F T T TITTT] T T T TTIT T T TTIIT] T T T 1117
PB-HLO-HERAl+I-2018-5a12
PB-HLO-HERAl+I-sa12-q20 0

111

<
=]
1

10

){AI[){,k1,|.1}

[y
—
1

6 < mye < 106 GeV

> - L4 T & & & & #

1

Prediction
Measurement
—
=

o
=]
1

107

—_
—
1

1072 106 < mye < 170 GeV
10°°

Prediction
Measurement
—
=

3
10 102

<
=]
1

1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIJ
TMDgplattar 2.2.4

T III|T|T| T IIIIIII| T II|'|T| TTTIT

TMDplatter 2.2.4

1.:'--1. Lo [ NN [ A NN i

12— rrrer e ool il
] 1.2 e

1.1 F

11

[y
—
1

170 < my < 350 GeV

+ )

<
<
<
<+

Prediction
Measurement
—
=

0.9

f

10! i 10 107 0.8 T Lol Lol

=
5
=
—
= E
L
-
-
=]
= I
'?.'
=
—
1

350 < mge < 1000 GeV
T T — T T

0.5 1 2 3 4 5 6
pr(t€) [GeV]

k, [GeV]

———
i —

Prediction
Measurement
—
=

<
=]
1

-1
oo
=]
—
o

In TMD perspective: as the scale increases, sensitivity to intrinsic k. decreases.
In DY p_ perspective: higher DY masses show reduced sensitivity to intrinsic k..
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Non-perturbative contribution (I): Non-pert. Sudakov form factor

Factorizing to small and large z region: Perturbative and Non-perturbative sudakov form factor

Sudakov form factors: the probability to evolve from one scale to another scale without resolvable branching
z,,,: an intermadiate scale introduced to divide the two regions with different treatments of the strong coupling

- ,u,g d.u’g Zpr 1 Detg{lg({ discussion
~ _ _ available in:
Aal1”, o) & exp /“2 1 /U Jlﬂ'5‘(053)1 — zdz da(e) arxiv:2309.11802

0

Zayn(1') = 1 — qo /1

e Zayn(H) k, (o |
A (/J ’J’O Exp ( /}_52 :::2 /(} dz 1(_; o da(as)]) S =
— Ay (1, p1d) o Al )(# Mn,qo) -[Ai )(#Qmﬁ,e,qﬁ)]
[0

ka( S)
X exp 2 dz 11— . |-
o M zayn(u Non-Perturbative: z, <z <z, (z,~1-€)= q <,

a_will become large: we freeze a_at q =1 GeV

Perturbative: z <z, <« q > q,

=
=¥

t""‘-

N

Motivation for the use of the dynamical resolution scale:
1) To reach the same sudakov form factor of the CSS formalism (Alexandra Lelek’s talk).

2) To show how the non-perturbative Sudakov affects both the PDF and the TMDs by allowing really soft emissions
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https://arxiv.org/pdf/2309.11802.pdf

arXiv:2309.11802

Role of soft contributions in PDFs arXiv:2309.15587

Limitting z, leads distributions which are not consistent with the collinear MS factorization scheme

gluon, u = 4 GeV, kt from 0.001 up to 1000 GeV gluon, u =100 GeV, k from 0.001 up to 1000 GeV
= 1OZE LLLLL B R R L B ) S B L) B E 10° LA 0 e 20 B e 20 T T T
< E PB-NLO-HERAI+1I-2018-set2 >3 PB-NLO-HERAI+I-2018-set2
= = PB-NLO-set2-gs=0.5-QCord1.0 = PB-NLO-set2-qs=0.5-Q0ord1.0
X q0E X o
- 10
1= =
- 1
10"_5 -
E 10—1
102 o i <
E bk 1072 o
E 5 S 5
E - B
10°E 52 10° 2
F [m] E [=]
F s = =
b= - F — '—
g0t il vl il otl—— ol nnd il e
1-5_ T ||I||||| | I | |7|” 1'5_ T f'||||”| T T IIIIIII T Illlflf[ T Illllll[/lllu
0.5 vl Lol Lol NIRRT | N EET 05 Ll vl Ll Ll . e
10°° 107 107 1072 107 10 107 1072 1072 107"

Red: PB-TMD (z,,~1 : Non-pert Sudakov already included)
Blue: PB-TMD with q,=1.0 GeV (No Non-pert Sudakov)

The distributions obtained from PB-NLO-2018 set2 are significantly different from those applying z = Z, . illustrating the importance of

soft contributions even for collinear distributions (to have proper cancellation of virtual and real emissions).
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https://arxiv.org/pdf/2309.11802.pdf
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Role of soft contributions in TMDs

down, x =0.01, u = 4 GeV down, x =0.01, u = 100 GeV

?_ 1025"""'\ T Ayl - T —— 2 1Er||rlll| T T T T T T T TTTTT
- = PB-NLO-HERAI+11-2018-set2 - F PB-NLO-HERAI+I-2018-set2
= C PB-NLO-set2-gs=0.00001 = PB-NLO-set2-qs=0.00001
x PB-NLO-set2-qs=0.00001-Q0ord1.0 x PB-NLO-set2-qs=0.00001-Q0ord1.0
< < 10 '
10 - X 107'E _ 1 _ /
= S 3 g ZM = Zdyn — 1 o/
1= — 10_2
107 - 102k
= q = F <t
E Y o
L J e - o
= =
-2 ] -4 @
10 3 B 10 g 5
3 8— - 8.
] E - s
=
10—3 Ll 1ol A e | vl A RET] 10_5 [ETEETIT]

107 1 10 0? 10°
k [GeV]

Red: PB-TMD, q_=0.5 (z,,~1: Non-pert Sudakov)

« The non-pert sudakov allows the radiation of very soft gluons with z,, — 1

 Special treatment of a_ is required

Blue: PB-TMD, q_=0.0 (z,~1: Non-pert Sudakov + No intrinsic k)
« Effect of the intrinsic k_ distribution is much reduced at large scales

Purple: PB-TMD with q,=1 GeV, q_=0 (No Non-pert Sudakov + No intrinsic k)
+ k.;>q, is not affected by the choice of z, , while the soft region is significantly affected

+ Emissions below q,=1 GeV are not allowed: There are contributions coming from adding vectorially all intermediate emissions
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