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A. Sarkar’s slide at Low-x workshop

The HERA data are the
‘backbone of all PDF fits

BUT what could HERA not do?
High-x gluon and sea flavour detail s,c
What other data can we use?

» Drell-Yan data from fixed target DIS and
the Tevatron and LHC

+  W,Z rapidity spectra from Tevatron and
LHC

« Jet pT spectra from Tevatron and LHC

» Top-anti-top differential cross-sections
from LHC

+ W and Z +jet spectra, or Z pt spectra
from LHC

« W and Z +heavy flavours from LHC

+ Beware: there may be new physics at
high scale that we ‘fit away’

» Further warning, this additional
information comes from many different
groups— often there is no clarity on the
correlations of experimental systematic
uncertainties between differing LHC
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A. Sarkar’s slide at Low-x workshop

The HERA data are the
‘backbone of all PDF fits

BUT what could HERA not do?
High-x gluon and sea flavour detail s,c
What other data can we use?

the Tevatron and LHC
W,Z rapidity spec

W and Z +jet spectra, or Z pt spectra
from LHC
W and Z +heavy flavours from LHC

Beware: there may be new physics at
high scale that we ‘fit away’

Further warning, this additional
information comes from many different
groups— often there is no clarity on the
correlations of experimental systematic
uncertainties between differing LHC

Proven factorization for
sufficiently inclusive
observables

This is a very small
fraction of observables
we measure

Up to what extend is
this correct?

Are we fitting away
breaking effects, NP?
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Motivation: factorization

Imagine the case in which factorization dictates:

01 = H: x PDF(X range; J1)

0. = H, X PDF(X range; [>)
And now assume it also dictates:
PDF(x range; U.) = PDF(x range; J1) X R

It would meant we could construct the observable:

R« 0,/0;

» R would depend neither on the scale choices, x range, PDF, nor on
the process - clear way of testing factorization



Motivation: factorization

Imagine the case in which factorization dictates:

O1

O

1 X

2 X

D

D

DF(X range; W1)

DF(X range; J2)

And now assume it also dictates:

PDF(x range; U.) = PDF(x range; J1) X R

It would meant we could construct the observable:

RAD hiddenin here « | R« 0,/01

» R would depend neither on the scale choices, x range, PDF, nor on
the process - clear way of testing factorization

This case scenario exists in Drell Yan, at low transverse

momentum



Motivation: nucleon tomography

» Modern factorization theorems separate the 3D hadron structure from
the low distance hard scattering

o 00/ @b itorr) o (Q) Fi(z1,b; p, ¢) Fa(x2, b5 1, C)
dpr (2m)? K

» More complete description, going beyond the simplest 1D parton
structure

- e.g. information on parton angular momentum contribution
to proton spin

up, PB-NLO-HERAI+1I-2018-set2,p = 2 GeV, kl from 0.1 up to 1000 GeV
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Motivation: nucleon tomography

» A new function emerges and it dictates the evolution of the parton
distributions:

dfq,h(fﬂ, bv Ju“u C) — f}/F(
d1In p?

d , b;
fq,hglin(ﬂ ) D(b, p}fq.n (2, b; 1, C).

» |t is a self-contained object with new non-perturbative information

Phys. Rev. Lett. 125, 192002 (2020)

g’C) fq,h(xa ba”a C):

JHEP 08 (2021) 004

0.0
» Exclusively sensitive to QCD vacuum  _g;
—-0.4;

. . X
» RAD has been studied extensively ¢
—0.8+
» Yet, only QCD function which is .

largely unknown

—— SV19[1912.06532]

—— Pavial9 [1912.07550]
——— Perturbative N3LO
4 This work, 6K =0.06
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Motivation: nucleon tomography

» A new function emerges and it dictates the evolution of the parton
distributions:

d b;
fqahd(i; 1;2“7 C) _ f}/F(g’ C) fq’h(.fl?, b, Jus C):

d ,bs

» |t Is a self-contained object with new non-perturbative information

Phys. Rev. Lett. 125, 192002 (2020)

» Exclusively sensitive to QCD vacuum

» A direct measurement of RAD would imply:
- Stringent test of factorization and universality of the TMDs
- Higher precision imaging of hadrons
- Higher precision for measurements, e.g W mass
- Input to probe parton spin-orbit correlations
- Information on confinement and hadronization
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Novel method to determine RAD Phys.Rev.D 106 (2022) 9, L091501
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NOvel methOd tO determ|ne RAD Phys.Rev.D 106 (2022) 9, L091501

» Start from the factorization formula:

do 27 o (Q)
dQ%dydg2 9  sQ?

» Apply the inverse Hankel transform:

21 g, (Q)
9 s0Q)? ©

®» Evolve the parton distribution to a reference scale:

Wit (21,22, Q, qT),

S(y, Q;b) = Q) el fo (@1,b:Q, Q%) fy, (2,5, Q, Q%)
q

disposable

S, :b) = - 22D 0y (QPESELERIIY 2l (1,8 0 o i )
the target  *

» Build ratios of the cross sections at different scales:

4 ;mg%”w( Q1)[pPAQi= ko) » egfo, (w1, =T 07 o, Co

Yz SOy (Qo) A toco)| 3 R, (b oo tra TG Co
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NOvel methOd tO determ|ne RAD Phys.Rev.D 106 (2022) 9, L091501

» \We get the master formula:

o () 2@ —280(@1. @ui
( aNJO) — 4111(@2/@1) \ —1

measurement perturbative terms
®» Things to remember:

- No dependence on the chosen scales N
- No dependence on process
- Cancellation of the longitudinal part

0.8}
: Clear test of
0.6F factorization premise
Q I
T 041

0.2}

o Different PDF

~0.2 10
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Applying the method to simulated data rrsrew s @ozs. osiso
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Applying the method to simulated data rrsrew s @ozs. osiso

» Master formula can be used with data, provided:

- small gr and Q bin sizes

- choices of y, Q and center-of-mass energy ensure same X range

- Q below Z peak

» Simulation using the CASCADE MC generator:
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Applying the method to simulated data rrsrew s @ozs. osiso

» All properties of RAD, like universality, are observed for the PB
approach

» This non-trivially supports both factorization and PB approaches,
sets the stage for a comparison

» The method can be applied to the experimental data!
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Applying the method to experimental data wysiwwmdesgenstudenss

022/reports/David.Gutierrez.pdf
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Applying the method to experimental data ngsmwwesaenstudensrz

022/reports/David.Gutierrez.pdf

» CMS provides a excellent muon capabilities
» High quality data at 7, 8, 13, 13.5 TeV
» Feasibility studies on the di-muon resolution show promising results:

CMS Simulation (8 Tev)
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Applying the method to experimental data

» As an example Q1, Q2 = 28, 46 GeV
» Small gr bin size ensure sensitivity up to around b = 1.5

o dgT = 0.5
% 0.4
.0.0
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» Adding statistical and dQ uncertainties:
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Applying the method to transform PB TMDs to CSS

Phys. Lett. B 845 (2023) 138182
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Applying the method to transform PB TMDs to CSS

Phys. Lett. B 845 (2023) 138182

» This is a long standing problem

» Evolution of a TMD can be expressed as: _
~—»Evolution factor

Fa,b; 11, C) = RIb; (1, ) — (0, Co))F (i, b)

» R[b; (p, p1*) — (po, p13)] = exp{ — /M d—ﬁf;(QD(u’,b) + w(u’))}

0

» \We use the method to determine RAD from DY in CASCADE:

InRb; (U, 1?) = (Lo, 43)]

uncertainty

uncertainty
0.11

0.9

0.06 -

0.01 01
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Applying the method to transform PB TMDs to CSS

Phys. Lett. B 845 (2023) 138182

» This is a long standing problem

» Evolution of a TMD can be expressed as: .
~—»Evolution factor

Fa,b; 11, C) = RIb; (1, ) — (0, Co))F (i, b)

» Comparing PB TMD set2 to MAPP22
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1 > 3 4 5
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Summary and conclusions

» Determination of RAD would be a stringent test of factorization and can have

a deep impact on hadron 3D imaging
» Novel method to determine RAD was introduced

» [ts application to simulated data from PB approach has solved long standing

problem of comparison between factorization and PB

» Feasibility studies using CMS full simulated public data have shown

promising results
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