Probing spatial parton distributions
of the proton via hard processes in pp
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Motivation:

Aim: a unified description of hard processes in pp, pA and AA
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The standard picture in AA collisions

The CLASSICAL picture of collision geometry in the Glauber model:

a b

Side view Beam-line view

Projectile B Target A !

Miller, Reygers, Sanders and Steinberg, Ann. Rev. Nucl. Part. Sci. 57 (2007) 205.
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Flow in pp, pA and AA collisions
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CMS collaboration, Phys. Lett. B 765 (2017) 193 [1606.06198].
Is this picture still valid for pp collisions?
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https://arxiv.org/abs/1606.06198

Flow in pp, pA and AA collisions

Phenomenological success based on this generalized picture:
» Hydro, etc:
For a review: Nagle and Zajc, Ann. Rev. Nucl. Part. Sci. 68 (2018) 211 [1801.03477].

» Kinetic theory: interplay of hydro and non-hydro modes
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Kurkela, Wiedemann and BW, Eur. Phys. J. C 79 (2019) 965 [1905.05139].
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Transverse phase-space (TPS) PDFs

A coarse-grained picture of TPS PDFs in heavy nuclei

The Glauber model gives
coarse-grained TPS PDFs:
f(r,p,z) = Ta(r)f(p, 2)

Ta: the nuclear thickness function
f(p, z): corresponding TMD PDF

r,p: transverse position, momentum

TPS PDFs in the proton have
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ATLAS, Phys. Rev. Lett. 110 (2013) 022301 [1210.6486]

not been measured yet!
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Impact-parameter dependent collisions in QFT

The quantum picture (for A+B— C + anything else):

Xp

Xa

BW, arXiv:2102.12916

Two main issues:
1. Impact-parameter dependent cross section in QFT

2. The factorization formula with C being colorless, valid for pp, pA and AA
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Impact-parameter dependent collisions
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The cross section and collider physics

The quantum picture of colliding beams:
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IP (z=0)

The cross section: the number of collision N = Lo with £ the luminosity.

1. It is intrinsic to colliding particles.

2. Wave packets are not the same across experiments.

The wave packets should be able to be integrated out!
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The impact parameter

Take two particles respectively from the two beams:

Ayl
Ay

About defining b:
1. It can be ambiguously defined if b > Axa, Axs.
2. b > Axa, Axg barely change with time in high-energy limit.

These are the conditions needed to define do/d?b.
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The impact-parameter dependent probability

» In principle one can predict

Po(¢a, d6 = {pr}) = (6ad8|S" [{pr}) ({pr}|S|dacs).

» The issue: ¢4 and ¢ are not measured!
» do/d?b is given from P, if ¢4, g can be integrated out:
1. Condition 1 needed to identify transverse momenta in ¢; X ¢;

2. Condition 2 needed to identify longitudinal momenta in ¢} X ¢;
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The impact-parameter dependent cross section
With the above two conditions imposed:

The colliding particles’ wave packets are 1) localized but 2) not so localized
(pz > pr) in transverse position space.

For producing any observable O

dzc:;o - (37:;2 'qb/H[drpf](S (0 —0({pr}))

X 5= M(pa, ps — {prH)M" (a,Ps — 1pr})(27)'5 (pa + ps — 3 pr),

where O({pr}) defines the observable O as a function of the final-state
momenta {pf} the incoming momenta

2 = I3 " 2 =

q't g7 Ny - ng 4t qr  np

= ,Df ar _ ZA —hg-PgB_dr___ 9T _Ts

P Py Sy a2 PETE Py o T e 2

n“ q- ¢ Al nt gt ¢ Ak

50, pa_ 9T 49T My 50 _ .. p.e 9T dr e

P = A A T gaa Pa 2’ PET BBy o T aE e 2
Bin Wu 10/21

Impact-parameter dependent pp collisions



Factorization and TPS PDFs
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Factorization using SCET
The S-matrix element at leading order in A = Ajg/Q

(pes {px} |3\ oads) = / d*xeP< ({px }IVI(x) [éac).

Here

-collinear factorization

i(x) = / dtadits (S g (¢ + EATAISA [So oo (x + ta78)]125,

soft-collinear factorization

Sp;: the soft Wilson line along the collinear direction n;

n;n;
On 2 Xy (X) = Wi (x)

_ 1 .
"/)ny(x) Xn; (%), Br‘:,-T = EW;(X)’D#,TWH/‘(X)
with D) = 0% — igsAn,,T and W, the nj-collinear Wilson line.
The impact-parameter dependent cross section
do 1 4 4 —ipe-
= d" Xd pex
d?bdycd?pc  2(27)3 / xe

x> (easell! (X + 5 ) Hpxh) (o} W (X = 5 ) [oace).
{px}
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The factorization formula

doas 2y / 2, giPC x/ dza dzg
d?bdycd?pc — — Tjja(X b, zs,
d?bdycd®pc  4ms Z/d d’x Zr 75 Tisa(X, za, %) Ti /6 ( zg, X)

Thickness beam functions

« [ TT0ra TT st 2= - pe = -

i=A,B

apap aAaB
HaAaB (ZAPA, zgPg — pPc, {Pf}) ajap (X)
hard function soft function

Valid for all pp, pA and AA!
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Thickness beam functions

» Definition:

d2q iq-r dt —iztn-
Tisi(r, z,x) = Weq /Ze ta-P

x (7P, ~3|l}]e (% + %) Faralénls (—% - %) 7P 3)

where I': some projector in spin/polarization.

Beam function at r!

» Fourier transform of TPS PDF with respect to x:

parton j
D, Z
r .
G/i(nz? p): :/dzxelp'xﬁ/f(nz?X)'
i=A,B
TMD PDF at r!
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Thickness beam functions

» Connection:

1. Two-dimensional analogues of quantum phase-space distributions

Belitsky, Ji and Yuan, Phys. Rev. D 69 (2004) 074014 [hep-ph/0307383)]

2. Tj)i(r,z,0): the transverse spatial PDF at r

3. Generalized Parton Distributions (GPDs):

The off-diagonal matrix element needed for defining 7;/(r, z,0) is the
same as GPD with the incoming momenta differing only in the transverse
plane.

Diehl, Phys. Rept. 388 (2003) 41 [hep-ph/0307382].
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Soft and hard functions

» The soft function:
53438 (x) = (0 T[SIZE™ (x) SIA™ ()] T[S27(0) S22 (0)][0)

apap
» The hard function:
paaca pagop

a3 — 5%apap Sapap
HaAaB = d d. C&A&BCaAaB
CA B

with € given by

C(e7 Zafia - PA,ZBﬁB . PB) — /thdtBei(tAzAﬁA-PA+thsﬁB-PB)C(E’ ta, tB)-

The same as for conventional cross section!

Bin Wu 16/ 21 Impact-parameter dependent pp collisions



A verification of factorization

» The impact-parameter dependent Drell-Yan cross section

qq — " + anything else
» The verification procedure:

Its validity in such collisions can be verified order by order in perturbation
theory by comparing to the results of the general formula for the
impact-parameter dependent cross section, expended up to leading order
in A=1/(bQ) < 1.

» At the Born level

(0)
d;zb — 72e25(s — Q%)5(b).

The hard scattering is initiated by the quark and antiquark only when they
pass very close to one another at a distance ~ 1/Q, which defines
" point-like” in our calculation.
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Spatial quark distribution in a quark

Perturbative series of the spatial quark distribution:

Tora(r,2) =6(1 = 2)6@(r) + TU)(r,2) + O(a?).

where

.
b b
T - 5
ko
;;C; [— (1 + LT> 5(1—2) + (llfzz; .
with L1 = 2log (26'_“75) .
At finite b
9% acf(sb) + O(a2).
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The Glauber model
For heavy nuclei, modelling modes ~ % < Noep

nucleon
\ W
Dz

7}/,‘(I’,‘,Z,X) -

i=A, B
= the thickness functions x the beam functions

The factorization formula gives

doag
Pbdycd®pc

TAB(b) donn

dycd?pc

RAA = = ].7

with Tag(b) = [ d*XTa(X) Te(X — b).
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TPS PDFs in the proton

For the proton, r ~ b ~ 1/Agcp, still non-perturbative!

parton j

Pz
r

Tifp(ris 2,%) =
proton
1. There are no first-principle calculations.

2. Opportunity to measure them in b-dependent pp collisions.

3. It is a prerequisite to study jet quenching in pp collisions.
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TPS PDFs in the proton

A curious issue:

1. Condition 1 for pp collisions:

r~bn~

1
Axt > —— A 100 MeV.
Moo > Axt > 3Ap = Ap > 100 Me

2. An estimate of Ap at the LHC:

Beam | Beam 2
@\UI Head On ) //@

Af. ~ 10urad = Ap <70 MeV
for E =7 TeV proton beams.

Bin Wu 21/ 21 Impact-parameter dependent pp collisions



Summary and Perspective

A unified framework for A+B— C + anything else:

Xa

Issues solved:
1. Impact-parameter dependent cross section in QFT
2. The factorization formula for C = ~*, W+, 7% H°
Issues to be solved:

3. The factorization formula for C = jets, etc.
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Summary and Perspective

A unified framework for A4+B— C + anything else:

Xp

Issues to be solved (continued):
4. More theoretical studies needed for the measurement of proton TPS PDFs

» Detailed analysis of the experimental conditions
» Pin down the original of flow in pp collisions

Most importantly, the relation between the impact parameter and Nt"r‘if”"e
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