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Motivation:

QCD factorization in heavy-ion collisions?
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What is more in heavy-ion collisions?
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Compared to pp collisions:

1. Impact-parameter dependence at initial states

2. Interactions with QCD matter (~ 10 fm for Pb, Au, etc)
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QCD factorization in heavy-ion collisions?

Factorization is assumed in the studies of hard processes:
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final-state interactions
Is it valid and can it be formulated using SCET?

Bin Wu 2/ 22

Impact-parameter dependent cross section



Impact parameter in heavy-ion collisions
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For example, ALICE, Phys. Rev. C 88, no.4, 044909 (2013) [arXiv:1301.4361 [nucl-ex]]
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https://arxiv.org/pdf/1301.4361.pdf

Impact parameter in heavy-ion 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 [arXiv:nucl-ex/0701025].

Topic 1: Impact-parameter dependent cross section in QFT

BW, JHEP 07 (2021) 002 [arXiv:2102.12916].
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https://arxiv.org/pdf/nucl-ex/0701025.pdf
https://arxiv.org/abs/2102.12916

The Drell-Yan process in heavy-ion collisions

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

Xa

Here, C stands for some colorless final-state object.

Topic 2: Verify factorization formula in the Drell-Yan process
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Impact-parameter dependent collisions
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The impact-parameter dependent cross section

The probability for producing any observable O:

S5 = [ TTra1800 - 0(tprh)ercnl ST Hp o} Slencn), (1)

where the wave packages of the colliding particles with x; the transverse
location

N d35 efip»x,- e
0= | G g 21019

unknown

which are required to be sufficiently localized in space in order to define the
impact parameter b = xg — xa: Axa, Axg < b = |b|.

BW, JHEP 07 (2021) 002 [arXiv:2102.12916].
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https://arxiv.org/abs/2102.12916

The impact-parameter dependent cross section

diﬁ defines cross section only if ¢;’s can be integrated out!

¢i's depend on how the beams are prepared.

M.E. Peskin and D.V. Schroeder, Addison-Wesley, Reading, USA (1995).

There are 3 x 4 = 12 momenta to integrate out:
1. Use an overall ¢ function of 4-momentum=- 8 momenta

2. Impose two conditions:

) 1Pl > [Pil, Apr, Ap.,  ii)lb| > Axr.

3. Expand eq. (1) in the above limit:

As a result, the 3-momenta of each ¢; in the amplitude and conjugate
amplitude are identified.

4. Integrate the two wave packets= 2-momenta conjugate to b
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The impact-parameter dependent cross section

The cross section for producing any observable O:

do
d2de

x ?SM(PA,PB — {pr})

with the incoming momenta

e = Pni\b q%’
= Na - - 4+ = — _A
Pa ATTAD 2 4fp-Pa 2’
nh  gh q> ik
54— F,.p,a_ 9T 4t M
Pa A A2 2 4r'1A-PA2’

Bin Wu 8/ 22

M*(Ba, Be — {pr})(2m)"s

- O0({pr}))

Pg = g - PBf-i-

(2)
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Factorization and TPS PDFs
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Factorization using SCET

Consider A+B— C + anything else at impact parameter b, which
generically involves:

1. SCET scales:

nj-collinear: p}; ~ Q ()\2, 1, )05

A2Q for SCET,
S
soft: ps {AQ for SCET) (3)

ILW. Stewart, Lectures on the Soft-Collinear Effective Theory, in MIT EFT Course 8.851, 2003;

T. Becher, A. Broggio and A. Ferroglia, Lect. Notes Phys. 896, pp.1-206 (2015) Springer, 2015, [arXiv:1410.1892 [hep-ph]].

2. Impact parameter: 1/q7 ~ b (= 0 — 10 fm)

3. Nuclear/medium scales:

nuclear size R ~ 10 fm (for e.g., Pb), nuclear density p,

Let us first consider scales 1 & 2 and colorless final states C.

Bin Wu 9/ 22 Impact-parameter dependent cross section


https://ocw.mit.edu/courses/8-851-effective-field-theory-spring-2013/resources/mit8_851s13_scetnotes/
https://arxiv.org/pdf/1410.1892.pdf

Factorization using SCET

Simply insert the S-matrix in position space into

5=/ [T (67100  O(pr))616213' o)) (o} Sl6v62)
where
(pe. (px}|Slonde) = [ d'xeP*(px}iMI(x)|6ade).
with
iM(x) = / dtadts [Sns@Pna(X + tafia)|af [Sng Png (x + tefB)]5E,

soft-collinear factorization
Sp;t the soft Wilson line along the collinear direction n;

n;n;
4

_ 1 .
Gny X (X) = WE) = 0n (X),  Xm(x),  Bhy= EWJ;(X)'DZTan(X)
with Dr’fiT =0F — igsAﬁfT and W, the nj-collinear Wilson line.
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The factorization formula

do 1 4 4 —ipe-
- d*Xd*x e e
d?bdycd?pc  2(27)? / xe

x> (eadall (X + 3 ) Hpx D Upx N (X = ) [6aca)
{px}

wex [ dzad .
47TSZ/d2X/d xe'®c ﬁﬁT/A(x 24, %) Ti (X — b, 25, %)

ZA ZB

Thickness beam functions

<[ [Tred T term- P e = 37101

i=A,B

X H3238 (zaPa, z8Ps — pc, {pr})S343E (x).

hard function soft function
BW, JHEP 07 (2021) 002 [arXiv:2102.12916].
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Thickness beam functions

Definition:

d’q iqr [ dt _izap
Tisi(r, z,x) 7/ (27T)2e ge

iop e (B XT N g e (LB X1 |5 p 4
x (AP, 2‘[%]3 <2+2>r“”[¢"]a( 2 2)‘" P’2>

where I': some projector in spin/polarization.
The operators are the same as beam functions!

I. W. Stewart, F. J. Tackmann and W. J. Waalewijn, Phys. Rev. D 81, 094035 (2010) [arXiv:0910.0467 [hep-ph]].

/dt —izth-P (4)
<( v*%\ (5+%) 5 (-5 %) e

_ d [ dt  _ i
E/,’(I‘,Z,X) :zn~P(—gTa,a) Weq ge tn-P

9 gy (2420 ) g~ 27 [5.p, 0
<”P ‘B (2+2>"T< 2 2>"P’2>'
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https://arxiv.org/abs/0910.0467

Thickness beam functions

Physical interpretation:

Fourier transform of transverse phase space (TPS) PDF with respect to x

parton j

Pz
1

fr.z.p) = — [ xem Tyt 20,
i=A, B
TMD PDF at r! (up to gauge link prescription etc)

In the limit x — 0O: T;si(r,z,0) admits the interpretation as the PDF at r

Bin Wu 13/ 22 Impact-parameter dependent cross section



The Glauber model

Nuclei are modelled as uncorrelated nucleons:
the nucleons are distributed according to the charge distribution

1
pa(r)/po = ———  with Rus = 6.62 fm and a = 0.55 fm for “**Pb.
1 s

where po is the density at the center.

C. W. De Jager, H. De Vries and C. De Vries, Atom. Data Nucl. Data Tabl. 14 (1974), 479-508.
The thickness function

T,'(I’,') E/dzp,-(r,-,z). (5)

Miller, Reygers, Sanders and Steinberg, Ann. Rev. Nucl. Part. Sci. 57 (2007) 205 [arXiv:nucl-ex/0701025].
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https://arxiv.org/pdf/nucl-ex/0701025.pdf

Thickness beam functions in the Glauber model

In terms of the thickness functions

nucleon

J
=D, Z
r

Z; N;
Tiyi(ri, z,x) = = Ti(ri) mBj/p(z,x) + mBj/n(Za x)
i=A, B
= the thickness functions x the beam functions
where B;j,, and B;,/, are the beam functions for protons and neutrons,

respectively, and the nucleus is assumed to contain Z; protons and N; neutrons.

The factorization formula gives

doag
_ d%bdycd?pc
RAA = 7‘10 = 1,
Tas(b) =25

dycd?pc

with Tag(b) = [ d*XTa(X) Te(X — b).
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Soft and hard functions

The soft function:

S35 (x) = (0 T[SI28% (x) 147 (x)] T[S7274(0) S22 (0)]|0)

aaaB

The hard function:

s paaca pagog

HaAaB — C”faA_aBC"’aAaB

apap — d. d. apapgrasap
A B

with € given by

Cle, zafa - Pa, zgiig - Pg) = /thdtBei(tAZAﬁA-PA+tBZBﬁB-PB)C(G’ ta, tg).

The same as for pp collisions!
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Verification of factorizaiton
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The Drell-Yan process at parton level
The impact-parameter dependent Drell-Yan cross section

qg — ¥ + anything elseat impact parameter b

Verification up to one loop

the definition in eq. (2) gives

R

X M(pa, ps = pc, {pr})M*(Ba, P8 = pc,{pr}) (6)

and the factorization formula reduces to
dogs _ dza dzg 2
e =2 [ [ Xk e T =20 [ Tl

X H(ZAPA7ZBPB — pc, {pr}) 8(Aa - pciis - pc — Q%) (7)

to be compared up to leading order in A = 1/(bQ) < 1.
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At the Born level

Expanding the cross section at leading order in )\ yields

do©
d?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.

= n?e28(s — @°)0P(b).

For the factorization formula:

Inserting into the factorization formula the thickness beam function
T (e, 2) = Tk, 2) = 5(1 — 2)52 (1),
and the hard function

H(O)(ZAPA,ZBPB — pc) = ‘M(O)l(ZAPA,ZBPB — pc) = es(l — E)ZAZBS7

confirms the validity of factorization at the Born level.
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At one loop
Verify using the method of regions:

From eq. (2), the contribution from real diagrams

do” :E/ dq eiq'b/drkW(PA ps — pc, k < pa, ps)
d’b s | (2nm)2 § ’ ’ ’

x 8((pa + ps — k)* — @), (8)
with

iMfl)(pA7 ps — pc, k) = Pa k% §TPZB + 1)APCT§ ETI{ ’ (9)

P8

-—

And the contribution from virtual diagrams is denoted by

dol) 7 [ d’a w0 5, 5
b ~s ) ne® |My”1(pa, pg — pc < Pa, Ps)

x 6((pa + ps)* — Q%) (10)
with |M$1)\2 the spin-averaged amplitude squared which contains virtual-gluon
contributions.
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At one loop

1. The hard region: k" ~ Q

dot’ oy )
W:é‘ (b)U (PA,PB—>pC)

with o) the conventional one-loop cross section for qg — ~*.

2. Two collinear regions: k* ~ Q()\2, 1, N )05

Let us take for example the na-collinear region in which
_ 2 - 2
pi\b ~ PIX ~ k'~ (A% L, M) nadias p'é ~ Pg ~ (L, A% A ngfia-
Upon expansion in A, one has

g2Cr Noq(2) [4K]* = (1 — 2)°|q)’]
2 |k+(1-2)3° k- (1-2)9

|Mrna12(Pas P8 — pc, k < pa, Pe) = €5(1 — €)s 5

with Ngg(z) = (14 z°) — €(1 — z)*. Note that virtual diagrams become
scaleless, and vanish in dimensional regularization.
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Spatial quark distribution in a quark at one loop

Perturbative series of the spatial quark distribution:

Tara(r, 2) =6(1 — 2)6@(r) + T (¢, 2) + O(a?).

where

Ry
—
=
N
—
Il
hel
O
hell

with LTE2|og( ”‘ )

2~ VE

At finite b

x as/(sb’) + O(a?).
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At one loop

By comparing the above results, one confirms:

dot) d’q —_— _
b = E @ c)'zeq b/drkWnnA\Z(PA»PB — pe, k < Pa, P)d(2as — @°)

= ;/ dZAT/q(b ZA)H( (ZAPA,PB RN PC)5(ZA5— Q )

ZA q

3. The soft region: k* ~ \Q:

The contribution from the soft region vanishes.

In summary: at Ieading order in 1/(bQ), one has

C‘/;Z)q :g (271.)2 Iqh/H[drpf]‘S(Pc )
x M(pa, ps — pc, {pr})M*(Pa, Ps — pc,{pr})

s dza dz,
zgzk:/ g gz /d2XT/q (X, 22)Trja(X — b, zg /H[drpf]
Js

x H (zaPa, z8Ps — pc,{pr}) 8(fia - pcig - pc — Q°)
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Summary and Perspective

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

Xp

Xa

Issues solved:
1. Impact-parameter dependent cross section in QFT
2. The factorization formula is derived using SCET for C = ~7, w*, 7% H°

One open question: the evolution equation of 7;/;?
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Summary and Perspective

Hard processes to be addressed:
fP/

-

s
=)

) pr)
do dbx _ibq / 2 dz, dzj
— aladad x Gx d*X X . b
d?bdn;dqxdyy d?py %;/ o o T/A( zi, bx)
7;/B(X - b7 Zj, Dx

) X Hijsw(pr,v, yv — n1) < Ji(bx, X) Sij(bx, n1, X) >
where < - - -

> reminds us that the two functions are modified in the final
states by QCD medium.

Y. T. Chien, R. Rahn, D. Y. Shao, W. J. Waalewijn and BW, work in progress.
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