Anisotropic flow and the valence quark
skeleton of hadrons

Bin Wu
May 18, 2023

ECT* workshop on CGC at the EIC, Trento, ltaly

Meijian Li, Wenyang Qian, BW and Hong Zhang, arXiv:2304.06557

2 & R 2 %;mFAE

MINISTERIO Financiado por Plan de Recuperacion, AGENCIA
DE CIENCIA _ la Unién Europea Transformacion y AT A XUNTA
EINNOVACION NextGenerationEU Resiliencia INVESTIGACION gd DE GAUCIA



https://arxiv.org/pdf/2304.06557.pdf

Random motivations
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One example for using factorization in pp
Azimuthal decorrelation: A¢ = |pv — ¢,| (6¢ = 7 — Ap) (near mid-rapidity)

ent at LHC, CERN
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eta = -0.390
phi =2.401

i [Muoni,
pt = 266.13

eta =-0.080
phi =-0.5%]

Muon 0,
pt=147.81
ota =-0.124

phi=-1.051

Let us neglect terms of O(Agcp/pr). At lowest order

1 do %1 do
;mzfs(&i’)@z(f;(ﬁ):/o ;@:1
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LL at one loop

One-loop LL along the beam directions

2 @;i%m":;@@ + virtual

PT PT
Z(al)( _ 2CM5 C / dkT / dUJ _ —%Ca |0g2 (ﬂ) for 2= 172
kr s qr

with g7 = [p) + pv| = prd¢.
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LL at one loop

1

One-loop LL along the jet direction using SJA: p}' = p!* + p

Using standard jet axis (SJA)

virtual
w w w ,
in cone out cone o incone / outcone
/
w=kiR | w=k. R
\ / N
4 _ - - \
ar 7 a weks ar /
/
PT KL Qo Tk T KL

PT
¥ = 20“&/ dw/ 2= -Z¢ |og< 1 ) log (ﬂ)
R? qr

— 25 [(G+C) log? ( PL ) +-Cy log (25 ) log ( 2T
= The Sudakov facotr: X (qr)=¢e ~ [( i+G)leg (q ) k g(FZ) g(qT)}
Up to NLL resummation: Y. T. Chien, D. Y. Shao and BW, JHEP 11, 025 (2019) [arXiv:1905.01335 [hep-ph]].
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LL at one loop

One-loop LL along the jet direction using WTA:
pT.r = PT,i + PT; (vr, &) = (v, ¢) of larger pr

Using WTA jet axis

virtual

T e K

PT PT
T (gr) = 2asC / dkr/ dw _ o2 (Pl)
kT m qT

_as (e o0e? (PT
= The Sudakov facotr: X (gr)=e = [(C’+q+ck)l € (q;)}

NNLL: Chien, Rahn, Schrijnder van Velzen, Shao, Waalewijn and BW, Phys. Lett. B 815, 136124 (2021) [arXiv:2005.12279 [hep-ph]].

Chien, Rahn, Shao, Waalewijn and BW, [arXiv:2205.05104 [hep-ph]]
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Sudakov double log along each collinear direction

Another example: sudakov double logs in DIS using A" = 0 gauge:

[ I
/\M]——@—I\/\/\k: M/TM[\/WK: +c.c
q o : q " :
(A)

® " ©
; k tcc W+cc
I Pl
(D) ) (F)
C PdR 9 drt
AtB~-2 Fpoqu/ / S E+F=0
K2

2 2 + 1L
asC @ dr? dit  asC Cdr 9 dIt
C+Db~ = poxqn = / = Fpoxq/v/ TL/ ) ,
T e 1 / ™ PR S I+
1 I_>q_ €1
A+B+C+Dz—2asCFpoquln2E.
T kl

Mueller, BW, Xiao and Yuan, Phys. Rev. D 95, no.3, 034007 (2017) [arXiv:1608.07339 [hep-ph]].
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https://arxiv.org/pdf/1608.07339.pdf

Factorization in DIS on nuclei

When q% > L:

d2bJ_d2kJ_ - 3271'6
XV Ko(y/ Q2x22(1 — 2)) V4, Ko/ Q2x32(1 — 2))

2 1 )
dN _ QN /d2x1d2xz/ [z2 +(1 —2)2]e_’ki'(X1_X2)
0

x [S(a —x) — S(x1) — S(x) +1]e” 2 1n2(Q%3)

vacuum radiation

medium-induced

where S is the solution of the BK equation with S(x., b1, Yo) = e—iabd

Mueller, BW, Xiao and Yuan, Phys. Rev. D 95, no.3, 034007 (2017) [arXiv:1608.07339 [hep-ph]].
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Additional LL in the medium

Resummation of medium-induced double log:

if Xi > 1/€]r0,

el
§r = CAI\/&%Kll(Qv@sK) if 1/6]!0 EXJZ_ > 1/fIL,
g [ﬁ%h(z\/@sm) +(1-1) /2(2\/54SKT)} if x2 <1/4L.

oA A2 _ 1 —InL
with §L = Q5(MV), K =n e and 7 = In = ~ In10.
Liou, Mueller and BW (2013); Blaizot and Mehtar-Tani (2014); lancu(2014); lancu & Triantafyllopoulos (2014).

How to go beyond LL?
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Factorization formula in SCET

An all-order resummation formula using the WTA axis:

Hard function: H;_, vk < parton-level &
Beam functions: B;, B; +— TMDs in hadrons

Soft function: Sji < soft radiation

Jet function: Jx does NOT contain NGLs!

do dbx p g
—_— = / — XS My vik(pT, v v — n)Bj(xa, bx)Bj(xp, bx)d g (bx)Sjji (bx s m )
dax dpy dyy dn P T

Each function contains the full QCD diagrams expanded by assuming their
momenta to have certain scaling!
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Parton TMD distributions

Rapidity divergences in beam functions:
cancelled by those in jet functions

Linearly-polarized beam functions start to contribute to d¢p at NLO/NNLL:

d—2( 1 .o beby
BgL(vaX) = d73(d72g7— + %27- )Baa’(vax)
T

= O(as),

where
e _ = dt —i&tn-p aa’ [, = ac
B *(x,bs) =2xA- P P (P|B;Y (ti + b )By1(0)|P)
with (A% = (1, 7))
B — %WJMVF”“ W,

Chien, Rahn, Schrijnder van Velzen, Shao, Waalewijn and BW, Phys. Lett. B 815, 136124 (2021) [arXiv:2005.12279 [hep-ph]].

Chien, Rahn, Shao, Waalewijn and BW, [arXiv:2205.05104 [hep-ph]]
They contribute to Higgs production starting only at NNLO!

Gutierrez-Reyes, Leal-Gomez, Scimemi and Vladimirov, JHEP 11, 121 (2019) [arXiv:1907.03780 [hep-ph]].
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TMD in jets

TMD jet function: offset of the WTA axis w.r.t SJA

SJA WTA
\4 4/ Gutierrez-Reyes, Scimemi, Waalewijn and Zoppi, Phys. Rev. Lett. 121, 162001 (2018).
Linearly-polarized TMD jet function starts to contribute
)
—g
al = ; fz dguv =1+ O(as),
1 ’ bo‘gbo‘J
L ajay by
Jg= ——"—"" [g +(d—2 a
€ @-2@—-3 Lt @2 ghr
as 1 2 2
= 2 (==Cpo+ ~Tpng) + O
AW(SA 3Ff) (a5)

H with
2(2m)d—1 o
o == Py (0IB2H (02X 5(r - py — - pe)s (5, B2 (0)/0)
H c
:0p
- and 6x = px,c — Px,J-

TMD in jets contributes to d¢ using WTA!

Bin Wu
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https://arxiv.org/abs/1807.07573

Theoretical predictions

At NNLL + NLO accuracy

[ ] NNLL + NLO I5F[7] NNLL + NLO 1
200’: NNLL 1 [ ] NNLL
— NLO — NLO

| — Pythia8 x 1.6 — Pythia8 x 2.0

LHCI3TeV, pp = Z + Jwra + X
+ LHCI13TeV, pp = Z + Jwra + X

pra > 200GeV, |y <2, R=05
pra>60GeV, | <2, R=05

50

\ . . . ,
155 160 165 170 175 165
A¢ [deg]

170 175
A [deg]

Large nonsingular corrections are not accounted for in Pythia simulations!

The error is still HUGE! Time to come back to CGC, which does not have error.
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A potential issue: factorization breaking?

Glauber topologies:

| 2 L roooo
1\ (N
"\ A\
"\ \ A\
L L
1
|
rooo 2N A I
| A\ A\
\ L oo
| - o

Don't spoil factorization up to and including O(a?)

Chien, Rahn, Shao, Waalewijn and BW, [arXiv:2205.05104 [hep-ph]].
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https://arxiv.org/pdf/2205.05104.pdf

The proton seems quite different from heavy nuclei

Take DIS for example

Glauber topologies:

'1[/1 '1’1
llj llj
L,L_] L,L_]

! |
: |
: |
: |

(a) ep: (correlated) multi-parton states (b) eA:(uncorrelated) multi-nucleons

Can we use the same medium average for protons as heavy nuclei?
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Impact-parameter dependent cross section
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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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CcMS
LB T T T T T T T T T T
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u v,{4} «°
+ {6} .
O V,{8} o
0 v,{LYZ} o,. o eece,,
o .
>
0.05- + " —+ 4
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CMS collaboration, Phys. Lett. B 765 (2017) 193 [1606.06198].

For a review in CGC: T. Altinoluk and N. Armesto, Eur. Phys. J. A 56, no.8, 215 (2020) [arXiv:2004.08185 [hep-ph]].

Is this classical picture still valid for pp collisions?

Bin Wu 16/ 29 anisotropic flow and the valence quarks


https://doi.org/10.1016/j.physletb.2016.12.009
https://arxiv.org/abs/1606.06198

The impact parameter

Quantum picture of two beam particles:

Ax,,] —

wave packets ¢4 and ¢g are not measured!

» The probability to produce any final state {pr}
Po(¢a, 65 = {pr}) = (6ads|S"[{pr}) ({pr}IS|Pads).

» Cross section can be defined if ¢; can be integrated out!

Otherwises, measurements, e.g., at RHIC and the LHC are not the same.
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The impact-parameter dependent cross section
Two conditions are needed:

¢; are 1) localized compared to b; 2) p, > pr.

For producing any observable O

Py, do__ [ &4 s dr,,]8(0 — 0
d0  d?bd0 /(zﬁ)ze /1:[[ 2t ({pe}))

X 3 M(pa,pe = (M (P, Ps — {pr})(2m)'6 ) pa+ ps — > pr),

with the incoming momenta

B My, 4t B = ng _ dr
pimiaPat+ L ph e Pay =

- gt n¥ q*
ply ~ fig- Pa-2 — T pr A Pg & LA
Py = Na AT 5 pg ~ Ng - 32+2

BW, JHEP 07, 002 (2021) [arXiv:2102.12916 [hep-ph]].
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Single parton distributions for pr >1 GeV?

Bin Wu 19/ 29 anisotropic flow and the valence quarks



The factorization formula for the Drell-Yan process

X

—
b{\ /—LLH—:'E _ﬁ_rrl

doag 2y / 2, givc: x/ dza dzg
—_— X b, zg,
dzbdycdzpc = irs Z/d d“x . Tisa(X, za, x) Ti/5( zB, X)

Thickness beam functions

/H[drpf] H o(zin; - P —I_1,'~pc—zf_7i'pf)

i=A,B

X H3A38 (zaPa, z6Ps — pc, {pr})SIAE (x).

hard function soft function
Valid for all pp, pA and AA!
BW, JHEP 07, 002 (2021) [arXiv:2102.12916 [hep-ph]].
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Thickness beam functions

» Definition:

dzq eiq<r ﬂ —izta-P

(2r)? 2

= p et (0, xT , of _th Xt |- 54
«(n Pl (47 ) ranalonds (-5 -7 ) |77 )

where I': some projector in spin/polarization
¢n : gauge invariant gluon/quark fields.

Beam function/TMD at r!

Tisi(r,z,x) =

» Fourier transform of TPS PDF with respect to x:
parton j

Pz
r

(e, 2,p) = = [ e T z,%)

i=A, B

TMD PDF at r !
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Can one neglect other partons for pr ~1 GeV?
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Why are single parton distributions enough?

- L/
\ /T

/

When Q ~ pr > A
Z% ~ asln % -+ power suppressed terms in A/Q

The presence of the multi-parton states only provides the infrared cutoff A.

When Q ~ pr ~ 1 GeV, interference between partons becomes important!

it becomes equally likely for one parton to initial the process with all the
partons from another proton.

One may expect that all the multi-parton states matters.
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do/db in the eikonal limit

For meson-meson collisions, in the eikonal limit

2 dé
d2bd0 H/dr’,z, / ‘S’WS’S/”("’@)' d?bdO’

where the dipole cross section at fixed impact parameter b is defined as

i
d2bdo /H[drpfléo o({pf})) TR EER R

in which the transverse coordinates of the valence quarks and antiquarks of the
two pions are given by

X1 = Xa,q =xa+ (1 — &a)ra, X2 = Xa,5 = XA — EAra,
x3 =X, = %8 + (1 — &8)ra, X4 = XB,g = XB — £BrB.

Meijian Li, Wenyang Qian, BW and Hong Zhang, arXiv:2304.06557.
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Soft gluon production

¢ 1 1
d?bdnd?k ~ 2(27)3 N2

= 8042 CF|J({X:‘})|2

202 Cr il 1 &1 Zilxs Zilxg ixs il
TN ) @oEE a2 (e — ¢ )(e -€ )

k k —1 k k—1
dosNe ( =5 — N -
e (|k|2 |k—n2> (|k|2 |k—|'|2>

% [ei(l—k).xl _ ei(l—k)-xz:l [e—i(l’—k).xl _ e—i(l’—k)~x2:| _

where
J{x;}) = 7{ F1(x3) — Fi(x14)] e fhexy F1(xp3) — Fi(x24)] e i 'XZ}
i kP2

— e MU+ 19) [Fa0a3) — Falxaa)] + e 2k + 1Y) [Fa(a3) — Falxoa)]

ik-x
with Fp = 1+|:|2 F - ﬁ@, Filx,y) = — 7= [% +E +In(1rr2u2)} and for k Jf x

Fa(r. k) :8%;%’("1*”{2){ _ e“l'[Ci G(fkl _ kz)r) L (%(ﬂ‘kl - kz)r)
—isi (%(—/‘kl + kz)r> 4 isi G(ikl n k2)r) } —a G(kz - r'kl)r)

—Gi G(ikl + k2)r) —isi (%(—ikl + kz)r) +iSi (%(ikl + k2)r> }
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The flow coefficients

The azimuthal flow coefficients v, and their associated flow angles v,:

% =7 142 Z va cos(n(é — n)
such that v, > 0.
At low kr,
. 241 1 D
k!,!TO v = 4B, cos(0 +0;)k* + O(|k]*)

As kT — o0, it confirms the validity of TPS PDFs (v, — 0):

leinOo v = H 7T|k Z \/ﬂ cos(|k|Xxmn — %) c0s(20mn)

8mn
+ Z Fcos(|k|xm,, —

)
2)
—1,2

=34
Interference effect decreases rather slowly as k increases!
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v, for pion-pion collisions

Using the light-front wave function: parameters fixed by light hadron masses

W. Qian, S. Jia, Y. Li and J. P. Vary, Phys. Rev. C 102, no.5, 055207 (2020) [arXiv:2005.13806 [nucl-th]].

v» at different b

b =040 fin
0.08F B
0.06F R B
b =028 fin
@
-
0.04r b =020 fin
b=0.16 fn
0.02f b=0.12fm
b=0.08 fin
_b=004 fim
0.00 L L L L
0 1 2 3 4 5
kT / GeV

The peak locations are roughly determined by the pion sizes.
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v, for pion-pion collisions

v, after integrating out b

0. L s s

0 2 4 6 8
kr | GeV

Collision geometry and transverse momentum anisotropies
y Py

interference

X —) Px

Bin Wu 28/ 29 anisotropic flow and the valence quarks



Comparisons (with caution)

p-p collisions 1 L p-p collisions
b=02fm [ B b=02fm

R e R
Py 1Gev] 0,0,

E. lancu and A. H. Rezaeian, Phys. Rev. D 95, no.9, 094003 (2017) [arXiv:1702.03943 [hep-ph]].

CMS pp Vs = 13 TeV
T

T
0.15—

b own An|>2 1
L = KOS B
[ o A/X 1
0.10[— ++ =
= i ]

+
g L 8 5 ]
] I ]
oo Ll ]
0.05— + 0 ¢ + -
[ & ]
e ]
- + (105 < N™ < 150) - (10 <Ngy"™ < 20) |
00— ——————— —— — —— — — —

0 2 4

[ (GeVic)

CMS collaboration, Phys. Lett. B 765 (2017) 193 [1606.06198].
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Backup slides
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Interference pattern

The azimuthal distribution é%(cos ¢, sin ¢) with & dipole cross section:

krda=2 04 Krdlg=2 Sog o ka2

-0 k=10

1o: the angle of the long-axis of an ellipseenclosing the distribution curve
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