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Transverse momentum broadening in QCD media

HIgh energy partons experience random Kkicks In hot or cold nuclear
matter that cause thelir transverse momentum to Increase over time
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TMB In various processes

Probe the QGP in Heavy lon Collisions: dijet azimuthal de-correlation,
Rutherford scattering, ...
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TMB In various processes

Probe cold nuclear matter
(forward) dihadron/dijet

di-hadron
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Semi-Inclusive DIS,

di-jet
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o Propabillity distribution for a high energy particle to acquire a
transverse momentum k, after a time ¢ in the plasma obeys a
Fokker-Planck equation:

aP(k ) = : 7V P(k,)
o STV

e [ransverse momentum broadening: normal diffusion \
k
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Tree level

Transverse momentum broadening distribution at leading order:
and exhibits the power law tail k| for k, > O,

for
tree level
1077 power
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Ar 4 Standard diffusion

gL (kf)typ x L

Jet quenching parameter at tree level

d’o
q = CR[ qi o 4raznlog qm;‘X
q, q1 H



Q: What are the effects of quantum
corrections on transverse momentum
broadening”?
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Quantum corrections to ¢

o Potentially N transverse momentum broadening at NLO
o\ A a, oL T~ oo < L
<kJ_> — qOL I + 5 lOg T— 0 mip
0

Liou, Mueller, Wu (2013)]

e Not the standard DGLAP double log: the factor 1/2 reflects the presence
of multiple scattering constraint k, > gt = Q7
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Nonlinear evolution of ¢

o All orders resummed and absorbed in a redefinition of the jet guenching parameter

Multiple-scattering boundary:

0 e D) = a J K dk? ) saturation line

—qg(k,,T) = — (K|, T A

ot + Qsz(T) kf QSZ - Q(Qsa T)T
[Blaizot, MT (2014), lancu (2014)] ki g

~ reminiscent of Color-Glass-Condensate

Mueller, Qiu, (1986), Venugopalan, MclLerran (1993),
Balitsky, Kovchegov, Jallilian-Marian, lancu, pu
MclLerran, Weigert, Leonidov, Kovner (1996-2001)]
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Physical picture

0
e | O: local/instantaneous E 5 S S
interactions E S
Tn <K 7KL
e DLA + saturation: non- y
locality of interactions S

¢ 00

£
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Large momentum transfer (all orders DLA)

e Modification of the power law k" (Coulomb scattering) due to higher orders

1 2 2 A —ix, -k L 0 ~ACT12
Pk, = —ZL d°x, x7g(1/x,,L) e™™ " ~ & dlog k2 g(ki,L)
1 1

e Hard scattering regime: gluon PDF of the plasma to DLA:

2 7 Expect energy dependence at high x:
(kD) = xg(x = 0,k7) = exp \/ log —lz log —
H 10 Wang, Casalderrey-Solana (2007)

Kumar, Majumder, Chen (2019)

~ Non-linear eftects due to multiple scattering may change this picture

observed in the context of saturation physics in DIS: [Mueller, Triantatyllopoulos, lancu,

McLerran, ltakura, Munier, Peschanski (2002-2004)]
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Traveling waves solutions

e Dipole S-matrix admits TW solutions

S(XJ_) — e—%xﬁL q(1/x,,L)

/N

= 0.6-

v

¢ Related to TMB by a Fourier
transform

P(k,) = jdzx 1 S(x ) e~k
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e NB: exact scaling solution (dashed black curve): are the deviations to the

asymptotic limit universal
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Geometric scaling in TMB

| YMT, P. Caucal 2109.12041 [hep-ph]

— L =10fm
— L =50fm
— L =100 fm
— L =500 fm
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x =k /0,
e (Geometric scaling: TMB distribution depends on a single scaling variable

L évy flight

e [ransverse momentum is a super diffusive process exnibiting scale invariance
akin to Lévy flights

studied in the context of saturation physics in DIS: Mueller, Triantafyllopoulos,
lancu, McLerran, Itakura, Munier, Peschanski (2002-2004)
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Sub-asymptotic solutions

e Using Brunet and Derrida’s (1988) approach to FKPPF Munier and Peschanski
(2003) to BK equations

¢ \/elocity and shape of the wave front of the form

L
Y = log —
log QSZ(Y) = cY+blog Y + const. 70
k2
. x =log —
)L e Y*G (i) N
Q? Yo

e The function G accounts for the diffusion of the wave front
e Recall that QS2 IS the typical transverse momentum scale

14



Universal pre-asymptotic solutions for g

A 2
808 83 [ 22 (1 220)

Blue: asymptotic limit. 12
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Analytic vs numerics

=exp | fx — 1 + fx + c

G(Y, k)L px? bx - B(c + 4)x
2 4dcY c?Y

) + O(Y™?)

~ Unlversal pre-asymptotic
solution provides a good

S description of numerical simulations
= for L=6tmand a = 0.2
S
< ] — treelevel \ \\
10—2_§ — resummed—numer.ic \‘\ . ~ du e _t O h eavy
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kr/0x(L) YMT, P. Caucal 2109.12041 [hep-ph}
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Time dependence of the typical transverse momentum

L(Y)=log QSZ(Y) = cY+blog Y + const.
Nonlocal quantum

T corrections:

- — resummed - numeric ct+blogt alnoma\ous system
| = resummed - analytic | Size dependence
(super diffusion)
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Heavy tail - Levy flight

e Extended geometric scaling window:
tree level
- resummed, &; = 0.2
QS(L) < kJ_ < QS — 101 i _
H |
%
e Asymptotic behavior after 210!
resummation (heavy tail) §,
QSZ(L) 4_\/5 5 10_3 i §o = 0.5 GeV?/fm, L = 6 fm 4
P(ky) = ki QL) = | = kK
1

_5 L a1 o aal L L a9 1 a3 aal L a1 o aal L A
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e Fork, > Qu = expect Coulomb scaling k*
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Applications

. New transverse momentum dependent
distribution beyond gaussian approximation

e |nitlal condition for small x evolution

e Search for Rutherford scattering (point-like scatterers) in HIC
|D’Eramo, Lekaveckas , Liu, Rajagopal (2012)]

e System size dependence of momentum broadening: probe the

anomalous diffusion in the QGP
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Summary

o [NVB Is a super-diffusive process due to logarithmically enhanced
guantum corrections that

e [MB exhibits geometric scaling and heavy tails akin to Léevy random
walks

e EXxploiting an analogy with saturation physics and reaction-diffusion
processes we find exact universal asymptotic and pre-asymptotic
solutions for the transverse momentum distribution

e Qutlook: investigate anomalous diffusion in QCD matter in HIC and in

particular the modification of the Rutherford scattering, running coupling
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Anomalous diffusion (generalities)

® [ean squared displacement
(MSD) in brownian motion

® Anomalous diffusion a # 1:

(r?) oc t°

superdiffusion
({r*y oc 7, o>1

MSD ({r*(7))

nom. diffusion
(ryoc DT

subdiffusion
(r*y oc t°, a<l

time t
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Compare to exact solution of linear evolution

Analytic solution for Q(7) ~ gyt lancu, Triantafyllopoulos (2015)
I (2v/ay) _ L
OXL) = (Y, V)r = Gy ~ [V reloe
vV aY V
3
= blin — 5 7& bnon—lin — 2(1 B ,B)

~
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» TMB in QCD matter

stochasticity
» Reaction-diffusion (FKPP)

—

» Gluon saturation (BK) self-similarity

» Lévy flights
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Normal diffusion Super-diffusion
(Brownian motion) (Levy walks)

Large step length
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Numerical cross-check for the sub-leading term

L(Y) =log QSz(Y) = cY+blog Y + const.

— f(Y) =Ls(Y)/(cY)

30 F(Y) = (Ls(¥) — )/ (bIn(Y)
— £(Y) = ~(L4(¥) - )Y

b — 2 25 — £(Y) = (YY) ~ )Y
3(1=p)
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Geometric scaling in DIS at small x

® Cross-section dependson T

42222
- 02(x)

T

6,0,(x, 0%) = 6. (0*/QX(x))
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Leading order picture

o approximation, my! < £ <L,

p
TMB described by the rate equation

0
8_P(k 1) = [ Yel(q1) [P (q) =P (kl)]
J g1

® (ollision rate related to the LO elastic cross-sec g7

mp K q, < \/EN prl
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Traveling waves solutions

e [0 derive sub-asymptotic behavior we follow a
Brunet and Derrida’s (1988) approach to FKPP 1

equation (Fisher-Kolmogorov-Petrovsky, Piskunov) | - .
- (population growth, wave propagation, etc) -

0 0* 0
—u=D—u+u(l —u
ot 02X ( )

e Also used by Munier and Peschanski (2003) to find traveling wave solutions to
the Balitsky-Kovchegov (1997) equation describing gluon saturation

0
EN = ay(—0d;)N — aN? L = log ki *
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Exact scaling solution for large media L — o0

pra

k2
A PN 1 7
gk, L)L = Q7(L) g (x — 5 ) — L =10fm /
QS (L) 2.5° [ —50fm E /./
B — L =100 fm /./'
5207 — L =500 fm § /
3 —- analytic 00 | Y,
g(X):X_'B(l‘l‘ﬂlng) x> 1 §15 lytic, L — //
= 4
g(x) = x~ Y v <1 ) A 7
| o 05- ~7 | numerics
e Anomalous scaling: super diffusive process == g
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2 1424/
OXL) o LIt2Va

g as function of the scaling variable x for

~ nonlocal quantum corrections medium length L = 10 - 500 fm
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