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- How do Jets couple to the QGP*
- What Is the nature of scatterers in the QGP?

a(?)

— |nvestigate transverse momentum diffusion



Anomalous diffusion (generalities)

® [ean squared displacement
(MSD) In brownian motion

(r*) = Dt

® Anomalous diffusion a # 1:
<7°2> x 4

~ piological systems, molecular

chemistry, optical lattice, turbulent
diffusion and polymer transport
theory
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Normal diffusion Super-diffusion
(Brownian motion) (Levy random walks)
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Transverse momentum broadening (TMB)

HIigh energy partons experience random Kkicks Iin hot or cold nuclear
matter that cause thelir transverse momentum to Increase over time
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Transverse plane




1MB In various processes

e Probe the QGP in Heavy lon Collisions: dijet azimuthal de-correlation, Moliere
scattering, jet quenching ...

Mueller, Wu, Xiao, Yuan (2016)
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Moliere scattering

D'Eramo, Lekaveckas,
_iu, Rajagopal (2012)
D'Eramo, Rajagopal, Yin
(2019)
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Transverse momentum diffusion

. approximation: my! <« £

iy << L

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 ) = : 1V Pk,)
ot 4 EA \
e Transverse momentum broadening: normal diffusion ky

(ki)typ X g1 %



Normal diffusion at tree level
TMB distribution at leading order:

for and exhibits the power law tail k;* for k, > O,
| treelevel Normal diffusion
2
101/ _ P(kJ_) — fl\-ﬂ e_% <kJ2_>typ x L
gL

L: Medium size

Jet quenching parameter at tree level
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Q: What is the effect of quantum
corrections on transverse momentum
broadening”?



Quantum corrections to g

o Potentially N transverse momentum broadening at NLO

To<<T<<L

) [ dk? J dr
NLO ~ & —
AT el
Liou, Mueller, Wu (2013) E

SBlaizot, Dominguez, lancu, MT (2014) ] Ky E K
gluon formation time
2 A a. L
(ki) =qGoL| 1 +—=1log"— W
2 70 Ty~ Cnpy K 7 <K L T=—i

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 g

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

* double logs (DL) ~ single scattering Multiple-scattering boundary: saturation line
: (screening of mass singularity)
T dkf 2
61 Q(kj_a T) — aJ k/2 Q(k/ ’ T) ) = Q(Qsa T) T
nt 0Xz) *I ki
gL
[Blaizot, MT (2014), lancu (2014)]
Mueller, Qiu, (1986), Venugopalan, McLerran (1993), ﬂ2
Balitsky, Kovchegov, Jallilian-Marian, lancu, 5 ;
MclLerran, Weigert, Leonidov, Kovner (1996-2001)] 5 : >
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e | O: local/instantaneous
INteractions

o DA + saturation: quasil-
local interactions

Physical picture
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Xf(x)

Geometric scaling in TMB

|

| — L=10fm YMT, P. Caucal 2109.12041 [hep-ph]
101 - — L =50fm

] — L =100 fm

— L =500 fm
10 5 —- analytic, L — oo
) P(k,) — f(k, /QL))
10 2‘5
Srownian motion

107t 100 0!

x =k /0,

L évy flight

e Nonlinear effects yield Geometric Scaling (GS) —  self-similar dynamics

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



Traveling wave solutions

e Other QCD context: GS solutions to Balitsky-Kovchegov (1997) (and BFKL)
equations near the saturation line Mueller, Triantafyllopoulos (2002) (lancu, Itakura,

McLerran (2002))

e Connexion to traveling wave physics by Munier and Peschanski (2003)

. derive sub-asymptotic behavior. \We
follow Brunet and Derrida’s (1988) and U. Ebert
and W. van Saarloos (2000) approaches to FKPP
equation (Fisher-Kolmogorov-Petrovsky, Piskunov)
- (population growth, wave propagation, etc)
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Exact scaling solution for large media L — oo (fixed coupling)

Scaling solution:

g)=eM(1+px) x>0

ar DL = QL) g (x = log — (L)>
1>=s

g(x) — e2ﬂx x <0

TMB relates to gg dipole S-matrix by a Fourier transform Pk)) = szx 1 S(x)) etk

Asymptotically: Lévy distribution Anomalous scaling:
S(r,,L) — o—(rROX(L) Ve super diffusive process
2 1+2v/a
~ non-Gaussian Q; (L) x L

15



Universal pre-asymptotic solutions for g

e Position of the wave front: p(Y) =1log QX(Y) = cY+hlog Y + const.
e Shape of the wave front : YMT, P. Caucal 2109.12041 [hep-ph]
(Y, k)L
i Q%l) — exp (,Bx ) [1 s
Blue: asymptotic limit.
. ki L
Velocity of the wave front: x = log — Y = log —
S 70
C=1+2\/&+&2+2&21+2\/5 ﬂ:c_l b — 2
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kr/Qs(L)P(kr/Qs(L))

Analytic vS numerics

~ Universal pre-asymptotic solution
provides a good description of
numerical simulations for L = 6 fm
and a = 0.2
| —- treelevel \ \
10—2 4 == resummed - numeric \, ~ due tO heaVy
- , \ , :
1 — resu.mm.ed - analytic _ \ Levy -t a”
1 == scaling limit L=6ftm,a; =0.2 ‘
10_3 ! L L ! L L L ! L L L ! L L L ! !
102 102 101 100 101
kT/Qs(L)
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Time dependence of the typical transverse momentum

p(Y) = log Qsz(Y) = cY+blog Y + const.

U1
-

median k7 [GeV]
— N
- -

1
—

| —. tree level

— resummed - numeric

resummed - analytic

cL+bloglL

Super diffusion

&s = 0.2, 4o = 0.1 GeV?, 19 = 0.34 fm

Normal diffusion

10 20

L [fm]
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100

L
Y =log— cx~1+24/a

70

Nonlocal quantum corrections:
anomalous system size dependence
(super diffusion)

Q52 = <kJ2_>median X L1+2\/5

Universal behavior observed down to L ~ 3 1m




Heavy tall - Lévy random walk

e [Extended geometric scaling window at high k;

9) tree level
0. < kJ_ < = 1011 resummed, &; = 0.2
\)
g T
>
e Asymptotic behavior after 9 101t N HVE
resummation (heavy tail) &y
O\ En
P(kl) —)f(kl/QS(L)) ~ S do = 0.5 GeV /fm, L = 6 fm »
kJ_ kJ_ \
10907 10Y 10! 102 103
kT [GeV]

~ Quantum evolution yields heavy power law talil

| E - D’Eramo, Lekaveckas,
~ Substantial enhancement w.r.t. the Moliére spectrum at high k, 0 rgrng;goi) R
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RuNNiNg coupling case

e (One-loop running coupling:

b | 12N,
alk,) ~ — WiIth b =
Ink?/Aqp 11N, — 2N,
| L
e Slower evolution w.r.t. Y = log —
0
ki
| ki 080 ki
e Modified scaling variable ~ x=log— — x = ~y/a(Y)log—

2 NG 0
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Systematic approach for universal sub-leading terms

e [ixed coupling Caucal, MT, 2109.12041 [hep-ph]

B 3c 6cy/2m(c—1) 1 1
ps(Y)=cY 1_|_Cln(Y)-|—/s: Q102 vy O(Y)

e Running coupling Caucal, MT, 2203.09407 [hep-ph]

1
p(Y)=Y+ 2\/4190Y + 3&,(4byY) 0 + (Z_Zbo) In(Y) 4+«

7E2 1
1 - & -18b, |
180 (4b,Y)/6 108 (4byY)13 \/4byY

First four terms conjectured by lancu and Triantafyllopoulos (2015)
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| arger momentum transfer

x <1 x~ 1
e Coulomb power law k*for k, > Q?/u ? —

L 0 R DGLAP
Plk)) =~ — k?, L
( J_) kj 0 log ki g( )

e Hard scattering regime: gluon PDF of §
the plasma at DLA: -

) ) ka_ L /
q(k7) o< xg(x, ki) ~ exp log — log —
l/t2 70 l | | > kJ_
0, 0 Ve VET
u? L
Caucal, MT

2203.09407 [hep-ph]
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| arger momentum transfer

x <1 x~ 1
e Coulomb power law k*for k, > Q?/u ? —

L 0 R DGLAP
Plk)) =~ — k?, L
( J_) kj 0 log ki g( )

e Hard scattering regime: gluon PDF of 5
the plasma at DLA: -

o , ki ET
q(ki) o< xg(x, ki) ~ exp log — log —
pe ke | | |

0, Q \[E\/E_T
L

”2

>kJ_

e k, >\/E/L, expect energy dependence through x ~ k?/ET < 1/LT

Wang, Casalderrey-Solana (2007) Kumar, Majumder, Chen (2019) Caucal, MT
2203.09407 [hep-ph]
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Summary

TMB in QCD is a super-diffusive process (hon-gaussian) due to logarithmically

enhanced guantum corrections — anomalous system size dependence

Exhibits geometric scaling and heavy tails akin to Lévy random walks —

Substantial departure from the LO Moliere scattering

Systematic approach for computing universal asymptotic and pre-asymptotic
solutions for transverse momentum broadening

Outlook:

) Investigate anomalous diffusion in QCD matter, departure from Moliere scattering
(point-like scatterers) in HIC 1i) next-to-leading-log i) application to jet quenching

observables and system size dependence
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Backup



TMB and Wilson lines

e [MB is related to the scattering of color dipole off a

 Dipole S-matrix

Path ordered Wilson line:

- o ;
U(x|) =Pexp z'g/ dzTt*A; (z7, x| )

_ — 2 —tk ) PT = o
— koJ_ d L] € S(CEJ_) ’
1 | - 5T
S(x)) = ~ Tr(U(z)U'(0)), o OBl
AH

— 00
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Running coupling case (vs numerics)

e AtlargeY (leading contribution): 10°
21/3b1/6 1 /3
G 0 _Ai |& + 273,/
e Small Y (leading edge expansion Q| -~ treelevel N
: 10727 — numeric-Y = 4 \'\
diverges). Instead expand around | analytic. Y — ‘
. . analytic-Y =4
the saturation line 1073 e e e
103 102 101 10V 101
kT/QS(L)
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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)

1.5 -

1.0 1

W

5 50 75 100 125 150 175  20.0
YZ]H(L/T())



Compare to exact solution of linear evolution

Liou, Mueller, Wu (2013)

Analytic solution for Qy(r) ~ gyt lancu, Triantafyllopoulos (2015)

I, (2 aY) 0
QX (L) = g(Y,Y)r = §, ~ [2Va Y = log —
'/ 10
aY
3
— b lin — A~ 7& b non—lin

0 " 21— )
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¢ | cading edge: growth of perturbations around the

. L
~ront interior unstable state § = 0 (diffusion of the wave front)

qlY, k)L _ 1 1 ] qY, k)L P [ X X 1 X ]
QSZ — eﬂx .f()('x) Yl/zfl(x) Yf2 (X) o QS2 =C -Y Gl ﬁ +GO W +WG_1 ﬁ + ..._
U. Ebert and W. van Saarloos (2000)
1.50
front interior _ ka_ _
1.25 p~ps(Y) ~cY P=logﬁ e z 20l 72 73 od il g2
n(x
100 1—
< fo(x) 1 B / / /[ /]
<075 . fi(z) 00 0 / L 1 ]
d1(c—1)(c 51(c—1)2(c
L 050- — leading edge f2() 0 & SEgEsS MegEs ) [ /G /
x = p—ps(Y)~ Y* / /
0.25- fn() 0 fa fn I B A
0004 . /
-0 0 10 20 30 40 50 f.: polynomials of degree n

e | eading edge expansion resums terms on the diagonals
e Boundary conditions at infinity constraint the saturation line: Q (Y)

30



Traveling waves (TW) solutions

o [VIB relates to ggq dipole S-matrix
by a Fourier transform

Pk)) = szxl S(x,) e™™uk

Where

S(XJ_) — e—%xﬁL qg(1/x,,L)

e Dipole S-matrix admits TW solutions

0.2 -

0.0 -

- [=5fm
- [=50 fm
- [=500 fm

§o = 0.1 GeV?>, 19 = 0.34 fm, & = 0.2

10

)
=3 10-1

104

109 106 10-3 10°
sz [GeV 2]

e Exact scaling solution (dashed black curve): are the deviations to the

asymptotic limit universal
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Operator definition of g

e ¢ isin the double log regime and can be accessed with OPE or kt-factorization

e (pIF (D) [zt 01 F (01)|PY O (2t < L)

. Artagn [ dzT
q =
0

P- 27T
e No x ( coherence length) dependence when

P I'>L
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