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C\' CMS Experiment at LHC, CERN
S T coan — ' gata recorded: Sun Nov 14 19:31:39 2010 CEST
& xperiment a : /[Event: 151076 / 1328520
Data recgrded? Thu Aug 26 06:11:00 2010 EDT L:r?ﬁ s\:ai:rt‘ion: 249
Run/Event: 143960 / 15130265
Lumi section: 14
Orbit/Crossing: 3614980 / 281
 [Jet 1, pt: 70.0 Gev
Jet 0, pt: 205.1 GeV
In-medium jets get quenched and broaden
pp dijet event in CMS PbPb dijet event in CMS
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', | CMS Experiment at LHC, CERN

' Data recorded: Sun Nov 14 19:31:39 2010 CEST

Run/Event: 151076 / 1328520
 Lumi section: 249

“Yacuum?” cascade

Theoretical task: 1) describe medium induced modifications to jet structure

2) extract information about the medium from jet observables
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Jets in hot plasmas

How do we treat jet evolution in theory?

1) Use eikonal expansion, 1.€. expansion 1n iverse powers of jet energy; keep kinetic phases

2) Matter enters through classical background field; usually assumed: homogeneous,

infinitely long, static, ... X P x
+ - ~ AM + + .- &
Ar (ZE y L ZB) ~ Amatter (x ) ZB) +0A” (x L :l?) "

(Amatter (T) Amatter (¥)) ~ 0(x — y)
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Jets in hot plasmas

How do we treat jet evolution in theory?

Even with these approximations this 1s a challenging problem! Focus on lowest order processes

O (0550 ) O(a,)

“momentum broadening”

“medium 1nduced gluon emission™

One can gain analytical insight into the problem: BDMPS-Z, GLV, AMY, Higher-Twist, ...
Talks by L. Apolinario, I. Soudi

@ Jets decouple more from plasma evolution: less sensitivity to medium properties
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Jets in hot plasmas

Why should we want to go beyond ?

Corrections to this picture will be NLO effect, power correction, subeikonal, ...

logs Enhanced by medium parameter
Leading order effect

General move towards more differential access to medium information from jets

eaction
lane

Jet sub-structure Jet tomography
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Going beyond: anisotropic matter
Why?

@ An infinitely long static medium ... ... might not be a good approximation to a real droplet

A

X,y
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Jets in hot plasmas

Going beyond: anisotropic matter
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Jets in hot plasmas

Going beyond: anisotropic matter

Previous studies considered similar effects, but at pheno level

Vacuum Static medium: Flowing medium:

(reference) Broadening Anisotropic shape

dE'*/(dndd) |  dE™°/(dndd)

2
JV Debye mass
|a(Q)|2 — > 212 Y
7[(a — qo)? + ©?]




k? Brookhaven

National Laboratory

Outline

@ Momentum broadening in dense anisotropic media ‘/é %/

2202.08847 2210.06519

@ Radiative energy loss in dense anisotropic media
2304.03712

@ Jet observables in inhomogeneous matter
2308.xxXxX
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Transverse plane

?
\
\

Initial jet orientation

- Medium: static slab length L
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Momentum broadening in anisotropic media

The medium is described by a classical field

Model dependent elastic scattering potential for source |

No energy transfer in each scattering: transverse t-channel gluon exchanges only

g AN (q) = —(2m) g0 D e et ) 120,(g) 5 (°)

A/\a

ext where we use the GW model

Medium — g2
constituent ’Uf,;(CI) — 5 > > :
Medium statistics follow from 2-gluon approximation
J(p —q) a , J'(p—4q"

(t“tb — —tr (t7t2) = 5235“" !

digt 2Cx )

Only non-trivial correlator Probe interacts with the same scattering center in amplitude and
conjugate amplitude
1, tl.a 7, Z.le

10
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[1] Compute all diagrams up to 2N field insertions

<‘§3f§>‘> <‘§§f o)

For each /N, square and average the respective diagrams

(IM?) = (|Mo|?) + {|M1|*) + (Mo M) + (MoM3) + (|Ma|*) + (MsM7) + (MiM3) + (MyMg) + (MoM7) +...
. = N

The averaging is performed by taking the limit of continuous distribution in the medium

pz)  pt 2)

> fi= [ #wdzpaz) (@2 - [ Eagei@EmIT — (on)2 60 (g, £ q,)

e VT =0

Density of scattering centers

Brookhaven

National Laboratory
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Resum the Opacity Series

A detailed derivation shows that the square amplitude for 2N insertions has the form

N Zn+1
d?q,,
<‘M‘ >(N) H / dz’n/ 1 v(q'mzn |J(E7pin)‘2
n=1

where we 1dentify the effective scattering potential

Vig,2) = =Cplz) (|v(<12)|2 —-6%(q) / d*l |v(l2)|2>

4 E

The resummation 1n this case gives:

Z/ dzpd2 i (@) ()N V(r)L]" dN© V(@)L dN©
dzwdE N! 2rdE d?xdFE

N=0

12



Momentum broadening in anisotropic media

When averaging in we used

Zfiz/dzmdz p(z, 2)

f(x, 2)

VT =0

[ e (o) g, +

For anisotropic media this no longer holds; hard to tackle in general

We perform a gradient expansion for the 2 relevant parameters: p and u

p(x,z) = p(z) + Vp(z) -

So that when averaging instead of a momentum space Dirac delta one obtains

Ty T, €

~HanEdn) @ — 4 (277)?

/4

q

n)Oé

5(2) (qn -

pi(wm, 2) = pf(2) + Vii(z) - x

©

Brookhaven

National Laboratory

13



k? Brookhaven

National Labaoratory

Momentum broadening in anisotropic media

Proceeding as in we find that V' (z) = %V (x)

= a4

AN Ppd*r ) (r N Nj 1 L
:/ (5#)2 P ()N V)] {N! BN T < 2

m=1 L

(1 (1 r _ 0)
+z'(N+1—m)(VVV(£))+(N—m)‘;( ) VV( )) V2 }‘W .

Resumming the opacity series then leads to the compact expression

- 3 /o 1 aN©  V(x)L2 [V 1 dN'©
AN ze—v(w)L{ Y@L (V(m)Vpﬁ-l—le) V() jgng X (;]; (v((i)) V“2+;V")'Vd2de}
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Momentum broadening in anisotropic media

Compute an effective in-medium propagator

G Gy Gy G
R N U G N S
This results in an effective propagator G
T L L z=0 (XL’ L)
G(xp, L;xo,0) = /Dr exp (Zf/dT'ﬁz) P exp (—i/thgmjv“(r(T),T)) /
o 0 0 T 0
(X09 ) =L
Compute the relevant Feynman diagrams
d2p’i’nd2ﬁin — % [—
(M) = [ PP Gy, L pi, 06 (01, LD ) B Bi) [ [ _—
' "G pr| Pr| G ‘m
9Asi(9) = —(2m) g v*(@) 6 (¢°)  we(g) = ;e T 2 vi(g) J

15



Momentum broadening in anisotropic media

Solve the remaining average of dressed propagators
Option 1) Solve first the path integrals and then average  Equivalent to Opacity Series approach

Option 2) Perform the average before integration

In practice, by solving the remaining integrals one performs the resummation of averaged quantities directly

The key step 1s to use the fact that the color average of the potential at different positions

d%q dq, d*q dq, etd (r—x) o —iq-(F—x) piq: (T—2) o —iq, (T—2)

©

(tgmjv“(r,T)tgrojva(F, 7)) =Cg* /dz d*x p(x, 2) /

implies for VI'=0

@2m)e (@ + @+ pA(=x,2)) (@ + 7> + 1P, 2))

<P - (_i /OL drte v (r(r), T)) P exp (z /OL d?tgmjvb(F(?), T))> = exp {—/L dr V(r(r) — F(T))}

Brookhaven

National Laboratory
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Momentum broadening in anisotropic media

To linear order in gradients from we find now

r
_ T 0 ) d2q ' (r—7)
ta 0@ tb . Tb ~ (1 T(T) +T(T) . ( e 2_)) = 4 q e
< progv (T, T) pI‘OJv (ra T)) ( + r 2 ] | Vp(sp + V/J’ 5#2 C 5(7- 7-) PY (27T)2 (qz + /1'2)2
One can still show that the 2-point correlator exponentiates
before L
L L
<7J exp (—z/ dr t5.;v* (r(7), 7‘)) P exp (z/ d?tgrojvb(F(?),?))> = exp {—/ dr V(r(t) — 'r('r))}
0 0
0
-

<P exp (—z' /O ’ drt3 v (r(7), 'r)) P exp (z /O ’ 7t} v (F(T), ?))> — exp {_

Center of mass of dipole Dipole size
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Momentum broadening in anisotropic media

. o . iL3 ; © L2 5 L6 (0)
The final distribution has the form o = e (Y @ L}{ [1 - sp V@ (Vp% + Vi %) V(w)] E tap (Vﬂg +Vu g) V(@) V;'ifd,;}
d N . d N (()) In the literature referred to as single particle broadening distribution (when Fourier transformed)
— P (.’E) S (w) Usually a unit operator, but now it acts with V on initial distribution
2 2
d wdE m—— | meemm— d wdE Effective factorization no longer holds in general due to operator nature
Still / d*p N = N — aN® = | d°p N
d?pdE  d?xdE I d?xdFE Iy d*pdE
° ° ° ° CLN(O) E . 2
Consider the case of a source with finite width E— _ S le 27
d*pdE 27w
It is possible to show that even though <p> — ()

higher odd moments can be generated, for example

Yo ,wZLZ /'L2 V& 0 E | Higher N terms dominate due to diverging potential at large momenta
(p" p*) = In — -
EX p p

18
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For the full GW model we have

depletion of higher momentum modes

—
1 e..2..0 .
. 0.5001- | | :
VT /l’, : ) I
~ 0.100} - ]
R 0_05():_ / u=006 GeV a .
- ! . !
..................... >\
ootof . No gradients Enhancement of higher modes
... cr=0.02, 6=0
0.005 -
0 cr=0.002 , 6=0
- ¢7r=0.02, 0=n P »
. : : : : —— ¢7=0.002 , O=n gradient effects relevant around peak
The full distribution 1s written 1n terms of the angle T Jm—r 050 , : i
_ | VT | | |
0 and parameter Cp = ‘ =T | p1 [GeV]

A\ 3VT V 1? 22
p TP T
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Radiative energy loss in dense anisotropic media ¢ | Brookhaven
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Transverse plane

Initial jet orientation

4—
Medium: static slab length L
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Radiative energy loss in dense anisotropic media

In Opacity Expansion style calculation one needs to compute

seems to be quite
hard to do

Beyond N=1, this ‘
®

21
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Using resummed propagators calculation becomes simpler

(1)

see e.g. 1209.4585, J.-P. Blaizot, F. Dominguez, E. Iancu, Y. Mehtar-Tani
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0 (10 (1) In this case, we can write the squared amplitude as

|

|

|

|

I

| 200.Cp 2 -

| I 2(27r)3wEdwdEd2k w Re/ dz/ dz/ J(@in)|° | Vs Vi 82 (k k,o0y, T, z)IC(y,:cm,z T, Lin, 2)

| RIS RS d le=Z=x;,
; o o 'B Solved'

: :bl % ’ |

: : | o Gluon production is determined by a correlator of the form

: Co C1 : % Co :C_L2 :
. | : by b : Y %"fdf'r —[ZdT (1+ T(T);mm g)V('r('r)—mm)

| | | K(y, zn, m mzn,Z) — Dre

to t 15 ir €T

This object satisfies a simple recursive equation; expanding to first order in gradients it allows to perturbatively compute the
spectrum in the form

dl dl

y . G- K dI iy,  dl, dlc  dI
dod?k ~ Vdwd2k Y dwd?k

Yiwd2k  Cdwdk " Cdwdk T Cdwdk Y dod?k
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Numerical results, in the harmonic approximation for the in-medium scattering cross-section
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Radiative energy loss in dense anisotropic media

W/ We
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Jet observables in inhomogeneous matter

©
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Jet observables in inhomogeneous matter

We have now the tools to compute jet observables (at least at leading order 1n strong coupling)

Observable 1: jet shape w = 0.01w, w = 0.05w,

. dp(T) “ dl
27 ) et — 1 -2 dkk
2m)Pe e d / Y dwd?k

wr

T dE'®™/(dndg) | dE™Y(dndo)

0.2 _
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Jet observables in inhomogeneous matter

1
At leading logarithmic order we have gn 40 _ ( / dz (
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Jet observables in inhomogeneous matter

IOOj

d>
dfdo

1071 4

Do
-

Ratio to Vac.
-

Ideally we would need E3C, but already with EEC we have

§(cos(fy — 1) —cos(f)) d(a — (a1 — a2))

©

Brookhaven

National Labaoratory

Ot
1 1

— Vac — Vac
— o= 1 — o=
\ — a=T ] — a=7
s
s
1071 4
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Q 1.5 _—
ae}
= \
o
+~
\ﬁ 2 1.0+ \/\
+
av}
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Outlook

@ I only discussed modifications due to anisotropies

Jet Broadening in Flowing Matter — Resummation

Carlota Andres, * Fabio Dominguez,?’ T Andrey V. Sadofyev,? * and Carlos A. Salgado?:®

@ To go beyond we need MC with realistic geometries:

0.010 - - —— Analytical
" —a— [BT
0.0084 |
\
N 1
= 0.006 -
ob) L
— \ @
0. 004 -
0. 002 - S s
T g
- -
0. 000 -
v 1 v | v | v 1 v |
0 20 40 60 80 100

E (GeV) 30



