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Towards a theory of jets in the medium

@ In-medium parton shower not known
from QCD

6 Until recently only medium modification
off single emitter computed

@ But coherence among different emitters
is essential in the vacuum case:

ordering variables
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_ Antenna emission in vacuum (QCD or QED)

\__/

(

\_

Color coherence: building block of parton showers in vacuum

[See e.g. Dokshitzer et al, Basics of pQCD book] Take quar‘k as r'efer'ence
; W 1
form = 7o ad 9
k1 07w
kJ_, W
The transverse wavelength
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The transverse size of the pair : 04q trorm =~ AL 0.
4,9

So, when 0.4 > 0,45 the gluon/photon “sees” a neutral object

No radiation outside the cone

J
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5 Angular ordering

\_
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= The Feymann diagrams

+(g < q)

= The result in vacuum shows IR and collinear singularities

N - D
(27‘(‘)2Ed— — (g CF
(p-

d3k

= Integrating in azimuthal angle

Angular ordering in vacuum

\_ J
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Important consequences of color coherence
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t Yt Depletion of soft gluons:
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E.g.in Herwig
¢ ~1— cos 0 Also inter-jet radiation, etc...
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The medium
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_ The LPM suppression )
s A
= One emitter [BDMPS-Z, GLV, ASW, HT...] - N
2w
N 9 A N
v o ki) ~qt ~
2 0.5 < J_> q form q <ki>
2% Radiation is suppressed due
g o3r to formation time effects
0.2
i (k1) S v2wq
o b Energy loss and gluon
oL —/w=0.4 broadening related one2one
0?0t o1 10 10 AE ~ ag(kt) L
P y,
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The antenna: Calculation with Feymann diagrams (N=1)
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_ The semiclassical calculation )
4 N
Soft gluon radiation computed by solving the classical YM egs.
D,,,F*|=J"  [D,,J"]=0 i P 5®) P ata
s — s — Jy = 9o (x — Et) O(t) Cjt
...and the same for the antiquark
The amplitude is given by the reduction formula
MG (k) = Tim —k> A% (k)b (k)
So, the spectrum is AN ,
2m)d 2w S = 3 IMA(K) - ex
A==1
The medium is treated as a background field with Gaussian sources
2 — + o +
_alAO (x ’X) = Po (x ’X) [Mehtar-Tani, Phys. Rev. C75 (2007) 034908]
Calculation done at small initial angle
\_ J
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_ The gluon radiation amplitude off the quark )
( )
Defining the variables N
p
vy =737V —DPL
)2 kT
v = (k+, (kL EL) k1 — CM) pt
2k Kl = k—+k¢ —pL
The amplitude reads (with a similar one for the antiquark)
d2 L+ ‘p-v _+ cp-v 4
La _ . 2 rabcpc q.1 + 1b (.t V_J‘ _ otpF T I{—J' et
M3 ig” f*°°C /—(2ﬁ)2/0 dx™ A (x ’QL)[p-v(l e )+p-k6 ]
G J
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_ The gluon radiation amplitude off the quark )
(" )
= Defining the variables
kL — 2
v = (k+, ( lefL) k1 — CM)
The amplitude reads (with a similar one for the
L - 2 rab d*q1 o + b (ot
My = gt fe CCC/@T)Q/O dx™ A (x
. J
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_ The gluon radiation amplitude off the quark

\_

-

= Defining the variables

kL — 2
,U:<k+’<l a1) ,kL—CM)

2k

L,a - 2 rabcpc dQQJ_ L 4+ o4by 4+
M = ig°f*°C (27)206133/10(33

bremsstrahlung
\_

High-pT at the LHC, E. Polytechnique Jets from partonic antennas 10



\_

= Squaring the amplitude (adding both quark and antiquark contrbs.)

= Include also the contact terms (medium/vacuum interference)

r - D
_ Induced gluon radiation spectrum )
r D

J
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Induced gluon radiation spectrum

(2m)

5 AN
Bk

— SWCACFozg /

d*q. Lt
(27T)2 /O d‘r_i_ n(a:+) V(QJ_)

LR )) (1 —cosQqz™)

K(pyi)2 C(peo)(p-k

+ ( it VLRl ) (1 Qgzt)
— cos (o
(p-v)2  (p-v)P-k)
— (pyi) = ( cos Qo™ — cosQxT — cos ng+)
v, - K,J_
cos Qox™ —COSQ12£B+)
(pv)(k) (
—( VL K/L (Cos QT — cos ngw+)
p-
K1l - "fJ_ +
_ D (cos Qox™ — 1)
le% Q2:% 912291—92
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_ Induced gluon radiation spectrum

_J
4 )
AN d> L
(27T)2ﬂ = 87TCACF043 9L det n(z™) V(gyr)
V2 V) K|
GLYV for the quark L ) 1 —cosQat
q o oo R s
_2 _ _
VJ_ V) K|
+ [ — — — — 1 —cosQox™
ok )
—( VL)O;L ) (1 + cos QioxT — cos iz — cos Dozt
p-Uv)\p-v
Vi -kl + +
( B (cos Oox™ — cos Qqox )
p- U p
—( VL RL (Cos Ozt — cos Q12x+)
p-
KR - K/J_
- Qoxt — 1
-h-py 0
k Ql:% QQ—Z;;LIU ngzgl—Qg J
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_ Induced gluon radiation spectrum

(" )

Vi K1

(p-v)(

GLYV for the quark

GLYV for the antiquark

v, -V
(p-v)(P-v)

Vi -kl 0ot Oyopt

_(p.v)(ﬁ-k’) (COS o2 — COS3i12X )
Vi -kl O, T OyopT

_(ﬁ-v)(p-k) (cos izt — cos Qya2™)
K| K|

TR -p e

_ le% 922% Q12:Ql—92 )
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_ Induced gluon radiation spectrum

-

Vi K1

GLV for the quark o)

GLV for the antiquark

Interferences
— = cos Qoxt — cos Qiox™
b0 R )
vL B (cos Oz — cos lex+)
p-v p
\ Ql:p_+ QZ:];T Q2 = Q1 — Qo

J
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_ Induced gluon radiation spectrum
r D

Vi K1

(p-v)(

GLYV for the quark

GLV for the antiquark

Interferences

cos Qox™ — cos Qqox™
oG R 12"

Bremsstrahlung int.

/N N

cos Qixt — cos lex+)

soft divergence

(remember that g
is in v and nu)

_bpv _pv _
\ Q1— p_|_ QZ— p+ 912—91—92 )
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4 . . . .
5 Soft limit and antiangular ordering

.

( )
The bremsstrahlung term presents IR divergence. In the soft limit

dN™ed 87TCACF a nO m d cos 2 d2q
o x xT
d3k (27T)2

w

V(q) (1 —cos AQz™)

Does not depend on g

This is equal to the factors out of integral

vacuum term
deac C I<,2 R2
w X Qg -
&3k "\ (p- k)2 (5~ k)2

In the vacuum the first and the third can be interpreted as

independent radiation off the quark and antiquark.The middle kills the

radiation outside the cone

\ J
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5 Soft limit and antiangular ordering

G

(" N

In the soft limit the integrals can be done analytically

Lt 2 - +,.2
d“q P19 LTr 1
do™ 1-— Tl —=£ 1 t.
/0 x /(2ﬂ)2 V(q) ( cos oF x syrall T + cons

Proceeding as in the vacuum, the antiangular ordering appears

asCr jmed dw sin 0do

2T w 1 —cosf

dNéned = ©(cosf,5 — cosb)

With A™ed ~ aSCAnOm%LJ’rQL [ln (l/erD) + const.] /67r

. Dipole scattering
i .
‘/v> I rL =L~ 0L amplitude

\ J
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5 Soft limit and antiangular ordering

\__/

-

med
dNPed —

asCF

2T

/OL;;EJF/ (;i(; V(q) (1 ~ cos 2L

Ltr

]54—

247

In the soft limit the integrals can be done analytically

2

J_ ]_

rimp

in (1 )+ const,

Proceeding as in the vacuum, the antiangular ordering appears

dw sin0df
Amed :}d 1Sfl p— ©(cos Oy3 — cos )

Amed ~ aSCAnOm%LJ’ri [ln (l/erD) + const.] /67r

pL
/ I TLZELquQL
>
\

With

Dipole scattering

amplitude

J
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5 Soft limit and antiangular ordering

G

(" N

So, in the soft limit the total spectrum (vacuum+medium)

dN, = sCr dw df (© (cosf — cosb,z) + A(B,5, L)O (cos b, — cos b))

T w 0

Angular ordering in vacuum Anti-angular ordering
in the medium

Vacuum-like spectrum

N “Broadening without pt-broadening”: AF ~ «,(k?) L no longer holds
New hard scale in the problem 1, = 0,,L
Energy of bremsstrahlung interference radiated gluons bounded

p<kl=wly<l/ry = w< 1/9?@[4
\ J
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Some numerics
g J
4 )
1
op)
©
30.6
Q B
Z
S0z
3 .
-0.2
0.01
Numerical implementation of the full spectrum
Antiangular ordering survives upto higher energies
g J
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Integrated in angle - energy spectrum

GLV takes over at larger energies, pair angles and medium lengths
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_ Some heuristic arguments

.

-

\_

Why the anti-AO term relevant in medium? Have a look to vacuum

Independent radiation from quark and antiquark
regulated in the medium due to LPM

deac
d3k

Extra term enters with a different ’

phase and not regulated

> Effective change of quark-antiquark color
to an octet (not trivial...)

W x as Cg

J
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Multiple soft scattering
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Multiple soft scattering: recipe for calculation

\_

-

-

Write [see e.g. Casalderrey-Solana, Salgado arXiv:07123443]
N Quark propagation W (xy;z4,y.)
N Gluon propagation G(X1,T1;Y1,ys)
N Quark-gluon hard vertex (take care of the angles for antenna)
1 0
k—l— OxX | x*=0 X*=L*

N Then include Fourier transforms,

integrals, color traces, factors....

Equivalently, use the semiclassical approach

[Mehtar-Tani 2006 for BDMPS; Mehtar-Tani, Salgado, Tywoniuk 2011;
Mehtar-Tani, Tywoniuk 2011; lancu, Casalderrey-Solana 2011]

p

J
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[ The soft limit first
E

A more clear picture emerges

asCr dw sinf db

AN, —
4.7 T w 1—cosf
Where
1
Amed =1- ﬁ(t[‘r UP(L7 O)Ug(Lv O)>

&

In the opaque limit A q — 1

decoherence

Moreover, octet and singlet are the same

tot o tot
AN = dN*

opaque opaque

G

[Mehtar-Tani, Salgado, Tywoniuk 2011]

[O(cos O — cosby5) — Amed O(cos b, — cos )]

mediumsinduced

vacuum
radiation

=~
~
-~
-~
-

o 'w dN/dwdb

0.1 0.2

memory loss

Vacuum-like soft radiation outside the initial cone

~N

J
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[ Multiple soft scattering: the complete spectrum )

( )
The complete formula [Mehtar-Tani, Tywoniuk 2011; lancu, Casalderrey-Solana 2011]

Qg A3k

Where Rging = Ry +Rg—2J .Here R,,R; are the BDMPS and

dN =

oo y' T
J = Re {/ dy'+/ dy" (1 — Apea(y™,0))
0 0
2 - 1 [ k7o o 4
X [ d°z exp |—ik -z — 5 dén(&)o(z) +z?5n Yy
y'+
x (8, —iktén) - 8. Ky ", z:y",y K7y sy } + sym., (36)
1
qL*

Interferences parametrically suppressed for 6,5 >
~N BDMPS not cancelled

Numerical evaluation ongoing

\ J
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_ Summary of antenna radiation in medium )

& N
Very striking result found in the medium [Mehtar-Tani, Salgado, Tywoniuk 2010]

N Strict large angle emission - anti-angular ordering in soft limit
asCr dw sinf db

dN°b, = ©(cos O — cos0,5) — Amed O(cosb,; — cos )]
& T w 1—cos6 44 44
12}

@ 10
O 5
3 8t
9 medium-induced
% 6r radiation
1_3 4 F vacuum | TS~
12 - radiaton > TTY——_]

Angular ordering in vacuum Anti-angular ordering 2F

in the medium

o

For an opaque medium, two vacuume-like de-coherent spectra
N Soft emission at large angle. Promising tool for in-medium shower

N Memory loss effect: radiation independent on initial color config.

\ J
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| know ....
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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

Jet 0, pt: 205.1 GeV

Jet 1, pt: 70.0 GeV

What are the effects of a medium-+

. in the jet evolution? SN

N Sy .




[ Inclusive jets are suppressed

~N

J
(" N
In central collisions, only |/2 of the jets are observed for two radius R
[ATLAS 2010 - B. Cole QM201 1]
é‘, [ o Centrality 0-10% : m‘é " o Centralty 0-10 % _
15~ R . O 24ms Preliminary  — w_—R — O 44ms Preiminary
o*; - 9 R V— % —': 35‘»—.——4— ' %
- . Centrality 30-40 % PO+PD \[5yy, = 2.76 TeV : : « Centrality 30-40 % Pb+Pb \[5,,, = 2.76 TeV ,
15— L.=7ub’ - 15} L.,=7ub’
£ e RO I R=04
: +——+ : Pt S
Ob"_— ! _+_ —: 05 _— %
"« Centrality 50-60 % -« Contraity 50-60% '
1'5__ r 1_5&— l -
B R Lo b E PO s i
0.5t | | — 0.5 —+— ]. 3
50 100 150 200 250 300 1(;0 150 200 250 300
E, [GeV] E; [GeV]
Need to understand proton-proton reference
Observed (and studied) jets are biased
g J
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( Di-jet asymmetry at the LHC

J
4 )
. . Erqy — Eps
= Energy imbalance between two most energetic jets: 4, = ETl - ET
[ATLAS 2010 - B. Cole QM201 |; CMS similar results] S
S . Centrality 0-10% Centrality 10-20% |  Centrality 20-30% |
- ATLAS Preliminary
. : E,,> 100 GeV CIHWING+PYTHIA
0P\ =278 Te £ 12 25 Gev ® Po+Pb Data
§2 L.=7ub R=04 o p+p Data
1.5 *e
. + -
L?a,‘ %
0.5 O,
Centrality 30-40% |  Centrality 40-60% +E:emralityTem;o%.
35 d
25
1.5
0.5 *
0z 04 06 08 ’ olz ) o.la ’ 06 ola ] 0.12 ) 014 06 ols
AJ
ﬂé Strong energy loss - points to a very dense partonic system)
\_ J
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( Di-jet asymmetry at the LHC

-

L

= Azimuthal distribution of two most energetic jets
[CMS 2011 - C.Roland QM201 |; ATLAS similar results]

R R S RS s R R T R R R R R e R 2
MS |Lat=21p0 - Ita (S
o1 50-100% | 30-50% 0}
10 o pp AT 0 TeV - o POPL s _"21T6 TeV n P, > 120 GeVie s |
8 PYTHIA "' 3 PYTHIASDATA T 32 »,, > 50 GeVie . g
4 J ' 4 .
g Antid,. Re0.5 F . CalorimeterJets ! ' 1
- -
r '~ *  Iterative Cone 71 1 .
E107} - . R=0.5 It 4 f1
s . 3 . ee e $ ¥
w 3 1 : 1
. | » 1
oo = |
10 . 4 T {
--------------- | TRV IR FENRIE - ST BETEE PESTE T I 1 FT TR RS . JTSTE PRETE § e IS I TS FeeTe peeee
L ran . o
* ’ 1
@ 20-30% * @ 10-20% % 0 0-10%
R v 5 .
§10 s 3 ¢ 3
: . 3 . :‘
g i ! L2 ! o !
- . - |
107 . 3 ., 7 3 131 _%
: | R RN 4
- e o ° Ty 1 11¢'eY . 1
|l ¥ I 4 l
! ! ! 1 . | . ; {
al | T T T e et |
10 E ‘ ‘ §A.A A‘INLA 1’* ?..A : 3‘

0 05 1 15 2 25 3 05 1 15 2 25 3 05 1 15 2 25 13

= No strong change with respect to the vacuum jets

\_ J
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Fragmentation functions

J
4 )
10’:, Lal-.!h-b ’ 5 5100 Gevie, 40 Geve Y p, 4 Gavie L :’M' - "ﬂ 1
Ul rerene,  Joaem ¥ . } !
‘3‘ '! .‘-o-'"'—’ "" Y ..'o"' 4 Y . s . ! v, |
Zw,. ] | Te T:' !
'°’H ' i" * 14 f ¢yt ' 1
10’5 1 ; f i
w'y 0<A;<0.13 ,o 13<A<0.24 yo 24<A <0.35 yo 35<A <0.70 1
' Central PbPb - - o =
25; $ : : ® ng
g, 0-30% | | S
5 1] § 5
a Emim” = EaiEiae [].3 o S hl =
' o} elilstl ! : : W :4-1:[2[“3 §
05; } ol o
: :' ' + : o’
0051152}&%35‘4'0051152 33 44'0051152 33544‘0051152 33 4 5 U
E=In(p /p™*)  &=In(p] /p ) &= ln(p ) §=In(p; lp ) c
_ ... O
1or’ ah:!::‘vy 0.30%‘ Mm-osnmo-m-o.m Y Y Leading jet 1 E
| [ | mrwowesTNoow T« Subleading jet
ah,o’, ! A0 > 2 y ' ‘
© '} 0<A<0.13 1 0.13<A <0.241 0.24<A <0.351 0.35<A <0.70!
% 10’_' ! e Y oo Y ., 1
'02’ 0’0...... ! . .... ‘ ' 0.. Y . !
10} . % ., % 0% 0 T O ey % 1 o 1
1:' “:.30'.3 *% 1 LAt A ? . 4
0 S0 100 150 200 250 ) S0 100 150 200 250 ) SO 100 150 200 250 ) 50 100 150 200 250
P, (GeVic) P, (GeVi/c) P, (GeVic) P, (GeVic)
\_ J
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( Di-jet asymmetry at the LHC )
éa )
= Where does the energy go?
[CMS 201 | - C.Roland QM201 1] inycone
out-of-cone
0-30% Central PbPb
s T o] o Lasewe  InCone } T outof.Cone
4of- fm.:;,.'- 3~ G 15- 10 ove AR<0.8 1 AR<0.8 4
, —fritree 1 2
T 20 — T S > 5.0 Gevic T . s
g —
8 o =2
Ab—
}
20+
-40 - . -
t  arXiv:1102.1957 [nucl-ex]
P ez ;‘ . ‘0.141;\‘ S TR Ty A‘ 03 oa R ;‘ oo
balanced jets J unbalanced jets J J
I Track
/pT — E —Pr COS (QbTrack — CbLeading Jet)
Tracks
= Energy taken by soft particles at large angles
\_ J
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Summary

& Towards a theory of jets in a medium
— Radiation off one emitter known for |5 years: BDMPSZ, GLV...
— Jets described by multiparton objects radiating sequentially

@ Fundamental questions about in-medium color coherence
— Antenna provides an ideal setup

@ Striking features
— Anti-angular ordering and decoherence
— Infrared divergency - vacuum-like spectrum
— “Broadening without pt-broadening”

@ A first look at data shows some gualitative agreement
— Vacuum-like radiation & soft particles at large angle
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