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MOTIVATION



Quark Gluon Plasma (QGP)

 phase of QCD, where quarks and gluons are deconfined

e connection to early universe
(existed a few microseconds after the Big Bang)
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Heavy-lon Experiments

RHIC:
started 2000

‘ | p+p and Au+Au collisions
et - | RERER ot - 200 GeV
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LHC:
started 2009
p+p and Pb+Pb collisions
at Ey\ =2.76 TeV (5.5 TeV)




Jets in Heavy lon Collisions

short lifetime ~ 2-10 fm/c

jets can be used to study
the properties of QGP

main effects of the
medium on the jet:
jet broadening,
radiative energy loss

kinematics:
dijet events with high p;

jet (RHIC/LHC: ——> medium modifies parton shower
p;~0(10)/0(100) GeV)



Event Fraction

Ewvent Fraction

LHC data

one jet disappears —>

large dijet assymmetry

for central collisions!
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Parton Showers

A parton shower is a Monte Carlo generator which allows to calculate

. . 1
exclusive cross sections . —~  coll. shower
p1 4 4

adds collinear splittings and

hadronization to calculations 1

of ) AQCD

includes resummation of large Sudakov logarithms

hadronization

uses probabilistic picture of Altarelli-Parisi splitting functions to
generate collinear radiation

do = A(r)P(r, 2) - -

incorporates coherent branching into splitting functions
Marchesini, Webber



Coherent Branching

do = do, dw df? as Z Ci; Wi,

w 2w 21w

the antenna function
W w2 pi-p; 1 — cos t;;

7 pirapira (1 —cosfig)(1—cosb)

can be split W;; = W G W [j

and integrating around the axis p; leads to angular ordering
do;, 1
/ 1y, = O (b5 — biq)

2m 1 — cos by,

Note: angular ordering is an effect due to soft physics but is usually
incorporated into the collinear splitting functions



Soft Collinear Effective Theory (SCET)

Bauer, Fleming, Luke, Pirjol, Rothstein, Stewart

Describes light-like particles (collinear) interacting with a low
energetic background (soft)

describes same kinematic
regime as parton shower

Aocp
0

Expansionin A=

Power counting: D o
soft: p,u:(p+’p—’pJ_)O<Q(ﬂ‘aﬂ‘aﬂ)

collinear: p,= (P+,P_apl)°< Q(ﬂz,l,ﬂ,)



Parton Shower in Medium

very energetic jets compared to average energy of the medium

coll. shower
hard interaction is not

altered by medium

e jet hadronizes outside medium interactions

the medium

hadronization

* interactions with the medium effect the perpendicular momentum
component of the collinear partons but not the longitudinal one

 few interactions with the medium
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Goal

this work:
e study angular distributions of collinear radiation in vacuum
e calculate 3-splitting function in medium

e investigate if collinear radiation in medium exhibits angular
ordering/anti-ordering

longterm:

» extend Monte Carlo event generator to be applicable to parton
showers in medium



ANGULAR DISTRIBUTION IN VACUUM
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Calculation in Vacuum

we want to study angular distributions of collinear splittings
three parton splitting functions

I—Q+eh+a, @—q+G+3) . P
q— G +q@+qg , (—q+q+3) ., P, P>
(—nte+, @—at+et+d), P

g — g1 T4 +4qs ,
g— g1 T 0go+(gs .

:

- 4g ( q—+999 Z’

5123

spin averaged matrix elements Z ’Miu
where

sij = (pi+p;)? 2; = -pi/n-(p1 + p2 + p3) = n-pi/7-po
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our calculation in SCET

(#2;621102) (#1;01;101) :

7 P
\‘ ,I I’ I' \\ ,f/ ) : r”
w K / W collinear gluons *
\ /7 ¢ 7 2“ N
ﬁ & % .
Po D3 collinear quark
1) 2) 3) 4)

reproduces well know QCD result (for € = 0):

A _ 2/ P(ab) S(nab) Catani, Grazzini
<P§192'Q'3> T CF <Pglggqg> —l_ CFCA <Pglggq§,>
- 82, 1+22) §123 23(1—21)+{1—22]3 8973
plab) v _ S1a3  23( 3 B 1 e 9
Forgaas 2513893 2129 " 813 2129 813 +1e2)

,:ﬁ'(mlb] ) _

9192493

[2(z1893 — 22513) + (21 — 22)s19]* N 1 N §20q [ 14 22
4(z1 + 29)%83, 4 28192813 29

+1 4+ (1 — 29)? B 8202 23(1+ 22) . 5123 21(2 — 221 + 23) — 23(6 — 629 + 22)
1— 23 4813893 2129 2519 29(1 — 2z3)

5123 {1—22]34—2%—22 23(1—21}4—(1—22)3
+ _
2813 29(1 — 23) 2129

)—I—(1<—>2).
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Coherent Branching in Vacuum

q, 71X 22,23

needed to define the order
of the splittings

omw W

define angular anti-ordering / O(0;, — 0:;)

1 — cos by,

ACp(1 —c23) . 1 — 29+ 22/2 e - 2
{PEID—?'QleQ;t} = 7 22(1 — 29) 2 (CF (I'{:ZEE_ T AEE) + Ca (HIE_S]))

Z1 22

If gluon 1 is radiated at a large angle it sees only the charge of the
parent quark since it cannot resolve the daughter partons

—> the nonabilian part is angular ordered, the abilian part is not



Angular Distribution in Vacuum

Splitting function g—ggq
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J(dp 1270) <Pysg>
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Angular Distribution in Vacuum

Splitting function g—ggq
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Angular Distribution in Vacuum

Splitting function g—ggq

lO?Fgll * coll. enhancement
1062 - = ﬁ‘%lell—ii%elian . ar\gular ordering
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 coll. enhancement

e angular ordering
visible at large angles

__—* angular anti-ordering

visible at small angles:

— absolute value of non-
abilian term

— zero between 10° and
20°
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Angular Distribution in Vacuum

Splitting function g—q ¢'q
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Cascade
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ANGULAR DISTRIBUTION IN MEDIUM



* SCETg, extension of SCET which includes
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Calculation in Medium

Ovanesyan, Vitev

Glauber modes p; ~Q (A% A% A), in addition to
collinear p. ~Q (A%, 1, A) and soft p; ~Q (A%, A%, A?) modes

* medium is modeled with a finite number of scattering centers with

static Debye-screened potential

H

v

()

N

Gyulassy, Wang
N

Z H(q;z,) = 2m5(¢°) v(q) Z e T*(R) @ T%(n)

n=1

Ao,

n=1

@2+ g+ p?

medium parameters:

Debye screening scale: u =0.75 GeV
medium size: L =5 fm
gluon scattering length: A, = 1 fm




26

Calculation in Medium

) ) ) ) . Gyulassy, Levai, Vitev
expansion in opacity (# of interactions):

single born = one medium interaction
double born = two medium interactions

Important to include double born contact limit
for first order in opacity

average over scattering centers

first order of opacity valid approximation at RHIC

Gyulassy, Levai, Vitev



19 single born diagrams:

(p2,02,p2) (g1, 01,p1)
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Angular Distribution in Medium

Splitting function g—ggq
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Angular Distribution in Medium
Splitting ﬂmction- qg—ggq
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Angular Distribution in Medium
Splitting ﬂmction- qg—ggq
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Angular Distribution in Medium

Splitting function q—ggq

scenario 2:
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Angular Distribution in Medium

scenariol: scenario 2:
Splitting function g—ggq Splitting function g—ggq
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Conclusion

We calculated the g->qgg splitting function in
medium

We studied the angular distributions of collinear
radiation in vacuum and dense QCD matter

The full splitting functions are neither angular
ordered nor anti-ordered

The radiation in medium falls off less step with large
angles than in vacuum
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Angular Distribution in Vacuum

Splitting function g—q ¢'q
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Angular Distribution in Vacuum
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