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An Introduction to High Energy Nuclear Collisions

Lecture IlI: Applications

DIS, particle production in pp,pA,AA, Instability, Thermalization?




The Regge-Gribov limat

v — 0; 8 = 00; Q°>> AéCD) = fixed

Physics of strong fields in QCD

Multi-particle production

Novel universal properties of QCD




® The infrared sensitivity of bremsstrahlung favors the
emission of ‘soft’ (= small-z) gluons
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B The ‘price’ of an additional gluon:
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number of gluons grows fast 1, ~




Resolving the hadron/nucleus at high energy

Ren.Group in x (energy) Low Energy (large X)

Gluon
Density

Grows

J

High Energy (small x)

Gluon density saturates at f = 1 /g
- strongest E&M fields in nature...




for gluon
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Color Glass Condensate
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QCD in high gluon density regime

Need a new organizing principle to

explore this novel regime of high
energy QCD

multiple scattering: classical fields
+

energy (x) dependence: In (1/x)




DIS cross section
do

dxd()?

x L, WH

Hadronic tensor
WH = 2 Disc. T* (¢, P - q) = % Im./d4:v e' T (P|T(J*(x)J" (0))|P)
JH(x) = Pyt

In full generality

1 PT
WH” (¢*, P-q) = Im /d3X/d4 e T (Tr (VG A(X +2/2,X —2/2)7'Ga(X —2/2, X + 2/2)))

Quark propagator in background gauge field A of hadron/nucleus

Can compute WH (and F2, F.) systematically in
expansion about classical field (no OPE!)




DIS cross section

u Differential photon-target cross-section :

d’k d’p 1
(2m)22E) (2m)32E, 2q
x (M"(qlk, p) M (qlk,p)) €u(Q)e. (Q)

¢ k.p : momenta of the quark and antiquark
¢ g : momentum of the virtual photon

doy+1 = —276(q — k™ —p )

m Scattering amplitude :

M (qlk,p) =
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DIS cross section

® The sum of the three terms simplifies considerably :

Cd*l
(2m)=

'ii‘_l_'ml_Lez-(P_L'i'k_L —g, -1, )@ {U('?

V" (k|q.p) =

2. 2 _,
dr1,d° T2

X €

v (K—L+mAy*"(K—-—©Q—L+m)
[(kj_—l_]_) +m?—2k—qt]|+ k~ [A_L qJ_—ll) + m?]

m By inserting this into the DIS cross-section, we see that the
differential cross-section (with two resolved quark jets in the
final state) depends on the correlator of four Wilson lines




DIS cross section

m |f we integrate out the final quark and antiquark, two of the
Wilson lines cancel and we get :
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DIS cross section

0 q
41
o q P

in coordinate space (target rest frame):

* virtual photon splits into a quark anti-quark pair

* the quark anti-quark pair (dipole) scatters on the target

etkonal propagation of the dipole through nucleus

the dipole scattering probability satisfies the JIMWLK (BK)
equation




DIS cross section

Fz(xaQZ) = 4713Q20L (0,+0,)

em

O-T,L =fd27' dO( ‘WT’L(F,G’QZ) ‘2 Odzp(xar)

W (r0,0°) [P e S 40 1-a) Kite )
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DIS cross section
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fast partons (pP)

small-x gluons (A[p])
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Dipole >f\/\/\/\
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(x —y)?

(x-2z)2(z-y)?

:-/Qs 1~ (Tt QS)WS
1/Qs T ~ In*(r: Q)

(Txa) + (Tay) = (Ty) = (T} (T




B Assume translation and rotation invariance, and define :

—

N(Y,k,) = 27r/ d*E) e LT

® From the Balitsky-Kovchegov equation for (1), we obtain the
following equation for 'V :

ON(Y, ki) a.N.
oy T

X(—OL)N (Y, k1) — N*(Y,k, ﬁ)]

L = In(k$ /k5)
x(y) = 2¢(1) — ¥(y) —¥(1 —7)

\




® Expand the function y(+) to second order around its
minimum v = 1/2

¥ |Introduce new variables :

t~Y

z ~ L

2T

® The equation for /V becomes :
8t ;\r — 83 ;\r + ;\r - ;\rz

(known as the Fisher-Kolmogorov-Petrov-Piscounov equation)




® Assume an initial condition (%, z) that goes smoothly from
1atz= —octo0atz=+0o0, and behaves like exp(—/7z)
when z > 1

N(t,z)

¢

® The solution of the F-KPP equation is known to behave like a
traveling wave at asymptotic times (Bramson, 1983) :

N(t,z) ~ N(z—mp(t))

t— 400

with  m;(t) =2t — 3In(t)/24+ O(1) if 7 >1

> universal front velocity for a large class of initial conditions




® |In QCD, the initial condition is of the required form, with 7 > 1
> front velocity independent of the initial condition

® Going back to the original variables, one gets :

N(Y,k1)=N(kr/Q:Y))

2

Q; (}') p— kg ),,.'—5 e’\Y

® Going from N (Y. %) to (1'(0,2.)) , we obtain :

(T0,2L)), =T(Qs(Y)z1)

Y

“geometric scaling”




ROAD MAP OF STRONG INTERACTIONS

Yy

“Leading
twist" shadowing

"Higher twists"”

>
In Q *

Q,=1GeV; L,=0.3; x, =3* 104




Solving the BK equation

the 2-point function T (X,y:) = 1/Ne Tr [1-U* (%) U (y,)]
gpmﬁaﬁi[’ityfor scattering qf a quarﬁ-anu’-quarﬁ c{i;poﬁe on a mrget)

define Qs = 1/rt
when T (r't) =1/2
it grows with energy

pQCD:
color transparency

1
T ~r2G(z, —)
Tt

X -V

non-lLinearities unitarize the scattering probability




lancu-ltakura-Munier model

® This model of the dipole cross-section is derived from LO

ao

Qs'rJ_ <2: Opdip(’—:La}/) — 5 (

2

d—

Qs(Y)ry ) 2(vs+In(2/Qs7 1) /KAY')

- 2(h)
oL >2 0 oap(PL,Y) =00 [1 _ paln (_stu)]

¢ Some parameters are fixed from LO BFKL :
vs = 0.63,k = 9.9

¢ 0y, Qo and A must be fitted

¢ a and b are adjusted for a smooth transition at Qr;, = 2




m HERA data as a function of Q% and z :

pQCD (DGLAP)
work very nicely
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CGC at HERA (ep: VS = 310 GeV)




Geometrical Scaling

ZEUS BPT 97
ZEUS BPC 95

HLl low Q> 9S8

ZEUS+H1 high Q° 94-95

E66S
x~210.01

all Q°

10

= | llllll L Rl LN
10° 10°
r= QY
T2 S

scaling seen for all data with x < 0.01
also seen for less inclusive quantities




® ZEUS

—— [P Sat-Mod, m = 1.3 GeV

Dipole models & DIS data
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ZEUS 1994

® Q?=8 GeV? v Q?=27 GeV?
Q? =14 GeVv? Q? = 60 GeV?

M, <3 GeV

L

|

3 <M, <7.5GeV

¢ ¢
|

b 4

-

4

i

—

|

75 <M, <15 GeV

A A 1 A l L J

100 120 140 160 180 200 220
WGeV)

DGLAP ??




shattering the Color Glass condensate
in high energy nuclear collisions

i ]
Kk B3
N
»
A

- e
IR AL CTAL AN :
- EBaas e » ]

el “..'.\'.

. -
o

- -
N
it
- s ae-

\
" _‘,'l;'

TR

N .‘.. T
'a'\' LA A
Pt Sage

- “- - —_— -

T L AR
/s
. e

e
RN R
A+ gl

'
...‘.o.‘
.‘ .'\.
N
-




Kinematics

beam mid rapidity forward

remnants (y =0, 6 =909) rapidity
— 0 g

%. ® ®




RHIC (VS =200 GeV): Ay ~5.5'
LHC (VS=88TeV):Ay~9

LHC (VS=14TeV):Ay~9.6
Cosmic rays (VS =100 TeV): A yi~ 11.5

beam mid rapidity
remnants (y — O, 0 = 900)

rapidity

%. o

Kinematics




Kinematics

beam mid rapidity forward

remnants (y =0, 6 =909) rapidity
— 0 g

%. ® ®




Kinematics

beam mid rapidity forward

remnants (y =0, 6 =909 rapidity

%. o ®

y=0:x, = x, =102
y~4:x,~0.5 x,~10"%
(RHIC: for p; = 2 GeV)




Kinematics

beam mid rapidity forward
remnants (y = O, O = 900) rapidity

.

%. o

/
y=0:x, = X, =102

y~4:x,~0.5 x,~10"%
(RHIC: for p; = 2 GeV)




Kinematics

beam mid rapidity forward

remnants (y =0, 6 =909 rapidity

y~47x,~0.5, x,~104
(RHIC: for p; = 2 GeV)




Kinematics

beam mid rapidity forward

remnants (y =0, 6 =909 rapidity

y~47x,~0.5, x,~104
(RHIC: for p; = 2 GeV)

Cosmic rays: y ~ 8 --> x,~108

Orders of magnitude evolution in x




Proton-Nucleus collisions in CGC formalism




Solving classical Yang-Mills equations

D Bk ) =
with two light cone sources

70 = 57 (e )d(e7) + e )

Proton source Nuclear source
obtain k; factorization formula:

N, asSs | /koi

P, IO 7| g AL s oy k)




Unintegrated distribution: St

2 1.2 | 7
bnolau) = SO [ dasehn s (01U

3 A

with the path ordered exponentials in the adjoint
representation

U(x1) = Pyexp (—i92 /al,zJr

Encodes both multiple scattering and shadowing effects




proton-nucleus collisions at RHIC

] doPa—nA
dy d“pq

I/X doPP +h X
dy d?p;

YA

B CGC at y=0
¥YoidDr

15t
1.25¢

1t




d+AuUu Vs=200 GCeV

z 1.2 BRAHMS, PRL 93, 242303 (2004):
o il O BRAHMS h~
* BRAHMS h

D s ) S i n
p{(GeV/c)




proton-nucleus collisions at RHIC

dAu BRAHMS mm blas data [(h*+h )/2],
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h

2.5
P, [GeV]

predictions to be verified/falsified at LHC




SIGNATURES OF CGC AT A COLLIDER

* Multiplicities (dominated by p; < Qy):
energy, rapidity, centrality dependence

* Single particle production: hadrons, photons, dileptons
rapidity, p;, centrality dependence

i) Fixed p,;: vary rapidity (evolution in x)

ii) Fixed rapidity: vary p; (fransition from dense to dilute)

* Two particle production:
back to back correlations




Conclusions

* The CGC offers a systematic way to think about a
wide range of problems in high energy QCD.

Its been very successful phenomenologically,in a
wide range of e+p, e+A DIS, p/D+A and A+A

processes.

* Understanding the plasma created from melting
CGC in A+A collisions offers the prospect of a first
principles understanding of thermalization...




Conclusions

* The CGC offers a systematic way to think about a
wide range of problems in high energy QCD.

* Its been very successful phenomenologically,in a
wide range of e+p, e+A DIS, p/D+A and A+A

processes.

* Understanding the plasma created from melting
CGC 1in A+A collisions offers the prospect of a first
principles understanding of thermalization...

challenge: can one unify large x with small x ?




