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Nuclear/proton wavefunction at high energies

Bremsstrahlung « as In(1/x) = asY

Recombination & agp

Q,s* - What is the signature of the gluon saturation at the LHC?
@ BK-JIMWLK renormalization evolution sum systematically leading
logs (s Y')" and high parton density (asp)”.

@ Successful CGC/Saturation phenomenology at: HERA ep; eA; RHIC dA &
AA; and aiready the LHC pp & AA collisions. J

| Pedagogia review: Kovchegov and Levin, " Quantum Chromodynamics at High Energy” (Cambridge Univ. press, 2012) |
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What is the signature of the gluon saturation at the LHC?


CGC-based prediction for the LHC pp collisions

O CMS,7TeV CMS Collaboration, arXiv:1011.5531
O CMS. 236TeV
CDF, 1.8 TeV —~ o e R AN T — 7
X UAS,09 TeV = C CMS NSD ]
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@ Correct energy/rapidity dependence in pp collisions. J
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CGC-based prediction for the LHC AA collisions
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Albacete & Dumitru, 1011.5161 < Nparl>
@ Correct centrality/rapidity dependence in AA collisions. J

See also: Tribedy and Venugopalan (2011).
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pA collisions: A good test of kr-factorization and saturation physics

We have already data from the LHC: pp and AA collisions
e

Proven ) Not—proven yet Not—proven yet

-

~

\\ QU)<Qx1)  QG2)=Q(x])  QE1<Q(x2)

Kt—factorization was proven: diluted—dense M @“@ g

pT, Q_s>>u (soft scale)
When we have three scales: Q(x1), Q(x2), pT

&= =

dNidy
Kt—factorization might be violated for:

pt<Q(xD) ~ Q(x2) !

In pA collisions: Kovchegov and Mueller (98); M. A. Braun (2000); Kovchegov and Tuchin (2002);
Dumitru and McLerran (2002); Blaizot, Gelis and Venugopalan (2004).
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Saturation/CGC based predictions for charged hadron multiplicity in pA collisions

A, Mini Bi

[\
W
I

p(d)+

as

[ ]~

BRAHMS
PHOBOS

MCrcBK (Albacete & Dumitru, arXiv:1011.3820)
b-CGC (Rezaeian, arXiv:1111.2312)

KLN (Dumitru et al., arXiv:1111.3031)

IP-Sat (Tribedy & Venugopalan, arXiv:1112.2445)
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10-15% error is implicit.

Can the LHC day-one pA run rule out
any saturation models?
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Two most spectacular signatures of the CGC at RHIC and |further test at the LHC

@ Suppression of single inclusive hadron production at forward rapidity in dAu.
Kharzeev, Levin, McLerran, ‘02; Kharzeev, Kovchegov, Tuchin, '03;

Albacete, Armesto, Kovner, Salgado, Wiedemann, '03; Baier, Kovner,
Wiedemann, '03...

@ Disappearance of the away side jet peak in dihadron production at forward
rapidity in dAu. Albacete, Marquet, '10; Tuchin; '10, Stasto, Xiao, Yuan, '11

d+Au —> 7°n°+X, Vs = 200 GeV, 2000< Qe <4000
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Back-of-envelope estimation of R A in the saturation region

doPA—hX 205 1 o -
— ﬁp ﬁ - g
dyd?p; Cr p? /d ke (Xl kt) (X2'pt kt) ’

Deep inside saturation, p; < Qs:

doPA=hX  5,5,Q2 doPP=hX  SPQ2
dnd?p; o dnd?p; o
doP? S
dnd’p,  _ 2A = _
Ron = =2 ~AY3=017 (A=208)
T A AS,

In extended geometric scaling region: Qs < p: < Pgeom :

Roa ~ A=1/6=0.41 (A =208)

4

Kharzeev, Kovchegov, Tuchin, '03

What is the rapidity/energy/centrality correction of the above naive estimate?
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Inclusive hadron production in pA collisions; revisited

f ﬁ Typical diagrams:

Dumitru et. al. (2006)
Altinoluk and Kovner (2011)
Jalilian-Marian and AR (2011)

dNPA—hX K 1 dz 5 PT 2 PT
T - oo /XF . [xlfg(xh QINAL2, —)Dhyg(2: Q) + Zqrafa(x1, QINF (2, —)Dp/q(2, Q)]
. 1dz as z* @k k2 N (k ) 1d§): (&)P; /:(€) f(x1 Q)Dy/i(z, Q)
[, Zmm ./;<2T<02 TNk ) [ T OO it
ONp(F)(r, x)

SR /dzﬁ K™ (7, 7, ) [NA(F)(fle) + Ny (r2, x) = Nagpy(r, x) — NA(F)(n,X)NA(F)(rz,X)}

2 2 2 2
oy = M) [1 <as<r1> 71) LA (asm 71)]

2 3 2 72 32 2
Balitsky-Kovchegov (96, 99) 2m as(rf)

7\ as(rg) rry s
Albacete-Kovchegov (2007) Forr of the BK ion: see Javier Albacete’s talk y
Albacete et. al. (2011)
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      Albacete et. al. (2011)

Amir Rezaeian


Amir Rezaeian


Amir Rezaeian
Dumitru et. al. (2006)
Altinoluk and Kovner (2011)
Jalilian-Marian and AR (2011)

Amir Rezaeian
For relevance of the BK  evolution: see Javier Albacete`s talk

Amir Rezaeian



Inclusive hadron production in pA collisions

dNPA—hX K
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4

The only external input:

@ From DIS: Q3, ~ 0.15 = 0.2 GeV?, From RHIC:/Q3, ~ 0.15 < 0.336 GeV>.

@ From DIS & RHIC: QOA

3403,

A. Rezaeian (USM)
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2 a N2
SA x A sp

@ Empirical geometric scaling and DIS data:
Armesto, Salgado and Wiedemann (2004):
QY =aA?Q, — Q4 ~3.1Q2,

@ BK-JIMWLK equation and DIS data
McLerran and Venugopalan (1994), Albacete et al. (2010), Dusling, Gelis,
Lappi and Venugopalan (2010), AR, Levin (2010)
@2 = AP @2, — Q2 ~ 2.96Q2,

@ Running-coupling BFKL evolution near the saturation boundary
Mueller (2003): Q2, = ;3A°Q2,, is independent of A.

» Available data cannot uniquely determine the A-dependence of the
saturation scale!.
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.' = BRAHMSh 7222 A
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sl 3w
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T

CCFR, NMC, BCDMS,

665, SLAC

@ Available data cannot uniquely determine the A-dependence of the initial

saturation scale!. ‘ Need: pA run at the LHC with different A‘

What is role of geometrical fluctuations in the existing data? (Albacete,

Dumitru and Nara)

@ All available data with heavy nuclei are consistent with

QOA (3 4) C?Op
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Inclusive hadron production in pA collisions

dNPA—hX K /1 dz
X

p p
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The only external input:

@ From DIS: Qgp ~ 0.15 — 0.2 GeV?, From RHIC: Qgp ~ 0.15 = 0.336 GeV>.
@ From DIS & RHIC: @2, ~ 3+ 4Q§p.

@ Neoi in Rygya comes from soft physics (Glauber model) is NOT calculated
from saturation physics (possible normalization problem!).
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The inelastic contribution (higher twist contributions) is important at n ~ 0.
What is the role of cold matter energy loss which is not included in the
above? Kopeliovich, Frankfurt, Strikman; and Neufeld-Vitev-Zhang.

A. Rezaeian (USM)
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Sensitivity of R, to the initial saturation scale and as

Fixed value All plots are for mini-bias collisions in the inelastic term
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@ Inclusion of these inelastic terms makes R4 grow faster with increasing
transverse momentum.

® Ry is sensitive to the initial saturation scale and small-x evolution.
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Predictions for the LHC at forward rapidity

| T T
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08 T 08 —— =6, a=0| ]
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— n=T,a =01
06}
F05F
041
03}
02}
0.1F
O.I.I.I.I.I.I.I.I.I. O.I.I.I.I.I.I.I.I.I.
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
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@ Uncertainties due to the choice of Qps and a; are reduced at forward
rapidity at the LHC.

@ The energy-dependence of Rya from 4.4 to 8.8 TeV is rather weak.
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Collinear (parton model) v. k,-factorization (CGC) at the LHC forward rapidities

Jalilian-Marian and AR, 1110.2810

Quiroga-Arias, Milhano, Wi 1002.2537 T
e LA e s s . O =0.168 GeV?
£ 1 o9 #Q —_ nsa-0] -
12 PPb collisions\'s=8.8 TeV - A Q=05 Gev? _ ::S.Z\:O.l
L | 08 — = n=6,a=0}
Uy 07f 88TeV. N =74 — -6, a =01} |
= J osf R
o MF EPS09 ]
g%- U.S:— (Quiroga et al.) _:
04 3
02 g
a:u‘.\u.‘.H.\H.m.u.l“: 01F 7]
0 10 15 20 25 0 PR P R PR PR U PR PR U
pr[GeV] 0 2 4 6 8 10 12 14 16 18 20

Py [GeV]

@ The CGC predicts substantial more suppresion for inclusive hadron
production at forward rapidity at the LHC compared to the standard
parton model approach.
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Collinear (parton model) v. k-factorization (CGC) at the LHC

Jalilian-Marian and AR, 1110.2810

————— T T
Helenius, Eskola, } 1205.5359 1 =TT [
12 T T
11k Vs ="5.0TevV min. bias ]
2 = 08 T
1o [4=0 111
T 06 }—I I—"‘I“"""
[ <or -7 7
= 08F 1« { I s ]
el
<% 07 F 1 04
06 F —-- EPS09s KKP NLO |4 ’ —— AQ,=05GeV
os | --—- EPS09s AKK NLO |] [ MV 0 e
’ — EPS09s fDSS NLO 02 1
04T EPS09s fDSS errors |7
031 2 5 1I0 20 50 1(;0 200 o——t—t—
0 2 4 6 8 10 12 14
pr [GeV/c] p; [GeV]

@ Higher order corrections beyond leading twist approximation become
important.

@ The uncertainties due to initial saturation scale produces large uncertainties
for Rpa at n = 0.

@ Our description of hadron production in pp collisions (reference) at

midrapidity is less reliable.
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Photon-hadron production in high-energy pA collisions

pa

Gelis and Jalilian-Marian (2002)
Jalilian-Marian and AR (2012)

dodPPASIN I X Rogy g T (=)
d2b; dk2 dI2 dy~ dy; 6 /2(2w)3 K2V/S [k— I — I= k]2
I ke e P B e o d . e
S[xg — —=€1 — — V) |21k Ir- ke + k —kT)IE 1
[ q Ve VS ] t - Kt (P ) t (p

/dzr;e""f”f"’? NE (bt 6, %)

v
doP P(A)— (k) h(g) X 1 dz dodP(A)—vaX o
_— = dxg f(xq, _,—D zr, Q
d2b; dk? dq? dn~ dnyd6 /mm 2 / @ fla, @) dk2 di2 dn-, dn, d6 nfaz @)
v
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Prompt photon production in high-energy pA collisions

2 A0 — 0
———E—»—— +

daq(p) T—~(k) X daFragmentation dUDirect
= = = ar =
d2byd2kedn d2byd?kedny  d2byd2kedny
2 2
1 1 em 1 k =
= W;Dm(z,k 2) N (xg., b, ke /2) + —‘22 2+ (1= 2)° ‘74/ t dPR 2 NE (%, be, Ie)
t

@ Both fragmentation and direct photon are sensitive to saturation via Nr.

However, direct photon is more sensitive to the saturation effects.

@ pA is different from dA (unlike hadron production) due to charge squared of

quarks — non-trivial isospin effect.
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pA vs. dA at RHIC

1eBK: Q=05 GeV?, Q. =0.168 GeV* Jalilian-Marian and AR, 1204.1319
£Qy =05 GeV',Q, 0.

18 T

16F . -—R,
14k 0.2 TeV, direct photon VF h
12F — Ry ]
T —
08F ;\-
06 7
04F =2
02F L ]
1(6):::::::::::::

14F n=3J
12F ]
IF ——== =
08F -7 b

o o
=
T
N

N
1.1

(=}
T
1

[GeV

@ Sizable isospin effect — suppresion at high transverse momentum
(NOT due to saturation effect).
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Direct vs. fragmentation vs. inclusive prompt photon at RHIC and the LHC

KBK: Q,"=0.5 GeV,Q, *=0.168 GeV* reBK: Q,,"=0.5 GeV, Q,, =0.168 GeV*
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t

@ Direct photon R”, o(d)A is more sensitive to the saturation effects — more
suppression.

@ At very forward rapidity R;’(d)A of direct photon and inclusive prompt photon
are similar.
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Sensitivity to the initial saturation scale Qqs
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@ |t is sensitive to Qps — probes small-x dynamics.
@ Uncertainties due to Qs is reduced at higher energy and more forward
collisions.
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pA at forward-rapidity vs. AA (7 = 0) at the LHC
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@ The suppression at the LHC is impresive given that at the LHC isospin effect
is not important (projectile is proton).

@ Prompt photon is cleaner probe of initial-state effect: no hadronization.

@ There was no suppression for RXA at the LHC in AA collisions at high-pt and
mid-rapidity.
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Collinear v. k¢-factorization (CGC) at the LHC and prompt photon

Florian, Sassot,stratminn, Zurita, 1112.6324
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@ The CGC prediction for R;’A are very different both at RHIC and the
LHC from collinear factorization results.
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Photon-hadron azimuthal correlations; suppression of away-side correlations
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@ Denser nuclei (or bigger saturation scale) — more suppression of away-side
correlations.
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Photon-hadron azimuthal correlations; suppression with transverse momenta
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@ Lower transverse momentum — more suppression of away-side correlations.
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Photon-hadron azimuthal correlations; RHIC vs. the LHC
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@ Higher energy — more suppression of away-side correlations.
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Conclusion:

R;’A, RSA measurements at the LHC in the forward rapidity region are sensitive
probes of the low-x dynamics.

@ Significant suppression of R;A, R,’,’A at the LHC forward pA collisions.

@ Strong suppression of the away-side peak in photon-hadron correlations at
forward rapidities, similar to the observed mono-jet production in dA
collisions at forward rapidity at RHIC.
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Backup: The energy-dependence of multiplicity in pp and AA collisions

UAS, pp NSD

14 CDF, pp NSD
CMS, ap NSD ——rrrry
ALICE, pp NSD 0.11

12 UAL, pp NSD -=-- s

ALICE, AA(0-5%)

BRAHMS, AA(0-5%)
PHENIX 1, AA(0-5%)
PHENIX 2, AA(0-5%)
STAR, AA(0-5%)
NAS50, AA(0-5%)
Saturation (CGC)

EfdedP*xA00DD

Y

N

(@N, )dN,  /dn

M | M E T | M E T |

10' 100 10° 10"
Vs [GeV]

dN
T QS2 x s%M for Qs <1 GeV
dn
dN
d—h sOM P00 = 01 for Qs > 1 GeV

n

A. Rezaeian (USM) Hard Probes 2012 31/



Backup: Inclusive hadron production in pA collisions; revisited
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@ Elastic term ~ Na £(x, pr/z) and is sensitive to the saturation effect. J

A. Rezaeian (USM) Hard Probes 2012 32 /34



Backup: Inclusive hadron production in pA collisions; revisited
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@ Inelastic term ~ fk2<p2 k%-NF(x, k1) = frarget(X, pT) and is sensitive to the
T T
saturation effect.
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Backup: Prompt photon production in high-energy pA collisions
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