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Introduction

Outline

@ Introduction
o Forward hadron suppression in p A collisions;
o Interpretation of suppression data.
@ Coherent induced radiation
e Scaling properties of parton energy loss;
o The coherent induced radiation spectrum.
@ Phenomenology
o Quarkonia;
e Light hadrons.
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Introduction

A tool to study hot and dense matter

Nuclear modification factor

@ Study of hadron spectra w.r.t. scaled pp and Central/Peripheral ratios

d?o <N H>P d?o
dydp: AA/pA . co dydp: AA/pA, c
Raajpaly, pt) = 1 Rep=
(Neon) 22 (Neon) ¢ 72—
yape pp yape AA/pA, P

o The importance of proper interpretation of Rp4:
o Baseline for hot matter effect studies

o Discriminate between possible initial state of fast nucleus and
production mechanisms



Introduction

Examples of suppression in RHIC dAu data

@ Suppression already seen in p(d)A data at forward rapidity
o Quarkonia production (starting from SPS energies)
o Forward light hadron production at RHIC
o Away-side peak in dihadron correlations

Pions at RHIC (BrRAHMS&STAR) J/V at RHIC
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Small-x part of parton distribution is probed from the target side



Introduction

Interpretation of forward hadron suppression

Two different interpretations of forward RHIC data:
@ Saturation of gluon densities in nuclear target
o Smaller target parton densities at low x
= suppression [ ]
o Momentum transfer from target partons k; ~ Qs ~few GeV
= dissociation of quarkonia [ ]
= forward dijet decorrelation [ 1.

@ Parton energy loss interpretation

o Due to induced gluon radiation, for production in a given 3-momentum
bin projectile parton distribution has to be taken at higher x values
where it is depleted

o Only qualitative explanations in some cases.



Introduction

Interpretation of forward hadron suppression

Two different interpretations of forward RHIC data:
@ Saturation of gluon densities in nuclear target
o Smaller target parton densities at low x
=> suppression [ ]
e Momentum transfer from target partons k; ~ Qs ~few GeV
= dissociation of quarkonia [ ]
= forward dijet decorrelation [ 1.
@ Parton energy loss interpretation
e Due to induced gluon radiation, for production in a given 3-momentum
bin projectile parton distribution has to be taken at higher x values
where it is depleted
e Only qualitative explanations in some cases.

This talk: Discuss the mechanism of coherent parton energy loss and its
application to forward hadron production in pA collisions
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Scaling properties of parton energy loss

Energy loss regimes

Different e-loss regimes depending on the radiation formation time: tr = w/k?

@ Bethe—Heitler:ty < \, w < u2)\
Each scattering contributes independently

dl L dl L

“ el TN el TR p
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Coherent induced radiation
0

Scaling properties of parton energy loss

Energy loss regimes

Different e-loss regimes depending on the radiation formation time: tr = w/k?

@ Bethe—Heitler:ty < A\, w < uz)\
Each scattering contributes independently

e Landau—-Pomeranchuk-Migdal, \ <ty < L
2L2 A 242
)\/12 <w< HA ; (chqLE ")\L

A layer (tr thick) acts as a single effective scatterer.

dl L dl

W= N W
L
dwly  te(w, k2 = L) dw

~ —as

single




Coherent induced radiation
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Scaling properties of parton energy loss

Energy loss regimes

Different e-loss regimes depending on the radiation formation time: tr = w/k?

@ Bethe—Heitler:ty < \, w < u2)\

Each scattering contributes independently
. p
@ Landau—-Pomeranchuk-Migdal, A < tr < L
2 ;LZLZ N #21_2
ApS <w < 5 (chqLE 3
A layer (tr thick) acts as a single effective scatterer.
imgf_
aS
e Fully coherent: tf > L, w, <w < E L
a increasing 1
All scattering centers in the medium act coherently. g ffl ’l/:L
. . . 1 = PM 3
Flat j—’ for asymptotic partons traversing the medium. s /" Jful
« ] o g coherence
Large phase space available for radiation. ) " o I -

(A rapid falloff j—!\) ~ we/w for partons born in medium)
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Scaling properties of parton energy loss

Two energy loss regimes

LPM energy loss (small formation times (tr < L))

Color charge created/absorbed/suddenly accelerated in the medium;
AE; py o< asglL?, energy independent

@ prompt photons, Drell-Yan, weak bosons

@ jets and hadrons produced at large angles

Coherent energy loss (large formation times tr > L)  Arleo, Peigné, Sami '10

Small angle scattering of asymptotic color charge

Vgl
AE(:oh X OLSchqE (>> AELPM)
t

o Needs color in both initial & final state (otherwise F. = 0);

o forward hadron production in pA collisions.
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The coherent radiation spectrum

Theoretical setup

Working in target rest frame
e Compact color object with M? >> gL in the final state
@ Incoming color charge (compact fluctuation) undergoes:
o a single hard exchange ¢ > gL
o multiple semihard rescatterings £2 ~ gL < ¢?

wc% derived in the opacity expansion [ ]

dlinduced = dI — d/vacuum _ Z dgrad P k) Z dl(n

daprod
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The coherent radiation spectrum

Theoretical setup

Working in target rest frame

e Compact color object with M2 > gL in the final state
@ Incoming color charge (compact fluctuation) undergoes:
o a single hard exchange ¢ > gL
o multiple semihard rescatterings £2 ~ gL < q?

w% derived in the opacity expansion [ ]
Focus on the dominant contribution to the E-loss with AE « E
@ Implies induced radiation with tr > L
@ Purely lnitial State and Final State radiation are affected by the medium
only for tf < L = cancel out
@ Only interference terms should be accounted for t5 > L

di(" o =71
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The coherent radiation spectrum

Gluon spectrum for 1 — 1 hard forward process

Gluon radiation spectrum for 1 — 1 hard forward process:

dl as gL E?

o First determined in the simple model, later confirmed rigorously in the
GLV opacity expansion
[ ]
@ Color factor F. follows from simple color algebra: F. = Cg + Cgr — C;
where R(R’) = color rep. of the incoming (outgoing) particle |
]
g— g Fe=N.+N.— N, =N,
g—g Fe=Cr+ N.— Cr= N,
g—q Fc=Cer+Ce—N.=—-1/N. (< 0!)
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The coherent radiation spectrum

Gluon spectrum for 1 — n hard forward process

Gluon radiation spectrum for 1 — 2 hard forward process (log. accuracy):

[P, K]

K=dL

L [ (1-9)R. K]

@ The medium does not resolve the dijet: gL < Ki

@ Possibility for different color charge of the outgoing dijet:
g—qg,3®8=306d15
g 88, 808=108,08,0100 10327

@ For a given color of the outgoing dijet the spectrum coincides with
1 — 1 case (the soft radiation does not resolve the dijet either):

A (ULE
dv ‘7 Kiwz
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The coherent radiation spectrum

Gluon spectrum for 1 — n hard forward process

Gluon radiation spectrum for 1 — 2 hard forward process (log. accuracy):

[ ]

@ . = Cr+ Cr/ — C;; where Cg is the Casimir of the compact dijet.

@ Color state probabilities P(R’) depend on the dijet kinematics (light-cone
momentum sharing btw. dijet components, [x;]:[1 — x4]).

@ Provides interpretation of result by Liou and Mueller (4/5 in front of log for
q — gq and x; = 1/2), obtained in dipole formalism [ ]

@ First determined for 1 — 2, conjectured for 1 — n.

@ "Dynamical color filtering” (similar to Brodsky & Hoyer '89): presumably
dijets with least possible color charge (least radiating) survive at large xg.



Phenomenology

Phenomenology.

Goal
@ Explore phenomenological consequences of coherent energy loss
@ Approach as simple as possible with the least number of assumptions
and minimum parameters

@ Observables

o Quarkonium suppression in pA collisions
e Light hadron production in pA collisions (preliminary!)
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Quarkonia.

Model for heavy-quarkonium suppression

Physical picture and assumptions
thard ~ £ / M? boctet
ty

A = oy

P hi TE,PL

@ Originally formulated for Color Octet Model:

Qi

Color neutralization happens on long time scales: tyctet > thard
Hadronization happens outside of the nucleus: t;, > L

QQ pair produced by gluon fusion

Medium rescattering do not resolve the octet c¢ pair

o Applicable also for CSM assuming that rescatterings and soft radiation
do not resolve the compact [QQ + hard g] system.
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Quarkonia.

Model for heavy-quarkonium suppression

Energy shift Arleo Peigné 1212.0434
P 1
1do A Smen do
i a (Ev) = [ dePle ElAG) T (E+2,v5)

@ pp cross section fitted from experimental data
E do,/dE = dob,/dy oc (1 — 2M, /+/s cosh y)(v9)

@ P(e): quenching weight, scaling function of ® = +/gL/M x E

P(e) ~ d!](j exp {—/eoo dwi'd}

o Effective length L.g is given by Glauber model, L,, = 1.5 fm

N Obroad ~ <Npart>w -1
A(Letr — Lpp) = ((NG)y —1) Z202y2 = oA 102
Oinel Oinel PO
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Quarkonia.

Procedure

O Fit g, from J/1) E866 data on p W vs p Be: §, = 0.075 GeV?/fm
@ Predict J/1) and T suppression for all nuclei and c.m. energies




Quarkonia.

Phenomenology

Procedure

O Fit g, from J/1) E866 data on p W vs p Be: §, = 0.075 GeV?/fm
@ Predict J/1) and T suppression for all nuclei and c.m. energies

02l %= 0.075 GeV*/fm (fit) o2l %= 0.075 GeV*/fm
E866 Vs = 38.7 GeV E866 Vs = 38.7 GeV
0 . . . . . 0 . . .
0.2 0 02 04 06 08 1 02 0 02 04
XF

. .
06 08 1
Xp

o Fe/Be ratio well described, supporting the L dependence of the model
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Quarkonia.

d, = 0.075 GeV/m

02 f R T R —0.2
NA3 Vs = 19.4 GeV (n” beam) NA3 s = 22.9 GeV (n beam)
0 T T I S SRS R SIS T I S S S R SIS 0
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
Xg Xg

o Agreement when x_ > x™" (and even below)

p
o Natural explanation of the different suppression in p A vs w A
from nzp = 1.4 vs. nzp =4.3
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Quarkonia.

RHIC

= § B
F d-Au Jiy \'s = 0.2 TeV]
o120\ v 1
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@ Good agreement at all rapidity

@ Uncertainty in § and pp cross section parametrization brings
comparatively narrow error band.
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Quarkonia.

Comparison with ALICE data

L

p-Pb {s =5 TeV

Ropo(y)

1.2

0.8

0.6

0.4

0.2

o) IS NN TS ETE ST ST ST ST S

-5 4 3 2 A 0 1 2 3 4 5

® Rpa(y): good agreement despite large uncertainty on normalization
o Moderate effects (~ 20%) around mid-rapidity, smaller at y < 0
o Large effects above y 22 -3
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Quarkonia.

Comparison with ALICE data
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® Rpa(y): good agreement despite large uncertainty on normalization
o Moderate effects (~ 20%) around mid-rapidity, smaller at y < 0
o Large effects above y 22 -3
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Light hadrons.

Model for light hadron suppression at the LHC

@ We assume g — gg scattering followed by collinear fragmentation
@ Broadening ¢ (Cronin effect) deflects the dijet as a whole
= shifts in transverse momentum Ap;(¢) & rapidity d.(p;, Ap:)
e Due to induced radiation the dijet energy is rescaled (Mz = const!)
= rapidity shift djg5(€);
@ Average over the color representations of the di-gluon final state:

pA—//dGPR (E (a(R), P =7 >> do(y + Ooss(€) + dc, Pr + Apr)

do(y,pt)
o= ReaPr(xp)
R

R=1,8,27 (PIO = 0) with Casimirs (G =0, Cg = N, Go7 = 2(NC + 1);
Typical broadening (/3(R)) = gL(Nc + Cr)/(2N¢).
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Light hadrons.

Energy loss vs broadening at the LHC (preliminary)

Rppb, %h = 0.5,2= 0.7, +/s = 5020 GeV Rppb, %h = 0.5,2= 0.7, +/s = 5020 GeV
‘ — — ‘ 2
14 E
12 ¢ E
15
1} — ————
08 | / E 1
06 | E
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Roctet . Roctet
02l R ] R
0 | | | ‘Rloss‘ | 0 | | Rbrqad | | |
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
pr, GeV pr, GeV

@ Opposite trends between energy loss and broadening effects

@ Introducing distribution for the broadening may affect Ryroad-
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Light hadrons.

Energy loss vs broadening at the LHC (preliminary)

Ropb, VS=5020GeV, lyl < 1
16
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o Calculations consistent with CMS data
@ Large uncertainties (mostly from variation of xj)
@ Work in progress!
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Summary

@ Energy loss with AE o E scaling properties
o Based on straightforward pQCD calculation of the induced spectrum.

@ Quarkonium suppresion in pA collisions
o Good agreement with all existing data on J /4 from SPS to LHC

@ Light hadrons nuclear modification factor
o Interplay between energy loss and broadening effects
e Suppression sensitive to the overall color of the parent dijet
o Calculations consistent with data (though large errorbands)



E866 p; dependence

E866 Vs=38.7GeV — E.loss+broad. -~ Broad. only
1.4 T T T 1.4
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02f
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@ Good description of Ry4/,5 for pr <3 GeV

@ Possible reasons for discrepancy at p; > 3 GeV:
o Model calculations at fixed xg rather than averaging
e p; dependence from fit to E789 pp data at x = 0.



Backup - HERA-B

041 1
a, = 0.075 GeV?/im

0.2 q
HERA-B s = 41.5 GeV

0 -0.4 70‘.3 —(;.2 70‘.1 6 011 0.2

Xp
@ Also good agreement in the nuclear fragmentation region (x. < 0)

@ Enhancement predicted at very negative x.



RHIC: p; and centrality dependence

y=[-2.2;-1.2] — E.loss --- E. loss + saturation

4‘0%

Centra‘lity O—Zq% Centra‘lity 20-
T T T

z | IHT" ¢y T I ?'5;;
Mﬁ*fﬁﬁ%ﬂ—

Centra‘lity 40—69% ‘ Centre‘xlity 60—8‘8%
0 2

0

4 4
pr (GeV) pr (GeV)

@ Good description of p; and centrality dependence at y = —1.7



RHIC: p; and centrality dependence

y=[-0.35;0.35] — E.loss --- E. loss + saturation

Centra‘lity 40—69% ‘ Centre‘xlity 60—8‘8%

Raaupp(P7)

0.5

0

4 4
pr (GeV) Py (GeV)

@ Good description of p; and centrality dependence at y =0



RHIC: p; and centrality dependence

y=[1.2;2.2] — E.loss --- E.loss + saturation

Centre‘\lity 20*4‘0%
T T

f 0
[ ]
1 [ = 1 5
]; ' /_':
Qo
i _TJL il -
1 I 2
1] &
T 105
0 Centra‘lity 40—69% ‘ Centre‘xlity 60—8‘8% ‘ 0
0 4 0 2 4 6 8
pr (GeV) pr (GeV)

@ Good description of p; and centrality dependence at y = 1.7



p. dependence

Most general case. The p; broadening: |Ap| | = Gleg

L don //PEE (E+e,BL — ABL)
AdE 425, dE d2 PL = 2PL

@ Parametrization consistent with pp experimental data

dor, oc( i )mx<1—Mcosh )nZNx (p1) x v( )

o For P(e, E) peaked at small ¢

Roaly:p1) = RyR(y. p1) - ReY“(po)



p. dependence

Most general case. The p; broadening: |Ap| | = Gleg

L don //PEE (E+e,BL — ABL)
AdE 425, dE d2 PL = 2PL

RY\(v.pL) = RIS (y, p) - RE™(y, p1)

@ Overall depletion due to parton energy loss

@ Possible Cronin peak due to momentum broadening

broad _ [ wlB -8B 1) v(EBL-BEL).
Rox™ (v, pL) = / o L) V(EPL)

R},‘)Ass(y,pL)E/P(&E) [Ef—a} Vilf;ep,i#)
15
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