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Standard model of Heavy lon Collisions

Our understanding of some fundamental properties of
the Glasma, sQGP and Hadron Gas depend strongly on
our knowledge of the initial state!
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. Au+Au at b=7 fm
10 5 (? ) 5 10

dN >

x 14 2v5cos[2(p —YRr)| + ...

dp
va = {cos|2(¢ — ¥r)|)
Sensitive to early interactions and pressure gradients

(y* —2°)

, . g - D ey —
In ideal hydrodynamics v, «spatial eccentricity €,: €2 (% + 22)

v2/€ versus particle density is sensitive test of ideal hydrodynamic:

v h
“2 S= transverse area,

©2 1+ B/ (%%—Z) h = hydro limit of v2/€ and B « /s
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Different initial distributions gives different flows!

Two methods for &: The question is what is €?
» Glauber (non-saturated)? RHIC & LHC: low-pr realm driven

» CGC (saturated)? almost entirely by glue
=> spatial distribution of glue in nuclei?
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Different initial distributions gives different flows!

Two methods for &: The question is what is €7
» Glauber (non-saturated)? RHIC & LHC: low-pr realm driven
» CGC (saturated)? almost entirely by glue

=> spatial distribution of glue in nuclei?

Impact on n/s

25 ' :
KLN(CGC) duiidns L Glauber
: 20 | .
8 \\é\\:\\\\ ) 1/s=0.08 ::‘EC): 15 F 3 /s=1 0-4
2 —
x{fm] ] w/s=0.16 2 4 n/s=0.08
AN n/s=0.16
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pr (GeV)

Friday, June 8, 2012



10}

| Au+Au at b=7 fm

-10 -5

1b
X (fm)

Jr cos(npa))? + (7 sin(rep,))’

(")

€2 and v, depend on ion density
distribution
€3 and v3 depend also on
fluctuations!
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y (fm)

Would be great to directly measure the

transverse structure of the ion!

] e - ND

‘ gtj' - \/<Tn COS(nwn»Q -+ <T‘n Sin(nwn)>2

T ()

€2 and v, depend on ion density
distribution
€3 and v3 depend also on
fluctuations!
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What exists?
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SCATTERING ANGLE IN DEGREES Hahn, Ravenhall, and Hofstadter,
Phys Rev 101 (1956)

Electron colliding with fixed ion
target, large x charge distribution
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Hard diffraction

* 3 is the momentum fraction of
the struck parton w.r.t. the
Pomeron

* Xip = X/B: momentum fraction of
the exchanged object

,/ (Pomeron) w.r.t. the hadron

w? | s

II' ( X) /B T QQ

/ —_ — 5

h Xp Largest rapidity X 1P Q2 _|_ M X t

: gap in event

p, P > |\\ or k:: Y (My)
~__" :’pr
{ I\ breakup of A

t=(p-p)

e Diffraction in e+p:

» HERA: 15% of all events are
diffractive

e Diffraction in e+A:
» Predictions: Oyiff/Otot IN €+A ~25-40%

» Coherent diffraction (nuclei intact)

» Incoherent diffraction: breakup into nucleons
(nucleons intact)
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Hard diffraction

t=(p—7p)

e Diffraction in e+p:

» HERA: 15% of all events are
diffractive

e Diffraction in e+A:
» Predictions: Oyiff/Otot IN €+A ~25-40%

» Coherent diffraction (nuclei intact)

» Incoherent diffraction: breakup into nucleons
(nucleons intact)
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Why is diffraction so great!

Sensitive to spatial gluon A projectile scattering off a

distributions nucleus of radius R
-not a ‘black disk’, edge effects
Light scattering off a circular  _target may break up

screen of radius R

R?
Incoh t/B rea-I;-t-J-;.) ---------
s
o -O :
- Coherent/Elastic
mnil I\NIWIIIlIII“HIH\NI _ M /\/\
tq to t3 t4

1t
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Why is diffraction so great!

/ A projectile scattering off a
nucleus of radius R

e -
g L, v(Q°) :
1,'7117 -not a ‘black disk’, edge effects

W2 -target may break up
// o X (Mx)
Xp Largest rapidity 1
gap in event ‘t|7, ~Y —2
p. P ] o = |.(My) i
_t ] Pip breakup of A ;i Incoherent/Breakup -----------
o I\ 2 ]
=(p—1p')
- Coherent/Elastic

[

tq to it t3 t4
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Why is diffraction so great!

A projectile scattering off a
nucleus of radius R
-not a ‘black disk’, edge effects
-target may break up

.............
-------------
.............
.............

- Coherent/Elastic
/\/\

tq to it t3 t4




Difference in between ep & eA:
The Nucleus can break up
into colour neutral fragments!

When the nucleus breaks up, the
scattering is called incoherent

When the nucleus stays intact, the
scattering is called coherent

Diffraction at eRHIC

Incoherent/Breakup

do/dt

Coherent/Elastic

Total cross-section = incoherent + coherent

12
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Diffraction at eRHIC

Difference in between ep & eA:
The Nucleus can break up

-l
TT

into colour neutral fragments!

Probability

-
=

When the nucleus breaks up, the |
scattering is called incoherent

—— No break-up
—— Break-up

When the nucleus stays intact, the™ .. |
scattering is called coherent

Total cross-section = incoherent + coherent

|3
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Incoherent Scattering !

Good, Walker:

do/dt

Nucleus dissociates (f # i):

Oincoherent X Z ‘A‘f f‘A‘ >
f#i ,_Jg/

—Z AL LAl — GLAL T @A e

complete set

<\|A| i) — [(i] Ali)|" = (|A]*)

— [(A)
The mcoWe of th 7/amplltude”

dgtotal B < > Ucoherent L
it 16r VA T
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Incoherent Scattering

&) ‘::1‘. | P
X : - | ‘} A - (" B @ L Ateetecsscinccnnienes.
N .I’-; N NN - o 72 2 o 5 B e o
Good,WaIker. @ SO ) e, ¢ oLy Fé Incoherent/Breakup
g’ al v A N )
L =\ A =

Nucleus dissociates (f # i):

Oincoherent X Z <Z‘A‘f>T <f‘¢4‘2> Complete set ]
[ ittt

= STGLALRT (ALY — AT AR e
f

Coherent/Elastic

= (i ||A]2]4) — | (i Al3)|* = (JA[*) = [(A)|°
The incoherent CS is t

dO_total L 1 2>
dt 167 <‘A‘
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Why! Standard model of Heavy lon Collisions

Hadron Gas
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Why! Standard model of Heavy lon Collisions
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Color Glass Initial Glasma sQGP - Hadron
Condensates Singularity perfect fluid Gas
time
Hadron Gas
|6
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Why! Standard model of Heavy lon Collisions
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Why! Standard model of Heavy lon Collisions
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How well do we know the initial state!?
Momentum density functions:

14
c\1> -
> 12 ¢
O 10
N L
08
— -
I 06 & —— EPS09LO
‘\‘@ [ .—.= BEKS98
=04 [ e HKNO7 (LO)
= 0p L === EPSO8
= 7L —= nDS(ITO)
0.0
10* 100 10%* 10" 10* 100 10* 10" 10* 100 10° 100 1
€T ZT ZT
A 2
A 2\ fz (QZ‘,Q ) o -
R z,Q%) = fi=4,4,9

AonUCIGOn (.CC, QQ) !

® PDFs in p are reasonable well under control for 104 <x < 0.3

® PDFs in A less constraint (at low-x could hide higher twist effects)
®* EMC (0.25 < x < 0.8) only at very high pT at RHIC

® Anti-shadowing (0.1 < x < 0.25)

® Shadowing (x < 0.1)
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Why is diffraction so great!

Diffraction sensitive to gluon momentum distributions?:

11—z
(1—2)?‘
v 7 _I_

- é: V=J/,¢,p

o « g(Xx,Q?)?

’
'~ HERA Q?=10GeV? |»—=<_ D>
[ —— HERAPDF1.7 (prel.)
0.8 N e HERAPDF1.6 (prel.)
B experimental uncertainty
— oo un'ce?zlinngncertaint P
S S paremens y How does the gluon
z distribution saturate at
small x?

s —————— L0 g gl Lol - "
104 1073 1072 1071 1
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Saturation

Lower Energy Higher Energy

parton

many new .
Proton . Proton

s smaller partons 5
(X0,Q%) x,Q")
are produced

Glass Condensate "

% A )
E saturation Qs(Y)
. region ((\@\‘\
>_ 0@0‘6\\(\g
S ‘5°
3 A
: Q2w) ~ | -
= €ZT ) —
£ } BFKL
o
o
i DGLAP O
(@) |
c
T e
Adcp In Q?
og ~ 1 ag < 1 19

at eRHIC
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Saturation

Lower Energy

Higher Energy

Xo >> X
%
) parton
many new
Proton Proton
s smaller partons 5
(X0,Q%) x,Q")

are produced

In 1/x

saturation
region

Y =

non-perturbative region

Glass Condensate "

2
AQcep
(XS ~ 1 O(S < 1

20

at eRHIC

Boost
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Saturation at eRHIC

Pocket formula:

N 1/3
Gy~ AP (1) ~ (2

° T T

Gold:A=197, x 197 times smaller!

% i Qs quark Model-| % >
©) [~ — Au, medianb --- b=0 (O] S
~ L D —— Ca, median b o~ N
@] i — p, median b g @)
N[ TP Perturbative
1 1 1 / non-perturbative
_ oo,
C O quark all b=0 .. b
—  Au, Model-Il X
i --- Au, Model-l
N —— Ca, Model-lI
--- Ca, Model-l
/ &
- 1 /I II.':IIIII 1 1 IIIIIII 1 1 11 1111
- 1 1 IIIIIII 1 1 IIIIIII 1 1 L1 1111 -1 1 1 IIIIIII 1 1 IIIIIII 1 1 L1 1111 101_ -
10" 10 10° 10 107 10
-5 -4 -3 2 -5 -4 -3 2
10 10 10 10 10 10 10 10 X
X X
Model-l: bSat, Model-Il: rcBK
21
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How to measure
diffraction at eRHIC
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Key eA measurements at

eRHIC

W2luon correlations

do /dt, do/dQ?

black disk limit

Deliverables Observables What we learn Stage-1 Stage-11
Integrated gluon F> 1, Nuclear wave Gluons at Exploration
momentum function; 107°<z<1 of the saturation
distributions saturation regime
kr-dependent Di-hadron _ _Non-linear QCD _ Onset of Nonlinear
gluons; =" Correlations evolution /universality; saat\lo;:\x\\\\ small-x
gluop.e® Frelations saturation scale @) ()s measurement ‘evolirtia g
Vg patial gluon Diffractive dissociation Nonlinear small-x saturation Spatial N .
distributions; odift [ Otot evolution; vs. non-saturation gluon
vector mesons & DVCS | saturation dynamics; models distribution;

Qs Vs cn

23
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Measuring Diffraction at eRHIC

e |dentify Most Forward Going Particle
(MFP)

nmax

Other particles (if any)

<—AT]—>

Rapidity Gap
Y L/
B - | >
e
ngeam 0 Npeam
- -
p/A direction e direction

Hermeticity requirement:

* needs just to detect presence

e does not need momentum or PID

e studies done at BNL: can achieve 1%
contamination, 80% efficiency

Diffractive p® production at
eRHIC: 1 of MFP

e+p: RAPGAP: MFP in Event

2+100 GeV - DIS
5+100 GeV - DIS

0.1k 10+100 GeV - DIS

- 20+100 GeV - DIS

i 30+100 GeV - DIS
-------- 24100 GeV - Diff
A I T T EEEED 5+100 GeV - Diff

-------- 10+100 GeV - Diff

0.08¢ || e 20+100 GeV - Diff

Y 2 LT 30+100 GeV - Diff

0.06;— D|S

0.04F
000l s Diffractive
O_I Ll |.bxi‘i§ﬁLl | | |11 | |'r--||-r."1-4'[ [ | L1
8 6 4 2 0 2 4 6 8
rapidity
M. Lamont '10
24
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Measuring t= (p -b’)?

For coherent diffraction one needs Omin = 0.08mrad (100)
to measure the scattered ion = 100 GeV

Only possible if it is separated from sPecies (A) pr™" (GeVic)

the beamline detectors by an d (2) 0.02
angle 60..;,, which requires a Si (28) 0.22
moment]LrJ]ﬂr]:rll lek:; at least: Cu (64 05|

Pt = P min In (115) 0.92

For incoherent diffraction all beam Au (197) .58

remnants have to be measured for ¢ U (238) 1.90
to be reconstructed.

Both cases impossible - Need

exclusive diffraction!
25
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Exclusive Vector Meson Production

e Golden channel: e+A—¢e’+ VM + A’
»t = (Pa-Pa)? = (Pum + Pe - Pe)?
» photoproduction (Q2 = 0): t = p2tvm
» moderate Q%: need pt of €’
» Issues:
@transverse spread of the beam (distorts small t) = requires beam cooling
@detect incoherent events = detect nuclear breakup

| p. 6, J /1, DVCS

26
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Detecting Nuclear Breakup

* Detecting all fragments pa = >pn+ D pp + D Pd+ D Pa... NOt possible
®* Focus on n emission

» Zero-Degree Calorimeter ¢ Additional measurements:

» Requires careful design of IR » Fragments via Roman Pots
»y via EMC

Traditional modeling done in pA: A7)

Intra-Nuclear Cascade
* Particle production
* Remnant Nucleus (A, Z, E*, ...)
e |ISABEL, INCL4

De-Excitation

e Evaporation

* Fission

e Residual Nuclei

e Gemini++, SMM, ABLA (all no y)

Y Fission products Y Spallatiodn residue
a, B, y decays

27
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eRHIC predictions:
Exclusive diffraction Sartre
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fml 2 4 4
R
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eRHIC predictions:
Exclusive diffraction Sartre

1—2
’Y‘
2z

) E (l—z)F]

p=<

Glauber

Woods-Saxo

iiml 2 4

>

2
ot = 21— exp (~ s liP)a0(@TO))

n).~ %
P'S

v -8
. e 6
8 (\\\\ ///ﬁ
6 //_2
4 \\\\ // O
2 \\\\\ //
0 \\\\ 2

//
Y
\\\\ // 6
-
8

>

y[fm]

V=J/M,¢,p

Dipole model with Glauber
bSat and bNonSat

m? 2 2 2 )
N as(u)zg(@, );T(Ib — b;|)
>
N\ %
dogg 5
A 20 bSat
0
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eRHIC predictions:
Exclusive diffraction Sartre

10! k e p/Au— e’ p’/Au’ Jhp 1.2

. ot L Jy— ee i

< [ e

) -y coherent events only ”W++++++M

O] I fLdt = 10 fo-! U |

S v’;. x <0.01 i

S ~ r

o~ ‘v-vt' ® ep no saturation % B | +
| v _ S | . | ’

% 'v"v-t' = ep saluration (t?Sat) g 0-8 lnimmwww +T++

= "'.yt A eAu no saturation S |

S 102 v°E v eAu saturation (bSat) <GEJ L

< - "vig % 06 |

» - vvt @) adl e no saturation

il - V. @ i ® saturation (bSat)

c - 9. ‘QE |

@ | 'v'-v-ltl = o4l Experimental Cuts:

3 i voem T U In(€decay)l < 4

— ':zi P(Edecay) > 1 GeV/c

Q ""v-!’ i

. T, l

v N
E "'-v-_v_! 0.2 -
10° |- i
:I||||||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||||||||||||||||||||||||||||
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Q? (GeV?) Q? (GeV?)
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eRHIC predictions:
Exclusive diffraction Sartre

] N e p/Au— €’ p/Au ¢ 50 C @ no saturation
Tle a L ¢— KK ) :_ m saturation (bSat)
< e C
e 20w
% [ %o " coherent ev?nts only C®e Experimental Cuts:
(D —v .'_. N _“-dt =10 fb- 1 8 - .. |7](Kdecay)| <4
8 (v We 4 x<0.01 T ., D(Ksecay) > 1 GV/c
£ - v "e a turati QL ef ®eq
Be a ® ep no saturation o 16F %oy
0(‘3 10" YV me a m ep saturation (bSat) o) N "'0...
5 -V #e . = 1.4F G000,
< C v l: A A eAu no saturation S r “mmw
= C vv_ 2e s ¥ eAu saturation (bSat) < -
< i 2o & o 1.2
- V- ‘ A ~— -
o - v Z' A o) C
f Vv :I Aa s 1F
° I vy Bk, <+ C
o I T C
o 2 v""v‘ g s < 0.8
o 10°F V. "'-A-_‘ Z C
—~~ - A A A - -
2 - v g™ 0.6 aEEEEREEEE
5 L V. 2, A, - Jp——— anEEEEEEREEE
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'v"'-v-, L 0.2F
- ' '.y.‘ |
103IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIv O—llllllllllllllllllllllllllllllllllllllllllll
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Q? (GeV?) Q? (GeV?)
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eRHIC predictions:

Exclusive diffraction Sartre

42 fLdt = 10 fb™" o coherent - no saturation
107 =z 1<Q2<10 GeV? o incoherent - no saturation
E o x < 0.01 m coherent - saturation (bSat)
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eRHIC predictions:
Inclusive diffraction

& i - & i -
> Q% =5 GeV? >
____________ X = 3.3x1073
g 102 | T T e T - g 102 |- —
N - T - N - -
= - - = B _
o - - o _ il
= i il = i -
T i . _ T i -
o o
© R eAu - Saturation Model - © - -
’38 —— ep - Saturation Model ’38
& N eAu - Non-Saturation Model (LTS) &
= 107 —— ep - Non-Saturation Model (LTS) - = 10°F E
— : I 1 1 1 1 1 1 11 I 1 1 1 1 1 1 11 I 1 : — : :
o 25F = S 25E =
S 2FE _— 3 ER= =
g sat 3 g 3
fg 1.5 = <c|E) 1.5 E =
o 1F — o 1F A
S 05F no-sat (LST) = S 05E =
e O:" ] ] [ R A | ] ] [ A A | ] = — 0:I ] ] I N N B I ] ] I I B A ] =
107" 1 10 107" 1 10
M2 (GeV?) M2 (GeV?)
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eRHIC predictions:
Inclusive diffraction

& i i & I i
> | e Q2 =5 GeV? > Q2 = 15 GeV?
S 2L e T . x=1x10°  _| S 2L x=3x10° |
Ny pp— e stage-II . Ny - stage-II .
= N ] = N ]
S - T S - .
s | | 5 | |
o o
O | - eAu - Saturation Model i O i i
’58 —— ep - Saturation Model ’58
& el T eAu - Non-Saturation Model (LTS) a & o8l |
= - —— ep - Non-Saturation Model (LTS) - = - -
SR I g | | —~ |
S o5E 3 S 25 =
S 2F 3 3 2F =
S 15E = S 15E -
o 'E T o 1E — 3
T 05 E = T 05F =
— 0OE ] ] ] T N N B A | ] ] T R I B A | ] = — 0E | ] ] [ A N I ] ] I R N B | ] =
10°1 1 10 107 1 10
M2 (GeV?) M2 (GeV?)
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Summary

To understand many properties at of heavy ion collision
one must have a detailed understanding of the initial
conditions of the ions.
eRHIC is a perfect environment to measure the intial
condition at high precision.
eRHIC will open up a new regime for saturated QCD.

eRHIC is an ultra high resolution femtoscope!
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