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New Regime of Hadronic Wave Function
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New Regime of Hadronic Wave Function
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N HERA taught us that glue
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A However DGLAP & BFKL
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New Reg

In 1/x

Y =

A

4 BFKL
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In Q2

* built in high energy “catastrophe”

e xG rapid rise violates unitary bound

= Need to tame/saturate evolution
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ime of Hadronic Wave Function

However DGLAP & BFKL
evolution have their limits
Gluon self-interaction has

dramatic consequences at
small x:

— ZEUS NLO QCD fit
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New Regime of Hadronic Wave Function
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New Regime of Hadronic Wave Function

d ~ However DGLAP & BFKL
B evolution have their limits

In 1/x

Y =
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. - Hints at low-Q? that things are
In A2 In Q? not in order

Issue: To what Q2 is pQCD * xG(x,Q?) <0 (OK in NLO)
applicable? * XG(x,Q%) < xQsea(x,Q?) ?

March 2011




New Regime of Hadronic WWave Function

A

Q(Y) New Approach:
Non-Linear Evolution

In 1/x

saturation
region

Y

e McLerran-Venugopalan
Model:

» Weak coupling description
of wave function

» Gluon field Ay~1/g = gluon

fields are strong classical
@ DGLAP _ fields!
e BK/JIMWLK: non-linear

In Aéoo In Q2 effects = saturation
characterized by Q.(x)

e \Wave function is Color Glass
Condensate in IMF
description



New Regime of Hadronic WWave Function

X
x| Q%) ,-» Appearance of Qs at HERA:
I—f R  DIS cross section for x < 0.01
> N only function of one variable
S N (Stasto, Golec-Biernat,
> N Kwiecinski, '01)
= = 2 2 2
S Opys (X,07) = 0Opys (O7/04(X))
.CEU -/.; 10° : Marquet, Schoeffel, Phys.Lett. B639, 471
-} ;g I
E ° Ay,
¢ i |
c i
(@) L
c :
I 5 - 10 F % H1
In AQCD In Q2 Z 5532 Low Q?
I v E665
# NMC
Geometric scaling predicted by non- TE
linear JIMWLK/BK evolution equations L <001
(lancu, Itakura, McLerran '02) ot e+l ot
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Qs: Matter of Definition and Frame ()

e

Rest frame of hadron:
e qq dipole (Mueller dipole)
o DGLAP: 0g¢q « 17 as(u?) xG(x,u?)
» explodes with r?

» violates unitarity
o Saturation: ogq x T-exp(-r? as(u?) xG(x,u?))

IO- T T \\\\\\‘ \\\‘

b- [ saturation 1
non-linear-regime -

T dO'qq
Common definition: TN — N
Nz, =1/Qs,Y) =1 —¢ 1/

Nz =1/Qs,Y)=1—¢ /7

" dilute r* N(x, =1/Qs,Y) =1/2
- linear- -
- regime Important: universality of A=dInQs/dY
0- ol
Dipole Radius Y =1In 1/x



Qs: Matter of Definition and Frame (lI)

Infinite Momentum Frame:
e BFKL (linear QCD): splitting functions = gluon density grows

BFKL: mm%zi



Qs: Matter of Definition and Frame (lI)

Infinite Momentum Frame:

e BFKL (linear QCD): splitting functions = gluon density grows
e BK (non-linear): recombination of gluons = gluon density tamed

BFKL: Wﬂ«“g: BK adds: %



Qs: Matter of Definition and Frame (lI)

Infinite Momentum Frame:

e BFKL (linear QCD): splitting functions = gluon density grows
e BK (non-linear): recombination of gluons = gluon density tamed

BFKL: Mﬂ%ﬁ BK adds: :;?g%hm

e At Qs: gluon emission balanced by recombination

< A \ . L
. =k Unintegrated gluon distribution
<= depends on k1 and x:

the majority of gluons have
transverse momentum kr ~ Qs
(common definition)

max. density /. -

) : know how to
: . do physics here

Og ""’1 /\IQCD QS Og < 1 kT



Reaching the Saturation Region

HERA (ep): % 104; [l ZEUS BPC 1995
Despite high energy range: + | I zEUssvTxioes

. i H1 SVTX 1995

saturation regime - [ ] HERA 1993

* Need also Q? lever arm! 02l
e Only way inepisto ;
increase Vs ol

e \Would require an ep
collider at Vs ~ 1-2 TeV

predicted Qﬁ proton (min. bias)

10°® 107 10™ 107 107 107



Reaching the Saturation Region

HERA (ep): % 104; [l ZEUS BPC 1995
Despite high energy range: + | I zEUssvTxioes

o Fa, Gp(x, Q) outside the ool BB 1TSVTX 199

_ _ 3 . HERA 1994
saturation regime © [ ] HERA 1993

e Need also Q2 lever arm! 02|
e Only way in ep is to :
increase Vs 0 |

e \Would require an ep
collider at Vs ~ 1-2 TeV

predicted Qﬁ proton (min. bias)
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Reaching the Saturation Region

HERA (ep):
Despite high energy range:

e F2, Gp(Xx, Q%) outside the
saturation regime

e Need also Q% lever arm!
e Only way inepisto
increase vV's R~A"

* Would require an ep L~ (2myx)'>2 R, ~A3
collider at Vs ~ 1-2 TeV

_ Probe interacts coherently
Different approach (eA): with all nucleons

') ché(A)

X



Reaching the Saturation Region

)

HERA (ep): N
Despite high energy range:

e F2, Gp(Xx, Q%) outside the
saturation regime

e Need also Q% lever arm!
e Only way inepisto
increase vV's

e \Would require an ep
collider at Vs ~ 1-2 TeV

Different approach (eA):

(") ~ CQS(é)
X

N

>
@)
10
e/}

- Kowalski, Lappi and

| Armesto et al., PRL
C 94:022002;

- Kowalski, Teaney,

~ PRD 68:114005)

Venugopalan, PRL
100, 022303 (2008);

Enhancement of Q¢ with A = saturation regime reached at

significantly lower energy in nuclei



EIC: The e+A Physics Program

Investigate with precision the universal dynamics of gluons

Central Topics:

» Study the Physics of Strong Color Fields
@ Establish the existence of the saturation regime
@ Investigate the dynamics of this regime

» How do fast probes interact with the gluonic medium?
@ Energy loss, Fragmentation processes
» Study the nature of color singlet excitations (Pomerons)

» What's the role in gluons in the nuclear structure?

see talks by Abhay & Jianwei



e+A Physics Program: Science Matrix

Result of INT workshop in Seattle in fall ‘10 (arXiv: 1108.1713)

Deliverables Observables | What we learn Phase-l Phase-ll
integrated gluon = nu:ulcre]i:ic\;v:ve gluons at saturation

distributions = o 108 <x < 1 regime

saturation, Qs
kT dependent i
gluons; di-hadron non Ilnegr QCD onset of
) . evolution / ) measure Qs
gluon correlations : , saturation
universality

correlations

transport
coefficients in
cold matter

large-x SIDIS;
jets

parton energy
loss, shower
evolution;
energy loss
mechanisms

light flavors and
charm;
jets

rare probes and
bottom:;
large-x gluons

10



e+A Physics Program: Science Matrix

Result of INT workshop in Seattle in fall ‘10 (arXiv: 1108.1713)

Deliverables Observables | What we learn Phase-l Phase-ll
integrated gluon = nu:ulcre]i:ic\;v:ve gluons at saturation

distributions = o 108 <x < 1 regime

saturation, Qs
kT dependent i
gluons; di-hadron non "”e?r QCD onset of
) . evolution / ) measure Qs
gluon correlations : , saturation
universality

correlations

parton energy

transport _ loss, shower | light flavors and | rare probes and
. : large-x SIDIS; - . :
coefficients in iots evolution; charm; bottom;
cold matter J energy loss jets large-x gluons
mechanisms
Diffractive VM

b dependence
of gluon
distribution and
correlations

production and

DVCS, coherent

and incoherent
parts

Interplay
between small-x
evolution and
confinement

Moderate x with
light and heavy
nuclei

Extend to low-x
range
(saturation
region)

10



Example 1:
Fi Structure Function



Why is FL Important?

Fr (x,0°) ~xG(x,0°)
e

Momentum distribution of glue

3

10

log. (Q?

-4
log, (x)

J. Bartels, K. Golec-Biernat
and L. Motyka, '11
(based on IPSat Model)

ratio =

total leading twist

total
FL

10

log. (Q?)

12
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Why is FL Important?

2 2 leading twist
Fi (x,0%) ~xG(x,0°) | protal _ pleading tis

7 ratio =

P Ftotal
Momentum distribution of glue L

3

10

log, (Q?

10

log. (Q?)

-4
log, (x)

J. Bartels, K. Golec-Biernat pQCD: higher twist 0(1/Q2)
and L. Motyka, '11

. . _ '
(based on IPSat Model) Very different in saturation models! ;



First (Last) FL Measurement at HERA

HERA in 2007 (last run) run at different energies enabling the
first solid measurement of FLin ep

e E, = 920, 575, 460 GeV

H1 Collaboration

Fo,F| {50 0=2cev’ - Q°=25GeV? - Q°=3.5GeV’ Here H1:
1 1.5 < Q%/GeV < 120
f‘%\a e
osEl - : :?\ 2.9 105 < x < 0.01
1_55_'élzl=seev | 5_'Q'2'=”e;5(3év2' — Q 85GeV |

- e g Aaron et al.,
15F o roce GGV, =20 Gev Eur. Phys. J.C71 1579

y; @@%@\ %s@\_ T

1 11 IIIII 1 11 1 1111 _IIIIIII 1 11 1 1111
Q 25 Gev2 Q =35 GeV? Q%= 45 GeV?

1.5 -
1E mﬁ%\_ N_ © F, H1 Data \s@@\@
c - - ® F,_H1Data
0.5F - ~— F,ACOT
of ‘**H-\ - — F. ACOT \gﬁ
4 -4 -3 4 -3
10 10 10 10 10 10

X 13



First (Last) FL. Measurement at HERA

HERA in 2007 (last run) run at different energies enabling the

first solid measurement of FLin ep
e E, =920, 575, 460 GeV

F,

1 Collaboration

0.43
0.59
0.88
1.29
1.69
2.24

0.4

0.2

] CT10NLO

-0.2

O ZEUS Bl NNPDF2.1 NLO

©
o @
< ©

[ ] HERAPDF1.0 NLO [ MSTWO08 NNLO

] JR09 NNLO

] ABKMO09 NNLO

™ ©
o

Q?%/ GeV?

Aaron et al.,
Eur. Phys. J.C71 1579

Uncertainties (sys and stat) too large to distinguish
unambiguously between models

13



Measuring FL with the EIC (I)
d’c”’”"  4ma’

= 1- + — F X —F X
dQ® | x0° ( v R0 =3 (\ o )}
quark+anti-quark / gluon momentum

momentum distributions distribution

14



Measuring FL with the EIC (1)

Ao’  4ma’

e.m. y_2
dXdQ2 - XQ4 (1 y+2F(XQ) 2F(XQ):|

quark+anti-quark / gluon momentum

momentum distributions distribution

In practice use reduced cross-section:

B d20' CBQ4 . 9 y2 2
= (@ip) wems Gy © BT e

2

= B(@,Q%) -+ Fr(@,Q%)

14



Measuring FL with the EIC (I)

dZGep%eX 4JL’O{2 y2
= ci-ll]l—y+—|F F
DedO? 0" ( Y+ ,(x,0°) - 2 L (x,0%)

quark+anti-quark / gluon momentum

momentum distributions distribution

In practice use reduced cross-section:

B d20' CBQ4 . 9 y2 2
= (@ip) wems Gy © BT e
2
= B(@,Q%) -+ Fr(@,Q%)
Or 4

How to extract FL

* Need different values of y4/Y*
e F_ slope of or vs y4/Y*

» F2 intercept of or vs y2/Y* with y-axis

g y2/Y+14

0



Measuring FL with the EIC (lI)

In order to extract F_ one needs at least two measurements of the inclusive
cross section with “wide” span in inelasticity parametery (Q? = sxy)

F, runs at various Vs = longer program

Need sufficient lever arm in
y2/Y*

Limits on y?/Y*:

0.8

At small y:
TR detector resolution for €’
& At large y:

radiative corrections and
charge symmetric
background

0.4

0.2

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

E. Aschenauer 11



Measuring FL with the EIC (lI)

In order to extract F_ one needs at least two measurements of the inclusive
cross section with “wide” span in inelasticity parametery (Q? = sxy)

F, runs at various Vs = longer program

107

etA:

5 GeV on 10, 25, 50 GeV/n
5 GeV on 25, 50, 75 GeV/n
5 GeV on 50, 75, 100 GeV/n
19°F 20 GeV on 50, 75, 100 GeVin
30 GeV on 50, 75, 100 GeV/n

Q? (GeV?)

QOO
10
i QOB

1 1 IIIIIII 1 1 IIIIIII 1
1 = -3

E. Aschenauer 11

Need sufficient lever arm in
y2/Y*

Limits on y?/Y*:

At small y:

detector resolution for e’
At large y:

radiative corrections and
charge symmetric
background



Issue for e+A: Radiative corrections

Emission of real photons
e experimentally often not distinguished from non-radiative
processes: soft photons, collinear photons

T b QP Pt

“Ideal” case: Q*=—(1-1)?, zp=

2P - (z yy
QQ

True case: 2 — (-1l —k2 3p=
Q= A T (e ey

Distortion of observed structure function:

F;;Obs(xBaQQ) :/ijdQQ Ri(vaQ27£B7Q2)F;true<jBa@2)

Radiator functions Ri(l, I', k) 16



Effect of radiative corrections

Correction function is fct. of y:

re(y)

1.2

1

02

S epr

- 5 GeV + 50 GeV g
0.8F -

0.6F
0.4f
02F ©
of

0.8

0.6

0.4

0.2

——
- EPS09
. 5 GeV + 130 GeV
103 <x <1072

- Whaq > 1.4 GeV

H. Spiesberger 11

17



Effect of radiative corrections

: L do/d
Correction function is fct. of y: ro(y) = [Wlow _ |
1.2 g 0.8 da/dy|Born
- ep: . .
1F 5GeV + 50 GeV E ; EPGSe?/gJ, 130 GeV H. Spiesberger 11

0.8F
0.6 F

0.6 - 103 < x <102
- Whaq > 1.4 GeV

re(y)

0.4 F 0.4 - h
0.2F - éu
1 o e
oF 0.2 He
C . p —
02y ol it % Eep:
0O 02 04 06 08 1 = 08 5GeV +50GeV
y i
0.6
How to deal with it? ok no cut
e Method 1 .
» simple kinematic cuts in W reduce corrections slightly
@ not very effective 0210'~°’<x<10'2
e Method 2 "0 02 04 06 08

» reconstruct x, Q? via hadronic final state (Jacquet-Blondel)

» Problem in e+A: parton/hadron energy-loss, secondary

particle production (typical at low-pr) 17



First Studies: Extraction of F2 and FL

F2 | extracted from |

pseudo-data
generated for 1
month running at 3
EIC (eRHIC)
energies (here ep)
e 5+100 GeV

e 5+250 GeV

e 5+325 GeV

Data points added to
theoretical
expectations from
ABKMO09 PDF set to
Indicate stat. errors

e valid for Q2 > 2.5 GeV?

10

IR AL B Bty
Q°=1.39GeV*3F




Example 2:
Dihadron Correlations



h-h Mid-Rapidity Correlation in pA at RHIC

3 0.2 B * Au+Au central 7
§ < e d+Au central STAR |
p L i
U —
0.1
o
Z*-' i
0 (84
_l 1 1 l 1 1 1 l 1 1 L l 1 1 1 l

& Ao (radians)

e d+Au h-h correlations: near and
away side are p+p like

e helped to establish that away
side suppression in Au+Au is a
final state effect

e What happens at forward
rapidities?
» X12 = mT/Vs exp(in)

10

beam view

- RHIC 200 GeV

" pp, PA,
- and AA




h-h Forward Correlation in pA at RHIC

side-view beam-view

/ large-x1 (q dominated)
P > *

low-x2 (g dominated)

Low gluon density (pp):
pQCD predicts 2—2 process
= back-to-back di-jet

21



h-h Forward Correlation in pA at RHIC

side-view beam-view
large-x1 (q dominated)

low-x2 (g dominated)

Low gluon density (pp):
pQCD predicts 2—2 process
= back-to-back di-jet

21



h-h Forward Correlation in pA at RHIC

side-view beam-view
large-x1 (q dominated)

P
low-x2 (g dominated)
Low gluon density (pp): High gluon density (pA):
pQCD predicts 2—2 process 2—many process
= back-to-back di-jet = expect broadening of away-side

e Small-x evolution «» multiple emissions
* Multiple emissions — broadening

* Back-to-back jets (here leading hadrons) may get broadening in
pT with a spread of the order of Qs

First prediction by: C. Marquet (’07)

Latest review: Stasto, Xiao, Yuan arXiv:1109.1817 (Sep. ’11) 21



m0-nY Forward Correlation in pA at RHIC

Uncorrected Coincidence Probability (rad™)

0.02 ¢

0.15¢

0.05

0.01

p+p — 70 70 + X, Vs =200 GeV

- prL>2GeVic, 1GeV/c<prg<prL
<71|_>=3-2, <n3>=3.2

0.016}

0.014}
0.012f

0.01]
0.008
0.006 |
0.004

0.002}

d+Au — 70 10 + X, Vs =200 GeV

- prL>2GeVic, 1GeVic<prg<prL
<7]L> 3.2, <ns> =3.2

Peaks
Ap ©
0

d+Au peripheral 0

STAR Prellmlnary i

0.03F

0.025F

0.015¢

0.01

0.005'

0.02}

d+Au — 70 710 + X, Vs =200 GeV

C prL>2GeVic, 1GeVic<prg<prL
<71|_>=3-1, <ﬂs>=3.2

* CGCH+offset

Peaks
- Ap ©
d+Au central 0" 044 +0.02
- STAR Preliminary 1 63I t 0.2?
1 O 1 2 3 4 5
Ad

arXiv:1008.3989v1

e Striking broadening in central dAu of away-side compared
to pp and peripheral dAu

* Robust CGC result - difficult to reproduce in DGLAP
® X range: x ~ 103

22



Dihadron Correlations: a Theorist's View

0.10

Excellent saturation signature:  2<p,,<3Gev Q?=4GeV? |
: 1<p;,<2GeV
e o0sf  PT2TEEEY .
S
Q? 9 o et 0.06 |- -
<
> jet-2 O 04l -
¢ £ &£ 0.02f /7 proton 100 GeV - .
CA:‘) - — — - nucleus 100 GeV/n
: D 2 x nucleus 100 GeV

_ e 28 30 32 34 36
Either Jets or use leading o,
hadrons from jets (dihadrons)

beam view Dominguez, Xiao, Yuan '11

e Prediction: factor ~2 suppression at EIC energies

e At small x, multi-gluon distributions are as important as single-
gluon distributions

e Test of universality: p+A and e+A are sensitive to "dipole" and

"quadrupole” operators which (same for both processes)
23



Dihadron Correlations: an Experimentalist’'s View

Simulations using DPMJet-lll generator: E<=30 GeV
no suppression but leading twist shadowing gfgt‘i;t?gsGeV/”
Ean + ~7 EIC min

: e+Au 1

02 Liang Zheng (Wuhan/BNL)

24



Dihadron Correlations: an Experimentalist’'s View

Simulations using DPMJet-IlI generator: E<=30 GeV
no suppression but leading twist shadowing gfgt‘i;t?gsGeV/”
Ean + ~7 EIC min
e+tAu i |
- Liang Zheng (Wuhan/BNL)
0.15_ a
§°1.4:—
0.1 §‘§1.2:—
0.051 S 1:_ _|_+
:. o.sf —_._ + i + _+ |[
) b T
6002:: °'4;_ 0.81+0.03 due to shadowing
0.18] 0.2
0.16F- ]
0145 024 26 28 3 3z 34 36 'ALD
oont.
0.063—
0.043—
0.02;
=

24



Dihadron Correlations: an Experimentalist’'s View

Simulations using DPMJet-lll generator: Ee=30 GeV
no suppression but leading twist shadowing E=100 GeVin

Statistics
~{ EIC min
Liang Zheng (Wuhan/BNL)
| kinematics considering acceptance | CutRegion
10 nEnnmes 0 oggi 3%1 4
~ ean x R K
(¢} - Meany  3.757 =
- RMS x 0.001571 Q(
- RMSy  1.112 ~°1.2
—_] =3
B 2
i o

-

i 0.8

0.6

nE +| +1+H+
O

0.81+0.03 due to shadowing

7
6

1 I 1 1 1 I 1 1 1 [ 1 1 1 I 1 1 1 I 1 1 1 I | 1 1

= 5
21 ) 3 0.4
2
0.2
1
1 R ! Lol I L 1 |
y - 0 0 26 28 3 32 34 36

X A

-
=)
IS
-
=)
w
-
=)
®
N
F

24



Dihadron Correlations: an Experimentalist’'s View

Simulations using DPMJet-lll generator: Ee=30 GeV

no suppression but leading twist shadowing

| kinematics considering acceptance |

EAau=100 GeV/n
Statistics
~/ EIC min

Liang Zheng (Wuhan/BNL)

CutRegion

Entries 1743 A% [
~ 10 Mean x 0.00164 g 14—
o ~ Mean y 3.757 ~— N
- RMS x 0.001571 Q( B
- RMSy  1.112 1.2
L —8 g -
i 7 (&) 11— *
i i_s 0.8 - — o | 3 |
i 5 = -1 | + | [
4 0.6—
2r- 3 0.4 :
I2 : 0.81+0.03 due to shadowing
0.2
1 -
I 1 C 1 | 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
107 10° 0 0—24 26 28 3 3.2 34 36
X A

What if suppression is small? How sensitive are we?

24



Dihadron Correlations: an Experimentalist’'s View

e Use realistic detector simulations
e Assume 30% suppression only
e Based on statistics equivalent to 7 min EIC running

ep
)

Ei 14— awayv side §°1-4:— eAl/ep without smear no suppression
%1 2:_ y %1 22_ eAlep with smear & 30% suppression
$ [ Smeared eAlep with R
b a 30% suppression © 1= | L + -
0.8:— + + 0.8:— — — —
06:_ —a— —_| + I | 0.6:_ —|__‘_ 4 - + ++ I .I.
ol T + H T
s 0.56 = 0.8 (1 -0.3) o2 0.81+0.03 and 0.56x0.02
_l 1 1 I 1 I 1 1 1 l 1 1 I 1 1 1 I l 1 I :
227724 26 23 3 32 34 3‘34, 92 24 26 28 3 32 34 313‘1)

* Even with small statistics: straight forward measurement that

IS sensitive to at least 30% suppression
* True “golden” measurement
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Example 3:
Diffractive Physics



“Seeing” Diffraction

A DIS event (theoretical view)

k \
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“Seeing” Diffraction

A DIS event (experimental view)

THETA PHI
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“Seeing” Diffraction

A DIS event (experimental view)

Activity in proton direction

THETA PHI
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“Seeing” Diffraction

242 GeV — sira

~ I

THETA PHI
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“Seeing” Diffraction

A diffractive event (experimental view)
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“Seeing” Diffraction

A diffractive event (theoretical view)

electron /
k >
q

k!

gap

-

proton, nuclei

My
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Hard Diffraction in DIS at Small x

* t=(p-py
e [3is the momentum fraction

of the struck parton w.r.t. the

Pomeron
e Xxip = X/B: momentum fraction
W2 of the exchanged object
X (Mx) (Pomeron) w.r.t. the hadron
,’I Xip Largest rapidity
! X gap in event
p, P S or - Y (My)
) _t’ Pip breakup of A
dégeh—eXh  arq2 v2\ Da 5 w2 Da 5
ddeQdﬁdt_ 52Q4 (1_y+E>FQ (%,Q 7671;)_5 L (waQ aﬁ7t)
e Diffraction in e+p: e Diffraction in e+A:
» coherent < p intact » coherent diffraction (nuclei intact)
» incoherent < breakup of p » breakup into nucleons (nucleons intact)
» HERA: 15% of all events are » incoherent diffraction

hard diffractive » Predictions: 04iff/Otot in €+A ~25-40%



in DIS at Small x

Hard Diffraction

—~ 10° T

do/dt (nb/GeV?

e+p

e Diffraction in e+p:
» coherent < p intact

» incoherent < breakup of p

e Diffraction in e+A:
» coherent diffraction (nuclei intact)
» breakup into nucleons (nucleons intact)

» HERA: 15% of all events are » incoherent diffraction

hard diffractive

» Predictions: 04iff/Otot in €+A ~25-40%
28



Hard Diffraction in DIS at Small

— 10° T T T T T III{III‘III‘III‘III{

X
III‘I

X

NN‘NNN{

< : |
3 e+p o erAu  TAIWA
E 10 Q=0 3
< : Apr ~ 10 MeV/c -
E - ]
10° | E

P .z

% L Incoherent/Breakup .

O 10% E

5 :

S ]

% 10° L Coherent —

L) 3

RN
o
N

10 E

101 0 004 008 012 0.6
t (GeV?) t (GeV?)
e Diffraction in e+p: e Diffraction in e+A:
» coherent < p intact » coherent diffraction (nuclei intact)
» incoherent < breakup of p » breakup into nucleons (nucleons intact)
» HERA: 15% of all events are » incoherent diffraction
hard diffractive » Predictions: 0uift/Otot in €+A ~25-40%
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Why lIs Diffraction So Important?

e Sensitive to gluon momentum distribution

dUVC;t—)pv N ‘/\If* dO'qq\Ije—ibA

2 N*,\/l\/x ) E (1—2)7?_
v d2b B
do C
a9 2 2
= ~riagxg(x, n°)T'(b °
e (@ 1)) b

» 0 x g(x,Q2)2

e Sensitive to spatial gluon distribution N erAu A=A

d o N ng=~010 MeV/c
— = Fourier Transformation 10
dt of Source Density pqy(b) ‘% i IncoherentBreakip
» Hot topic: c onerent ]

@ Gluonic form factor © 2 ]

@ just Wood-Saxon + nucleon g(b) ’ ;
» Incoherent case: measure of fluctuation/ “ et

lumpiness in Ga(b) T e T
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Why Is Diffraction So Difficult?

e Key in identifying diffraction
IS rapidity gap

» requires hermetic detector

» does not allow separation of
coherent from incoherent

e Measuring the scattered
nucleus with Forward
Spectrometer (Roman
Pots)

» coherent = cannot separate
from beam

» incoherent = cannot
reconstruct all fragments to

getp’

e Cannot measure tin eA
except in exclusive vector
meson production, e.g.:

etA—-e +Jhp+A

e | ack of t not a big issue for
measurements of F2P, FP
and hence G(x,Q?)
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Large Rapidity Gap Method (LRG)

¢ |dentify Most Forward Going
Particle (MFP)

» EIC smaller beam rapidities n of MFP
Nmax e+p: RAPGAP: MFP in Event
| ey S
Other particles (if any) 0.1 ;8:1 88 gg¥ B:S
r 30+100 GeV - DIS
2+100 GeV - Diff
— A ——— ] i 204100 GOV D
' - 0.08 20+100 GeV - Diff
Rapidity Gap - 30+100 GeV - Diff
! y i
~ DefectorAcceptance i
- : — 0.06 i
ﬂﬁgm 0 ngeam
p/A direction e direction 0.04 f

Hermeticity requirement:

* needs just to detector presence 002 -

e does not need momentum or PID - o

* simulations: Vs not a show stopper for 8 2 4 6 8
EIC (can achieve 1% contamination, rapidity
80% efficiency) M. Lamont 10
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Exclusive Vector Meson Production

:\7\105? o F Fm E
> B > >
2 2 2
~ v104 ~—
° ° 5
3 2 3
© T10 ©

10" Fi
; Coherent 107

102 ... B
g Incoherent 102 3

10'3% Sartre 0.1
- Event Generator

3 ; :
10 E s Total 10'3 E

o oos Ton om0z oz oa o oo Ton om0z oz oa Y R Y TR TR TR
Itl (GeV?) Itl (GeV?) Itl (GeV?)
e Golden channel: e+tA—¢e'+A + VM Qim\i( = //\\ ( p. ¢, J/,DVCS
» t = (Pa-Pa)? = (Pym + Pe’ - Pe)? 1S
» photoproduction (Q2 = 0): t = p2tvm
» moderate Q2 need pr of €’ D p—q
» Issues: M

® transverse spread of the beam (distorts small t) = requires beam cooling
@ detect incoherent events => detect nuclear breakup 32



Detecting Nuclear Breakup

* Detecting all fragments pa =>pn+ > pp + 2 Pd+ 2 Pa... NOL
possible

* Focus on n emission e Additional measurements:
» Zero-Degree Calorimeter » Fragments via Roman Pots
» Requires careful design of IR » v via EMC

Traditional modeling done in pA: AZ) .

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

De-Excitation
e Evaporation
Fission
Residual Nuclei
Gemini++, SMM, ABLA (all no ¥y)

Y Fission products ¥ Spallation residue
a, B,y decays
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Experimental Reality
Here eRHIC IR layout:

Need +X mrad opening
through triplet for n and
room for ZDC

Big questions:
e Excitation energy E*?
e ep: do/My~ 1/My?2
e eA? Assume ep and use E* = My - mp as lower limit

35 [ theta distribution of neutrons at E* = 500 MeV ] histoTheta500
2 F 12¢ Entries 1214828
° L — Mean 1.495
= % " 50000 RMS 07983
[ — -
£ y 10C - —
S L L [ theta distribution of atE* =500 MeV__ |
5 251 40000(—
] r B
£ r —80C B
2 o B
20— . . .
. coc 30000¢ Gemini++
15 C
C 20000—
C 40¢ B
10— B
- 10000 N
s 20¢
0 :I 111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 0 00 : 1 2 3 L 4 é L 6 7 8
0 50 100 150 200 250 300 350 400 450 500 d
E* (MeV) mra
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Experimental Reality
Here eRHIC IR layout:

Need +X mrad opening
through triplet for n and
room for ZDC

Big questions:
e Excitation energy E*?
e ep: do/My~ 1/My?2
e eA? Assume ep and use E* = My - mp as lower limit

Simulations using Gemini++ & SMM show it works:

® For E*ot 2 10 MeV and 2.5 mrad n acceptance we have rejection
power of at least 10°.

e Separating incoherent from coherent diffractive events is possible
at a collider with n-detection via ZDCs alone
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Example 4:
Properties of Cold
Nuclear Matter



Parton Propagation and Fragmentation

o”a g  piehadron _ hadron Hadronization not well

v e - understood non-perturbative

B

pre-hlad ren hadlron - p Frocess

production time formation time

® Nuclei as space-time analyzer

* EIC can measure:
» fragmentation time scales to understand dynamic
» in medium energy loss to characterize medium

® Observables
» pr distribution broadening AP;=(P}) ,—(P3),

» attenuation of hadrons
NZ(Qz: xBj’Z’PT)/Ni(Qz’ xBj)

RZ(Qz XpirsZ P ):
) j) ) T ]7 2 o 2
N )x ‘)Z)P /N ’x .
see talk by Jianwei Qiu D(Q Bj T> D(Q BJ) o




Hadron Attenuation in nDIS

Energy loss: Energy transfer in lab rest frame
* gluon bremstrahlung? HERMES: v = 2-25 GeV
» hadronization outside media EIC: 10 <v <1600 GeV

e prehadron absorption?
» color neutralization inside the

medium

1 i | LI LI LI I LI i | LI LI LI I LI ]
-4 4 & & & A& & &z F4+83 s ©m m @ m O T H+
0.8 - —+ —
ER T ]
'_GE = N \i 4 e = = — -
0.6 [ d + - -
- & EC \\}: S -
04 © HERMES m° I EIC n |
B energy loss + energy loss -
- - absorption T--- absorption i

02 | I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | I | I | I 1 1 1 I | I | I 1 1 1

02 04 06 0.8 02 04 06 0.8
Z Z

(LHC range)
EIC: heavy flavor!

Accardi, Dupre 11

EIC Statistics for

L=200fb"



Hadron Attenuation in nDIS

Energy loss: Energy transfer in lab rest frame
* gluon bremstrahlung? HERMES: v = 2-25 GeV
» hadronization outside media EIC: 10 <v <1600 GeV

(LHC range)

* prehadron absorption?
EIC: heavy flavor!

» color neutralization inside the

medium
| Multiplicity Ratio |
b= HERMES data Accardi, Dupre 11
1.3 A A o
- Duuuéééuuééu " K
12 00000000000 O0O0
- Elg error bars
1'15_ O o é é é é é é Oo0oo (Ri‘;:glt\r,ig)
1= E%ooooooooooo s= €
0.9 20 <v <30 GeV
A T o
0'85_ b4 é ¥ ) A D Meson
- ¢ i ; 50 <v <70 GeV
0.6— k4 T o
— — O +
0.5 ;—\/S =14 GeV ¢ A EMeson
04— —— e ———— EIC Statistics for
z L = 200 fb-"
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pr Broadening in nDIS

e Apt? directly linked to saturation scale e.g. sbmps, kopeliovich *10

e Apt2 of jets as direct measurement of g
» Z, v dependence to be taken into account

APZVsz, A P Accardi, Dupre '11
0.08

HERMES data
J'C+
-

i 0.06 R *
0.06 z} z} z} A I K %3

0.08|

o> «

EIC error bars

(APZ is arbitrary)

0.04— ? B 0.04— | &+ D Meson
a0 aE - Y B Meson
o |
< | Va % S | %
0.021- HERMES data B %
0.02
- v J-l:+ B
B A T
o I é
L EICzerror bars 0
- (AP7 is arbitrary) |- —
-0.02j A D Meson ﬁ \/S - 32 Gev
\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ \\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\l\
01 02 03 04 05 06 0.7 08 09 1 1.1 0 20 40 60 80 100120 140 160 180 200 220
y4 A
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pr Broadening in nDIS

e Apt? directly linked to saturation scale e.g. sbmps, kopeliovich *10

e Apt2 of jets as direct measurement of g
» Z, v dependence to be taken into account

Multiplicity Ratio vs Q? ApT? vs Q2 Accardi, Dupre "11
0.951 0.08
:— 0.07—
0.9: 00000000000Q : @Qooooooééé%%%
: 0.06
0.85 AAAAAANANNANNNAN A A :
5 0.05 MAAAAAAAAAAMM}Z}%
0.8 -

'R

- % HERMES data Boar HERMES data
0.75[ m o B v oo

- + + 0.03F % AT

B EIC error bars r
0.7 %

A - - —
(Rh is arbitrary) v,

EIC error bars
A x*(s=200 GeV?) 0.021

(APZ is arbitrary)

- O =*(s=1000 GeV? && - A+ (=200 GeV?)
0.65— 100 <v < 130 GeV) 0.01 O x* (s=1000 GeV?)
0.6: | | | I . ‘ | | | I . ‘ 0 : | | | L1111 ‘ | | | | 1111 ‘
1 10 10° 1 10 10°

EIC: large Q% coverage to detect modifications in DGLAP evolution
38



Summary

The e+A program at an EIC is unprecedented, allowing the
study of matter in a new regime where physics is not described

by “ordinary” QCD
¢ set of key (aka golden or killer) measurements identified

e studies underway to establish their feasibility with realistic
detectors and machine parameters.

The e+A program is also a challenge experimentally

e new difficulties compared to e+p
e measurements never conducted in a collider

¢ so far found no show-stopper for key measurements
e most key measurements are energy (Vs) hungry ...

e ... but less luminosity demanding
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