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Science of e+A at an EIC

Investigate with precision universal dynamics of gluons and
“sea” quarks that fundamentally make up nearly all the mass of

the visible universe

e+A Central Topics:

e Probing the momentum-
dependence of gluon
densities and the onset of
saturation

» Study the Physics of Strong Color Fields
® Measure momentum distribution of glue
@ Establish the existence of the saturation

regime

» How do fast probes interact with the

gluonic medium?

@ Energy loss, Fragmentation processes

» Study the nature of color singlet
excitations (Pomerons)
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See talk by Jamal Jalilian-Marian



Raison d'étre for e+A

Scattering of electrons off nuclei:
Probes interact over distances L ~ (2m, x)™

For L > 2 R, ~ A3 probe cannot distinguish between nucleons in front
or back of nucleon = probe interacts coherently with all nucleons

- Kowalski, Lappi
and Venugopalan,
PRL 100, 022303

| (2008)); Armesto et

[ al.,, PRL 94:022002;

- Kowalski, Teaney,

| PRD 68:114005)

“Expected”
Nuclear Enhancement Factor
(Pocket Formula):

1/3

') ~co 2
X

R ~ A1/3

Enhancement of Qg with A= non-linear |
QCD regime reached at significantly -

lower energy in A than in proton R N A



Strong Hints from RHIC: Saturation at x=10-3?

Disappearance of angular correlations in Run 8 dAu data
at forward rapidities (log x ~ 2.5 - 3)

Low gluon density (pp): High gluon density (pA):

pQCD predicts 2—2 process 2—1 (2—many) process = mono-jet
= back-to-back di-jet _
beam view Mono-jet beam view
side view .
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Are RHIC & HERA Results consistent?
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e Strong hints of saturation from

RHIC: x ~ 102 in Au

e ep: No/weak hints in DIS at Hera
up to x=6.32:10%5, Q%2=1-5 GeV?
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Are RHIC & HERA Results consistent?
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e Strong hints of saturation from

RHIC: x ~ 103 in Au
e ep: No/weak hints in DIS at Hera

up to x=6.32:10%5, Q%2=1-5 GeV?



Are RHIC & HERA Results consistent?

HERA F,
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e Strong hints of saturation from

RHIC: x ~ 102 in Au

e ep: No/weak hints in DIS at Hera

up to x=6.32:10%5, Q%2=1-5 GeV?

Coverage

e Finding RHIC and Hera & Qs

scalings consistent

e At pAin RHIC we see the Nuclear
“Oomph” Qs? ~ Qo? (A/x)"3



Do EIC energies match the requirements?

eRHIC = RHIC + ELIC = CEBAF +
Energy-Recovery Linac Hadron Ring

f/l T e e v g s
W, - 3 - \ s

Both
‘ designs in
see talk by Vladimir Litvinenko see talk by Vasiliy Morozov
1. stage: 5+100 GeV/n e+Au 1. stage: 11+40 GeV/n e+Au
(Vs=45 GeV/n) (Vs=42 GeV/n)
2. stage: 30+130 GeV/n e+Au 2. stage: 20+100 GeV/n e+Au
(Vs=125 GeV/n) (Vs=89 GeV/n)



Do EIC energies match the requirements?

ElLIC = CERAF +

see talk by Vlz
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* In both cases 18t stage is ~OK but offers
little Q2 lever arm
e 2"d stage will match requirements fully

'n e+Au

V/n e+Au




Getting a “Feel” for Non Llnear QCD

Dipole Model:
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N = Dipole Scattering Amplitude



Getting a “Feel” for Non- Llnear QCD

Dipole Model: £29
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N = Dipole Scattering Amplitude
0 dilute, linear QCD (N~ r2)



Getting a “Feel” for Non- Llnear QCD

N

5

Dipole Model:

1—2 - 2
ol 7 .- V=J/b,¢,p -
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do /d%b
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dO'qq
Fora 2N (x, 71, b)
N » T
(x,r,b) =2 [1 — exp (—r 2Nca

N = Dipole Scattering Amplitude

0 dilute, linear QCD (N ~ r?)
1 saturated, non-linear regime




Getting a “Feel” for Non- Llnear QCD

Dipole Model: £
x| eAu
-
1—2 o . ©
(1—:)7“ 2 1
* e —b=0GeV
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dO'qq
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N » T
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N = Dipole Scattering Amplitude

0 dilute, linear QCD (N ~ r?)
1 saturated, non-linear regime



Getting a Feel for Non-Linear QCD

To assess typical values of /N calculate average:

Ny g = [ d?bd?r dz [*vla. N2

[ d?bd?r dz [p*olo L N

M. Diehl & T. Lappi X
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Getting a Feel for Non-Linear QCD

To assess typical values of /N calculate average:

[P dPrdz [ lo, L N2
- [d2bd?rdz [V )er N

Na.L

10 104 1073
M. Diehl & T. Lappi X

0.6
0.5
0.4
0.3
0.2
0.1



e+A Science Matrix & Golden Measurements

What we Special Gain/Loss
Primary new h . Typical | requirements | What can be JAlternatives in| compared
) ope to Basic . . .
science required on done in phase|absence of an|] with other | Comments
: fundamentally | measurements .
deliverables | precision | accelerator/ I EIC relevant
earn o
detector facilities
What HERA sage |ilarge-l LA at LHC
: The nuclear at displaced | x & large-Q2 | P¥/A 2t First This is
integrated functi reached for (not as : fund |
lear gluon wave function FL Fy Fi© Fyt E2 with vertex precise experiment | fundamenta
nuciear gt throughout e . detector for with good x, |input for A+A
distribution N combined though) & ) .
x-Q? plane charm need full EIC, Q% & A range| collisions
data LHeC
for F_ and F,°
) p+A at
I SIDIS f
I SIDIS & di- 8D | RHICILHC,
epfenl €N 1 The non- hadron Need low-pt saturation |2/though e+A| Cleaner than
© g uo.n linear QCD | correlations . P . o needed to |p+A:reduced
distribution . T particle ID | signal in di-
d |evolution - Qs| with light and hadron p check background
and heavy flavors _ T univerality
correlations imbalance 2) LheC
b dependence| Interplay D|ffract.|ve VM 50 MeV hermetlc. Initial
production and , detector with .
of gluon between resolution . Moderate x Never been |conditions for
L2 DVCS, 4pi coverage | .. . .
distribution small-x on . with light and LHeC measured |HI collisions —
) coherent and low-t: need to , .
and evolution and| . momentum heavy nuclei before eccentricity
. incoherent detect nuclear] .
correlations | confinement transfer fluctuations
parts break-up




e+A Science Matrix & Golden Measurements

® Nuclear gluons at small-x
» Inclusive structure functions (F2, Fi, F2¢, FL°)
» Di-hadrons (and di-jet) imbalance
» Exclusive diffractive production (J/y, ¢, p and DVCS)
@ coherent & incoherent
* Nuclear gluons at larger-x
» Gluon anti-shadowing / EMC effect
e Jets and hadronization

» Use nuclei to test in-medium fragmentation, pQCD
energy loss and parton showers



Feasibility Studies for e+A

* Many (most) studies can be conducted using e+p
» DIS kinematic in e+A identical to e+p when assuming
Ma/A = mp
» Rich set of generators available for e+p

@ PYTHIAG, LEPTO, Milou, PEPSI, gmc_trans,
RAPGAP3, CASCADE, ...

» Few for e+A
@ DMPJet-lll, DUANGO, Sartre (see talk by Tobias Toll)

* Important: compare saturation vs. non-saturation
scenarios (BK/JIMWLK vs. DGLAP, BFKL)
* However, there are a few critical things in e+A that are
» unique to e+A (e.g. incoherent diffraction)
» more critical than in e+p (e.g. radiative corrections)

10



Measuring FL with the EIC

F, ~ a, G(x,Q?) : the most “direct” way to G(x,Q2)

FZ(XaQZ) - yz @

F, runs at various \s  @’c?~*  4xq’ y?
2 |-+
=> longer program dxdQ xQ

In order to extract F| one needs at

least two measurements of the
inclusive cross section with “wide” span

in inelasticity parametery (Q? = sxy) Coverage in x and Q2 for inclusive
cross section measurements

10°

30+100 GeV

\%} 102
Q7

v

g
WL
|
il
il

S

10 10° 10?2 10"

What y range can be achieved?x

[ R B S

10"




Feasibility study: or= F2(x,Q?) - y?/Y+ -FL(x,Q?)

Vi =1+ (1)

Strategies:
Slope Of y2/Y+ for 103—: @ 1.GeV’<Q*<1.8GeV? . - :'Q
H H - e 2.Q%s. e z ] -4 O =
different s at fixed 1079 @ L eviatiar o 1 %96 3°° e, 1%y
2 — ® 56 GeV22<Q:< 10. GeV22 o - ® | ® - O
X & Q 1042 9 175 GOV < i 51 6 GaV? E ®7 ] ®
1 8 S tos oave : : .

10 — . eV s e x<0.00025 — 0.00025<x<0.00039 — 0.00039<x<0.00063 — 0.00063<x<0.001
e+p: 1st stage R = I = A A AR
5x50 - 5x325 0% o, 17 e, " 1% e R "
running combined 1042 * 3 o ] b - - ° .
4 WeekS/eaCh :a 10 :: 0.001<x<0.0015 :: 0.0015<x<0.0025 :: 0.0025<x<0.0039 :: 0.0039<x<0.0063 E 0.0063<x<0.01
(50% eff) S I e

O 107- = -0 - -
- oo, Ty e, R
stat. error shown 104 - . o ° .\ - o 1% @
__— = = ® — = @_
and negllglble 10 E 0.01<x<0.015 E 0.015<x<0.025 j 0.025<x<0.039 E 0.039<x<0.063 .OE 0.063<x<0.1 ”
. 107 - - . . .
1o Do R, i 2 ::
Rosenbluth 1004 Fe o 1%, J% e Joo 1
extraction & o 7 - %1 % e o
Detector effects L B e L B I
0 0.5 0 0.5 0 0.5 0 0.5 0 0.5 1
y2/Y+

E. Aschenauer 12



Syst. Uncertainties in F. for staged EIC

F_ for electron energy fixed at 4 GeV and proton energies:
50, 70, 100, 250 GeV (4 fb-! each)

1of T T T 1 The magenta curves show
! 1 | the statistical and systematic
L I . o o
| ——— T S—— i errors (1 Yo uncertainty in
© | i I normalization) added in
2% 08l 1 { quadrature.
0.6 x=0.0025 1 x=0.0066 _
1-2-_ } . ] t Hf |
= 1:_ ........... ../\.p,..l.g__ ................................. ,?..‘..f.gg} ......... _ Agam’ the extraction of
L\Lg : | 1 FLis dominated by
—-< 0.8 -+ . . r
i systematic uncertainties
0.6F x=0.023 x=0.8
1 10 10 10 1 10 102 10°
Q2 (GeV?) Q2 (GeV?)
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Big issue for e+A: Radiative corrections

High precision requires knowledge of higher-order
corrections

Oexperiment < Otheory[Fn(X,Qz)]= o) + Gem0(1) +

Emission of real photons

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

= “radiative corrections”

T XX

“Ideal” case: Q*=—(1-1)?, zp=

2P (z —7)

2
True case: 2= (=1 —k)? Fp= ¢
Q ( )7 LB 2P(l—l/—]€)
14



Effect of radiative corrections

Distortion of observed structure function:

F%Obs(xBaQ2> :/di‘BdQ2 Ri(vaQ27a~jBaQ~2)Flitrue(£BaQ2)
[+ i

Radiator functions Ri(l, I', k)

Correction function is fct. of y: =l K
roly) = dU/dy|0(a) _q @
C do-/dleOT’rL s D%
1.2 —

LA IELEEL L I L DL B AL 1_""I""I""I""I""_0-8'
1:_ep: ] - eAu: ]

- 5 GeV + 50 GeV
0.8 F

0.6 F

S—
1 [ EPS09
3 [ 5GeV + 130 GeV
1061038 <x<102
- Whaq > 1.4 GeV

0gl 5GeV+ 130 GeV
C 103 <x <102
:_ Whag > 1.4 GeV

re(y)

0.4Ff 04
0.2f - 1 F Au
- . - Fe
C 102+
0F - —_O - He
-0.2 | HKN - Y
[ Lol b b b oL vt v v b
0 02 04 06 0.8 1 0 02 04 06 0.8




Dealing with radiative corrections

Method 1

e reconstruct x, Q2 via
hadronic final state
» Jacquet-Blondel, or
mixed e-h approaches

» increases Ymax/Ymin
reach

e works for e+p, tricky in
e+A
» parton/hadron energy-

loss, secondary
particle production

» still possible since sum
matters & particle at
small 6 carry little pr

» Needs further studies

Method 2

e simple kinematic cuts in W
reduce corrections slightly

re(y)

- ep:
0.8 5 GeV + 50 GeV

0.6
- no cut
041

02 W>14GeV T

I 102 < x < 1072 / 102 <x <10
_02 PRI T YT WO W NN NN WO SN S NS SN S S N SR oo b b b by
0 0.2 04 0.6 0.8 0 0.2 04 0.6 0.8 1

y y
Method 3

e Unfolding and data corrections

» requires profound understanding
of corrections in e+A
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Diffraction in e+A

e+Al

10’4

10°E

- 107
10¢ g

I incoherent 10k

1E

3
10 coherent 10°
> g
8 L L
2 107 10%E
S 10 g :
c g
= 3| 107 E
O 10 B
5 -
10* 1 10° 'E
- i -1
10°F 10 10
F ) I E
" et+tA— e+ /q) + A |
i iy 107
10-6?1lll‘llll‘llll‘llll‘llll‘llll 105;}}ll‘llll‘llll‘llll‘llll‘llll Elll‘lll‘lll‘lll‘lll‘lll‘lll‘lll‘lll‘ll,}
0 005 01 015 02 025 03 0O 005 01 015 02 025 03 0 0.020.040.06008 0.10.120.140.160.18 0.2
-t (GeV?) -t (GeV?) -t (GeV?)

e Diffractive cross-section ogi/Otwt in €+A predicted to be ~25-40%
* Process most sensitive to xG(x,Q?)
e Rich physics program on momentum & spatial gluon distribution

e Coherent vs Incoherent: requires detection of breakup with ~ 1-104
efficiency

Never done at a collider!

17




Detecting Nuclear Breakup

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

e Focus on n emission e Additional measurements:
» Zero-Degree Calorimeter » Fragments via Roman Pots
» v via EMC

» Requires careful design of IR

Traditional modeling done in pA:

Intra-Nuclear Cascade
e Particle production
e Remnant Nucleus (A, Z, E*, ...)
° |SABE|_, INCL4 -7!,:,/;::::—_:—_::::::;:;\ Excited nucleus

Evaporation

So
IO
N
\

. . ﬁ’:::'
De-Excitation 0 ey
 Evaporation A
e Fissi O T
Fission n

e Residual Nuclei C o Y
. p

® Gem|n|++, SMM, ABLA (a” no Y) Y Fission products v Spallation residue

a, B,y decays

18



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

Breakup simulators SMM & Gemini++ 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

19



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

Studies on feasibility of measurements (detector requirements,
acceptance, ...) are hindered by lack of generator “suite” as
available for e+p.

Many initial studies can conducted in e+p ...
but e+A also brings new experimental challenges, e.q:
e Radiative corrections (x, Q° from hadronic final states)
» work In progress

e Diffractive physics (nuclear breakup)
» solvable (n-emission) with careful IR design
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