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What is eRHIC?

Electron-lon Collider (EIC)
situated at BNL

Relativistic Heavy lon Collider |
_I_

Electron beam/linac

® Adds ep and eA capability to RHIC

® Utilises much current investment

® Builds on successes of both RHIC and HERA
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Why eA collisions?

RHIC Is a successful hadronic machine

» so why bother with electrons?

® Llectrons give three advantages

e oy » Clean: no “spectator”

LV""\i_:_ A Packground

» Clear: distinguish initial/final-
N\ state effects

p =y, 9
%ﬁ;ﬁ'&_ A P Precise: direct access to
parton-level kKinematics via

deeply inelastic scattering
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(an aside on DIS kinematics)

Deeply
s=(p+k?=4-E,-E |Inelastic
' k'
Q? = —q% = —(k— k')’ Scattering
Q° ’ N K
Xg = resolution S
2°p-q electron
y — u A
< . P > { -+ —— P X,
proton '\< p
nuclei J

® Kinematics entirely defined by scattered electron
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Overview

® cRHIC physics goals

» Impossible to give more than a taste here

P eA 8 2
0
, e y[fm]
> Saturation Nuclear initial state:
» Imaging < wvital to understanding
» Nuclear PDFs nuclear collisions ,
» Hadronisation in strongly interacting medium

» ep (not covered here)
» nucleon imaging (impact parameter dependence)
» unintegrated PDFs (pT-dependence)

» spin sum rule (origin of spin-1/2 proton/neutron)
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Gluons at small x

® (QCD interaction accounts for
99% of proton mass ~ HERA Q2 = 10 GeV?2

—— HERAPDF1.7 (prel.)
------ HERAPDF1.6 (prel.)

» c.f. 1% Higgs mass of quarks 0-8:

B experimental uncertainty

[ ] model uncertainty Xu,
[] parametrization uncertainty

® (luon PDFs from DIS show . os|
explosive growth at small x N

0.4 |

xf

» must be tamed at some point [ %G (x 0.05)
® non-linear evolution e.g. BK 0ol
alternative to DGLAP, BFKL, |
account for gluon —— ..
. - 10 10° 10° 10° 1
recombination «

Thomas Burton 7 SQM 2013



Gluons at small x

( (N o \
® QCD interaction accounts for Saturation
99% of proton mass scale” at which
» c.f. 1% Higgs mass of quarks phenqmena
manifest )
® Gluon PDFs from DIS show A % :
explosive growth at small x Q2(x) Q
Y g € 1

» must be tamed at some point

In Q2

' JIMWLK

BK BFKL
. @)

non-perturbative region

® non-linear evolution e.g. BK
alternative to DGLAP, BFKL,
account for gluon
recombination

:.

@

saturation

splitting recombination

-

SQM 2013




An eA collider: why use nuclei?

;310 ;;zs::z:,:?z:s Reaching predicted saturation
7 03] B Leratoos scale In e-p needs very low X
2' FERA 1993 — -2 TeV machine

10°F
. But...

5 in a high-E collision gluon
o density scales ~ nuclear radius
p pTd‘C‘eEproton (min. bias)

10 F
o gttt
/ N

than HERA accesse
"

Need even lower x

d
J

Thomas Burton

8 SQM 2013



Nuclear amplification

10

Q2 4uark Model-|
—— Au, medianb --- b=0
—— Ca, median b
—— p, median b

_* Nuclear amplification
of saturation scale

A 1/3
Wi o 4k A
=25 = ()

—e ‘‘Lffective X' Is much
smaller in nucle

10° 10™ 10° 102

— Access saturation with ~ 100 GeV eA machine

Thomas Burton

SQM 2013



L IllIll L] L] L llllll L L 1 llllll L] L] L IIIIII L L L LB
103 Measurements with A = 56 (Fe): -
F e« eA/pA DIS (E-139, E-665, EMC, NMC) i
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* Access saturated regime
* Precise studies of nuclear structure
Thomas Burton 10

eRHIC eA kinematics

Extend reach
far beyond
existing data
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Key measurements




Structure functions

4 N )
y2 - sensitive to quarks

Fr, (CU, QQ) L sensitive to gluons
Separation requires
variable energy
® precision nuclear PDFs ~ -

® indications of saturation/non-linearity

2r Q2=2.7 GeV2, x = 10-3 stat. errors enlarged (x 5) Sys-tematics-
I sys. uncertainty bar to scale d . ‘t d
1 PR b b ominate
&3 08 . N
< large
<. 06 . .
! uncertainties on
o 04f DGLAP
. Beam Energies A]JLdt d :
of 5 on 50 GeV 2 fbT pre ictions /
021 5on75Gev  4fb B rcBK
- 50n100GeV 4 fb EPS09 (CTEQ)
O _I 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
1 2 3 4 5 6 7
A
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Structure functions

4 N )
y2 - sensitive to quarks

2 N
1+ (1 - y)z FT. (xa Q ) FL Sensmlve to glupns
Separation requires
variable energy

Opr = Fg(iB, Qz)

® precision nuclear PDFs ~ 7
® ndications of saturation/non-linearity o
F"gluon
. | |
1'2— Q2=27GeV?3, x=103 stat. errors enlarged (x 5) SYStemat|CS— 1'4 __ —_
r sys. uncertainty bar to scale .
N R o o dominated 1.2 - -
E 1-0 — T _'__'__'_ """" B
e 08F ~ 0.8 L {1
< I large B L \-
<ELL_| 06_— . . 0.6 i |
; [ uncertainties on L _
i 04 | DGLAP 0.4 | -
: Ei‘;i”;fgiﬁ'es Q{St predictions 0.2 - u
02" 5on75Gev 4 fb" BN rcBK / [ | | | 1
- 50n100GeV 4 fb! EPS09 (CTEQ) 0.0
e 10* 10° 10% 107 1
A" X
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Diffraction
¢ 15% of HERA
g Cross section
i }Lq;(jz) 25-40% In Al
,’,/ g ’ ~

(.
X (My) S|gnatur§. absgnce
of activity In
: Largest rapidity detector over

| gap in event wide rapidit
’/ <\ p >/ )

p, P
\_t,’ Pl,p
- — ™ ~
Measure additional variable: deal for Studying gluonS'
4-momentum transfer T ~ g(x, Q)2 |
\ t=p-p ) 5%
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Diffraction

’_IIJIliIII‘IITII]IIIIIIJ‘ITIIII:H

e+Au Y*A—=>JP A
Q°=0 E
Apr~ 10 MeV/c -

® |deal tool for both

» studying saturation §104'_ Incoherent/Breakup -
8 10}

p Imaging gluons S 1o coreren :
® “‘Coherent’: nucleus intact :
10°

® ‘Incoherent”: nucleus breaks
up (no diffraction pattern) 10}

:llllllllllllllllllllIlllllllll;

0 0.04 0.08 0.12 0.16
t (GeV?)
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Diffraction: saturation

W

e — ® No saturation:
. Q =5G.e\/3 fLdt =10 fb /A ] .
- x=3310 1 eAlepratio ~ 1

_ eAu stage-|

W i ® Saturation:

saturation model 1 enhanCeS O-dlff
N eA VS. ep

N
o

N

———— ‘
non-saturation model (LTS) I : } S'“’Ong

| _ distinguishing
- stat. errors & syst. uncertainties enlarged (x 10) -
I | I | | | | L1 1 1 I | | ] p OWe r at

1 10

2 @oV? eRHIC

R .
T T I T T T T I T
[

Ratio of diffractive-to-total cross-
section for eAu over that in ep
o

o
o

()
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Exclusive vector mesons

etA2>2e +tA + VM

® Measure t via exclusive final state
® (Clear difference between saturated and unsaturated

(1/A*3) o(eAu)/o(ep)

Thomas Burton

1.2

0.8

0.6

0.4

0.2

— e+ p(Au) — e’ + p’'(AU’) + JAp

;‘
i
i
i
=
=S

L ee

---mmiﬂvhﬂ++++++++++++++++++

e nNO saturation
m saturation (bSat)

Coherent events only
JLdt =10 fb-1/A
x < 0.01

Experimental Cuts:

|'Y](edecay)| < 4
p(edecay) > 1 GeV/C

]

2 3 4 5 6 7 8 9 10
Q? (GeV?)

(1/A*3) o(eAu)/o(ep)

2.2
2.0
1.8
1.6
1.4
1.2

O i
N B ®» (00)
IIIIIiIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIqIIIIIII

o
= I'TT1

e +p(Au) — e’ + p’(AU’) + ¢
L KK

‘.
¢
’Q
®
®

e NO saturation
oq m saturation (bSat)

.
.
*
‘.'.. oo
"’0~00u“0m¢'
|

Coherent events only
JLdt =10 fb-1/A
x < 0.01

Sarfre

code.google.com/p/sartre-mc/

Experimental Cuts:

|T](Kdecay)| <4
p(Kdecay) > 1 GeV/C

> 3 4 5 6 7 8 9
Q? (GeV?)

10
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https://code.google.com/p/sartre-mc/
https://code.google.com/p/sartre-mc/

Diffraction: imaging

® { s conjugate of impact parameter, b

[Ldt =10 fb /A o coherent - no saturation

1< Q2 <10 GeV? o incoherent - no saturation

x < 0.01 m coherent - saturation (bSat)
IN(Kgecay)l < 4 e incoherent - saturation (bSat)
P(Kdecay) > 1 GeVic

ot/t = 5%

LI IgllllzI T

Fourier o8
dojdt - Transform F(b)

O

10%

Iﬂ

O

10°

O =
O O
]

E I- O

]
10 2 .oo:’ﬂoonogpooﬂono...””.m

T IUIall [ TTTIT

= gluon imaging

do® AU e+ AU+t (nb/GeV?)

® Strict detector demands N S )
1§— . Diﬁ'.;};ﬁ.i:-.:i?j::tb‘:\:\]u

- - .""4. DD%EF

L K
A i
jo2l i bl b b b b

] ]
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
1t] (GeV?)

PRC 87 024913 (2013)
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Diffraction: imaging

Fourier

do/dat <

Transform

= gluon imaging

® Strict detector demands

Thomas Burton

> F(b)

® { s conjugate of impact parameter, b

fLdt =10 fb /A
1<Q2<10 GeV?
X < 0.01

Ir1((5'decay)I <4

mO

=)
o~
[ Illlull:hl_l |

& O
= P(€decay) > 1 GeV/c
> 103" Su=s%
@ E -
2 [
:'6 goo’.
S LY i
: - m] |
E 10 & .E "
- b
o - % o
5 | |
2 1 wg* -
* -
o -
o) - 1
© 10-1_ ‘ ]T .J&.Ju
§ .I:I
- JAp m
10'2_III|III|III|III|III|III|III|III|II

o coherent - no saturation

o incoherent - no saturation

m coherent - saturation (bSat)
e incoherent - saturation (bSat)

|
O 0.02 0.04 006 008 0.1 0.12 0.14 0.16 0.18

1t (GeV?2)

PRC 87 024913 (2013)
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do/dat <

Diffraction: imaging

Fourier

Transform

= gluon imaging

® Strict detector demands

> F(b)

0.1 L (b) - —— Jhp bSat
F jf/ ----- Woods-Saxon

o 008~
© -
) :
= E
@ 0.04 }_— : \
TN -

0.02 [— JJ

0:’_ /4"!".r a1 L \\\‘

----

Thomas Burton

do,(e +Au—e¢e’+Au’ + J/L|J)/d.t (nb/GeVZ)

® { s conjugate of impact parameter, b

=) fLdt =10 fb /A o coherent - no saturation
== 1<Q?<10 GeV? o incoherent - no saturation
. x < 0.01 m coherent - saturation (bSat)
:'D IN(edecay)l < 4 e incoherent - saturation (bSat)
p P(Edecay) > 1 GeVic
= o ottt = 5%
- =
=
00 oooooo “ o
E. m] .a i:"u 00000000000 0000000000000 oo
L m| o
W |
— =
= s gy
3 ﬁ
B g
B | ]T i
f
- Jhp
III|III|III|III|III|III|III|III|III

0.02 0.04 0.06 008 0.1 0.12 0.14 0.16 0.18
1t (GeV?2)

PRC 87 024913 (2013)
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Diffraction: imaging

® { s conjugate of impact parameter, b

' 5 fLdt =10 fb"1/A o coherent - no saturation
FOurler 104 == 1<Q2<10 GeV? o incoherent - no saturation
dO-/d-t <€ > F(b) C 0 x < 0.01 m coherent - saturation (bSat)
— - " IN(egecay)! < 4 e incoherent - saturation (bSat)
Transform T Fe e

o 10° [  th=5%
G
8 .

- . . = 102:. .......................................

g | U O n |m ag | n g § ;’ ;”ﬁmnunoun»munoomn ooooooooooooo
3 b | L 0000000000000
- L m] |
+
. =) 10 & lE 0

® Strict detector demands @ ¢ w
° i N &
2 Te Tﬁ?
° -

F - o) -
0.1 (d) 27T = ¢ bSat T ol ‘ L &i_h
T H,,«f‘"_““\ ----- Woods-Saxon = -[_]

9 008[ r/’ , - Jhp

§006:'— ,‘, -‘I\L 10'2_|||||||||||||||||||||II|III|III|III

& Tk 1- 0O 0.02 0.04 0.06 008 0.1 0.12 0.14 0.16 0.18

> 0041 : ! It (GeV?)

T g 1

0.02:.— r[','l “1
O;W‘,‘ef{ N ffkh__;o___ PRC 87 024913 (2013)
b (fm)
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Detector and machine




Detector concept |
® [argely hermetic

p needed e.g. to
detect rapidity gap

3T Solenoid

ni, K. p Particle ID Detector
sanas s - s >
' : 'Jl - o v s R =
—_ x p. N. -
=

A

To Roman
" | pots, ZDCs

~3.0m

/DC: breakup
neutrons give

s , ~100%
efficiency to
- <
hadron-heam lepton-heam d e_t e C_t

iIncoherent eA
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Detector concept |
® [argely hermetic

p needed e.g. to
detect rapidity gap

To Roman
pots, ZDCs

/DC: breakup
neutrons give
~[00%
efficiency to
detect
Geant simulations under way incoherent eA
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<_100250Gev | @
< 50-100 GeV

® 4 goals of machine design:

5-20(30) Ge\/>

Lo

oF
0.1-1034 Luminosity in cm-2s-1

1. Variable beams species 25 -

2. Variable beam energies &l s
- -

3. High luminosity ~103¢ -

10+

4. e polarisation ~80%

® Maximise use of existing
infrastructure and investment

E, (GeV)
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eRHIC

® Re-use of existing
iINnfrastructure

0.60 GeV

detector

3.05 GeV
7.95 GeV

12.85 GeV

® [wo linacs

) » multiple passes

® Stageable energy
w0 EXisting » add RF cavities
_ eSTAR , | | |
S ® New high-intensity
polarised e~ source




Conclusions

® cRHIC: ep/A collider at BNL

® Rich programme of eA (and
ep physics)

. T u rth er read | n g . Electron lon Collider:

> arXiv:1212.1701- -

p arXiv:1108.1713
» wiki.bnl.gov/eic/index.php/Main Page

SQM 2013


http://arxiv.org/abs/1212.1701
http://arxiv.org/abs/1212.1701
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https://wiki.bnl.gov/eic/index.php/Main_Page

Dihadron correlations

0.18 -
0.16 [- ep',"'
o.14; '
® “Semi-inclusive” DIS 012
0.1
0.08 |

Q2=1 GeV?

C(Ap)

® Multiple gluon re-scattering, :
: : : : 0.06 |-
emission In saturation framework 00e |
washes out correlation 002 |

® Ratio = 1in absence of
collective nuclear effects F E£1G stage-!

021~ rldt=10fb1A

plfioger > 2 GeV/c

1<p_a|_ssoc<p:[|[igger

Inl<4

® Shaded: uncertainties in

: 015
knowledge of saturation scale g [ emu-nosa
: % 0.1
® cp baseline needed, but cancels o© |
various uncertainties 0.05 |
OTX é B 12l51 B (; B 13{51 B 21 B 1455
Ag
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DIS with polarised beams

50 'I L i Ll lll'll . Ll l'l"ll L] . 'Il'll'

7 Measure quark/gluon helicrty
s 210% 45 g,(x,Q%) + const(x) .
I T X=0.- D | 1
¥ - L L L L

40 8 2x10° (+43) ———— DSSV+ - ] 2 2 1
— .:‘ Q" =10 GeV

EIC 5x100 i i

i 1.3x10™* (+36) ' EIC 5x250 _ current |

[ o—© ' EIC 20x250 05 - data —

i 2.1x10™% (+31) _ -

30 or"°"’"° - i 1
- 3.3x10°% (+27) - i ]

oxa—o—0°

-0 52x10% (+24)

- ;,:r——*:’f » - - —_—
N . Oa—Oa—0—0 8.2x107* (+21) o
o 1.3x10° (+19) _

20 - e v —gm 5
b e——a—oa—oa——ot—o———0 2.1X10 f+17) § o N
ot Ca—Oa—OA—0—0 3.3x107 (+15.5) o
-—,.—d*——‘r—ﬁle_o'—_o 5.2><IO"(+M)

- 4 ‘___,.__dl‘__ea._er—o—o 8.2x10 ! (+|1) E - . —
- GO OO0 13x107 (+12) 2 0.5 5x100
5 f.lxlO:(+ll) i ———— il O O O—O . E B
10 3.3xlof(+l()) e e G —— O A O kOO _ ; B 5x250 i
5.2x10° (#9) — & GO h—O——O i
" ) 8T2><102(+8) ) S A A — G h— O —O _ 2 = EICZOX25O_
1.3x10 TIN> - Oa O -
i i :(,Tx’“»,;\-(,,n‘ e 2 i all uncertainties for Ay’=9 _
i 3.3><105.:(:'::) .VH‘,\: * ; ; ,: ] ; -1 TN TR TN WA N TN SO WO M A SO WO TR SR NN T
ll A A L l‘llll A A A A lllll L A A A lllll é 0.3 0.35 0.4 0.45
2 3
I 10 107 5 107 1
Q" [GeV~7| 2
AZ(x,Q°) dx

0.001
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Fourier transform

Measure more minima

\
Better measure of b-dependence

-3
0 005 01 015 02 025 03 0.35
It (GeV?)

--------- Woods-Saxon

F(b)/[F(b) db
© © ©o
e 8 g8 =
T l |

o
=)
(¥}
l

nnnnnnnnnnnnnnnnnnnnnnnnnnnn

o
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Fourier transform

Measure more minima

\
Better measure of b-dependence

-3
0 005 01 015 02 025 03 035

It (GeV?)
0.1 |- i Woods-Saxon

o 0.08

o

o

Sl 0.06 -

— -

3 -

L2 0.04

. B

-10 -5 0 5 10
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Fourier transform

Measure more minima

\
Better measure of b-dependence

-3
0 005 01 015 02 025 03 0.35
It (GeV?)

--------- Woods-Saxon

F(b)/[F(b) db
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Fourier transform

Measure more minima

\
Better measure of b-dependence

-3
0 005 01 015 02 025 03 0.35
It (GeV?)

0.1 — P e Woods-Saxon

F(b)/[F(b) db
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Fourier transform

Measure more minima

\
Better measure of b-dependence

-3
0 005 01 015 02 025 03 0.35
It (GeV?)

0.1 |- e Woods-Saxon

F(b)/[F(b) db
© ©
e 3

] I T 11 I
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Fourier transform

Measure more minima

\
Better measure of b-dependence

-3
0 005 01 015 02 025 03 0.35
It (GeV?)

0.1 E e Woods-Saxon

F(b)/[F(b) db
© ©
€ 3
] l T 171 [
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Fourier transform

Measure more minima

\
Better measure of b-dependence

-3
0 005 01 015 02 025 03 0.35
It (GeV?)

0.1 - P Woods-Saxon

F(b)/[F(b) db
© ©
€ 3

] I T 11 I
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Fourier transform

Measure more minima

\
Better measure of b-dependence

-3
0 005 01 015 02 025 03 0.35
It (GeV?)

0.1 E — Woods-Saxon

F(b)/[F(b) db
© ©
€ 3
] l T 171 [
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-

Semi-Inclusive
Deeply Inelastic
Scattering

Measure the
electron + a
single hadron

\vf

characterised via
(Z pT)

~

Multi-

Thomas Burton

dimensional
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S ID][e @ Gives additional hadron information

p extract “transverse-momentum-
dependent distributions™: TMDs

u quark

|) Spin-dependence:
see deformation of
parton distribution
e.g. Sivers function

Spin >

X, (X, Ky, Sy )

Alexel Prokudin K, (GeV)

Thomas Burton 27 SQM 2013



S ID][e @ Gives additional hadron information

p extract “transverse-momentum-
dependent distributions™: TMDs

(it i (d quer
-
. 0.5
o 0
. x=0M -0.5

-0.5 0 0.5 -0.5 0 0.5

Alexel Prokudin K. (GeV) Ky (GeV)

2) ldentify hadrons: decompose flavour dependence

Thomas Burton 27 SQM 2013



J/psi production

v¥+p—=Jhp+p
S f}_dtl=%01:b'1'gij , - h
20 GeV on 250 GeV T|n>/ S‘ta't|5't|ca|
errors in < |

year running
N Y

10F 0.0016 <x, <0.0025
15.8 GeV2 < Q2 + M3, <25.1 GeV?

[ Jhy \
1 . 1 . 1 . 1 . 1 . 1 . 1 ) 1

BR(JAp — e*e”) x do/dt (pb/GeV?)

Fourier 0 0.2 0.4 06 0.8 1 1.2
transform
| 0
£ Fine binning In
5 (x Q% 1)
z N Y
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Nucleon tomography

Generalised Parton Distributions = b-dependence

o(x= 1072 b,0°= 1 GeV?)

' 1 [0.99 , 1.00]

1.5r T BED } (0.97 ,0.99]

| [0.94 ,0.97)

1+ [0.90 , 0.94]

| [0.80,0.90]

05k [0.70, 0.80]

= . | [0.60,0.70)
§ ok N . [0.50 , 0.60]
. N | [0.40 , 0.50]
& , [0.30 , 0.40}
-0.5} A [0.20 , 0.30]

| ~ [0.10,0.20]

-1} [0.05,0.10]

</ ~ [0.02,0.05]

~15} s e 1 (001,002

, , , . , [0.00,0.01]
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Nucleon tomography

Generalised Parton Distributions = b-dependence

[0.99 , 1.00]
[0.97 , 0.99]
[0.94,0.97)
[0.90 , 0.94]
[0.80 , 0.90]
[0.70 , 0.80]
| [0.60,0.70]
|1 050, 0.60)
[0.40 , 0.50]
[0.30 , 0.40]
[0.20 , 0.30]
[0.10, 0.20]
[0.05, 0.10]
| [0.02,0.05]
_15} ! [0.01 , 0.02]
| [0.00,0.01]

b, | fm]
(=)
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Nucleon tomography

Generalised Parton Distributions = b-dependence

g" (x=107%,b,0%= 4 GeV?)

1.5}
1} £ NN
0.5} =\
S 0 AN
e : ‘,’}
-05 B/ |
2naence
-1}
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