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What is eRHIC?

Electron accelerator

to be built

Unpolarized and
polarized leptons |
5-20 (30) GeV >

J

70% e- beam polarization goal

polarized positrons?

S

RHIC
S

( Existing = $2B

‘T Polarized protons
50-250 GeV

"‘l Light ions (d,Si,Cu)
‘ Heavy ions (Au,U)
50-100 GeV/u

-

166 GeV/u

‘ Polarized light ions Hes3
| Q‘T

Centre-of-mass energy range: vs=30-200 GeV; L~100-1000xHera
longitudinal and transverse polarization for p/He3 possible

electrons

protons
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From RHIC to eRHIC
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From RHIC to eRHIC

: o }.-
o LIy &

" elénses
» 10:00 o’;lock

eRHIC-Detector
& Polarimeters




__From RHIC to eRHIC

All energies scale proportionally i)

by adding SRF cavities to the
injector and two linacs and
cranking power supplies up

27.55 GeV TR (7 ——

3rd detector \

Beam
dump

27.55 GeV

0.6 GeV
22.65 GeV

17.75 GeV .
Polarized

12.85 GeV e-gun

7.95 GeV

3.05 GeV

Vertically separated”\
recirculating passes.
# of passes will
be chosen to optimize
eRHIC cost




Detector requirements

e (ku /)

X ()

Inclusive Reactions:

® Momentum/energy and angular resolution of €’ critical

@ Very good electron pid

@ Moderate luminosity >1032 cm! s-!

® Need low x ~10# = high /s (Saturation and spin physics)




Detector requirements

ek, scattered lepton
incown/{

e(ku)

L 1

’ X (o) ul/ |

U8 1
target nucleon : N

P(p,) String Breaking - P

Inclusive Reactions:

® Momentum/energy and angular resolution of €’ critical

@ Very good electron pid

@ Moderate luminosity >1032 cm! s-!

® Need low x ~10# = high /s (Saturation and spin physics)

Semi-inclusive Reactions:

@ Excellent particle ID: w,K,p separation over a wide range in 1
@ full ®-coverage around Y*

@ Excellent vertex resolution 2 Charm, bottom identification
@ high luminosity >1033 cm-! s*! (5d binning (x,Q%z, p,,®))

® Need low x ~104 > high /s



Detector requirements

ek, scattered lepton
incoming lepton ¢ v, 70,) /¥

e (ku)

>

> X (p./) - 5
u 1 \\\\ ”//’/
target nucleon : N e

P(p,) String Breaking - P p 1 p

Inclusive Reactions:

® Momentum/energy and angular resolution of €’ critical

@ Very good electron pid

@ Moderate luminosity >1032 cm! s-!

® Need low x ~10# = high /s (Saturation and spin physics)

Semi-inclusive Reactions:

@ Excellent particle ID: w,K,p separation over a wide range in 1
@ full ®-coverage around Y*

@ Excellent vertex resolution 2 Charm, bottom identification
@ high luminosity >1033 cm-! s*! (5d binning (x,Q%z, p,,®))

@ Need low x =10 > high s Exclusive Reactions:

@ Exclusivity = high rapidity coverage = rapidity gap events
@ high resolution int > Roman pots
@ high luminosity >1033 cm! s-! (4d binning (x,Q%,t,d)) 5




The p|IIars of the eRHIC physics programme
: ‘-~.' '*“'u R w

" i '

@ Wide physcs rogramrhe with derhandihg

requirements on detector and machine performance
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The p|IIars of the eRHIC physics programme
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The p|IIars of the eRHIC physms programme

colour fields
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The p|IIars of the eRHIC physics programme
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The p|IIars of the eRHIC physms programme
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The prllars of the eRHIC physrcs programme
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The p|IIars of the eRHIC physms programme
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The p|IIars of the eRHIC physics programme
"‘"k N S m

N

: ’ | e’ ! w : o~ : r - '
3 1 '- ' .. ;‘.,f '.‘::. AT
- :» - " 2= ———
- o oY0) __.:-. DA &
o o o
(Vg
i O T
S0 G =
B E Skl
N 43S = O\ T
i o = c - S
VAN = al " 0
."." , 8 —OU . C C
I °(7) O‘ - — 8
10 B > Opm~ - o
' o - v =
" £ - m
' .y O
oo e SR 1
__’:-: fL. S 2 .,. ' L — - a
~ Y. | iad
-‘1". g‘. "":‘t ‘ :

@ Wide physics programme with derhanding

requirements on detector and machine performance
6



Most compellmg physms questlons

-
Spin physics —— HERA-I PDF (prel.) Q% =10 GeV2
B experimental uncertainty
® What is the polarisation of gluons at small 16 model uncertainty
. - HERA Structure Functions Working Group
LWhere the)’ dominate!? " Nudl. Phys. B 181-182 (2008) 5761

® What is the x-dependence and flavour
decomposition of the polarised sea!?

Determine quark and gluon contributions
to the proton spin at last!!
. J




Spin physics £~

® What is the polarisation of gluons at small
x where they dominate!?

® What is the x-dependence and flavour
decomposition of the polarised sea!?

Determine quark and gluon contributions
to the proton spin at last!!

Most compelling physics questions

J

. a8 i
Imaging L

@ What is the spatial distribution of quarks/
gluons in nucleons AND nuclei?

® Understand deep aspects of gauge theories
revealed by kt dependent distributions

Possible window to orbital angular
momentum

\- J

AY4

physics of saturation

® Understand in detail the transition to the non-linear regime of strong gluon fields and the

@ How do hard probes in e+A interact with the medium?

Currently have no experimental knowledge of gluons in nuclei at small x!!




spin physics



10 week INT programme - Fall 2010

Gluons and the quark sea at high energies: distributions, polarization,
tomography

September 13 to November 19, 2010
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This INT program will address open questions about the dynamics of gluons and sea quarks in the
nucleon and in nuclei. Answers to these questions are crucial for a deeper understanding of hadron and
nuclear structure in QCD at high energies. Many of them are relevant for understanding QCD final
states at the LHC, which often provide a background for physics beyond the standard model. The topics
addressed in this program have important ramifications for understanding the matter produced in heavy-
ion collisions at RHIC and the LHC.

http://www.int.washington.edu/PROGRAMS/10-3/

10
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10 week INT programme - Fall 2010

week | dates topics
13-17 Workshop on "Perturbative and Non-Perturbative Aspects of QCD at
1 Sept Collider Energies"

Agenda

open conceptual issues: factorization and universality, spin and flavor

structure, distributions and correlations

Agenda
small x, saturation, diffraction, nuclear effects; connections to p+A and
27 A+A physics; fragmentation/hadronization in vacuum and in medium
3-5 Sept— | Agenda for week 3
15 Oct | Agenda for week 4
Agenda for week 5
parton densities (unpolarized and polarized), fragmentation functions,
6—7 18-29 | electroweak physics
Oct Agenda for week 6
Agenda for week 7
longitudinal and transverse nucleon structure; spin and orbital effects
8-9 1-12 (GPDs, TMDs, and all that)
Nov Agenda for week 8
Agenda for week 9
10 16—-19 | Workshop on "The Science Case for an EIC"
Nov Agenda for week 10

http://www.int.washington.edu/PROGRAMS/10-3/

10


http://www.int.washington.edu/PROGRAMS/10-3/
http://www.int.washington.edu/PROGRAMS/10-3/

Golden measurements in spin

Deliverables

Observables

What we learn

Requirements

polarised gluon
distribution Ag

scaling violations in
inclusive DIS

gluon contribution
to the proton spin

coverage down to x
~ 104
L, of about 10 fb-

polarised quark and
antiquark densities

semi-incl. DIS for
pions and kaons

guark contr. to
proton spin;
asym. like Aud-Ad;
As

similar to DIS;
good particle ID

novel electroweak
spin structure
functions

inclusive DIS at
high Q2

flavour separation
at medium-x and
large Q2

Vs =100 GeV:
£,=10 fb1:

positrons; polarised
SHe beam




The quest for Ag - where do we stand?

@ inclusive pions and jets remain the main probes
® jet/hadron correlations are essential to cover smaller x

® low-xX behaviour is unconstrained

current DSSV global fit

status: S Voot = significant polarisation still possible
R T T = Nno reliable error estimate for 1st moment
S — DSSV | {
L xAg R L eah A2 ]
- © —DNs i EEDSSVAY L ] @ By 2015 - expect to have:
i --- GRSV DSS@\--" Ay =2% 1 0.2
- F _ = DSSV 2.0 global analysis on new world
[ g L data
— | R\ = reduced uncertainties in Ag in current x
i 0 range

| - evidence of a node further scrutinised
: e &1 tend x-range towards lower x
- ) ) ; : ‘ | X X- W
o GRSV maxg : pp | PP j = exie ange
L -~ GRSV ming | 1.5 > 500 GeV running and particle
10 10 X |

DSSV includes "only" RHIC runé data I 2



The quest for Ag - what can we do at eRHIC?

strategy to quantify impact: global QCD fits with realistic pseudo-data

AP - EIC 5x250 GeV - 20fb™
02 £Q=139GeV 1 EQ=247GeV’  E Q=439 GeV’

F Q%=7.81 GeV?

1 F Q%4393 G7

Y S E I S E
0% 107 x 10" 107 g1

|3



The quest for Ag - what can we do at eRHIC?

0.3
0.2
0.1
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strategy to quantify impact: global QCD fits with realistic pseudo-data

i

F Q=139 GeV? -
;eeeeeet? ................. _:

|

Q’=13.9 GeV*

IIIIIIIIIIIIIIIIIIIIIIIIIII

i
i
i

Q%1389 GeV? ]

|

[a—
-
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AP - EIC 5x250 GeV - 20fb™

F Q%247 GeV? 7
}maﬁéﬁ ............... —

Q%=4.39 GeV?

IIIIIIIIIIlIlIlIIIIIIlIIIIl

F Q%4393 GeV2 &

|
E

Q’=7.81 GeV*

- Q%7812 GeV> ]

10

current
data )

g,x Q)+c(x)

* 5x250

A 5x100

o 5x50

10

3
10

|3



The quest for Ag - what can we do at eRHIC?

strategy to quantify impact: global QCD fits with realistic pseudo-data

AP - EIC 5x250 GeV - 20fb™

03 _—rrnnrrmtrrmq—rrrrrgl :rrmrmﬂlrrrrmrrn‘m_l n | T T T T T T1IT] T T T T 11171 T T T To1rIr]
S 1 F > 1F , C ) x=3.2x107*
F Q=139GeV" 4 [ Q=247GeV" 3 EQ=439GeV~ - Q=7.81GeV" - * 4 2 7]
0.2 : 1 F 1 E C — 5.1x10 Y gl(x,Q )+c(X)
C J1 F J1 E 15 A/"/ 8.2x10 —
0.1 -1 -1 - R 1 3%10°3 *x  5x250 |
T T— i [ SO — dE L . 20x107 A 5x100
- 1 F 1F i 3.2x107 o 5x50
Coond vooel vl vnd E .—-—M
- - A 5.1x107> -
E Q°=24.7 GeV’ 10 F \ o a—a—a—82x10° -
- 1.3x1072 i
. 2.0x1072 i
i ] 3.2x1072 |
i . 5.1x102 |
BRI BLRLLL BRRLLL BRRLL | 5 B —
06 L Q=1389GeV? - - ] .
T r 3 e Y D S
04 £ ] B current i
. L - G S < A R s ek
0o b : - data T
') [ P, — N e\ o o |
:LLUHLLLUIILLLUILLUH;I O 1 1 L vl 1 11 1 1131 1 L 1 a1l
-4 -2 2 3
10 107 x 1 10 10°  QF 10°

measurements limited by systematics — need to control them very well

iIssues: bunch-by-bunch polarimetry, relative luminosity, detector performance, ... 13



The quest for Ag - what can we do at eRHIC?

how effective are scaling violations ?
guantitative studies based on simulated data for eRHIC stage-1: 5 x (50, 100, 250, 325) GeV

1

. 2
x° profile for Ag(x,Q%) dx
10—4

L L I LI I LI I LI I LI I LI |
15 - —
5t _
A | Z
10 —
s [ from current ep & RHIC data |
" DSSV+ ]
0 - _

| I - l L1 11 l | I | I L1l l | - l |

-03 02 -0 -0 0.1 02 03
A&IL [ 0.0001-1]

o

1
expect to determine / dxr Ag(r,Q*) at about 10% level (more studies needed)
0
Kinematic reach down to x = 104 essential to determine integral | 4



The quest for Ag - what can we do at eRHIC?

how effective are scaling violations ?
guantitative studies based on simulated data for eRHIC stage-1: 5 x (50, 100, 250, 325) GeV

1

x2 profile for Ag(x, Q%) dx
104
UL I LI l. | ' L l LU l I‘TI LI l UL
IS = .’a .” =
Av? | | | 7
Li [ :
0™ EIc 5x250| | "
5 1 i
D88V« :
O - W —
L1 1 l L1 1l l L1 11 L1 1 I L1 1l l L1 1l
03 02 001 -0 01 02 03
Ao [0.0001-1]

[

1
expect to determine / dxr Ag(r,Q*) at about 10% level (more studies needed)
0
Kinematic reach down to x = 104 essential to determine integral | 4



The quest for Ag - what can we do at eRHIC?

how effective are scaling violations ?
guantitative studies based on simulated data for eRHIC stage-1: 5 x (50, 100, 250, 325) GeV

1
: 2
x° profile for Ag(x,Q%) dx
10-4
LILILL l LI : 1 I (LU I LI II' I l‘.'l LI I UL
15 - | LEIC | —
» F ‘! l| 5x50 to . .‘ -
ok | %325 | .
Axl _ 0‘ " X ' :: ]
0T EIC5%250, | 7
5 i
[ DSSV- i
0 R W A -
L1 11 | 11 11 I | | 1 ] | I 11 1 | I 11 11

-03  -02 -0. -0 0.1 02 03
A(_':l.[().()(')()l-ll

1
expect to determine / dxr Ag(r,Q*) at about 10% level (more studies needed)
0

“

Kinematic reach down to x = 104 essential to determine integral | 4



The quest for Ag - what can we do at eRHIC?

how effective are scaling violations ?
guantitative studies based on simulated data for eRHIC stage-1: 5 x (50, 100, 250, 325) GeV

1
. 2 —_ 2
x2 profile for Ag(x,Q?)dx  uncertainties on the x-shape of Ag(x, Q°)
10— 4
T T 11 ' 1 : T I L B | I T 1 ll T I '.r T7T 1 I T T 11 (:).3 i LI llllll LI llllll Illll LI li lllll l
B 1 ' | . . - 2 9 : -
15 |- \ | EIC | ..’ - XAg [ DSSV Ay /¢ "=2% band | ]
5 | |5x50t0 | | - 5 I ~~. | .
Tk |  5x325 | | - 0.2 PR A =
Axl [ ‘, X u .: - - - \\ -
10 __ EIC SXQSO".' ‘. .' ." __ 0.1 - \\\ _
© DSSV+ |/ 7 _ Tl
0 "_ T -a,,“““‘i'ﬁ; ,_ ‘o‘&_&w“’g _" -0.1 _— Q2 -10G CV2 =T -
L1 11 | 11 11 I | | 1 ] | I 11 1 | I 11 11 C 1 |||||||| 1 |||||||| 1111 | ||E|||| 1
-03 02 01 -0 01 02 03 0> 10t 107 10?* 10 K |

Ag e [0:0001-1]
© 1
expect to determine / dxr Ag(r,Q*) at about 10% level (more studies needed)
0

Kinematic reach down to x = 10-4 essential to determine integral

| 4



The quest for Ag - what can we do at eRHIC?

how effective are scaling violations ?

guantitative studies based on simulated data for eRHIC stage-1: 5 x (50, 100, 250, 325) GeV

1
. 2 —_ 2
x?2 profile for Ag(x,Q?)dx  uncertainties on the x-shape of Ag(x, Q°)
10—4

|||||||:||,||||||||I|||.r|||||||| 03 [ T T T T TTT] T T TTTTI] T T T TTT00 ||||||_|

B ' ' | ' 7 - L) .

15 - | EIC L - XAg [ DSSV Ay /% "=2% band _

5 F || 5x50t0 | | - ot e 1
“F | 15x325 | | - 02F -7~ N =
Axl - ‘o | 8 | »: - -,’/ \\ ]
= "' | :’ - - \\ 7

|0 - ". | " ,“ = B \\ 7

[ EIC 5x250| i 01 \ ]

5 1 - 0 |

[ DSSV+ ’ : :

oL Y ] 0L Q' =10GeV’ " ]

L1 1 | - | I L1 11 Ll 1 1 I Ll 1 I 11 11 C__ 11 1111111 11 1111111 11 111111] 11 uul L 11l
-03 -02 -Ol -O Ol 02 03 10 =D 10 -4 10 -3 10 -2 10 -1 x 1

AQI' [ 0.0001-1]

“-

1
expect to determine / dxr Ag(r,Q*) at about 10% level (more studies needed)
0

Kinematic reach down to x = 104 essential to determine integral | 4



What's new

with

DSSV(+)?

Q

~0.12E
< 014

* EMC

-0.2

DSSV+ - use as a 88§ pi 0 % 1 - s éﬁ-
baseline for eRHIC "“==—=——=""= é L
studies - i %E% : -
: aF w é ﬁlx xg :
[ e tae 4 _
: | - li | | | | - | lﬁl | l:
10 107 1
X
= = T3
-DIS: A from COMPASS 0aE AT LB AN |
3 | I E |
arXiv:1001.4654 02E- W o t
3 NCSARIE B piyl ]
- SIDIS: A,/ from COMPASS — CE** * *3*% SRICIRRA RS
arXiv:0905.2828 -0'22_ | ul_---lﬁ E__-ml o ——T
- SIDIS: A, F from COMPASS £ Al | E Al
arXiv:1007.4061 VE Leme'| 4% E
extended x coverage w.r.f. HERMES 0E*« o saf™% 4 3
] -

—
—

—
S
N




New pseudo-data
O T T T T ot datatx100-desvrandom dat wing 12~
data for DIS and SIDIS ('rli', Ki) ‘eic-data-5x250-dssv-random.dat’ using 1:2
- 5x100 and 5x250 .

10 fb-! each, 70% beam pol. | only

100 |

5

Cuts: o W2>10 GeV?
® depol. factor > 0.1
® 0.001 <y <0.95 F
©10<B <1790 |
® pe > 0.5 GeV
® Phadr > 1 GeV 1

i M P S | i M P S SR | M M PR S | M N PR S T
0.0001 0.001 0.01 0.1 1

@ Global analysis:

= Use relative uncertainty of each point to produce mock data (based on DSSV)

= randomise data within 10

= for SIDIS: incl. 59%(10%) uncertainty from pion (kaon) frag. functions

- map out X2 profiles with Lagrange multiplier method (Hessian is work in progress) 6



Update on Ag

previous result

RASRARRERANARRERAN LA R ARRERRERY
15 - | lEIC | .." -
> F | | 5x50to | .
AX: ', '. X325 | | — T LN L B B B L B B
0T EIC 5><25(;".‘. ‘,"‘ ] 15 -
” .
5[ - Axi - _
[ DSSV+ \Ry ]
o TR T T TR T 10 |- ]
03 02 01 -0 01 02 03 i -
Ag" [0.0001-1] ! |. ]
COMBINED “
® Very similar results to before .| . .. 0Dl —
@ Slightly larger uncertainties -
® need to study 104—1 range DSS\\---\_ / '
0+ » — —
LA Ll L l | - l AL L. J l L AL AL U l LA L L l LA L. A

® heed to translate into error
on x-shape of Ag

03 02 -0.1 0 0.1 0.2 0.3
1,[0.001-1
Ag [ ]
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What about Ag?

current uncertainties DSSV

I L III] I T TrTra | LI III[ I I T

0.04 ) - = }
- X Au DSSV 4 [ xAd }

002 - — i
() - ‘\\\\\\- ) n \ / _—
002 — -1 [ i
i | 1 11 llll | | S | | L1 11 I[[[ | 1 | | ll—

2 -1 2 1
10 10 1 10 10 1
X X

0.04

0.02

0

-0.02

-0.04

-0.06

DSSV (incl. latest COMPASS data)

 XAs - ]
hos rAs(x) = xAs(x)
0.02 | ]
.:]
002 F » __ DsSV ]
dC(TC( — DSSV+ ]
004 | --- DSSV+2%
ol 1 Lo aranl
10~ 107"

X

@ surprise: As small & positive
from SIDIS data

@ but 1st moment is negative and
sizable due to “constraint” from
hyperon decays (F,D) (assumed
SU(3) symmetry - debatable M.
Savage)

@ drives uncertainties on A2 (spin
sum)

|18



What about Ag?

current uncertainties DSSV

0.04

002

0

-0.02

I I IIIIII]

X Au

Lo vl

I T T 1Tl

DSSV

llllllllllllll—

| | |

LI | I LI

IIIIIIII

x Ad

Ll

I T TTTl

11111111111'1111111

|

0.04

002}

I I LI

-0.02

1 L1 1 1|

10

()

Vv 0 3

10

L

x Ad

o)

E ' j
- lllllllllll‘lllllll —

0.04

0.02

0

0.02

0.04

0.06

0.04

0.02

-0.02

-0.04

-0.06

DSSV (incl. latest COMPASS data)

oos | XAS

rAs(z) = 2A5(x)

002 - -

-0.02 i }

— DSSV .
data  __ pssvs
004 - --- DSSV+ 2%
raal 1 L1 a1l
107 10

simulated impact of RHIC

@ W boson data on global fit

@ reduction of uncertainties
for 0.07 < x < 0.4 can test

consistency of low Q2 SIDIS
data in that x regime

|18



Flrst results on the quark sea

LA B | ] LI B

@ very encouraging results

15 -
A2 | ALL SIDIS ‘ @ as expected, DIS has no impact
1| _
! \ | _ @ need to study 0.0001-1range
DIS4SIDIS |
10 - \ f - .
' : @ need to translate into error on x-shape

17/ $x100 SIDIS 1

) - l LA L. 1 l LAl Al l I l A A L. L

-0.01 0 0.01 0.02 0.03 0.04
—1,[0.001-1

Ail [ ]




First results on the quark sea

L | VLLL ] LI B A | I T T I'l ] L L .
Sl | : @ very encouraging results
Ay [ ALL SIDIS | j @ as expected, DIS has no impact
i i
! \ @ need to study 0.0001-1range
DIS4SIDIS |
10 - \ f _ _
' : @ need to translate into error on x-shape
5 | 5x250 SIDIS - . r‘."." [ ' ]
I 1 15 F \ -
\ /: " L !.:' -
- DSSVI—__ _— -AXi I ".'n‘ :
0+ — ‘,‘. COMBEINED
PR TN TN NN N WO ST TN TN (NN TN ST TN TN T SO WY SO WO N SO O N i .0:0’ 7
-0.01 0 001 002 003 004101 \ 7
Al [0001-1] k \ ]
- Sx250 5IDI1S ‘c:o'. 1
® note the change of scaleonx- s+ \ -
axis SN | ~
o \ -.‘.::‘...‘ ) '.."/' -1
® perhaps "neutron beam” would | bssve N Sdosioss :
. 0 s
lead to further improvements R

-0.125 -0.1 -0.075 -005 -0.025 0
51.[0.001-1
Ad N ]



0

-0.01

llllllllllllllllllllllll
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10 week INT programme - Fall 2010

week | dates topics
13-17 Workshop on "Perturbative and Non-Perturbative Aspects of QCD at
1 Sept Collider Energies"
P Agenda
o0—p4 | OPEN conceptual issues: factorization and universality, spin and flavor
2 Sept structure, distributions and correlations

Agenda

small x, saturation, diffraction, nuclear effects; connections to p+A and
27 A+A physics; fragmentation/hadronization in vacuum and in medium
3-5 Sept— | Agenda for week 3

15 Oct | Agenda for week 4

Agenda for week 5

parton densities (unpolarized and polarized), fragmentation functions,
18-29 | electroweak physics

=7 Oct Agenda for week 6
Agenda for week 7
longitudinal and transverse nucleon structure; spin and orbital effects
8-9 1-12 | (GPDs, TMDs, and all that)
Nov Agenda for week 8
Agenda for week 9
10 16—-19 | Workshop on "The Science Case for an EIC"

Nov Agenda for week 10

http://www.int.washington.edu/PROGRAMS/10-3/
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13-17 Workshop on "Perturbative and Non-Perturbative Aspects of QCD at
1 Sept Collider Energies"
P Agenda
o0—p4 | OPEN conceptual issues: factorization and universality, spin and flavor
2 Sept structure, distributions and correlations
P Agenda

small x, saturation, diffraction, nuclear effects; connections to p+A and
A+A physics; fragmentation/hadronization in vacuum and in medium

Agenda for week 3
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longitudinal and transverse nucleon structure; spin and orbital effects
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Golden Measurements

Deliverables Observables | What we learn Stage-1 Stage-ll
iIntegrated nuclear wave .
. gluons at saturation

gluon FoL function; 103 < x < 1 eqime
distributions saturation, Qs J
kr dependent . non-linear QCD

gluons; di-hadron . 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 flavours
and charm;
jets

rare probes and
bottom;
large-x gluons

22



Silver Measurements

Deliverables Observables | What we learn Stage-| Stage-ll
integrated nuclear wave difficult .
. saturation
gluon Feo L, FPa function; measurement / redime
distributions saturation, Qs | interpretation J
charged current
flavour full flavour
and yZ EMC effect .
separated . separation for measure Qs
structure origin )
nuclear PDFs . 102<x<1
functions
non-linear QCD rare probes and
AT BTN SIDIS at small x| evolution / OIMEEL .Of bottom;
gluons . . saturation
universality large-x gluons
b-depend_ent DVCS: interplay moderate x with
gluons; . . between small- . smaller X,
diffractive . light, heavy .
gluon X evolution and . saturation
vector mesons nuclei

correlations

confinement

23



Integrated gluon distributions from
inclusive structure functions
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Integrated gluon distributions
from Inclusive structure functions

Deliverables Observables | What we learn Stage-| Stage-ll
integrated nuclear wave .
. gluons at saturation
gluon Fo, function; 103 < x < 1 edime
distributions saturation, Qs J

distributions saturation, Qs | interpretation

iIntegrated nuclear wave difficult :
. saturation
gluon function; measurement / .
~ regime

charm diffractive

25



Measuring the glue via Structure Functions
2
o (7, Q%) = Fi'(2,Q%) — <

~~
S x=6.32 10
< L x=0.000102
= x=0.000161 HERA F2
83 x=0.000253
= x=0.0004 —— ZEUS NLO QCD fit
o /" x=0.0005
TR /" x=0.000632 —— H1 PDF 2000 fit
/7 x=0.0008
e H1 94-00
x=0.0013
L a 4 H1 (prel.) 99/00
A
L x=0.0021 = ZEUS 96/97
4 A BCDMS
x=0.0032
o E665
-x=0.005 o
i x=0.008
3
2
1
0 | | Ll | | |
2 3 4
1 10 10 10 10 10

20

Y +

Fi (z,Q?)

Scaling violation: dF,/dInQ? and linear DGLAP

Evolution = G(x,Q?)

16 -

— HERA-I PDF (prel.)
B experimental uncertainty

model uncertainty

HERA Structure Functions Working Group
Nucl. Phys. B 181-182 (2008) 5761

Q% =10 GeV?

107

1073 1072



Measuring the gluons: %xtracting FL

Y
or(2,Q%) = F3'(2,Q%) — S Ff (2,Q%)
O FLN Xs XG(X,QZ)

- y = QZ/XS 600 600

—

. 50 ] ecp 578 Ge\’z $50)

= [equire an energy 00 g 460GeV, 3 549
3 HERA | HERAII =

scan to extract FL = | 150

[ategrated luminosity for HI physics [ph
=

ot T 400
o R
" . N .
32 - — 35
® 3 dlfferent prOton : B20 Gev 920 GeV {? |
. T I = w0
energies run at i -
= 240 260
HERA |m_-.- — 2
] Luminosity 3
- 150 = ITERA upgrade / = 150
= 2 low-statistics . improvement —~ :
1 / Background = 100
runs 0 = HI1 upgrades protlems 4w
. PEr -, -
0 . . - -, - < [ ' , y . . . . — 0
- bad for FL 194z 1941 1496 1948 2000 2002 2004 2006 2008

extraction
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Measuring the gluons: %xtracting FL
or (2, Q%) = Fi'(2,Q%) — o Fi (2, Q)

o FL~ s xG(x,Q) H1 and ZEUS
NO - Q? =2 GeV? - Q*=27 GeV? - Q?=3.5GeV? - Q*=45GeV? |=
= ()2 L [ B, [P, - I, H
= y Q /XS +:;_ I \’O.*‘» e F ..“"-.---\ I s - F \\' ~|°
. © i
= require an energy !
scan to extract F. L
O, 3 diffel’en’[ prO'[Oﬂ 0 Q* =15 GeV? ; Q*= 18 GeV? Q* =22 GeV? ; Q% =27 GeV? ?_'
energies run at 3 - - - E
HERA : ; | ; IE
0 L Q7=35Gev? | QP=45GeVE | QP=60GeVE | QP=70GevD z
- 2 low-statistics 13 : X
runs ' :
0
Q*=90Gev: [ Q*=120GeV 10° 10" 10° 10"
N X
= bad for FL | ® HERAINCe'p
extraction T R R e

00 10" 10 10! x 920 G eV P rotons



Measuring the gluons: %xtracting FL

or(z,Q%) = F3'(z, Q%)

@ FL ~ s XG(X,QZ)
- Yy = Q2/xs

= frequire an energy
scan to extract F

@ 3 different proton
energies run at
HERA

= 2 low-statistics
runs

= bad for F_
extraction

—

(o |
=4
=

o
z.
o

© os L

1.2

\ 1 N

0.6 -

0.4 F

0.8 F
0.6 -
0.4 F

0.2 F

Y
Y+

H1 and

Fi (z,Q?)

ZEUS

Q' =25 GeV?

|

® HERA e'p (prel.)

Vs§=251 GeV

llll

L 2 2

Q =35

S

- ;}i\

GeV

575 GeV proton:

| llll |

April 2010

5

Q= 5GeV?

- Q*= 6.5 GeV?

- e

- HERAPDF1.0 + Low Energy Data
— (NLO - Standard RT-VFNS)

- — Q*235GeV’

— Q%>5.0GeV?

HERA Inclusive Working Group

-4
10

-4
10

el.)

- -



Measuring the gluons: %xtracting FL
or (2, Q%) = Fi'(2,Q%) — o Fi (2, Q)

@ FL ~ s XG(X,QZ)
= Y = Q?/xs

= frequire an energy
scan to extract F.

@ 3 different proton
energies run at
HERA

= 2 low-statistics
runs

= bad for F_
extraction

0.8 :
0.6 F
04 F

0.2 |

Y +

H1 and

ZEUS

Q% =25GeV?

® HERA e'p (prel.)

vs§=225 GeV

Q%= 3.5 GeV?

- j{m\

460 GeV proton

April 2010

5

Q*=5GeV?

T

- Q?= 6.5 GeV?

- HERAPDF1.0 + Low Energy Data
—(NLO - Standard RT-VFNS)

- — Q¥23.5GeV?

— Q?=5.0 GeV?

lllll

HERA Inclusive Working Group

10

10"

v
e
-
-



Measuring the gluons: ezxtracting FL

Y
or(2,Q%) = F3'(2,Q%) — S Ff (2,Q%)
O FLN Xs XG(X,QZ)

- V= QZ2/xs H1 and ZEUS
L
= require an energy _
scan to extract FL 0.4 $ : i : !

@ 3 different proton o )W\LL, [t !
0 2: M } 2

energies run at

April 2010

HERA Inclusive Working Group

HERA O & "HERA proliminary b-Sat diois” T T
o | = HERAPDF1.0 b-CGC dipole @
= 2 low-statistics !
runs 021 I I
2
= pad for FL 10 10 Q2 / GeV?

extraction



Are F2/FL good differentiators of models?

@ In order to see if measuring Fo/FL at an EIC is “worthwhile”, we need to see if a
measurement could differentiate between models
@ Models:

- MSTWO0S8: code downloadable from HEPFORGE. Code to extract Fo/FL obtained
privately from Graeme Watt

> Global fit, using total cross-section from HERA
> DGLAP evolution

= |PSat: data kindly provided by T. Lappi
> Fitto ZEUS’96 data - x2/d.o.f. ~ 1.2

- bCGC: data kindly provided by T. Lappi
> Fit to Zeus’96 data - x2/d.o.f. ~ 1.2

= rcBK: AAQMS data kindly provided by J. Albacete
> Evolution along x with BK equation

> Fit to H1+ZEUS combined 2006 data
- Leading-Twist Shadowing: FGS10 data kindly provided by V. Guzey
> Evolved with DGLAP
@ Data:
= F2: H1&Zeus combined data from: http://www-h1.desy.de/psfiles/papers/desy09-158.pdf
= FL: H1 data from: http://www-h1.desy.de/psfiles/papers/desy10-228.pdf
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o5 Ttnen g == [CBK: p
--..-*---..._

ng-

_ 2
02Dm =0.85 GeV
mem H12p

O?mwy =0.84 GeV?
Saturation:

== bCGC: p
== |[PSAT: p

< * LB Q2. =1.2Ge\?
L?--a Data — e
2 Cﬁnww =1.25 GeV?
LT Shadowing:
15 wer FGS10: D
DGLAP:
1 == MSTWOS8: p
0 W“M.._
.--".----'.Q~

— 2
Q2 =27 GeV

Q_f_nww =27 GeV?

— 2
Q2 =65 GeV

Qfory = 57 GEV*
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2
Eﬂ ,{,‘ Q2. =85 GeV? QF, oy = 8-4 GEV
2 E{Q\ -y Saturation:
’.o' - )
AN S - = bCGC: p
REXN == IPSAT:p
1 %\h‘- == [cBK:p

= 2
C)2de =12 GeV
== 2
Cﬁnw oy = 12.5 GeV
LT Shadowing:

e FGS10: D
DGLAP:

== MSTWOS8: p

= 2
Q2. =27 GeV

Qf_nww =27 GeV?

— 2
Q2. =60 GeV

Qf, oy = 57 GeV?
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Fo(A)/A - low Q2

2 < 25

Ogm =0.85 GeV ~
mem H12p - 2
QF, oy = 0-84 GeV?

Saturation: 1.5
m== bCGC: Au
= |PSAT: Au 1
=== CBK (1): Pb
..... rcBK (2): Pb

lexta =12 GeV?

== 2
O.Iz.h o 1.25 GeV
LT Shadowing:

=== FGS10: Pb

107 1

— 2
Q2. =65 GeV

Qfory = 57 GEV*
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= Hi:p

Q2 =85 GeV?

=84 GeV?
Saturation:
= bCGC: Au
w—— |PSAT: Au
== [CBK (1): Pb
wae 1CBK (2): Pb

— 2
S 12.5 GeV

LT Shadowing:

= FGS10: Pb
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Using the correct PDF

® The current
implementation of FGS10 ©

@ This overestimates the
gluon contribution quite
drastically compared to
more modern calculations

= New curves are on their
way from FGS10 with
CTEQ®6

= Not ready for this
meeting

= Following F. data
therefore still uses
CTEQ5m for FGS10

/\ 5

35 f

25

1.5 k

0.5

5 ¢

2

:
uses CTEQ5m as its PDF & *°

" .

W
\“\
- \I\\
‘.|‘|\|“
1 1
—

llllll

Q#+2= 2 CeV*+2
— gluon

«» gluon
gluon

cteqbm
cteq66—(central—value)
CT10—(central)
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F,/A

F,/A

F,/A

F|_p-

O?rm,y =0.84 GeV?
Saturation:
== :bDCGC: p

== |[PSAT: p
==+ [CBK: p

DGLAP:
==+ MSTWOS: p

K‘...‘
-y
\ \ ....‘..._

- ké\“..‘.--_-'

F /A

F /A

0.7 Q2. =15GeV?
0.6 =@= H1:p (Average)
05
QF, oy = 1-25 GeV?
o4 LT Shadowing:
i NN ==:FGS10: D
Y

0.7
06
0.5
04
03
0.2

o'.1 \Q ?

— 2
Q2 =25GeV

Qf_nm =27 GeV?

-
\kqa---.‘.‘l‘f----'--~-.
-

10 104 10° x 1072 107 1
k0 SEEEBBEBE sz =50 GeV?
06

. =57 GeV?
05 e . Oi"""“’ €
04 T

- "/'/i/‘q/- - :}‘

10° x 102 10"

[PIRP I PP Wy~ 2~ —

1
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F,/A

0.6 .. == H1: p (Average)
0.5 T .

~ * .
2: “-’.-, e ..

NN .

Saturation:
-= DCGC:p

== |[PSAT:p
== [CBK:p

DGLAP:
- = MSTWOS: p

= 2
Q2 =12 GeV
= 2
O.f.h e 125 GeV
LT Shadowing:
== FGS10:D

— 2
Q2 =45 GeV

Wy

=57 GeV?
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F,/A

F,/A

FL(A)/A - low Q2

107

@,y =084 GeV? 5_, 0.7
Saturation: - 06

= hCGC: Au
= |PSAT: Au o2
= [CBK (1): Pb 04
viemn [CBK (2): Pb 03
0.2

g%
I
N
o
)
@
S
F,/A
2

F,/A
2

QR =1.5GeV?
=@= H1: p (Average)

Q;m =1.25 GeV?

LT Shadowing:
w— FGS10: Pb

_ 2
onm =2.5GeV

Q:‘I’_hm =27 GeV?

107 1

_ 2
onm =5.0 GeV

Qinm =57 GeV?




FL(A)/A - higher Q2

< o7 @, =85GeV? Q2 _ =84 GeV? < o7 @2, =12 GeV?
- «e=H1:p (Average)  Saturation: B 06 @2 =125GeV?
= hCGC: Au oy
o= — IPSAT: Au 05§ LT Shadowing:

wae 1CBK (2): Pb

02F 02

0.1 0.1

0 -5 - -3 2 1 0 -5 - -3 -2 1

10 10 10° x 10 10° 1 10 10 107 x 10 10 1
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F,(A)/AF (p) F,(A)/AF (p)

F(A)/AF (p)

—
N

© o ©
E N~ R ~ <

Saturation:
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F,(A)/AF (p) F,(A)/AF (p)

F(A)/AF (p)

FL ratios - higher Q2
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Feasibility study: o, (z,Q%) = F5'(z,Q?) TPz, Q)

@ Simulated data for  ©°
e+A COVGI’age |n X' ; | 5GeV on 50 / 25 / 10 GeV
@ OODY
Q2 space O
O 5GeV on 75 / 50 / 25 GeV OO @

- 3 energles IS the 5GeV on 100 / 75 / 50 GeV KOO0 Qoo
minimum 102 o .
requirement in |
the FL capability % e e
Study | QORI CQIDOC@UCOCTED

30GeV on 100 / 75 / 50 GeV s . -
= 1st stage only 10
gets to medium x | e
O QU COoOCaD
= Need high o
1388180 0U]D)
electron energy
to get to “small” 1 - -
X 107 107 107 107 10" X



Feasibility study:

Strategies:

slope of y2/Y ., for
different s at fixed x &
Q2

e+p: 1st stage

5x50 - 5x325

running combined

4 weeks/each =

(50% eff) =
@)

stat. error shown

and negligible
ToDo:
'refine method &
test how well we

can extract FLin e+A |
'collisions |

o (z,Q%)

10° - - -
-1 @ 1. GeV?<Q%< 1.8 GeV? - - ]
1074 @ 1.8 GeV’<Q’<3.2 GeV? — o -4 Oopg —_%. °
| @ 56 GeV’<Q’<10. GeV? o ® & - O
1044 O 10.GeV*<Q°<17.8 GeV* a °- - ®
71 @ 17.8GeV <Q°<31.6 GeV ] ] ]
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1 O 56.2 GeV?<Q%< 100. GeV? . . .
10 - x<0.00025 — 0.00025<x<0.00039 — 0.00039<x<0.00063 — 0.00063<x<0.001
] T T T T | T T T I——l T T T T | T T T I_ T | T T T I_ T T | T T T I_ T | T T T T
7] 1% ’ ] _
10 = - O &° _—O'. ° _—‘6’0 _'% 9.
= - O . & = Jol = o
N ] 50 _ o N | GO
104 2 i ® éo ° 8 °
_ ] _ O] Q@] )
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Extracting F2 and F. at the EIC

® Fo L extracted from 1 F , HF
" Q=139GeV ][
pseudo-data F e il
2,L - e N 4 F

generated for 1
month running at3 |
eRHIC energies :

= 5+100 GeV
= 5+250 GeV
= 5+325 GeV

@ Data, with errors,
added to theoretical
expectations from
ABKMO09 PDF set

= Vvalid for Q2> 2.5
2 - - - - -3 -2 -1 - } -
GeV w0t 10% 10" 10~ 10 10 10> 107 10"




Evolution of FL(p) with Q2 - fixed X
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Evolution of FL(p) with QZ2 - fixed x

o
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Evolution of FL(p) with Q2 - fixed X
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Charm and diffractive structure functions, FP>  F¢o|
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Charm and diffractive structure functions, FP>  F¢o|

® F¢ give more direct access to the gluon distribution than the
inclusive F2 structure function

= Due to the high charm mass, they probe higher values of x
> Less sensitive to non-linear effects
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Charm and diffractive structure functions, FP>  F¢o|

® F¢ give more direct access to the gluon distribution than the

inclusive F» structure function

= Due to the high charm mass, they probe higher values of x
> Less sensitive to non-linear effects

@ FDP> | is also sensitive to the gluon distribution

= Differences between linear and non-linear models appear at
higher Q2 than for F2 (8 GeV2 vs 2 GeV?)

> More experimentally challenging measurement than F»

rp = 1077

Q? = 5GeV?
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0.02

001

o
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kT dependent gluons, gluon correlations from
di-hadron correlations, SIDIS (semi-inclusive DIS)
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kT dependent gluons, gluon correlations from
di-hadron correlations, SIDIS (semi-inclusive DIS)

Deliverables Observables | What we learn Stage-| Stage-ll

Direct link between pr of produced
hadron and that of the small-x gluon

.
e+A— e {h) X

- dependent non-linear QCD onset of rare probes and
T aep SIDIS at small x| evolution / | bottom:
gluons ; . saturation
universality large-x gluons
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kT dependent gluons, gluon correlations from
di-hadron correlations, SIDIS (semi-inclusive DIS)

e+A—re+h+h+ X

Deliverables Observables | What we learn Stage-| Stage-ll
AT depend.ent . non-linear QCD
gluons; di-hadron . onset of
. evolution / . measure Qs
gluon correlations . . saturation
; universality
correlations
etA—2e+h+ X
- dependent non-linear QCD onset of rare probes and
T dep SIDIS at small x| evolution / . bottom:;
gluons ; . saturation
universality large-x gluons
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di-hadron angular correlations in d+A

comparisons between d+Au — h, h, X (or p
+Au — h, h, X')and p+p — h, h, X

@ At y=0, suppression of away-
O T S side jet is observed in A+A

k- —— p+p min. bias

} * Au+Au Central E COII'SlOnS

||||||||||||||||||||||||||||||||

1Np1gqer IN/A(A)

@ No suppression in p+p or d+A

- X ~ 102 ke ke

i <<
' o
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di-hadron angular correlations in d+A

comparisons between d+Au — h, h, X (or p
+Au — h, h, X')and p+p — h, h, X

1Np1gqer IN/A(A)

ence
O
O
N
N
o))

ity (radjan
o
~J
o

.

Uncorrected Coinci

Probgbil
o 22
o N
= o

0.0075}

0.005

0.0025

o7 0.02F

0.0153

0.2

k- —— p+p min. bias

* Au+Au Central

e d+Au FTPC-Au 0-20%

1 | 1

1 | I T R

A ¢ (radians)

S,
'

p+p — m°n°+X, vs = 200 GeV

C pr2 GeVie, 16GeV/c<prs<prn
g < >=3.2, <ns>=3.1
g +—i—+ri— +
|1"l Il'l, -j”—t
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T i +
- / - -
/ 'l, "4— H‘
E + v *
N [ 3
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g Ay ©
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- Preliminary w 0.68£0.01
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-1 a 1 2 3 4
By

d+Au = n'n"+X, vs = 200 GeV, 2000< T Qpee < 4000

@ At y=0, suppression of away-
side jet Iis observed in A+A
collisions

@ No suppression in p+p or d+A
- X ~ 10-2 kl e_yl +k2 €_y2
X, =
A Vs

e However, at forward
rapidities (y ~ 3.1), an

<<

away-side suppression is

& 003 pu>2GeV/e, 1GeV/c<prs<pn
o i i < >=3.1, <ns>=3.2 .
oo ! observed in d+Au
0o -l
=
2> 002 /R .
i f % e, | ® Away-side peak also
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di- hadrOn angular correlations in d+A

comparisons bpisasadLi N VAV PN

AU AL = APRHX, Ve = 200 GeV, 2000< T Quee < 4000
0.03F pu>20GeV/c, 1GeV/c<ps<py
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C(4,,)

di-hadron correlations in e+A

Never been measured - we expectto @ At small-x, multi-gluon

see the same effect in e+A as in d+A distributions are as important
"0 as single-gluon distributions
. d and they contribute to di-

0.08 L Preliminary result from Bowen Xiao ] hadron correlations

7 - The non-linear evolution of
0.06 |- - multi-gluon distributions is

. different from that of single-
0.04 L ] gluon distributions and it is
equally important that we

0.02 - /o= = Proton 100 GeV 3 understand it

Nucleus 100GeV
~— 2 % Nucleus 100GeV

@ The d+Au RHIC data is

oo l—o L therefore subject to many
2.6 2.8 3.0 3.2 3.4 3.6 . g
A uncertainties
Q2 = 4GeV2: z4 = Z» = 0.3 - these correlations In e+A
can help to constrain them
2 GeV < pTT < SGeV better

1GeV < pA < 2GeV 48



C(4,,)

di-hadron correlations in e+A

Never been measured - we expectto @ At small-x, multi-gluon

see the(same effect in e+A as in d+A distributions are as ionrtant

0.10 — tions
1i-

For a discussion of this tono

0.08 +

| | work, see talk by Tobias
t we

/ Toll on Thursday

0.00 L — \ o )ny
by,
Q2 = 4GeV2: z4 = Z» = 0.3 - these correlations In e+A
can help to constrain them
2 GeV < pTT < SGeV better

1GeV < pA < 2GeV 48



transport coefficients in cold nuclear matter
from large-x semi-inclusive DIS and jets
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Transport coefficients in cold nuclear matter

Deliverables Observables | What we learn Stage-| Stage-ll
parton energy
tra.n.sport | large-x SIDIS: loss, sh_ow?r light fIavour_s rare probes- and
coefficients in ots evolution; and charm; bottom;
cold matter J energy loss jets large-x gluons
mechanisms
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Jets and hadronization

e {, - production time of propagating quark
e th; - hadron formation time

A.Accardi
R. Dupre
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Jets and hadronization

A.Accardi
R. Dupre
g What happens if
_§W_~_~_§1:::_ we add a nuclear
medium?

e {, - production time of propagating quark
e th; - hadron formation time
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Jets and hadronization

h A.Accardi
R. Dupre

What happens if
we add a nuclear
medium!?

e {, - production time of propagating quark
e ih; - hadron formation time

51



Jets and hadronization

h A.Accardi
R. Dupre

What happens if
we add a nuclear
medium!?

>

)

to ol
e {, - production time of propagating quark

e th - hadron formation time

Observables:

Broadening: ApQT — <p%>A — <p%p>p direct link to saturation scale
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Jets and hadronization

h A.Accardi
R. Dupre

What happens if
we add a nuclear
medium!?

>

)

to ol
e {, - production time of propagating quark

e th - hadron formation time

Observables:
Broadening: ApQT — <p?p>A — <p,_2r>p direct link to saturation scale

Attenuation: RZ(QZ, v, Zh,pQT) : ratio of hadron production in A to D,
modifications of nPDFs cancel out



Jets and hadronization

A.Accardi
R. Dupre

h

hot nuclear
matter

e {, - production time of propagating quark
e th; - hadron formation time

Observables:
Broadening: Ap% — <p?p>A — <p%>p direct link to saturation scale

Attenuation: RZ(QQ, v, Zh,p%) : ratio of hadron production in A to D,
modifications of nPDFs cancel out



pT broadening - how can the EIC contribute?
HERMES:

NI_I

X
> 004 ©
(5 VJ‘E_ 1
— ATT ®
Qo oK™
\2/' Kr b

:

0 20 40 60 80 100 120 140

A

Increase of pr broadening seen with increasing
nuclear size - integrated over all variables
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pT broadening - how can the EIC contribute?
HERMES:

>
[} 04 -VTE_

(P2 (G
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pT broadening - how can the EIC contribute?
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can be repeated, with the
addition of heavy quarks
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Attenuation - how can the EIC contribute?

HERMES:
Ec =27 GeV — /s =7.2 GeV
E, = 2-15 GeV

RY :
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Attenuation - how can the EIC contribute?

HERMES:
Ee =27 GeV — /s = 7.2 GeV
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Attenuation - how can the EIC contribute?

HERMES:
Ee =27 GeV — /s = 7.2 GeV
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Attenuation - how can the EIC contribute?
RHIC: EIC:

charm hadrons:
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Jets at an EIC

® E665 at FNAL have measured jets in u+A at
Vs ~ 30 GeV

= [Feasible to start a jet programme in phase 1

= caveat that collider kinematics are different
to fixed target

Ratio

e

12—

o6+—XK

LI B B ]

Ratio of Pb to D Jets

o

F&66S /Fre //.-;,-wau/

!lll[

¢ Ratlio of One Forward Jet Cross Sections :

- & Ratio of Two Forward Jet Croas Sections —

| llIJ

e

-

llllllllllil

0.001

0.010

0.100
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Ratio of Pb to D Jets

Jetsatan EIC /.
® E665 at FNAL have measured jets in p+A at [0 oot roms e crom soions 5
Vs ~30 GeV N % :
;;; 1.0 E— 3 i_:
- Feasible to start a jet programme in phase 1 : z %
. . . . ooz = X -
= caveat that collider kinematics are different ) ]
to fixed target 05X [ -
C [N R ! llllllIJ L1 17
0.001 0.010 0.100

1+1 jets, dominated by q processes — allow study |
of parton propagation through cold nuclear matter jet
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Ratio of Pb to D Jets

Jetsatan EIC 7.

e

® E665 at FNAL have measured jets in u+A at
Vs ~ 30 GeV

= [Feasible to start a jet programme in phase 1

12

Ratio
b
o)

0.8

= caveat that collider kinematics are different
to fixed target

0.6

I

dli/

¢ Ratlio of One Forward Jet Cross Sections

® Ratio of Two Foerward Jet Croas Sections

0. 001

1+1 jets, dominated by g processes — allow study
of parton propagation through cold nuclear matter
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rd0? = Aa(@QN)a" (,Q%) + Ay (2, Q*)9a(w, Q%
| - jet 2 jet 2
2+1 jets— sensitive to nuclear gluons ot 1 jet 1

By measuring 1+1 jets, can extract information on gluons
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Jets at an EIC

1+1 jets, dominated by g processes — allow study |
of parton propagation through cold nuclear matter jet

= Ag(, Q%) g (2,Q%) + Ay(w,Q%)ga (2, Q%)

: . jet 2 jet 2
2+1 jets— sensitive to nuclear gluons . |
jet 1 jet 1

By measuring 1+1 jets, can extract information on gluons

T |l|||||'| LB RRL
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0.0001 0.001 0.01 0.1 1 . . . .
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b dependent gluons, gluon correlations from
DVCS and diffractive vector meson production
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Silver Measurements

Deliverables Observables | What we learn Stage-| Stage-ll
¢ depend_ent DVCS; NS EY moderate x with
gluons; . . between small- . smaller x,
diffractive . light, heavy ;
gluon X evolution and . saturation
vector mesons nuclel

correlations

confinement

See talk by Tobias Toll on Thursday afternoon
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Summary and Conclusions

@ The e+A physics programme at an EIC will give us an unprecedented
opportunity to study gluons in nuclei

@ Low-x: Measure the properties of gluons where saturation is the
dominant governing phenomena

® Higher-x: Understand how fast partons interact as they traverse nuclear
matter and provide new insight into hadronization

@ Understanding the role of gluons in nuclei is crucial to understanding
RHIC (and LHC) heavy-ion results

Good headway can be made on these measurements already
with a stage-l eRHIC (Ec = 5 GeV)

@ The INT programme in the Fall of 2010 allowed us to formulate the
observables in terms of golden and silver measurements

- A detailed write-up of the whole programme (encompassing both e+A
and e+p) will be published shortly
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recall: DSSV analysis in 2008/09

DSSV: de Florian, Sassot, MS, Vogelsang; PRL101 (2008) 072001; PRD80 (2009) 034030

04 F - _ 5 5 -(14

: X(Au+A1_1)
02 F

- XAé

0.2
gluon small (node?)
well constrained

0 in X-region

total quark densities

x -> 1 behavior - X(Ad+Ad) - ' ; ; '
to be determined % | 7 i 5 -.-0.2

constrained by data

0.06 R e ] il 0
I+ — DSSV

0.04 [ XAu I+ xAd JF— DSSV +1 TAS oy
| N I I DSSV 2%
0.02 | 1 1 02
of A 77 1
002 F 1k .02
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X X X
indications for non-trivial ~ A1y > () surprising strangeness polarization
sea quark polarizations Ad < () sizable SU(3) breaking?

requires reliable kaon fragmentation fcts.
lattice: Bali et al., 0811.0807; 0911.2407; 1011.2194



0.6

0.4

0.4

coping with new data: SIDIS A% ™K

~ COMPASS A{™

—— DSSV
—— DSSV refit

- —--= DNS
w/ DSS FF,

COMPASS A{*

X-range
not covered
by HERMES

~ COMPASS A]™ T COMPASS AT® -

[ arXiv:0905.2828 1 -

-IIIIIII 1 1 IIIIIII L1 IIlII:-IIIIIII L1 IIIIIII L1 IIIll:
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X

X

T, K, ...

v DSSV works well:

no surprises at small x

x* numerologyt:

data sets A 4K
DSSV08 392.5 420.8
DSSV+ 418.9

“the branch of knowledge that deals

with the occult significance of numbers ¢,



0.8

0.6

coping with new data: SIDIS AP ™K =

COMPASS AT™

X-range
_ not covered
— by HERMES
} Q

COMPASS A"

— PSSV
—— DSSV refit
— == DNS

w/ DSS FF

-----------------------------------------
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COMPASS AP

COMPASS AP™
arXiv:1007.4061
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10 10

1

T K,...
1s* kaon data on p-target
(not available from HERMES)
x*> numerology:
data sets Alp&d,n,K
DSSV08 |392.5 456.4
DSSV+ 453.0
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0.6

coping with new data: SIDIS AP ™K o
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As revisited: impact of COMPASS data

current value for AZ strongly depends on assumptions on low-x behavior of As

*new COMPASS data support small/positive As(x) at x > 0.01
* they also prefer a sign change at around x=0.01

_______ Jt::09 —tmsmom i'l:i()9
=== K*09 - == KT09
x +K" 09 — T +K 09
Ll 1 L] I Ll 1 L] l Ll Ll A Ll Ll 1 I L} Ll 1 l L | A i 1 L} ! l L} Ll Ll i L] L} Ll L] ] Ll
15 | all data sets —{- all SIDIS <115 15 ! all data| - SIDIS— 15
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1,[002-10 1,[002-1.0 1,[0.001-002 1,10.001-0.02
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As revisited: impact of COMPASS data

current value for AZ strongly depends on assumptions on low-x behavior of As

*new COMPASS data support small/positive As(x) at x > 0.01
* they also prefer a sign change at around x=0.01
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As: can we blame it on the fragmentation fcts ?

Leader, Sidorov, Stamenov
“ . n w ", ' '
recently proposed as a “solution” to the "strange quark puzzle": arXivi1103.5979

indeed, flavor decomposition strongly depends on fragmentation functions

different FFs ———different results
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As: can we blame it on the fragmentation fcts ?

Leader, Sidorov, Stamenov
“ . n w ", ' '
recently proposed as a “solution” to the "strange quark puzzle": arXivi1103.5979

indeed, flavor decomposition strongly depends on fragmentation functions

different FFs ——different results but wrong FFs ——misleading results

find: only DSS FFs describe underlying unpol. cross sections in the relevant kinematics

of course, this does not guarantee that we extracted the right As: more data are needed

i . ' T T T - T T T T T
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: = 1/Np NF /dzdQ’ : CE N NFdzdQ?
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035-045 - W 035-0.45 1 i \ ° 0 035-0.45
045-0.60 | -1 \ - 045-0.60 0 -1 W————u 0.45 - 0.60
. _ — — o} .
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]
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Getting a “Feel” for Non-Linear QCD

d _
Dipole Model: =2 = 2\/(x, r, b)

d?b £ of
BT 1
% 7 e V=J/,p i3
) 2 2
N(ZI?,T, b) =1 - €XPp <_T 9N O‘S(:u )LEG(QZ‘,/L )T(b)>
C
N = Dipole Scattering Amplitude 0 dilute system, linear QCD

| saturated, non-linear regime
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Getting a “Feel” for Non-Linear QCD

d _
Dipole Model: =2 = 2\/(x, r, b)

d?b &
% °F A
8 1.8 e+A
1_5 s 16:_
* ) (1 — 3)7‘ o 1_4:_ — b=0 GeV'1
) . B P V=J/,é,p - — b =4 GeV'
. 1'2:_ — b =8 GeV’'
] T, 1 — b =16 GeV’'
e 0k b =24 GeV'
O -1
= — b =32 GeV
0.6
0.4
0.2
| ! |

7T2

2N,

N (z,7r,b) =1 — exp (-ﬁ s ()G, ;ﬂ)T(b))

0 dilute system, linear QCD
| saturated, non-linear regime

N = Dipole Scattering Amplitude

102 10" 1 1
\ 9 (GeV™)
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Getting a “Feel” for Non-Linear QCD

To assess typical values of /N calculate average:

[dbrdzprgl Nt N2 Fo
N fdzbd%“dz[w*w]z,l;./\/ <N>L_) FL

N2,z

100

dilute
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Getting a “Feel” for Non-Linear QCD

To assess typical values of /N calculate average:

[ d2bdr dz [ ). N
T d@v@rdz [0 N N)— FL

N2,z

dilute




b-dependent gluons from DVCS and DVMP

@ Transverse position distribution of gluons can be determined from Deeply Virtual
Compton Scattering (DVCS: e+A — e+y+A) and Diffractive Vector Meson
Production (DVMP: e+A — e+VM+A)

= Proportional to the square of the gluon distribution!!

@ Coherent diffraction (intact nuclear target)
= transverse distribution of gluon density

@ Incoherent diffraction (dissociated nuclear target)
= transverse gluon correlations in addition

70
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b-dependent gluons from DVCS and DVMP

@ Transverse position distribution of gluons can be determined from Deeply Virtual
Compton Scattering (DVCS: e+A — e+y+A) and Diffractive Vector Meson
Production (DVMP: e+A — e+VM+A)

= Proportional to the square of the gluon distribution!!

@ Coherent diffraction (intact nuclear target)
= transverse distribution of gluon density

@ Incoherent diffraction (dissociated nuclear target)
= transverse gluon correlations in addition

DVMP DVCS

DVCS and Bethe-Heitler interference terms become difficult

to distinguish experimentally 70



Exclusive Vector Meson Production in e+A

@ Many event generators exist for e+p collisions
- Pythia (v6), LEPTO, PEPSI, RAPGAP....
@ Dearth of event generators for e+A collisions
- DPMJET-II
@ Work at BNL (T. Toll, T. Ullrich) to write an e+A generator (SARTRE)
= Comparison of saturation vs non-saturation scenarios
= First case study is that of exclusive diffractive J/@ production

/71



Exclusive Vector Meson Production in e+A
e+A — e+J/PY+A

10°4

do/dt (nb/GeV?)

10

e+Au

0 0.020.040.06 0.08 0.1 0.120.140.16 0.18 0.2

-t (GeV?)

1022
10%
i3
10'1%—
10'2%
10‘3%
10'4%—

107

10'6—*\\\\ I T T A O A

F incoherent

e+Al

coherent

0

0.05 0.1 0.15 0.2 0.25 0.3

-t (GeV?)

10°

0

0.05 0.1 0.15 0.2 0.25 0.3

-t (GeV?)

@ Low-t: coherent diffraction dominates - gluon density

@ High-t: incoherent diffraction dominates - gluon correlations

= [For smaller nuclel, transition between coherent and incoherent is
pushed out to higher il

= Need good breakup detection efficiency to discriminate between the two

scenarios
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How can the EIC contribute?

HERMES:
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How can the EIC contribute?
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How can the EIC contribute?

HERMES: EIC:
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HERMES:
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How can the EIC contribute?

HERMES: EIC:
Ee =27 GeV — /s =7.2 GeV
En = 2-15 GeV
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V = virtual photon energy
Zn = En/v
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Measuring the glue via Structure Functions

d2 eA—eX

dxd()?

47?05

xQ4

2
Y
1 —
[0mreg)n

;

quark+anti-quark
momentum distributions

2

2

M2, Q%) — LA QY

\

gluon momentum

distribution
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Measuring the glue via Structure Functions

d2geA—eX 47‘(‘05 Y2 92
_ 1 — ) = S F (2, Q7
dxd()? $Q4 < Y 2>/ S 2 i(x @ )
quark+anti-quark gluon momentum
momentum distributions distribution

Reduced cross-section:
2

o (@, Q) = P @, Q%) — S Fit (0, Q%)
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Measuring the glue via Structure Functions
2
or (2, Q%) = FiM (2,Q%) — o Fi(2, Q)

~_ Y+ X
quark+anti-quark gluon momentum
momentum distributions distribution
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DIS Kinematics
e(k) + p(p) — e(k) +X(px)

e (ku /)

X(p,)
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DIS Kinematics

e(k) + p(p) = e(k) +X(px)

e (ku /)

X(p,)

QQ — _q2 — _(k,u —/ k,u)

: 0
Q? = 4E€Eesz’n2(§e)

2  Measure of
resolution
power or
"Virtuality"
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DIS Kinematics

e(k) + p(p) — e(k) +X(px) Y=gt = (k= KL)? e
/ 6 ower or

e(k“/) Q2 — 4E€E€Sin2(§€) ‘F‘)Vir‘ruali‘ry"

pq E e’ 2 6 ; Measure of
—_— o — 1 — ) inelastici

Y ok E. COS (2) lasticity

X(p,)




DIS Kinematics

e(k) + p(p) — e(k) +X(px) f= gt ==k — k) e
;o (96 power or
e(k“/) QQ — 4E6E€5m2(§) "Virtuality"
pq E / 6)/ Measure of
Yy = ﬁ =1 Ee 0032(56) inelasticity
€

Measure of
Q2 QQ momentum
r = — fraction of

X (pu /) 2 pq Sy struck

quark



DIS Kinematics

e(k) + p(p) — e(k) +X(px) Q"= —q* = —(ku —k,)* e
;o (9/ power or

e(ku/) QQ — 4E€Eesm2(§€) "Virtuality"
pq E / 9/ Measure of
Yy = ]% =1 Eee 0032(56) inelasticity
Measure of
QQ QQ momentum
r = — fraction of

X (pu /) 2 pq Sy sTr'uckk

quar

Three quarks
held together by
gluons

Gluon splits into
“sea quarks”

Quarks split into
gluons split
into quarks ...
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Diffractive Kinematics
e(k) + p(p) — e(K) +X(px)

e (ku /)

X(p,)
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Diffractive Kinematics
e(k) + p(p) — e(k) +X(px) +Y(pv)

e(k) + p(p) = e(k) +X(px)

e (ku /)

breakup of A
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Diffractive Kinematics
e(k) + p(p) = e(k) +X(px) (k) + p(p) —* e(K) +X(px) +Y(pv)

e (ku /)

breakup of A

the momentum fraction of the proton carried
by the pomeron
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Diffractive Kinematics
e(k) + p(p) = e(k) +X(px) (k) + p(p) —* e(K) +X(px) +Y(pv)

e(k,/) /e’

o X (My)

Largest rapidity
gap in event

or

—

Y (My)
breakup of A

the momentum fraction of the proton carried
by the pomeron

the momentum transfer at the proton vertex
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Diffractive Kinematics
e(k) + p(p) = e(k) +X(px) (k) + p(p) —* e(K) +X(px) +Y(pv)

e(k,/) /e’

o X (My)

Largest rapidity
gap in event

or

—

Y (My)
breakup of A

the momentum fraction of the proton carried
by the pomeron

the momentum transfer at the proton vertex

3 = — 4 _* the momentum fraction of the pomeron
q-(p—py) p carried by the interacting quark

77



Diffractive Kinematics
e(k) + p(p) — e(k) +X(px)  e(k) + p(p) = e(K) +X(px) +Y(pv)

e (ku /)

P (p,)

@ HERA
= 10-15% of all events were diffractive

@ EIC

= saturation models predict that 30-40% of all events will
be diffractive
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e+A Golden Science Matrix

What we Special Gain/Loss
Primary new hobe to Basic Typical requirements | What can be | Alternatives compared
science P required on done in phase| in absence of | with other Comments
. fundamentally | measurements .
deliverables learn precision accelerator/ I an EIC relevant
detector facilities
stage |:large-
What HERA| x & large-Q? | PTAat LHC | .
. The nuclear displaced First This is
integrated ) reached for (not as :
nuclear gluon wave function E2 with vertex . experiment | fundamental
R throughout . detector for precise with good x, |input for A+A
distribution combined
x-Q? plane data charm need full EIC, thoughc): & | Q?&Arange| collisions
for FLand F,e| e
) ptA at
SIDIS f
kr SIDIS & di- or sure RHIC/LHC,
dependence l'The no(r;—D hadron Need | TBD: although e+A | Cleaner than
d'of Stlguo'n ianveoaI:tcic?an _ | correlations iticizgt saturation | needed to | p+A: reduced
Istribution with light and P signal in di- check background
ar|1d. Qs heavy flavours hadron py universality
correlations :
imbalance 2) LHeC
. . hermetic
b dependence| Interplay lefjrac":c.lve VM q 50 MeV det.ector with I!wi.tial
of gluon between [P I;J)S/ICCZ)Sn AN resolution | 4pi coverage | Moderate x Never been condltl.o.ns for
distribution small-x ’ on " with light and|  LHeC measured |HI collisions —
coherent and low-t: need to
and evolution and i coherent momentum detect heavy nuclei before eccentricity
correlations | confinement parts transfer nuclear fluctuations
break-up
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Role of colour-neutral (Pomeron) excitations

do

E\t:o(v* — Mx A) o ag[2G a(z, Q%))

80



Role of colour-neutral (Pomeron) excitations

dO' Curves: Kugeratski, Goncalves,
o 2 2\12 Navarra, EPJ C46, 413
E‘tZO(V — MXA) X Oés[$GA(CE7Q )]
() K 0.6 , |
e (k) K electron
H:
M
Y (q) X
> X (p,/)
P(p,) proton, nuclei 1

HERA/ep: 15% of all events are hard diffractive
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Role of colour-neutral (Pomeron) excitations
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HERA/ep: 15% of all events are hard diffractive
Diffractive cross-section Oy4/0,, 1N e+A ?
* Predictions: ~25-40%7?
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Role of colour-neutral (Pomeron) excitations
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M
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HERA/ep: 15% of all events are hard diffractive
Diffractive cross-section Oy4/0,, 1N e+A ?

e Predictions: ~25-40%"?
Look inside the “Pomeron”

« Diffractive structure functions
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Role of colour-neutral (Pomeron) excitations

d Curves: Kugeratski, Goncalves,
o
% 2 2\12 Navarra, EPJ C46, 413
At ‘t=0(7 — MXA) X Oés[mGA(va )]
e(ku/) k’ 105 LI IIIIIII [ lllllll LI IIIIIII L
" EIC (10+100 GeV) ]
e (k) j __Slectron [ JLdt=5/A b and /A, b
M, I |
; L 8844
Y (qu) L Q =1 |
2 - B=0.062 -
> - .
> X (p,/) g F . =
P (p,) oroton, nuclei % 02~ XP=mom. fraction of  _
~= - pomeron w.r.t. hadron .
= S L -
. . © <
HERA/ep: 15% of all events are hard diffractive & | 1
Diffractive cross-section Oy4/0,, 1N e+A ? 045~~~ ~__ Au((inear evolution) - —
e Predictions: ~25-40%"7? : Au (saturation model) o \:
LOOk inSide the “POIneron,, 0 1 ] ml Illlll | 1| llllll 1 11 IIII:
. . : 10° 10 10°  10° 10
« Diffractive structure functions X

IP

Distinguish between linear evolution and saturation models
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Getting a “Feel” for Non-Linear QCD

To assess typical values of /N calculate average:

_ fdedQ’l“ dz [w*w]Q’L N2

(N2,r [ d?bd?rdz [*o)la L N
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Getting a “Feel” for Non-Linear QCD

To assess typical values of /N calculate average:

B [ d*bd*r dz [*ola. L N
B fdzbdg’l“ dz [w*w]Q,LN

N2,z
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Measuring the gluons: extracting FL

or(x,Q%) = Fi*(z, Q%) $+ i (z, Q%)
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Measuring the gluons: extracting FL
— FQA(xa QZ)

2
or(x,Q°)
® FL~ ots XxG(x,Q2)
- Y= Q32/xs

= require an energy
scan to extract F

Y

Y +

Fi(z,Q%)
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Measuring the gluons: %xtracting FL
or (2, Q%) = Fi'(2,Q%) — o Fi (2, Q)

o FL~ s XG(x,Q?) H1 and ZEUS
. L Q?=2Gev: | Q*=27GeVE | Q¥=35GeV?: | QP=45GeV? |=
> < ; ' - S
- Yy =Q2/xs ERR Y .., C P, B H
+; : ,..‘\_'_\ - ..."‘- ) - ‘Q.\‘ - .‘O\' ) -
. X, . ~ . B - — -
= frequire an energy © o, [ i i -
- Q'=65GeV? | Q'=85GeV: [ Q'=10GeV? | Q'=12GeV?
scan to extract F. : - ; -
1 — — — —
0 | N e N =
- QP =15GeV? [ Q'=18GeVE [ QP=22GeV? [ Q'=27Gev? |2
D b o o o F,
B ~ B ~ =2
. - - - =
i N i N =
O QP o35GevE | Q=45GeV? | Q=60GeVE | Q=70 GeV ;
i 3 N i -
: - i - Z
L r N y N >
- - N - =
- - - - =
§ - i - o
0 3 -1 3 -1
[ Q'=90Gev’ [ Q'=120GeV’ 10 10 10 10 X
1 B o ® HERAINCe'p
B X —— HERAPDFL.0 + Low Energy Data (prel.)
- B (NLO - Standard RT-VFNS)

0

0’ 10! 10’ 10! X 920 G eV P rotons



Measuring the gluons: %xtracting FL

or(2,Q%) = Fi'(z,Q%) — 2

O] FL ~ s XG(X,QZ)
- Yy =Q2/xs

= require an energy
scan to extract FL

0.8 F
0.6 F
04

0.2 F

Y +

H1 and

Fi (z,Q?)

ZEUS

Q' =25 GeV?

® HERA e'p (prel.)

Vs§=251 GeV

llll

575 GeV proton:

Q*=3.5GeV?

- it

: ;?T\

llll |

April 2010

5

Q= 5GeV?

S

- Q*= 6.5 GeV?

TS i

- HERAPDF1.0 + Low Energy Data
— (NLO - Standard RT-VFNS)

- — Q*235GeV’

— Q?=5.0 GeV?

HERA Inclusive Working Group

-4
10

-4
10
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Measuring the gluons: %xtracting FL

or(2,Q%) = Fi'(z,Q%) — 2

O FL ~ s XG(X,QZ)
= Yy =Q?2xs

= require an energy
scan to extract FL

0.8 :
0.6 |
04 F

0.2 |

Y +

H1 and

Fi (z,Q?)

ZEUS

Q% =25 GeV?

® HERA e'p (prel.)

Vv§=225 GeV

Q%= 3.5 GeV?

- %}E\

460 GeV proton

April 2010

5

Q*=5GeV?

T

- Q?= 6.5 GeV?

- HERAPDF1.0 + Low Energy Data
—(NLO - Standard RT-VFNS)

F Q%235 GeV?

—_— Q*=5.0GeV’

1 llll

HERA Inclusive Working Group
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10"

v
e
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Measuring the gluons: %xtracting FL

or(2,Q%) = Fi'(z,Q%) — 2

O FL ~ s XG(X,QZ)
= Yy =Q?2xs

= require an energy
scan to extract FL

@ 3 different proton

energies run at HERA

= 2 low-statistics runs

= bad for FL_
extraction

G .nc(%Q7)

0.8 F
0.6 F

0.4 -

Y +

H1 and

Fi (z,Q?)

ZEUS

Q% =25GeV?

® HERA e'p (prel.)

vs§=225 GeV

Q%= 3.5 GeV?

S S

460 GeV proton

April 2010

5

Q*=5GeV?

T

- Q?= 6.5 GeV?

- HERAPDF1.0 + Low Energy Data
—(NLO - Standard RT-VFNS)

- m— Q%235 GeV?

— Q?=5.0 GeV?

lll

HERA Inclusive Working Group

10

10"

v
e
-
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Measuring the gluons: extracting FL
JT(ZIZ,QQ) — FQA(J;?QZ) v ( ’Q )

Y +
® FL~ s xG(x,Q?)

— ()2
~ ¥y =Qxs H1and ZEUS
= require an energy
scan to extract FL i $ l -
% !
® o
[
S

0) 4_—
® 3 different proton : $ $ |
energies run at HERA 0.2M }
= 2 low-statistics runs ! ‘\\\1

HERA Inclusive Working Group

O H ERA preliminary ~ — b-Satdipole | I
= bad for FL_ | = HERAPDF1.0 b-CGC dipole @
extraction 0.2k
@ Note that non-linear )
fits describe the data 10 10 Q° / GeV?

better at the lowest x

April 2010
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] o<y 575 Gev 4 5
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1 ®ep - 0
3 HERA| HERAII .
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- &8 — 1N
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Iategrated luminosity for H1 physics [ph ')

600 600
Wl ey 575 GeV 4 °°0
160 GeV
300 ®ep 300
HERA | HERAII =
0 ® low kE - 50
p z =
400 ~ — 400
350 5 150
820 GevV 920 GeV ~
200 ] 100
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200 200
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150 IIERA upgrade / 150
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30 H1 upgrades , problems 50
o
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INTRO SLIDES



Requirements for an Electron-lon Collider

AN
B
Q

AN
C

104L //A NMC
- BCDMS
[ E665
103 SLAC
: CCFR
I - ZEUS BPC 1995
10° [JJJ] ZEUS SVTX 1995
E B3 H1SVTX 1995
- ] HERA 1994
10 HERA 1993
T F
107k
1 | 1l 1 | il 1l
10° 10”107 107 10 10”

Well mapped in e+p
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Requirements for an Electron-lon Collider
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Requirements for an Electron-lon Collider
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B
Q

AN
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10°
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Not so for £+A (v+A)
e many with small A

e [ow statistics
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- E.=3-30GeV
- polarized

e Hadron Beams
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- Ep =325 GeV
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- polarized p & light ions
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Requirements for an Electron-lon Collider
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Requirements for an Electron-lon Collider

104

Q? (GeV?)

103E

= EIC et+Au
- 20 GeV + 100 GeV/n
| — — — 10 GeV +100 GeV/n
R 9 GeV + 90 GeV/n

Terra incognita:

small-x, Q <

high-x, Iarge Q2

Well mapped in e+p

Not so for £+A (v+A)
e many with small A

e [ow statistics

Electron lon Collider:

e /(EIC)>100 x L(HERA)
e Electrons

- E.=3-30GeV

- polarized

e Hadron Beams
- EA =130 GeV
- Ep =325 GeV
— A — p —> U
- polarized p & light ions
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Requirements for an Electron-lon Collider

Terra incognita:

small-x, Q = Qq
high-x, Iarge Q2

Well mapped in e+p

Not so for £+A (v+A)
e many with small A

e [ow statistics

Electron lon Collider:

e /(EIC)>100 x L(HERA)
e Electrons
- E.=3-30GeV
- polarized
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- EA =130 GeV
- Ep =325 GeV
— A — p e U
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What do we know about gluons‘7

@ Gluons:
= Mediators of the strong interaction

= Determine essential features of QCD

> Asymptotic freedom from gluon loops

= Dominate structure of QCD vacuum

Action (~energy) density quctuaﬁonsof gluon-
fields in QCD vacuum (2.4 x2.4x 3.6 fm) (Derek
Leinweber)

87



What do we know about gluons‘7

@ Gluons:
= Mediators of the strong interaction

= Determine essential features of QCD

> Asymptotic freedom from gluon loops

= Dominate structure of QCD vacuum

Action (~energy) density fluctuationsof gluon-

® Hard tO iisee!! glue in the IOW'energy Ezliisv\jre\t?ecr)[)vacuum (2.4 x2.4x 3.6 fm) (Derek
world

= Gluon degrees of freedom “missing” in
hadronic spectrum

> Constituent Quark Picture?

= From DIS:

- Drive the structure of baryonic matter
already at medium-x

* Crucial players at RHIC and LHC
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We have 1dentified 4 important questions to address:
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= Mediators of the strong interaction
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Action (~energy) density quctuatkinsof gluon-
fields in QCD vacuum (2.4 x2.4x 3.6 fm) (Derek
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We have 1dentified 4 important questions to address:

= What is the spatial and momentum distribution of gluons in nuclei/nucleons?
= What are the properties of high-density gluon matter?
= How do quarks and gluons interact as they traverse matter?

= What role do the gluons play in the spin structure of the nucleon?
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What do we know about gluons"

@ Gluons:
= Mediators of the strong interaction

= Determine essential features of QCD

> Asymptotic freedom from gluon loops

= Dominate structure of QCD vacuum

Action (~energy) density quctuafinsof gluon-
fields in QCD vacuum (2.4 x2.4x 3.6 fm) (Derek
Leinweber)

We have 1dentified 4 important questions to address:

= What is the spatial and momentum distribution of gluons in nuclei/nucleons?
= What are the properties of high-density gluon matter?
= How do quarks and gluons interact as they traverse matter?

= What role do the gluons play in the spin structure of the nucleon?

How do we get to the answers? -



The role of gluons 1n hadronic collisions

Jets (m production) Strangeness Production

o
®

T T T T T T T T T T T T .
| —RHIC Vs = 200 GeV NLO, =0, y=0 ' @ go ® s © s
| —LHC Vs=55TeV calc. by W. Vogelsang | g s .
: //‘~\\ "ll /’—q_g;\\ l/"l : gM; g
-7 N e YO g 5 s
-7 l"l/\/\/ - ,"' A \ _
l’/ r" \\
N a, (d) s
e P 1 -
s
- -
ql S

.‘ilopT (ée\}/é)s'o"'iéo 500 Lattice Gauge TheOl‘y

o
(o))

o ¢
N
—

Fractional contribution to cross-section
o
I

o

-
(&) =

Heavy Flavour Production e
o8 = >
0.6
g
4 04 r 3 flavour
< 241 flavour
5 i 02 | pure gauge

T/M,

0.0

1.0 1.5 2.0 2.5 3.0 3.5 4.0
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How well do we know gluon distributions in nucleons?

1 T \\\\\H‘ T \\\\\\\‘ T \\\\\H‘ T T T T TTT

@ HERA: e+p collisions:

'~ —— HERA-I PDF (prel.) Q% =10 GeV
i ~ B experimental uncertainty
- 276 Gev (e ) on 0.8 - model uncertainty |
- HERA Structure Functions Working Group
- 920 Gev p ~ Nucl. Phys. B 181-182 (2008) 5761
I XU,

0.6

@ Wealth of data allows a high-
statistics extraction of valence *

quark, sea quark and gluon 04
densities as a function of xg; XS (x1/20)
= Gluons and sea quarks \
dominate over valence |
quarks at smaller values of 0=

107 1073 1072 107 1
XBj X

0.2

@ Small experimental and
model uncertainties
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{z.Q°=1.69 GeV")

P
()

R.

1.4
1.2
1.0

What about gluons 1n nucle1?

0.8
06 = This work, EPSO9LO =
9 [ .—.- EKS98 ]
04 F o HKNO7 (LO) -
[ - EPS08 B
02 Ds (LO) _
0.0 | |
0% 1070 10% 10" 10* 10° 10 10" 10* 10° 10 10" 1
€T €T €T

The distribution of valence and sea quarks
are relatively well known in nuclei -
theories agree well
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{z.Q°=1.69 GeV")

P
()

R.

What about gluons 1n nucle1?

1.4
1.2
1.0

0.8
06 == This work, EPSO9LO =
21 == EKS98 1
04 [ oo HKNO7 (LO) -
T - EPS08 N
02 ' —— 1Ds(Lo) 1
0.0 | '
10" 10° 107 100 10* 10° 10° 100 10" 107 107 107 1
X X i
Constrained by DIS The distribution of valence and sea quarks
Constrained by DY are relatively well known in nuclei -
theories agree well
Constrained by sum rules

Assumptions
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{z.Q°=1.69 GeV")

P
()

R.

What about gluons 1n nucle1?

2
S
o
«
i
©
£

== EKS98 i _

04 e HKNO7 (LO) - %

o - EPS08 T T?s
-2 ' —— uDs (LO) Il E
0.0 | |
10" 10° 10° 100 10™
X i i
Constrained by DIS The distribution of valence and sea quarks
Constrained by DY are relatively Yvell known in nuclei -
theories agree well

Constrained by sum rules | arge discrepancies exist in the gluon

Assumptions

distributions from models for mid-rapidity

LHC and forward RHIC rapidities !!
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The problem with our current understanding
@ Using the Linear DGLAP evolution

model:
H1+ZEUS
- Linear evolution has a built-in high- & ,,  a=2ce H1 NLO-QCD Fit 2000
energy “catastrophe” Ca o ey s
-~ XG has rapid rise with decreasing x | e P0G o e, tncen
(and increasing Q?2) = violation of 151 EUS NLO.OCD Fif

(Prel.) 2001

xg=a=x>(1-x)°

Froissart unitarity bound 125

RT-VFN heavy-quark scheme

T 5 10? ~ exp. uncert.
Otot — — = (hl S) [
m72'r 7.5:
. 5F ,
> Must have saturation to tame the Q=56 S AN
growth 25 TN
0t h
107 107 107 107" ¢
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The problem with our current understanding

@ Using the Linear DGLAP evolution

model:
H1+ZEUS
= Linear evolution has a built-in high- & 5|  o*206e? 1 NLO-CD Fit 2000
energy “CataStrophe” % E F?:_N heavy—-quark scheme
. . . . X 17.5; 2_ Ry | total uncert.
- XG has rapid rise with decreasing x | R
(and increasing Q?2) = violation of 51 EUS NLO.OCD Fif
Froissart unitarity bound 125 Bliinn
E RT-VFN heavy-quark scheme
T 5 10; _ exp. uncert.
Otot — 5 (hl S) sb ,
mﬂ' : ,
. 5F ,
> Must have saturation to tame the . Q%5GeV S AN
growth 25 TN

What’s the underlying dynamics? ‘o

107 107 107" ¢

21



Non-linear QCD - Saturation

proton

=E-E =~

N partons new partons emitted as energy increases
could be emitted off any of the N partons
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Non-linear QCD - Saturation

proton

@ BFKL: evolution in x % . E . % 1

" N partons new partons emitted as energy increases
I I n e r could be emitted off any of the N partons

> explosion in colour field at low-x

-

In 1/x

saturation

@) region In Qg(Y)

Y

as~1 (XS<<1
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Non-linear QCD - Saturation

proton

® BFKL: evolution in x :E . E _

=) I I n e ar N partons any 2 partons can recomb

> explosion in colour field at low-x

® Non-linear BK/JIMWLK equations

A Regimes of QCD Wave Function

saturation
region

In 1/x

: In Q3(Y)
>_
= non-linearity = saturation

S
©
>
> Allows for the recombination of |&
£
-

gluons in a dense gluonic } BFKL
medium @ DGLAP .
= characterised by the saturation 0 A2y "In @2
scale, Qs(X,A) g ~ 1 Og < 1
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The Nuclear “Oomph Factor”

@ Enhancing Saturation effects:
= Probes interact over distances L ~ (2mnx)-

For probes where L > 2Ra (~ A3) cannot distinguish
between nucleons in front or back of the nucleus.

93



The Nuclear “Oomph Factor”

@ Enhancing Saturation effects:
= Probes interact over distances L ~ (2mnx)-!

For probes where L > 2Ra (~ A3) cannot distinguish
between nucleons in front or back of the nucleus.

Simple geometric considerations lead to:

2
Q? @SIGSQ’ Q) HERA: G % A dependence: 2G4 o A
TV €T

AN 1/3
Nuclear “Oomph” Factor: ()" ~ Qg <x>

Enhancement of Qs with A: = non-linear QCD regime

reached at significantly lower

energy 1n ¢+4 than in e+p
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The Nuclear “Oomph Factor”

More sophisticated analyses
=> confirm (exceed) pocket

formula for high A

e.g. Kowalski, Lappi and Venugopalan,
PRL 100, 022303 (2008); Armesto et
al., PRL 94:022002; Kowalski, Teaney,
PRD 68:114005

924



The Nuclear “Oomph Factor

More sophisticated analyses
=> confirm (exceed) pocket

formula for high A

e.g. Kowalski, Lappi and Venugopalan,
PRL 100, 022303 (2008); Armesto et
al., PRL 94:022002; Kowalski, Teaney,
PRD 68:114005

Kowalski and Teaney
10 |- Phys.Rev.D68:114005,2003

GeV2)

p —

Qs

0-1 1 llllllll 1 llllllll 1 Ill]llll 1 llllllll 1 llllllll L 111
1/X

One would require an energy 1n e+p
~10-100 x e+A to get to same Q2s
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The Nuclear “Oomph Factor”

Q? (GeV?)

0.1

QCD

200

120 40
A

10 g T R N |

O OnaoG
Confineme’nFRegime\
1072 16'3 107 107
X

0.1

Kowalski and Teaney

— Phys.Rev.D68:114005,2003

One would require an energy 1n e+p
~10-100 x e+A to get to same Q2s

%4



Diffraction in e+A

e+Al

etA—e + ]| +A

I incoherent

coherent

N
e
H‘

N

o
)
\

do/dt (nb/GeV?)
‘cb

-

o
A
\

-
o
&

i A 102
0% o oo v bvvra b b 10° v Lo b ber o bec i by Eovc b b b b b B P b 18 )
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.020.040.060.08 0.1 0.120.140.160.18 0.2

-t (GeV?) -t (GeV?) -t (GeV?)

e Diffractive cross-section ogii/Otot IN €+A predicted to be ~25-40%

e Process most sensitive to xG(x,Q2)

e Rich physics program on momentum & spatial gluon distribution

e Coherent vs Incoherent: requires detection of breakup with ~ 1-10-4 efficiency

Never done at a collider!
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How do we measure Glue ?

@ Hadron-Hadron

p%g

> AN

—a— A

= Probe/Target interaction
directly via gluons

= |[acks the direct access to
collision kinematics

= |nteractions with other
partons modifies nuclear
wave function

F. Schilling, hep-ex/020900 |

10 |

0.1k

= H1 fit-2 —~+- CDF data
- HA fit-3 E?*"? > 7 GeV
(Q°= 75 GeV?) 0.035 < & < 0.095
It1<1.0 GeV?

— H1 2002 6,P QCD Fit (prel.)

0.1
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How do we measure Glue ?

@ Hadron-Hadron = Electron-Hadron (DIS)
P E\\ g e 5\ v
%%Z:’K A R_<_ A
= Probe/Target interaction * Explore QCD & Hadron
directly via gluons Structure
- Lacks the direct access to * Direct access to glue through
collision kinematics photon-gluon fusion
- Interactions with other * High precision & access to
partons modifies nuclear partonic kinematics

wave function

Both are complementary and provide excellent information on
properties of gluons in the nuclear wave functions

Precision measurements = DIS
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- How do we measure Glue ?

oh
| Scattering of hadrons on hadrons

" s like colliding Swiss watches to find out how
they are build.

R. Feynman

J
1 ﬁ
B

Precision measurements = DIS 9



Luminosity vs Energy comparison

@ A comparison plot showing luminosities vs energy for existing and proposed e+p
facilities.

@ Both a staged eRHIC and a JLab design are shown for reference.
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Luminosity vs Energy comparison

@ A comparison plot showing luminosities vs energy for existing and proposed e+p
facilities.

@ Both a staged eRHIC and a JLab design are shown for reference.
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= Jest QCD
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How do we measure Glue ?

@ Hadron-Hadron
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= Jest QCD

= Probe/Target interaction
directly via gluons

= |[acks the direct access to
collision kinematics

= |nteractions with other
partons modifies nuclear
wave function

= Electron-Hadron (DIS)

e 5\ T*

el

* Explore QCD & Hadron
Structure

* Indirect access to glue

* High precision & access to
partonic kinematics
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How do we measure Glue ?

@ Hadron-Hadron = Electron-Hadron (DIS)
P E\\ 9 e 5\ T
% A %A
= Test QCD
= P.robe/ a_rget interaction * Explore QCD & Hadron
directly via gluons Structure

= |[acks the direct access to

g _ * Indirect access to glue
collision kinematics

* High precision & access to
- Interactions with other partonic kinematics
partons modifies nuclear
wave function
Both are complementary and provide excellent information on

properties of gluons in the nuclear wave functions

Precision measurements = DIS 08



~ How do we measure Glue ?

Scattering of hadrons on hadrons
is like colliding Swiss watches to find out how
they are build.

©
_ 11

R. Feynman

Precision measurements = DIS
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Measuring the glue via Structure Functions
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Measuring the glue via Structure Functions
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Scaling violation: dF,/dInQ? and linear DGLAP
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Measuring the glue via Structure Functions
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Measuring the glue via Structure Functions
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Measuring the glue via Structure Functions
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Jets and hadronization

h Ratio of Pb to D Jets

III] | B B B ) T

1

1

1.4 566'5 /'9/'€ /ﬁ'o,-‘,va/s/

© Ratio of One Forward Jet Cross Sections _|

o

q | @ Ratio of Two Forward Jot Cross Sections
12 — —
S 100 3 % EJ
et x i z 3 :
0.8 _;"z = X .
 Use coloured probes to study soft nuclear glue - . '
(14 7 06 :_x -_-‘
= a “large-x” probe of small-x gluons - | | -
- L4 11 eyl Lot e PR B
] ] 0.001 0.010 0.100
e Use nuclei to study parton propagation and X,,

fragmentation

= parton showers, quark-to-hadron transition

e |deal program for phase-1 EIC
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Interaction of fast probes with gluonic medium
@ nDIS:

= (Clean measurement in ‘cold’ nuclear

matter

= Suppression of high-pt hadrons

analogous to, but weaker than at RHIC

< 1.8

o

1.6

1.4

1.2

0.6

0.4F

0.2

PHENIX expt: Phys.Rev.Lett.91:072301 (2003)

s

0.8F

® Central n° (0-10%)

O  Peripheral 7° (80-92%)

O_I 1

0.6

h

hot nuclear
matter

. HERMES
I Kr final

m - energy loss

He, Ne prelim.
—— absorption

| 1 l 1 | l | | 1 | 1 | | |
0.2 0.4 0.6 0.8 1

V = virtual photon energy

Zn = En/V
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Interaction of fast probes with gluonic medium
@ nDIS:

= (Clean measurement in ‘cold’ nuclear
matter

h

= Suppression of high-pt hadrons
analogous to, but weaker than at RHIC

hot nuclear
matter

e Fundamental question:

® When do partons get colour neutralized?

Parton energy loss vs. (pre)hadron

absorption | HERMES

| Krfinal

He, Ne prelim.
06— —— absorption
m - energy loss

V = virtual photon energy

Zn = En/v 10}



Interaction of fast probes with gluonic medium
@ nDIS:

= (Clean measurement in ‘cold’ nuclear
matter

= Suppression of high-pt hadrons
analogous to, but weaker than at RHIC

h

hot nuclear
matter

e Fundamental question:

® When do partons get colour neutralized?

Parton energy loss vs. (pre)hadron

absorption | HERMES
| Krfinal
Energy transfer in lab rest frame: 0.6 |- He_"\lszsrsm'on
EIC: 10 <v <1600 GeV - energy loss
HERMES: 2-25 GeV 0z 04 IZIO!6I 08 1
V = virtual photchm energy
Zn = En/V
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Interaction of fast probes with gluonic medium
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Multiplicity Ratio
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