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Golden Measurement Candidates

e |Important measurements in e+A fall into 3 categories:
= Nuclear gluons at small-x
> Inclusive structure functions (F2, Fr, F2¢, FL¢)
> di-hadrons (and di-jet) imbalance
> Exclusive production (especially J/y and DVCS)
= Nuclear gluons at larger-x
> Gluon anti-shadowing / EMC effect
= Jets and hadronization
> Use hadrons and jets as probes of nuclear gluons

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

 Whilst we deem all measurements as important, not all can be
called “golden” measurements of the whole programme....



Kinematics Grid

* We would like to compare
different theoretical models for
physics at both small- and
large-X.

* A kinematic grid has been
provided to theorists for
studies of the following
variables for D, Ca, Au (or Pb):

= [nclusive structure functions
(small- and large-x)

= diffractive structure functions
(small-x)

= exclusive production (small-x)
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Disclaimer

this is not a summary of all the interesting physics of e+A collisions,
it rather reflects what was talked about during the program

this is not a summary of the presentations, but rather a summary of
the discussions we had during the program and of the subsequent work

we shall not mention all the topics discussed either,
iInstead we focus on the golden measurements (candidates)



Inclusive structure functions



Nuclear gluons throughout
the x-Q2%-A plane

from the gluon EMC effect to saturation physics

this is fundamental knowledge about the
nuclear wave function that is still lacking

C C
F2 9 FL 9 FZ 9 FL
the most basic observables from the theory side
discussed from the beginning as golden measurement

we should aim, for all of these, to get the same precision
that was reached at HERA with the F, combined data

also, the heavy-ion program at the LHC would benefit a lot from a
precise determination of nuclear pdfs in e+A over a large x-Q? range
(the impact of HERA on the LHC p+p program cannot be overestimated)

during the program, the main focus was small x:
what can one learn about non-linear QCD from the structure functions ?



Saturation and inclusive SFs ?

there is a large higher-twist cancelation in F, (from summing F; and F)

this is presumably why the leading-twist approximation is
able to describe F, down to 2 GeV? at HERA

Bartels

if we had as precise F, data, we might see the collinear approach fail already at 5-10
GeV? ? DGLAP fits for the diffractive structure function F,P (for which there is no such
cancellation) become problematic at a much higher Q2 around 8 GeV?

precise F| may already change the DGLAP picture for protons at Q2 ~ 2-5 GeV?

for a Pb nucleus, deviations from DGLAP would be unambiguously
identified within the x range of the full-energy EIC
(if Qs reaches about 1 GeV, the precise value is model-dependent)

Accardi

TO DO: update dipole models with new combined H1/ZEUS data on F2
(this may already eliminate some of them, or at least slightly modify parameters)

saturation models and others: Kopeliovich, Pirner, Strikman



DIS at small x

 the cross section at small x Mueller (1990), Nikolaev and Zakharov (1991)

— X
o N = 2/d27~ dz | 1 (2, F; Q2)|2/d2b T,:(r,b,zp)

overlan of ~* _/ dipole-hadron cross-section
L POt i computed in the CGC
splitting functions or with dipole models

Chirilli

the existing CGC phenomenology is still based on the leading log approximation,
F, and F will be the first observables where NLL will be available for practical analysis

 estimating the importance of saturation

| d*rdz |9 1 (z,1; Q%)

Diehl and Lappi

[ d®b T:(r,b; x)

(Tyq)2,L(z, Q2) —

[ d?rdz |9 (2, r; Q?)

f d2b qu(r, b7 ZU)

average dipole scattering amplitude <chj>T,L < 0.6 — 0.7and not 1 because of b int



Average strength of scattering

* off the proton

proton, <N>, IPsat

100

Q® [GeV2]

o off the nucleus

0.001

with F,

Pb nucleus, <N>, IPsat

100

10

Q® [GeV2]

0.001

Q? [GeV2]

proton, <N>;, IPsat Wlth F2
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1e-05 0.0001 0.001

© (Tyq)2,L < 0.25 for Q2 > 92 QeV? *

Pb nucleus, <N>y;

pea WIth F5

yd

100

1e-05 0.0001 0.001

x <TCJ§>L ~ (.4 for Q2 — 9 QeV?

0.3 —
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Expectations for e+A

 using the small-x QCD evolution

extrapolating from relatively large-x data, the non-linear
QCD evolution can predict the structure functions

4 F,A(x, Q%=5 GeV?)/197
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still this need to be checked with data, it is not absolutely clear that the
CGC is already applicable in the x range where one starts the evolution

0.01

the CGC initial conditions for heavy-ion collisions are based on such extrapolations too
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Semi-inclusive DIS
and
di-hadron azimuthal correlations

12



Kr-dependent small-x gluons

! €

T o 6_._/

Q SIDIS Q hadron(P,) %,
b ﬁ X p

« at small x and large Q2

X!

the cross section is proportional to the TMD quark distribution

N, ki-(kl—q1) k9
ki) = d’bd’q, F 1— ] L
wa@, kL) Am? 1L ) [ B2 — (ki —qu)? \ (kL —qu)?

| |

TMD-pdf u-pdf 27

T~ F(QJ_aiUB):/(QW)Q

obtained from non-linear QCD evolution

e ' T[1 = Tyq(r,25)]
CM, Xiao and Yuan (2009)

for saturation physics the relevant regime is low P+ (~ Qs)
the transition with collinear factorization at large P+ is interesting also

13



TMD-pdf / u-pdf relation

« at small x and large Q2 BKFL/BK evolution
in the overlaping domain of validity, TMD & 1 ’ »
k factorization are consistent In — i =
x kr-factorization &
= )
O
_ N e o
* the saturation regime =
Q
the TMD factorization can be used in the g'
saturation regime, when P? ~ Q?
this will be new already for protons In Qg

even if Q2 is much bigger than Q.?, the saturation regime will be important when p2 ~, ()2

in fact, thanks to the existence of Qg, the |P, | — 0 limit is finite,
and computable with weak-coupling techniques ( Qs > Agcep )

eventually true at small x /

UONN|OAS SSD
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Di-hadron correlations

 the di-jet cross section in the dipole picture

v p—qqX
e N / dadyds dy e~ L (X=Y) g ik (X' =Y7) /df O (6, x—x, y-y'; Q%)

d?k) d?K', o2 2w 2w 27 ) ’ ’

x[Thg(x —x",25) + Toq(y — ¥, 2B) — Tyqq¢(x, Xy, ¥, )]

because of the 4-point function I -=, , there is
no kg factorization (unless saturation and

multiple scatterings can be safely neglected)

« SIDIS was a special case

in SIDIS, the k', integration sets x'=y’, and
then TQQCYQ(Xv X,7X,7Y7 xB) — TQQ_(X _ Y7ajB)

this cancellation of the interactions involving the spectator
antiquark in SIDIS is what led to k; factorization

with dijets, this does not happen, and as expected,
the cross section is a non-linear function of the u-pdf

15



Constraining the 4-point function

unlike most observables considered in DIS, di-hadrons probe more
than the dipole scattering amplitude, it probes the 4-point function

/ /
TQ@QQ(Xv X,YY, ajB)
only in special limits it can be simplified, suchas |k + kj_| < k1], ij_|

Dominguez, Xiao and Yuan (2010)

we expect to see the same effect in e+A vs e+p
than the one discovered in d+Au vs p+p collisions at RHIC

the same 4-point function is involved in the d+Au case
but the e+A measurement could help constrain it better
the background will be much smaller than in d+Au for instance

the evolution of higher point functions (~ multi-gluon distribution)
Is different from that of the 2-point function (single gluon distribution)

it is equally important to understand it

Dumitru and Jalilian-Marian (2010)
16



Di-hadron p+ imbalance in d+Au

ke +k,e?

. - Albacete and CM (2010
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Di-hadron p+ imbalance in e+A

 the di-hadron cross section in the small momentum imbalance limit

1/o+do/dAg(nb) ‘kl T k/ﬂ < |kL| 9 |kl|

Xiao
Vs =100 GeV

PRELIMINARY

0.0020:f V5 = 200 GeV

|

L ! ! | ! ! ! | L ! ! | ! | ! ! A¢—Pl

not e+A vs e+p but rather e+A at two different energies

z and ky dependent fragmentation included
In-medium energy loss and py broadening neglected



Diffractive VM production
and DVCS



b-dependent gluons

need exclusive measurements to pin down the transverse distribution of
small-x gluons/the impact-parameter dependence of the dipole cross section

this is crucial knowledge for heavy-ion collisions, both the average impact-parameter

distribution and its fluctuations need to be understood ol
ells

the fluctuations, accessible with incoherent diffraction, represent
the main uncertainty in v, (elliptic flow) calculations for instance

on the theory side, understanding high-energy QCD evolution as a function of b
remains a challenge = interplay between small-x evolution and confinement

TO DO: compare different meson channels (rho, phi) as well as DVCS
so far J/Psi is used for studies (see next slides)

TO DO: learn about how (light and heavy) nuclei break-up due to a
momentum transfer, as very little is known
perhaps the p+A program at RHIC could contribute on this in the next years

20



VM production off the CGC

 the diffractive cross section amplitude conjugate amplitude

dOY*p®VY | 2 12 2 2 * 2 2 27. 7210 iqL.(b} ‘ ' !
” = = fd rd r'or,Q°, My )p (r',Q°,M, )fd bd"b'e <ch_](l‘,b)qu(l‘ b )>x

N— I
—

overlap functions

r : dipole size in the amplitude
r’ : dipole size in the conjugate amplitude

QQ/\/\/\/Z\{/C 1 / \‘ . P, ¢7 J/?ﬁ,’)/
Q y J | (I)V(ra Za M%/)

target average at the cross-section level:
contains both broken-up and intact events

q’ one needs to compute a 4-point function,

that gives access to gluon correlations

p/\\/xp_q
t = —

* the exclusive part
obtained by averaging at the level of the amplitude:
(T30, D)7, (') = (T, (r,b)) (T, (r',b"))

do” *p®Vp - 1
dt 47t

2

probes b dependence:

Udzrcp(r, QZ,MZV )fdzb e+ P <qu (r,b)>x

21



Coherent diffraction

Stage 1: precise transverse imaging of the gluons, from light to heavy nuclei
Stage 2: how the small-x evolution modifies the transverse distribution of gluons

* the dipole-nucleus cross-section Horowitz, Toll and Ullrich

| large incoherent contribution not shown
Kowalski and Teaney (2003)

- L L B L L B BN BN

> -

p _ —f(r,x,b s F e Au — e’ Au’ J/y (coherent) 1

qu(r,b,x)—l—e f(r,z,b) %105§ 1075 < Q2/GeV2 < 10 -

E 1o4f_ —— KLN (W. Horowitz)

TA("“ byx) =1—e" 2_i f(r,@,b=b;) - —— Wood-Saxon -

qq\’ ™ [ g xdvmp 3.0 Generator |

T4({b;}) position of the nucleons

averaged with the Wood-Saxon distribution 10° =

1o:— Wil -

assumption of independent nucleons not Ll

compatible with QCD non-linear evolution 1 AT PO .
0 002 004 006 008 01 012 0.14 016 0.18

t] (GeV?)
compared with CGC-inspired gluon distribution (KLN): differences are seen

and are big enough to be tested (need 50 MeV resolution on momentum transfer)
22



Incoherent diffraction (proton case)

Dominguez, C.M. and Wu (2009)

108 T

coh diff ——— 1
inc diff

as a function of t

exclusive production:
the proton undergoes elastic scattering

dominates at small |t

diffractive production :
the proton undergoes inelastic scattering

dominates at large |t

do/dt(nb/GeV?)

 two distinct regimes

exclusive
— exp. fall at -t < 0.7 GeV?

diffractive
— power-law tail at large |t

the transition point is where the
data on exclusive production stop 10" S
0 0.2 0.4 0.6 0.8 1 1.2




From protons to nuclel

« qualitatively, one expects three contributions

exclusive production is called coherent diffraction

the nucleus undergoes elastic scattering, dominates at small |t
iIntermediate regime (absent with protons)

the nucleus breaks up into its constituents nucleons, intermediate |t|
then there is fully incoherent diffraction

the nucleons undergo inelastic scattering, dominates at large |t

A=197, Q*=0 GeV?, z;=0.001

 three regimes as a function of t:

— Quasielastic IPnonsat
— Coherent IPnonsat
-- |Psat

- - Coherent IPsat

------ 1IM

------ Coherent IIM

coherent diffraction )
— steep exp. fall at small [t

breakup into nucleons
— slower exp. fall at 0.02 < -t < 0.7 GeV?

iIncoherent diffraction
— power-law tail at large |t|

.............
e E RS, —-—-—
T

J

i o R\ ‘
0.00 0.05 0.10 0.15 0.20 0.25

t [GeV?
Lappi and Mantysaari (2010)
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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 :
wave function . vertex experiment | fundamental
nuclear gluon Fi, F2, FLS F2© F2 with : , ,
distribution throughout combined detector for precise with good x, |input for A+A
x-Q? plane data charm need full EIC, thoughc): & | Q?&Arange| collisions
for FLand F,e| e
) ptA at
SIDIS f
ey SIDIS & di- o 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 DIfLFaCEIVG VM d 50 MeV det.ector with I!wi.tial
of gluon between [P I;J)S/ICCZ)Sn N resolution | 4pi coverage | Moderate x Never been condltl.o.ns for
distribution small-x ! on " with lightand [  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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Jets and hadronization

h

 Use coloured probes to study soft nuclear glue
= a “large-x” probe of small-x gluons

 Use nuclei to study parton propagation and fragmentation
= parton showers, quark-to-hadron transition

e |deal program for phase-1 EIC "6



Jets and hadronization
Cold vs. hot

Review: Accardi et al., Riv.Nuovo Cim.032,2010

[_ !+ h .

cold QCD

- matter \\ f\ ﬂ
«“| =
Al /' A
hot QCD~

+ q matter

DIS ~

FS energy loss T properties of
+ hadronization DY T the QGP

IS energy loss -.....
+ nuclear PDFs DY vs. EMC effect
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Goals - |
= Measure fundamental properties of cold QCD matter

> Experimentally isolate pure energy loss regime (large nu)
> Transport coefficients  [Majumder]

- ghat <= pT-broadening, bremsstrahlung

- ehat <= longitudinal energy loss

- Calculable from first principles: lattice, CGC, ...

2maCr
NZ —1

G = / dr (AU (7, 0)t9 FaPu,U (v, )t F7 0, | A)

» Saturation scale [Liang,Wang,Zhou '08; Kopeliovich et al. '10]

A2 C A
NZ 1

@h) = [ dratri?)

q(m,y1) = pa(7)[2G (2, y1)]e=0
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Goals - 2

= Fundamental tests of pQCD [any idea for a catchier header?]

> Light and heavy quark energy loss

- heavy quarks calculable due to large mass: theory benchmark
> Parton shower evolution

- KT vs rapidity ordering

- space-time evolution [Sterman, INT fall 2009]

So In a sense, E ‘“tells a series of stories”, of all

possible emissions that take time t:

| ~ dt 1 f") dp2
Ew,Q) =2 —] | —5&
0 t Q/t PT

Bl vE) e - ) _

A (as(pp)) (7 PT/Q) — 1)




Goals - 2

= Fundamental tests of pQCD [any idea for a catchier header?]

> Light and heavy quark energy loss

- heavy quarks calculable due to large mass: theory benchmark
> Parton shower evolution

- KT vs rapidity ordering

- space-time evolution [Sterman, INT fall 2009]
> Important applications

- MC generators in all fields of High Energy Physics
- QGP tomography

30



Goals - 3

= Space-time evolution of hadronization

> Dynamics of color confinement (small nu)

- stages of hadronization: partons, prehadrons, hadrons
- carachteristic production times, cross sections
- new experimental data needed for

v microscopic phenomenology

v understanding in terms of color confinement

> Production times important for

- QGP tomography
- neutrino oscillation experiments

31



Tools - SIDIS

= Hadron production

> “Leading hadrons’,i.e., current fragmention
> Correlation with target fragmentation [iittle discussed so far]

> Main observables:

dN"(z AN (2
: h A h h
- hadron attenuation R,, Rar(2x) = NDIS / NDTS g

dzh
- p;-broadening

Ap2 = (P — (p
> Unique at EIC: < T> < T>A < T>D

- heavy flavours (D, B)
- multi-dimensional binning

Zh
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Tools - SIDIS

Multiplicity Ratic
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Tools - jets

10 T T T T T T T T

- = \acuum

d JetS [ —— Medium Au+Au

8 == Medium Cu+Cu

> Many more handles:

- cone “radius’
- minimum hadron energy

- gluon, light-, and heavy-flavor jets Oo- s T oa o6 o3 1
> 20 years of theoretical developments to be harvested

- precise definitions of jets
v IR and collinear safe

v several algorithms, known advantages and disadvantages

- large choice of “jet shapes”
v characterization of energy flows inside the jet
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Tools - jets

= Jets: a unique opportunity at EIC

> E665: proof of principle

>

- Jets can be measured in e+A

at s>1000 GeV?2

- results unpublished

EIC,

- 141
- 2+
- N+

nDlenty to measure:

277
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jets: control over in-medium parton showers
jets: access to nuclear gluons
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Step | — pure energy loss regime

= Characteristic times controlled by v (atLO, v=E_,.)

hadron formation time th

_—/J\_
- N

prehadron formation time t~
(“production time”)

Color neutralization = “prehadron” h*

- gluon radiation stops
- large inelastic cross-section for h*

prehadron collapses on
hadron's h wavefunction
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Step | — pure energy loss regime

= Processes
> low v
- short production times
- mix of energy loss and prehadron absorption
> large v
- long production times
- pure energy loss

= (Observables
> low v : hadron observables
- R,", A(p;?) and their interplay (important!!)

> large v : attenuation disappears
- p; broadening

- jet observables
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multipl. ratio A/D

Step | — pure energy loss regime

= How to experimentally isolate energy loss processes

» Checkhow R, = 1asv —

- start with “light” mesons: @, n, K, ¢, ...
- repeat for heavy flavors: D, B, ...

11 ¢
| HERMES PRELIMINARY
11 L1
09 ' A i
, by 3
L A
08 | A 4 A
I A
P oA
r . o
0.7 " " [_‘A
06 - Q
- Epoan= 12 GeV | E, .= 27 GeV
L
0.5 »j 0 <@%=0.9 GeV* | <@*=25 GeV?
1 UN [ e h', on * h*, % h
i ¥ h*, O h h*, A h
0.4 FRNETENT SURESTETEN SR | sl bl | IFETRTET AR |

25 5 75 10 125 15 175 20 225
v [GeV]

cuts: z>0.4

11+30 GeV/A Fe

L=0.41033cm?s1

D 1 month 100% running

1.05 DIS cuts
— . . 0.1<y<0.8
o8 projection
- ] TU
0.95— °
o o
® 09
i = only error bars
> =
G 085 — ® ° ¢
2 =
3 8
2 O8E
0.75— { [ B
0.7
065 : L L L I L L L L I L L A L L I L L L L
: 100 200 600 700

mixed phase

pure energy loss (?)

[Dupreé]
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Step | — pure energy loss regime

= How to experimentally isolate energy loss processes

» Checkhow R, = 1asv —

- Does attenuation disappear at high-energy?
v breakdown of unversality at large X (large z) [Kopeliovich et al. '05]

v GIBUU model [Gallmeister et al., INT talk 2010]

EIC/LHeC (educated guess)

HERMES 26

JLab 5 GeV, Pb

Q®=4.6 GeV?

0.4 0.6 0.8 120 40 60 80 100 120 140 160
z v [GeV]

0 0.2



Step | — pure energy loss regime

» cross-check with p_-broadening:

- Expectation: plateau at large v, in energy loss regime

A{p+2)

—

mixed phase pure en. loss

V

> Choose kinematics with RM~1 (a bit of an overkill)

» Extract ghat (< Q

sat)

- from p,-broadening vs. z

> Study DGLAP evolution

- from p,-broadening vs. Q?

1.05

;&O
1 X 4 ¥ ¥ b3 ’} 7} +
'_I095:—' i T
% - | [ 1
Q. D ,
- 09— & & A
Nd: IB | I I
F J | hei= 1000 G eV
- hz, i= 04
0.7%).,.,110,.,,.10....310...‘410‘.‘.56..A.610....710..,.810....96....100
[Dupré 57 [EER]
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Step 2 — hadronization

= Study space-time evolution of fragmentation
> Fix energy loss theory from large v
> Gotolow v

> Extract production times, prehadron cross sections

- from R, ,, p;-broadening vs. z

1 I ] LI B I LI B | I L | ] LI I | 1 I ] LI B I LI | I LI | I LI I |

[ Energy loss model Ye " Absorption model Ye

0.8 -

8

1 l 1 1 1

HERMES =°

|
R
o
(o))

I

l 1 L 1 l 1 L L

: (v) =14 GeV  (z;,) =04 {: {:
O4fF= = = s = = ¥ § ¢ 0O4fes = = s = = & & §-—
- EIC n - - -
- e e e 8 @ = ¥ ¢ - e e e o = &» = ¥ 0§ -
-EIC 7° - ' -
0.2 ' T T TR TR T BT T T AT 0.2 T BT T
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8

Z [Accardi, Dupré] Z



Step 2 — hadronization

= Study space-time evolution of fragmentation

> Fix energy loss theory from large v
> Go to low v
> Extract production times, prehadron cross sections

- from R,,, p;-broadening vs. z
0.06 Delta P12 % Q2
C _ Black = Pi 0 (Domdey et al. calc.)
0.05|— <V> = 14 GeV Red = Eta (pQCD scaﬁng of pions)
~ E o S Blue = HERMES Pions
C:]\,/ | <'°h> = 0.4 Nu=14 GeVandz = 4
et C : 0
O 8 F HERMES 7" |
il A
< - | EIC n ’ ‘ {
001 :_ ’_____..._ . ll l1— + - t jd - -
B . 1 J ‘
00 " ) 21 2 2 s 4l s 6I a . a 8l . a ) 1l(l 2 s \ 112 ) 2 1I4‘ s
[Accardi, Dupré] Q?[ GeV?]

Alp7) = (p7)a — (P7)D
medium-modified DGLAP
— (Domdey et al.)

pQCD scaling of
«— production time
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Step 2 — hadronization

= TO DO

> Summary plots, simulations at standard kinematics

- e.g., fixed integrated luminosity
- x>0.05
- for the discussed observables

> Compare different theory predictions
- Absorption models [Kopeliovich,GiBUU,Accardi...]
- Energy loss models [Salgado-Wiedemann, DGLYV, ...]
- different flavors: &, n, K, ¢, D, B
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Step 3 —jets
= 1+1 jets
> to cross check transport coefficients

- ghat from broadening, ehat from redistribution of long.
momentum

> to study evolution of parton shower

[Majumder,
INT 2010]

Shower modified by scattering of the partons off the medium
Modification of shower a probe of the medium

Note: some part of the process is partonie some part is hadronic

At high energy, some part of the partonic process will oceur outside the medium

In order to study this with pQCD:

the jet scale (virtuality) has to be hard on entry and exit 44




Step 3 —jets

= TO DO - need manpower, please help out, big rewards!!

> |dentify most promising jet observables
- ( draw on 20+ years of jet phsyics on proton targets! )

> Develop suitable energy-loss Monte Carlos
- PyQM [Dupre, Accardi] - a bit too simplistic for jets
- Q-Pythia / Q-Herwig - very well suited
- Majumder's medium-modified shower MC
v only 1 month old, parton-level only, but very promising

» Simulations, simulations, simulations
- 1+1 jets: many observables
- 2+1 jets: minimum p, (X,Q) reach

0.0001 0.001 0.01 0.1 1

Xq [Soyez] 45



Advantages over p+A

h(p,.»,) h(p,.y,)

A A

p
€+,X s X s X ) X
| . q I I °q2 5 q
e*(m%

G
q(p>

Initial-state nuclear modifications can be factored out experimentally

1 dN%(z) 1 dNPB(zp)
» 6.0, RM(z) — A / D
9. Fulzh) NPIS qz, [/ NBIS  dz,

No initial-state energy-loss
Precise control on initial state kinematics (x,Q?), and F.S. quark energy
Only t-channel contributions

Reduced soft background for jet reconstruction

p+ A — v+ h+ X Is closest analog, but suffers from most other
drawback
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Advantages over p+A

h(p,.»,) h(p,.y,)

A
e, x q, X
# £ «

p
—>° 1

B | N Py Y D, |- - - PG Sy N
INitia

A
, X

q —
q(p>

- 2k i -

- e P+A is NOT a substitute for e+A

o
. just a stand-in

Prec if EIC or LHeC not built

OnlM

Reduced soft background for jet reconstruction

nimentally

lark energy

p+ A — v+ h+ X Is closest analog, but suffers from most other

drawback
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Other e+A competitors

1020 1 ll | I | I I I 1 | B I A | I I 1 L B A | I
" 1019 Vg JLabt e+A facilities
% 1018 [0 W M ilabiz
S 1017 [ suAc
= 10t
8 1015 [J Bonn z
X 104 .
2 [HeC 3
= 1018 O = E
g 1012 Bates(Int) ]
£
101 [ E665
= —
- 1010 HERMES  pyo /nme
109 111 I | | | I | II | | | | | | | | I | |
1 10 102 103
CM energy [GeV/A]
x = 0.05 low v high v heavy q jets multi-D bins
LHeC enough statistics? Vmin =7 YES YES YES maybe
ENC YES YES NO NO NO maybe
Compass pu+ A 777 YES YES at least 7 ? maybe
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Other e+A competitors

1020 EIII I | i | | | L IIIII I 1 | L IIIII | }

19 [ , -

" 10 %‘ Vaing  Jlabg e+A facilities ‘;
o 1018 E CJ W W Labl2 4
O 1017 & [ S1AC :
> F E

without an EIC:

either LHeC, or push for nuclear
targets at Compass

ENC likely not in pure energy loss

tred Fegime: can only partially complete

multi-D bins

ENC the J&H program
Compass pu+ A 777 YES YES at least ? ?

maybe
maybe

maybe
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Summary, jets & hadronization

= EIC unique in several respects
> high luminosity
- multi-dimensional binning
- reduction in theoretical uncertainties
> wide nu range
- isolate pure energy loss regime
- cold matter transport coefficients
- unambiguous study of prehadronic phase at low nu
> Heavy quarks

> Jets

50



Summary, jets & hadronization

unique interpret- needs suggested
at EIC  ability further work? rating

cold transp. coeff.
and Q

space-time
hadronization

heavy quarks,
heavy flavors
jets
(parton showers)

Y Y Q

v Q
Vo e v C&
v v v Q

= All scientific goals attainable in phase 1

= Phase 2 will offer more leverage, but not
gualitatively new insights, for jets and heavy

flavors
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Experimental considerations

 Experimental considerations for e+A fall into 2 main topics:
* |IR/Detector designs

= [For details, see talks from this Tuesday
> V. Litvinenko, A. Hutton

> T. Horn, E. Aschenauer

 MC Tools/availability
= MC codes in general
> plenty of e+p/A+A codes, not a lot for e+A
= Radiative corrections (lots of work by E. Aschenauer)
> need a handle on magnitude of effect

= codes exist for e+p, need work for e+A

> feeds into the IR/Detector design
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Not enough time to go through things in
detail - see slides on web for more details

Experimental considerations

* Experimental considerations for e+A fall into 2 main topics:
* |R/Detector designs
= For details, see talks from this Tuesday
> V. Litvinenko, A. Hutton
> T. Horn, E. Aschenauer
¢ MC Tools/availability
= MC codes in general
> plenty of e+p/A+A codes, not a lot for e+A
= Radiative corrections (lots of work by E. Aschenauer)
> need a handle on magnitude of effect
= codes exist for e+p, need work for e+A

> feeds into the IR/Detector design

MC Tools

* A MC event generator is a must-have in order to do serious simulations for
the e+A part of the EIC programme

* GiBUU transport code (Pythia + transport + FSI)
= Gallmeister
* Preliminary energy-loss MC being worked on
= Majumder
* DPMJET - developed for LHeC. Need to investigate further.
= Cole, Armesto
* No existing e+A generator on the market to study feasibility of low-x physics
* XDVMP - eXclusive Diffractive Vector Meson Production
= authored by T. Toll and T. Ullrich
= see talk by T. Toll in e+A focus weeks

= still under development but significant progress has been made

http://rhig.physics.yale.edu/~ullrich/xdvmp/

eXclusive Diffractive Vector Meson Production

* What we need:
= Multi-purpose e+A generator
> low and high x, Q2
> exclusive final states
> diffraction

>

= Will probably need to be a collection of many
programmes built into one package

eXclusive Diffractive Vector Meson Production

A}Tf"v” (r,Q,A) =

d

i / dr /0 Z—; / QW) (2rr) Jo([1 — 2Jr ) (2rb)Jo(53) 1

Known from QED Needs to be modelled

I 2 3 Exclusive diffractive processes at HERA within the dipole picture, H. Kowalski, L. Motyka, G. Watt, Phys. Rev. D74,074016, 4
arXiv:hep-ph/0606272v2
JIY at HERA vs b-CGC model JIY at HERA vs b-Sat model Using XDVMP: do/dt Precision measurements of F.
i mesons at HERA Nuc. Phvs. B69S Exclusive of J/Psi mesons at HERA Nuc. Phys. B695 - | N L L L L B B B F G 02 th t di t
=} 3 . ~ N
lopgefedicosear] s eAu— e Au' J/y (coherent) ] WLay tctl)saé)((:‘ess).G(fCT??S Irec
=10°E 5 < Q2 2 < 104 E )

+ — + . 5" 108 < Q¥GeV2 < 10 E : o .
o 200 s | —— KLN (W. Horowitz) ] * FL measurement requires running
e xovmp Fo XDV e —— Wood-Saxon E at several Vs

. 1ol xdvmp 3.0 Generator | * In order to extract Fi, need at

0 == w0 E E least two measurements of the

o o o > L 7 . ] inclusive cross-section with a wide
wicen wigen 10°g = | span in inelasticity, y (Q2 = sxy)
Geer=e=iveer) = (ogr=g=wev] E s - —_— , =
SGe\g <Q?<10 GeV’ W 5GeV: <@’ ‘DG:J Q7 <100 GeV E 'ito + ] p y y y
. b . e 10 E TR o i * Study of systematic errors shows

o . o 2ok + F 7 of xeoouzs womes | that they dominate the statistical
32: BZZ { £ o L) = IR | T | || PO 1 N 12 1 errors (for 4 fbo1/A)

i = :{i‘:F oy i 0 002 004 006 008 01 012 014 016 0.18 P - S| F. for 4 GeV elect 50 70

T ¥ 15 L WE . = |t| (Gevz) 1}: | = L Tor eV electrons on ) B

o w© f e o ) wos 1 100 and 250 GeV proton
: ‘ : B ‘ : ‘ A definitive measurement requires excellent momentum (t) o x-0.028 s ] energies
resolution and large range in t i P
e wicen 5 Plots produced by M. Savastio 6 & g 7 ! ma? 1(;i,v?) o “:]2 (;v?) ° 8

Radiative Corrections (RC) and why they are important
¢ RC modify the kinematics — Q2
= initial state: E’beam = Ebeam - Ey
> photon goes along the beam line
= final state: E'out = Eout - Ey
> photon goes somewhere in the calorimeter
* RC and detector smearing effects do not factorize

= need to have RC effects implemented in the MC code
to unfold the effects in the kinematics

¢ Alot of RC codes exist for e+p (e.g. RADGEN), not
the case for e+A

Radiative Corrections:What do we know?
104 <x < 103;,27.5 GeV x 410 GeV

02

, Eore(A) o : §(A)

c > o1z
He o1
D os

TR X R BT R TR U O A B Y R R T R T T R T}

v y
_do*/dy_ 1 A
" daildy b= 120y

1+6,.(D)
¢ Solid: inelastic radiative corrections

Bec4)

* Dashed: inelastic, quasi-elastic and elastic radiative corrections

= Huge effect at large y!!

Radiative Corrections: Can we suppress things?

<<l / <<l

* Elastic/quasi-elastic part:
= require some hadrons in the detector
* Inelastic part (solid line):
= dashed line: after cuts Ey > 10 GeV — E-p; from hadronic state is smaller

Radiative Corrections: Outlook in et+A
¢ Djangoh:

= http://wwwthep.physik.uni-mainz.de/~hspiesb/
djangoh/djangoh.html is compiled at BNL and running

= e+A part is included but need to do more studies
= HERACLES can be interfaced with other MC codes

* HERMES code (RADGEN + e+A version of LEPTO)
installed at BNL but no nuclear effects are included

e Can compare results between eA-RADGEN and
HERACLES

= can nPDFs be included?
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Outlook

e Firstly, would like to thank Markus and Elke for their
hard work and contributions during the 3 weeks of the
e+A programme (and presumably much more!!)

e We’'d also like to thank all of the participants for their
contributions to the e+A weeks

BUT

The work is not yet finished!!!

e A write-up of the work will be published.

= Contributors have been contacted and asked to
provide small contributions and calculations for the
document

Need to receive everything before Christmas <4



Experimental
Part



Experimental considerations

 Experimental considerations for e+A fall into 2 main topics:
* |IR/Detector designs

= [For details, see talks from this Tuesday
> V. Litvinenko, A. Hutton

> T. Horn, E. Aschenauer

 MC Tools/availability
= MC codes in general
> plenty of e+p/A+A codes, not a lot for e+A
= Radiative corrections (lots of work by E. Aschenauer)
> need a handle on magnitude of effect

= codes exist for e+p, need work for e+A

> feeds into the IR/Detector design
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MC Tools

A MC event generator is a must-have in order to do serious simulations for
the e+A part of the EIC programme

GiBUU transport code (Pythia + transport + FSI)

= (Gallmeister

Preliminary energy-loss MC being worked on

= Majumder

DPMJET - developed for LHeC. Need to investigate further.

= (Cole, Armesto

No existing e+A generator on the market to study feasibility of low-x physics
XDVMP - eXclusive Diffractive Vector Meson Production

= authored by T. Toll and T. Ullrich

= see talk by T. Toll in e+A focus weeks

= still under development but significant progress has been made

http://rhig.physics.yale.edu/~ullrich/xdvmp/

57


http://rhig.physics.yale.edu/~ullrich/xdvmp/index.html
http://rhig.physics.yale.edu/~ullrich/xdvmp/index.html

eXclusive Diffractive Vector Meson Production

e What we need:
= Multi-purpose e+A generator
> low and high x, Q2
> exclusive final states
> diffraction

>

= Will probably need to be a collection of many
programmes built into one package
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eXclusive Diffractive Vector Meson Production

1—2 1—2
(1—2)7
’7* E “‘>M/\7x 7¥,\/\/\< T E ‘_>:VJ/'¢%¢HO
Z
b

b

=

daqq

_ —

Known from QED Needs to be modelled

Exclusive diffractive processes at HERA within the dipole picture, H. Kowalski, L. Motyka, G. Watt, Phys. Rev. D74,074016, 59
arXiv:hep-ph/0606272v2



http://arxiv.org/pdf/hep-ph/0606272
http://arxiv.org/pdf/hep-ph/0606272

J/P at HERA vs b-CGC model

Exclusive electroproduction of J/Psi mesons at HERA Nuc. Phvs. B695
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3000 : :
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J/Y at HERA vs b-Sat model

Exclusive electroproduction of J/Psi mesons at HERA Nuc. Phys. B695

0.15 GeV? < Q% < 0.8 GeV?
3000 [ : :

2500 ;_ """""" * HERA Data

2000

1500

0P~ %P (pb)

1000

500

30 to 65 65 to 105 105 to 220 OtoO

5 GeV? < Q% < 10 GeV?
50 : .

45
40
35
30
25
20
15
10

o*P" P (pb)

30 to 50 50to 74 74 to 96 96 to 120 120 to 150 150 to 220
W (GeV)

Plots produced by M. Savastio
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Using XDVMP: do/dt

/'.\ L | L | L | L | L | L | L | L | [ IE
- -
L. e Au — e Au’ J/y (coherent) 1
= 10° = 10 < Q%/GeV? < 10 =
5 [ _ ]
O J0t L — KLN (W. Horowitz)
—— Wood-Saxon -
10° B xdvmp 3.0 Generator B
10 =
10g fad E
1E_I 11 | | I | | 1111l | | I | | 11 | |m ] | ] | 11 M I_E

0 002 004 006 0.08 0.1 012 0.14 0.16 0.18

It| (GeV?)

A definitive measurement requires excellent momentum (t)

resolution and large range in t ‘)



1.2 -
esstmm s S 555550050 et i
0.8 -
0.6 x=0.0025 x=0.0066
4.oF —HHHHH— i .::I } i
1 : ..................................................................... H.........}H}
0.8-
0.6-— x=0.023 x=0.8
[ RPN BRIV BT B | pul vl
1 10 10> 10° 1 10 10® 10°

Precision measurements of F.

Q2 (GeV?)

FL ~ asG(x,Q2): the most direct
way to access G(x,Q2)

FL measurement requires running
at several Vs

In order to extract F., need at
least two measurements of the
iInclusive cross-section with a wide
span in inelasticity, y (Q2 = sxy)

Study of systematic errors shows
that they dominate the statistical
errors (for 4 tb-1/A)

= [ for 4 GeV electrons on 50, 70,
100 and 250 GeV proton
energies
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Radiative Corrections (RC) and why they are important

e RC modify the kinematics — Q2
= |nitial state: E'veam = Epeam - Ey
> photon goes along the beam line
= final state: E'out = Eout - Ey
> photon goes somewhere in the calorimeter
* RC and detector smearing effects do not factorize

= need to have RC effects implemented in the MC code
to unfold the effects in the kinematics

* Alot of RC codes exist for e+p (e.g. RADGEN), not

the case for e+A
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Radiative Corrections: VWhat do we know!?
104 < x < 103;27.5 GeV x 410 GeV

1.2 , — 0.2

' Spo(A) ‘A o8 £ 5(A)
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e Solid: inelastic radiative corrections

Ogc(4)

e Dashed: inelastic, quasi-elastic and elastic radiative corrections

= Huge effect at large y!!
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Radiative Corrections: Can we suppress things?

A

.
- - '
| < 11
[l o< |

i I“ « I

e Elastic/quasi-elastic part:

= require some hadrons in the detector

e |nelastic part (solid line):

= dashed line: after cuts Ey > 10 GeV — E-p, from hadronic state is smaller
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Radiative Corrections: Outlook in et+A
e Djangonh:

= http.//wwwthep.physik.uni-mainz.de/~hspiesb/
djangoh/djangoh.html is compiled at BNL and running

= e+A part is included but need to do more studies
= HERACLES can be interfaced with other MC codes

e HERMES code (RADGEN + e+A version of LEPTO)
installed at BNL but no nuclear effects are included

e Can compare results between eA-RADGEN and
HERACLES

= NPDFs are included!!
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