What we have Learned from the RHIC d+Au Program
M.J. Leitch, LANL
Workshop on Investigation of Glue
and the Physics & Prospects of the EIC
DNP/JTPS Mtg., Hawaii, 13 October 2009

Cold Nuclear Matter (CNM):
« Central Physics Questions
« What we have learned so far & Goals for the future
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Saturation of Small-x Gluons or Shadowing

NSAC Milestone: DM8 - "Determine gluon densities at
low x in cold nuclei via p + Au or d + Au collisions. "

Leading twist gluon shadowing, e.g.:

* EPSQO9 - phenomenological fit to DIS & DY
data with large uncertainties, Eskola,
Paukkunen, Salgado, arXiv:0902.4154

* Also coherence models & higher-twist (HT)
shadowing, e.g. Vitev

Small-x gluon saturation or Color Glass
Condensate (CGC)
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* At low-x there are so many gluons that 7= '”(%(]

2— 1 diagrams become important and
deplete the low-x region

* Nuclear amplification: x,6(x,) =
A3x,6(x,), i.e.gluon density is ~6x higher
in Gold than the nucleon
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Energy Loss of Partons in Nuclei

Related to NSAC Milestone: DMI12 - "Measure production rates, high p

spectra, and correlations in heavy-ion collisions at /sy, = 200 GeV for
identified hadrons with heavy flavor valence guarks to constrain the
mechanism for parton energy loss in the guark-gluon plasma.”

And what about energy loss in cold nuclear matter?
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Initial-state energy loss
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E866/NuSea, 800 GeV, J/¥ p+W / p+Be ratio
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Cronin Effect in p(d)+A Collisions

Cronin effect, or p broadening from
soft initial-state pre-hard-interaction
scatterings
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Jets - CNM Energy Loss & Jet Modification



Jets - CNM Energy Loss & Jet Modification

 Confirmation of the Cold
Nuclear Matter (CNM) baseline
from d+Au was essential for the
jet quenching “discovery” in
heavy-ion collisions

* Large energy loss in QGP medium
is poorly understood - consistent
description of quenching, flow,
light and heavy quarks is complex

« Jet correlations unmodified in
d+Au but strongly modified in A+A
- another (even more complex)
story
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Jets - CNM Energy Loss & Jet Modification

S.Bass et aI in arX|v 0808 0908
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* Large energy loss observed in QGP
medium, but complex to understand -
radiative, collisional energy loss, eftc.
* Need to measure & understand CNM
energy loss as part of this puzzle

e Drell-Yan measurements at FNAL
will measure incident-state quark
energy loss (E906/SeaQuest)

1.1
L E906 Expected Uncertaities
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o - Brodsky and Hoyer
z 085 | < 0.44 GeV/fm
© I

/s =15 GeV p+A
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Forward Rapidity Hadrons in d+Au

Forward rapidity hadrons are
suppressed in d+Au
 small-x shadowing region

« understanding in tferms of pQCD

effects or gluon saturation? (or
are they equivalent?)
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Rapidity-Separated Hadron Pairs in d+Au

Mono-jets in the gluon saturation Dilute
(CQC) pic‘rure give suppression of parton ®_>4_ P, is balanced
pairs per trigger and some system \e 5 ey s
broadening of correlation (deuteron)
Kharzeev, NPA 748, 727 (2005) Dense gluon

field (Au)

Tag on forward particle, look at pairs by adding mid-
rapidity particle

* no substantial suppression or broadening of
correlation wrt p+p (within present uncertainties)

* no evidence for mono-jets (so far)

PENE B STAR/FMS:
1 2 2 < py" < 5GeV/e | Slightly more
= " *++1|+* broadening for
05 & 14ct <20 - PHENIX: S"ahﬂy)
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10/13/2009 MJL

00e> TAR - preliminary (QM09)
- d+Au-> o+mo+X

.
-

£

-

0.04 |

Lo
T

" Aogaypp = 0.19£0.03

prTMS> 2 GeV/c
pEMS > 1 GeV/c

0.02

o &

1] 5

2.5
0.04

- d+Au-> O+To+X
0.03 :

* Acgpupp = 0.09 £ 0.04

002 | -

- -
i S

oo . E{FMS >25GeV/c
. prMs>156GeV/c
A 10




Outlook - Forward Hadrons in d+Au

* Hadrons are suppressed at forward
rapidity but it is difficult to distinguish
traditional or QCD coherence shadowing
from gluon saturation (CGC)

* Mono-jets are a more unique signature of
saturation, but no clear evidence seen so
far

* Forward calorimeters in both
PHENIX(MPC, FOCAL) & STAR (FMS)
promise improved measurements soon

Pro (GEV/C)

PHENIX FOCAL |
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Heavy quarks in Cold Nuclear Matter?

Prompt muons from open charm & beauty:

e unaltered at mid-rapidity

* suppressed at forward rapidity (in small-x shadowing region)
* enhanced at backward rapidity
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Outlook - Forward Heavy Quarks in d+Au

* Robust measurement of open-heavy at forward
rapidity contrasted with complementary
measurements at mid-rapidity using vertex
detector upgrades - VTX/FVTX (PHENIX), HFT
(STAR)

« Charm & beauty via semi-leptonic decays, with
separation via detached vertices

* Exclusive measurements of beauty with

B> J/NV

 Access to modified gluon structure functions
in nuclei

 Separation of initial-state gluon energy loss
using measurements at multiple energies (like
E906)

 c-cbar correlations via e-u measurements
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J/y CNM Physics - PHENIX, E866, NA3 Comparison

1.4

Suppression g Fqe=1696ev?
- 1.2

not universal of pps. ALY I
VS X, as e oeNoE T o
expected for /

shadowing

0.2
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J/y a for different Vs collisions
E866 p+A & lower-energy NA3 at CERN

0.0

0

1.1

| PRC 77,024912(2008)

Closer to scaling with x¢ or rapidity
* initial-state gluon energy loss?

0.9 i @ Energy loss of incident gluon G
? ::1::? shifts effective x; and A D
o produces nuclear suppression \
0.8 = S :
? which increases with xg Xp
07k 19 Gev * or gluon saturation?

139 GeV | R I | |Gluon saturation from non-linear gluon
oe L @ PrENX(00Ge) interactions for the high density at
102 107" 2 -1 yD 12 3 Ismall x; amplified in a nucleus.
2 cm
(X, is x in the nucleus) high x
Scaling of E886 vs PHENIX better vsy,,
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Comparing Open & Closed Charm
Isolating Initial-state Effects

E866/NuSea 800 GeV p+A

Open-charm p+A nuclear dependence (single-u p+> 1 GeV/c) - very similar
to that of J/Y¥:
e implies that dominant effects are in the initial state

* e.g. dE/dx, Cronin (since shadowing disfavored by lack of x, scaling)
« weaker open-charm suppression at y=0 attributed to lack of absorption
for open charm

Open Charm - E866/NuS
Creliminary) | ] .
Lk O J¥ - E866/NuSea ] Need to follow this example
s D BT | at RHIC in d+Au collisions
B :
o--o- DBy o | Will be enabled by Vertex
0.9} %ﬂﬂﬁ‘a {  detector upgrades
| ox,) =0.960 ( 1-0.0519 x_ - 0.338 x°,.) 0\8\_
0.8 — O
0 0.5 1 1.5 2

yC.]Tl.
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CNM Constraints from d+A

u on A+A data

EKS shadowing + dissociation
from fits to d+Au data (using 08
R. Vogt theoretical calcs.)

PRC 77, 024912(2008)
& Erratum: arXiv:0903.4845

R

\

—m— PHENIX Au+Au Data |y|<0.35 (syst, = +12%)

globa=

EKS Shadowing 0 0a = 2.8_2“_1‘ mb

Au+Au
mid-rapidity

| T T T ‘ T T
>
c
+
>
c
=

i for'war'd r'apidi’ry @

—e— PHENIX Au+Au Data |y|<1.2-2.2 (syst = +7%)

globa=

]

\ EKS Shadowing 4o, = 2.8_'33-15 mb
_

N

—a—ip

by

et e :
... +11% Global Systematic -
1 ....... N s_m_q_l_l____x i
d+Au [
50 ~ i
EKS Model RS 0.6/
- FTe® PHIEENIX
------- Opreakup = 0:1,2,3,5 mb (top to bottom) - 0.4
| — Best Fitoy,py,,= 2.85; mb
co ey s P b L by 02
B2 1 o 1 2 3 i
Rapidity
G

50 100 150 200 250 300 350 400
Number of Participants Au+Agl



Rep

New CNM Constraints from d+Au on A+A data

New CNM fits using 2008 PHENIX d+Au Rcp - (Tony Frawley, Ramona Vogt, ...)
* similar to before, use models with shadowing & absorption/breakup

* but allow effective breakup cross section to vary with rapidity to obtain good
description of data

* large effective breakup cross section at large positive rapidity - initial-state

dE/dx?
0-20% 0-20%
0-20% N inv /< NCO” > 18;_ EKS98
RCP — - @ PHENIXsys  +5.0-4.1mb
N 0-88% / < N 60—88%> 165 Case
inv coll 1aC HERAB H

o = S T T v o = SVCVE U= 12; EKS shadowing H
14 Initial d*Au J/¥ update from4 &, 1 %

E %3 new 2008 data (~30x 2003) | &' $ '

e = [ E ‘g‘z 8:_ t
-:1.9;— @]%] % —; g 6;— H }
0.8 = A HM E

- PHENIX Preliminary #j : o i f
07-45.05% Global Scale Uncertainty E%] E - m
0.6E-0-20% E 0F

:_'2_51{"42' .2_|||||\|\||||||||||||\|\||||||||||\| | | Il

y 2 15 1 05 0 05 1 15 2
rapidity
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New CNM Constraints from d+Au on A+A data

Example of Comparison of Anomalous Suppression of RHIC & SPS in
A+A Collisions (QGP) after dividing out d(p)+A baselines

Not a PHENIX Result
under Uses Preliminary PHENIX d+Au RCP (QM09)

R e I ' I ' I

[ |
Caution - Many SSm | 6l EKS98 CNM baseline | ® PHENIX AutAuy=0
, s - m PHENIX Aut+Auy = 1.7
systematic construction . PHENIX Cu+Cuy=0 |7
uncertainties on 4 PHENIX Cu+Cuy = 1.7
N - NA60 In+In
relative (SPS vs RHIC) . NASO Bhomn

energy density scales:

i

Use tau*energy

density scale
) i L
* but is tfau same or & 06k HNH i
different between SPS L Eﬁg“‘; b“*esé;i:;"eb'mel‘_‘ sys | H
1ae DOXES - dseline sys

& RHIC ener'gy? 0.4 (global for each data set)

] ] | ] | L ] 1 | ] |

0 | 2 3 4 5

2
t*e (GeV/Am /c)
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Upsilons (15+25+3S) in d+Au

STAR Prellmlnary
80 | T I_

- : — unllke sign
S p+p PHENIX PRELIMINARY 70 d+AU+ I 3
”§ 10 B ¥ pp @ ~Ns=200 GeV |y|<0.35 o like sign 1
@ ; —— Measured Yield E d+AUNsNN'200 Gev
S 2 Total signal 50— -
~ L
< 10ws Gz Wy % - STAR -
S Sy g + (H. Liu)
g 30 i
% 1w // B Correlated cc and bb - H +' +QM09 .
i % W Dred-Yan 20 + - + + -
102 -
% i 10 o +++
§§:§\\\“:"..b ?.J..“*+:"; |"| L L I H
15 O T e e s
;\\\ M, (GeVic?)

N

3 4 5.6 7. 8 910
e‘e invariant mass [GeV/c’]

E772, p+A—> p'

Integrated Cross Section Ratios

Just beginning to explore Upsilons
GT RHIC . C CaFe
* enabled by increasing luminosities ig%

= ~ -8 500
* Known to have strong CNM effects <> .o “hm
from FNAL measurements e A
[ .Y]S
o=r UY25+35

10 1(I)0
Mass Number
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Outlook - Quarkonia in d+Au

* Increased accuracy of J/¥ measurements via higher statistics and continuing
efforts to beat down systematics
 Adding other pieces of the J/V¥ puzzle
* Y at forward rapidity separated via FVTX
* x¢c With calorimeters + dileptons
« Complementary open-charm measurements to separate initial-state and
final-state effects
* Better p+p measurements to clarify configuration of the c-cbar or b-bbar
states that travel through CNM
* Increased luminosity for more useful yields of rarest states, e.g. the Upsilon

18] Exses
E @ PHENIXsys  +5.0-4.1mb
16 !
E - EB66 _
14 . HERA-B LT T T T T i T T ]
- ' 1.6F ® PHENIX AutAuy=0 ||
12 ' ) m PHENIX Au+Auy=17
_ L . I + NAGO Intln 1
.E 10 s 1.4 A NAS50 Pb+Pb
:f 3: % P @ 1.2+ [EKS98 CNM baseline
- - : “« I 0} ]
s [ | ) T h < | --{k- Ll o A e =]
e gl . @H =i
. Tl [ _
C . il 17 " !
a; $ ﬁ it iuaHH {H <08 @ W E 7
N i . u L 4
7 £ 00 1 47 T _ % 0.6 E ]
MA3 (12 GeV) ...: L - Namrow b corrclated Eﬂ 8
T S Cranie o= T v 0.4} Wide b CNM baseline sy i
. PHEN D (200 SeV) _| Lova v bovs b biv bvva bvwan bevan baaa - L L 1 s
L LA 2721541050 05 1 15 2 0 100 N;{ﬂ? 00 400

rapidity
yc: m
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Photons & Gamma-jet - Probing the
Gluon Structure Function at Small-x



Au+Au\[s,,, = 200GeV, 0-10%

3 18
s n
1.6 N
PH  ENIX PHENIX preliminary
1.4 - 7°
1.23— -

0.8/

T

—=-dir. photon

0.6 f_ +
04 éﬂ l_: _ ++ +
0.2 ;— e =r‘.l;|.;||§|-;h' I‘i? iiiii ‘ +
) PRI IR EEPRTN EPENE EPE AN P e TSR BN IR
1] 2 4 6 8 10 12 14 16 18 20
pPT(GeVic)

Initial State with Direct Photons

Isospin, Cronin, shadowing, dE/dx
Vitev, nucl-th/0810.3194v1

(data all PHENIX preliminary)
] | ] | 1

| I
dNidy=1150""
370
¢'? = 200 GeV

Au+Al, Coh+Con+ AZ(IS)
AusAl, Comi+ AE(IS)
CLHCU, Con+Cony.+ AE(IS)

CLCu, Conv.+ AE(IS)
Al+AL, Incoh+Cony,

CLCU, Incon. +C0ny.

R, O-10% preiiminary Au
R, O-10% prefiminary Au (ft]

Au+Au photons have some modification at higher p+, but may be
just CNM effects - i.e. Cronin & neutron vs proton (isospin/charge)
effects - need d+Au direct photon measurement!
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Outlook - Direct Photons in d+Au

* Direct photon measurements at forward rapidity with
forward calorimeters contrasted with same at mid-rapidity
* Gamma-jet measurements to access nuclear modifications
of the gluon structure functions

—
P direct
photon

E =
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Other Physics at Forward Rapidity

(not covered here)
M 127 a::Hme AuAu UPC s> =200 GeV
Ultra-peripheral A+A collisions E b < lunle-sign ek
. S "k [ Juw
* quarkonia - nuclear gluons at small- ol T e coterent ontnam
o . E - t‘._ """" max/min e’e” continuum
X via electromagnetic probe Sl arXiv:0903.2041
o 141 ub! Au+Au
Drell-Yan probe of anti-quark sea R . S T 1
distributions at small-x L st B Reviedy
* need vertex detectors to suppress
back riounds PR.L ?3. 2.30|4 (?.9?9? (r.]e?-?X/?g?(S(.)lO)
9 . Drell-Yan at FNAL
3 o~ JNV(3.097, © 1.
= L E866/NuSea @
; 1 (3.686) ~12% of total statistics ;
0} - Ll \9/ O‘
10° } D: O ol a
[ i, Y(9.46) - "E866 R(W/Be)
i0 "‘ﬂ—‘h\ Drell-Yan events el m ]FI' N | E772 R(W/D) |
37 \‘H O o =" %0s o1 " Tous
4 5 [ 7 & L) A:;IC' X2

Dimuon mass



Extending Gluon Saturation & Energy Loss Studies to EIC
(a few comments)

Gluon distributions in Nuclei L)_L/I_/B_ _

« DIS with wide x coverage & large luminosity 4

*p, ¢, J/¥ production on nuclei % . — 5
» spatial dependence of distributions P 2
 Forward y production (DVCS) <] sy,
 Diffractive interactions with (colorless) multi-gluon ~|s @,

virtual excitations (Pomerons) : /@5 J

i BFKL

D

Energy loss & hadronization in CNM
* DIS hadron & heavy-quark production

=
3
i
2
©
=
| =
<]
=
In
l'ls i

Electron in e+A is clean well understood probe
* But d+Au is direct gluon probe, e+A is not

Synergism between e+A and RHIC/LHC .
* Initial conditions for QGP - Small-x gluons? Glasma?

* Energy loss & hadronization - CNM vs hot-dense
matter - consistent theoretical picture?



saturation
region

In 1/x

In QX(Y)

Summary

Y

BK/AJIMWLK

/i\BFKL

* How are gluons modified (saturated) at small-x in a nucleus?
 what picture do we work with - pQCD or CGC?

« How do gluons and quarks lose energy in nuclear matter?
 Use forward calorimeter to look for mono-jets
* Robust measurements of charm & beauty to pin down heavy—
quark energy loss and shadowing

* lower energy runs to help separate these? _ :
* Measure all the quarkonia with complementary open-heavy via' X
increased luminosity & upgrade detectors
* Access gluon structure function modification at small-x via
gamma-jet using forward calorimeters

perburbeﬁve region

o)
a

m -

PHENIX PRELIMINARY
PHp @ N5=200 GeV |y|<0.35
—8— Measured Yield

AN, /dm,, [ GeVic' )}

d+Au vs=200 GeV

g 1.2 RRAHMS, PRL 43, 742303 (2004}
e Lo BRAHMS h-
1 F# BRAHMS b
L* Preliminary STAR n°
0.8 - r# t '~

<H>=2.2 u

0.6 * wnrm3 -5

- P direct
o _ ar d <n>=4.00 q photon
' > &
R S R S R - S S p &g \\§

pr(GeV/c)
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Other Physics that may Play a Ro

da(Fe)/do(D)

Intrinsic charm

Vogt, Brodsky, Hoyer, NP B360, 67 (1991)

1.00 1 I 1 I' I |

0.75
0.50
--Kz=0 ILC
025 — — =+ =0 —
... 0'd=0 E772 J/V¥s-
0.00 1 I L | ] 1
0 025 05 0.75 1
Xq

o

Sudakov
suppression
(energy

conservation)

Kopeliovich et al,
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E866/NuSea Open Charm Measurement
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Anomalous Suppression vs dN,/dn
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Upsilons Suppressed in Au+Au, what about d+Au
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STAR/FMS QMO9 Results
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Broadening smaller for correlations of higher-p; m%s
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