Forward Physics at STAR

Status of analysis on forward and mid rapidity correlation
measurements in p+p and d+Au
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* Introduction - Forward physics in hadron collider
* RHIC, STAR experiment and Forward Pion Detector

* Do we understand forward ©¥ production at hadron collider?

» Forward n° production as a probe for high-x quark & low-x gluons

* Analyzing power with transverse polarized proton beams
* Correlations with mid-rapidity h* in p+p and d+Au

e Conclusions and outlook
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Forward ¥ production in hadron collider
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But, do we understand forward nt” production in p + p?

At \s << 200 GeV, not really....
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How can one infer the dynamics of particle production?
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Inclusive ¥ cross section Two particle correlations
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The Relativistic Heavy Ion Collider

Au-Au
New state of matter
QGP
De-confinement

Deuteron-Au
Baseline for Au+Au
Gluon saturation

Polarized

proton-proton
Nucleon Spin Structure
Spin Fragmentation

pQCD

RHIC is a QCD lab
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*TAR

Collaboration

Solenoid Tracker At RHIC

506 collaborators
50 institutions
12 countries




*TAR STAR Detector
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Di-photon Mass Reconstruction

* Pb-glass reconstruction (no SMD)

* Number of photons found = 2

p+
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e current gain calibration known to ~10% = cross section in d+Au requires
better calibrations

* systematics to be addressed using SMD
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= Detector resolution for particle correlation is good
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« STAR data at

«(n)= 3.8 (hep-ex/0310038,
accepted to PRL, in press)

* (n)= 3.3 (hep-ex/0403012,
Preliminary)

* NLO pQCD calculations at fixed
n with equal factorization and
renormalization scales = p;

* Solid and dashed curves differ
primarilyintheg > =«
fragmentation function

STAR data consistent with Next-to-Leading Order pQCD calculations
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PYTHIA: a guide to the physics

Forward Inclusive n® Cross-Section:

p+p — 1+ X, Vs = 200 GeV
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* PYTHIA prediction agrees well witffthe inclusive =0 cross section at n~3-4
« Dominant sources of large X n° production from: !

*q+g—>q+g(2->2) >+ X

*q+g—>Qq+g+g(2-3) >+ X
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Inclusive is OK. How about 2 particles correlations?
And why forward physics at STAR / RHIC?

Rapidity gap (forward - mid rapidity) correlations
Wide acceptance mid-rapidity
detector & unobstructed view at
forward rapidity

Broad rapidity-gap range at STAR

enables broad coverage of parton
p+p —> 7+ X, vs = 200 GeV, n,=3.8 (PYTHIA, 3075)

o IDCE, < 406eVand g, — 7, | < 0.7 kinematics
% For 2—2 processes : : T
o . Spin effects W|th_ rapidity gap
5 1o correlations
O -15¢L
Z Nuclear enhancement of
§ sk : gluon field :
i A3x ~ 6x (Au case)?
3.5 | 4 * FPD: |1’]| ~4.0
“4E  FTPC TPC  FTPC |f°" « TPC and Barrel EMC: |n| < 1.0
-45 F ]
- [P0 BamelEMC - PO 114 . Endcap EMC: 1.0 <n<2.0
B B B T B T B

« FTPC: 2.8 < | < 3.8

MNGluon DIS2004, A.Ogawa(BNL)



Back-to-back Azimuthal Correlations
with large rapidity gap

Beam View Top View Fit ¢ = &_— &, .p normalized
\ / . . . . .
\ y Trigger by dlStI’lbu'.EIOIlS and with
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orward = >, S = 14111 %
//I\ ‘F >25GeV = [ B=71.8+1.3%
BAIAY P 2 0.2f g =0.82+0.06
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O =
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9
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S = Probability of “correlated” event under Gaussian
B = Probability of “un-correlated” event under constant

o, = Width of Gaussian
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Coincidence Probability (radian

p+p —>n"+h,vs=200Ce
I<13,21 = 4.0, Il <0.75

g, = 0.97+0.02

14.1
46.81x1.6 7%

os = 0.851£0.08

PYTHIA 6.222 Data
| 5 =9.58X0.3% S =11x17%
B=459103% | B=504%17%

g = 1.13x0.07

7 Picp

11.5x2.7 7%
20.3+£2.9 7%

o = 0.95£0.17

p'ﬂ',‘nr
Xp >

1.09 GeV/c

’

1.68 GeV/c

-

PYTHIA (with
detector effects)
predicts

« “S” grows with <x>
and <Pr”

* “c,” decrease with
<xF> and <pT’n>

PYTHIA prediction
agrees with data
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Q: Do we understand forward 7° production at p+p collider?

* NLO pQCD agrees with inclusive cross section measurement, unlike
lower s data

. agrees with
inclusive cross section measurement, unlike lower \'s data

* PYTHIA says large x, large n n° come from 2— 2 (& 2— 3)
parton scattering, with small contributions from soft
processes

- Back-to-back large rapidity gap particle correlations agree with
PYTHIA

—> Forward n° meson production at RHIC
energies comes from partonic scattering

» Spin effects

Important result for: « Comparison with d + Au

* Flavor tagging DIS2004, A.Ogawa(BNL)



Large Analyzing Powers at RHIC

STAR collaboration, hep-ex/0310058, .. -
~coepted by Phys. Rev. Lett (in press)  OiMmilar to FNAL E704 result at Vs = 20 GeV
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7° mesons
Total energy

Collins
Sivers
Initial state twist-3
Final state twist-3

In agreement with several models including
| different dynamics:

= Sivers: spin and k, correlation in initial
state (related to orbital angular
momentum?)

= Collins: Transversity distribution
function & spin-dependent

Ppr=101113 15 18 21 24 GeVic

fragmentation function

= Qiu and Sterman (initial-state) / Koike
(final-state) twist-3 pQCD calculations

-0.20

1 ] 1 I I | I
0.2 0.4

* p; dependence?

* Xp<0?

A with mid-rapidity correlation? < Related to “gluon saturation”???

I | I
0.6

0.8
X

F
 Spin dependence in jet?
* Heavy flavors??

DIS2004, A.Ogawa(BNL)



d + Au: Possible Color Glass Condensate at RHIC?
 related to rapidity of  3€Ne€ral expectations of CGC:

T= ln(%c ] produced hadrons. Suppression of forward particle production
A
T} Qs(r) Q4(‘F) A REW D. Kharzeev, hep-ph/0307037
Non-linear «+—— /— Linear f .
1.75
L s As'y grows
1.25
T, (kJ_) . Parton Gas 1
Fixedn, ,as E_& pr, grows PR N N ——e
BEKL ’ 0.5 e
0.25
o DGLAP 1 2 3 I 5 k/QS
Fixed;pr . ,as y grows Brahms data shows evidence ?
> > e . . (nucl-ex/0403005)
InA~  Ink7 InQ Mono-jet
Edmond Iancu and Raju _
Venugopalan, hep-ph/0303204 Dilute parton [e
system | o [ P; is balanced
(deuteron) ° by many gluons
D.Kharzeev, E. Levin, L. McLerran gives
physics picture (hep-ph/0403271) , but no Dense gluon
quantitative predictions available (yet) field (Au)

— Exploratory studies of large rapidity gap particle correlations at STAR
DIS2004, A.Ogawa(BNL)
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i = 840057
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— 0= 0.82x0.04

= 14.11+1.1
71.8+£1.37%
— 05 = 0.821£0.06

correlagtions, vs = 200 GeV

B

¥

Expectation from HIJING
(PYTHIA+nuclear effects)

X.N.Wang and M Gyulassy, PR D44(1991) 3501

GeV/c

with detector effects

 HIJING predicts
clear correlation in
d+Au

 Small difference in
“S” and “c,” between
p+p and d+Au

* “B” is bigger in
d+Au due to
increased particle
multiplicity at
midrapidity

DIS2004, A.Ogawa(BNL
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Coincidence Probability (radian

Large rapidity gap n%+h?*

w4 T correlations, vs = 200 GeV  correlation data...
AR I<N,>1 = 4.0, Il < 0.75

p+p
F S=1121%
[ B=504%1%

— 0= 1.13x0.07

0.2

d + Au
L S=2+1.1%
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— 0= 0.34x0.27
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P — Prop

0.28

0.58

Statistical errors only

« are suppressed in
d+Au relative to p+p at
small <x;> and <p >

S,p-Saau= (9.0 £ 1.5) %

Consistent with
CGC picture

Ti

< DT,W >
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1.06 GeV/c
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Fixed n, as

E & py grows

BEKL

Ty(k,) oo
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(]

InA’ Ink?

1,37 GeV/c

* are consistent in
d+Au and p+p at
larger <x> and <p, >

as expected by HIJING
DIS2004, A.Ogawa(BNL)



Systematic studies

70 spectra looks same

2 + hT correlations, vs = 200 GeV
I<n>l = 4.0, < 0,75
p+p ) d + Ay

{ pT.ﬂ>
LK

1.06 GeV/c
0.28

Raw Yield

1.37 GeV/c
0.38

R N R

n° transverse momentum (py, Ge\f/c)
e Ccross section in d+Au
requires better than 5%

calibrations

Behavior of d+Au and p+p correlations is
insensitive to treatment of mid-rapidity h*:

*LCP
* Inclusive
* Vector sum of momenta

« Changing pT thresholds & window

— Quantitative theoretical understanding of
correlations is required (where and how to
look for physics signal...)

Detector effects / systematic errors have been
studied:

» TPC efficiency & resolution
* 11 range of h* and range of collision vertex
» FPD calibrations
» Fitting functions
Detailed systematic error estimate underway

DIS2004, A.Ogawa(BNL)



Conclusions

* Forward hadron production at hadron-hadron collider selects
high-x (thus high polarization) quark + low-x gluon scatterings

* Forward n° meson production at RHIC energies is consistent
with partonic scattering calculations, unlike at lower Vs

* Inclusive cross section is consistent with NLO pQCD
calculations and PYTHIA(LO pQCD + parton showers)

* Large rapidity gap correlations in p+p agree with PYTHIA
prediction

« Analyzing power for forward ©° mesons is large at RHIC

» Large rapidity gap correlations in d+Au differ from p+p in a
direction consistent with CGC picture. More data with d+Au
(and quantitative theoretical understanding) is required to make

definitive physics conclusions
DIS2004, A.Ogawa(BNL)



Outlook

* p+p with transverse polarization

* Higher precision Ay measurement vs Xg and py RHIC delivered more
« Ay for negative xg than design

- Disentangling the dynamics of Ay, via luminosity for Au+Au
2004 Jan-Apr run.

» Ay with mid rapidity correlation
* Forward jet ? As of last week, RHIC
have reached ~50%

 heavy mesons or direct photons ? redt
polarization!

 p+p with longitudinal polarization
* Potential sensitivity to AG with % and direct photon
* dt+Au

* Precision measurement with d+Au with extended An range

e RIA measurement

 Expanding acceptance for heavy mesons/direct photon?
* Adding hadron calorimetry?

DIS2004, A.Ogawa(BNL)



Backup slides

DIS2004, A.Ogawa(BNL)



Future Options/Possibilities for p+p, d+Au,
and Au+Au(?)

« Complete FPD calorimeters

Option | -

« Add remote positioning for pseudorapidity scan
Possibility Il -

« Move FPD closer to collision point

« Back FPD by hadronic calorimetry = forward jet measurements
Possibility Il —

 Transform FPD into Forward Meson Spectrometer with
additional Pb-glass presently available from Protvino,
positioned to be compatible with future addition of hadronic
calorimetry

= Forward heavy mesons (neutral only): o—>n’, n — vy, — vy,
Kehort = 1010 DO - K, 7%(?),.-.

= Forward direct photons
DIS2004, A.Ogawa(BNL)



Towards AG at RHIC...

Double spin-correlation for midrapidity =°:

0.1 —— | : : : | |
B AR
B LL input
005 - NLO
B WS = 200 GeV i}
B ’_/_’_P_Id__— Ag=-g
1 | —— GRSV
0 ‘ ’ """ ARg=0"
005
- PHENIX
- Preliminary
-0.1 B L | L L L | |
2 4 6
P, [GeV]
1.0 T T 1
0.8 —
0.8 —
£7 1
04 —
o2l e . ]
=H=-Jet
0.0 N N N N 1 M M i i 1 i i i i 1 N N i N ]
4] 5 10 16 20
pr / GeV

Partonic processes:

1 ] ] ] ]
0.0 25 5.0 78 10,0 126 16.0
Pr / GaV

* Inclusive & surrogate for jet...

» Midrapidity particle production
primarily from partons with equal
and opposite x...

A | not large and positive

DIS2004, A.Ogawa(BNL)



Spin-dependent normalizations

. 55 beam crossings of varying polarization and specific luminosity occurs every 213ns

. Relative luminosity normalization performed with BBC's...
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Absolute normalization from BBC E.W: AbSOI Ute Lu minOSity

T\.I\ i T | T I T I i
e Measurement
wo10tE =
T f ]
& [ i STAR BBC measurements
E L . 12
- 1545‘ E 10 |
éH-‘.,.. E Average 08
1 luminosity 06 |
107 I B - AA A
. (ub™1 s™1)
50 100 150 04 |
time {10 s/=t)
BBC EeW coincidence rate vs time during a Van der 02
Meer scan that determines the beam size, and 00 |

hence the luminosity, by controlled relative steering

of the colliding beams. Day of the run (from 12/20/2001)

Scaler info sent to RHIC to enable MCR to steer

beams at STAR - RHIC delivers 1030 cm2 st

STAR pp2161
2 . - Integrated luminosity recorded@STAR ~0.3 pb!
g .l From simulations: BBC “sees” 53% of tot pp cross section,
T el BBC . -
P . Rate of 27 kHz ~ Luminosity of 103 cm s’
o] tozc
o ll*ﬂﬁa?ﬂﬂﬂl?ﬂﬂﬂn?;ﬂ..

1 2 3
vertical scan (mm)

J. Kiryluk (MIT), A. Drees (BNL)  osa G s



Efficiency Correction

Simulated 1'[“—>"r‘|' decay, =1 -3.625=c.225, =¢ =c0.1

S 100
a/ o (O TMERE25N,=2767 E=8A & pure r® within 26
> + BG corrected
2 50 z,<0.3
0 Yy
2 60 -
G _
P X
[P " o " o i —o—4—o—0—0—]
20 : ]
0 - -

—

25 a0 as 40 45 50 I 55 /0 65
E_(GeV)
* Closed = PYTHIA + GEANT pure n°
« * = PYTHIA + GEANT no jet contribution

* Open = “toy simulation”

COIT.

e +=PYTHIA + GEANT corr. for jet contribution

Efficiency driven by
geometry of 2y in “box”

DIS2004, A.Ogawa(BNL)



Analyzing powers in forward wt production

...A\ expected to be small from chiral properties of QCD...

E704: pT+ pPoOT + X Kane, et al., PRL 41 (1978) 1689
Vs=20 GeV, p,=0.5-2.0 GeV/c:
T T T Extensions to naive pQCD to
0.4 - —
+ accommodate large transverse
i spin effects. ..
0.2 o & .
P : *Transversity structure function + Collins
< 0 1—--1“& : - (spin dependent) fragmentation function
0z r - _ ek 1n polarized parton distributions (orbital
T at=0 $ angular momentum)
11’0—_-! % ’
~0.4 ™ =0 — *Higher twist effects
N A BN L
.Anselmino, et al., PLB442(1998)470
0 02040608 .Anselmino, et al., PRD 60(1999)054027

Xp .Qiu and Sterman, PRD 59(1998)014004
-~ E704, PLB261 (1991) 201.

.- E704, PLB264 (1991) 462.

-Large analyzing powers observed where naive pQCD gxpectsoliftien.



SERISETEN Polarized Proton Operation at RHIC

RHIC pC Polarimeters

g Ay BRAHMS & PP2PP ()
\k.:k

7/

Absolute Polarimeter (ﬁ jet)

L =0 s~ eam

I

Equip;nent 70% Polarization
to be
. Js =50...500 GeV
installed D
after FY03 \
4 Stberian Snakes

Spin Rotators

Partial Sibertan Snake

Strong AGS Snake
po LINAC v

2 x 10! Pol. Protons / Bunch
£ =20 © mm mrad

Pol. H Source
500 A, 300 us [~

BOOSTER

200 MeV Polarimeter Sk & AGS Internal Polarimeter

/
Rf Dipoles —¥ ¥~ AGS pC Polarimeters

Equipment/developments for runs 2 (1/02) and 3 (3/03 — 5/03)...

e Helical dipole snake magnets e B*=1m operataion

* CNI polarimeters in RHIC,AGS e spin rotators - longitudinal polarization
- fast feedback DIS2004, A.Ogawa(BNL)



Final Results for forward d+Au h* production from Brahms
I. Arsene et al. (Brahms Collaboration)
submitted to PRL nucl-ex/0403005

L =1 h'4h' [ n=22 B [ n=32 h
- 7 [ B

. I__,.-«‘**ﬂ# “ *ﬁ :

|||||||||||||||||||||||||||||||||_||||||||||||||||||||||||||||||||||_||||||||||||||||||||||||||||||||| Loavaa lovaalayvaal i alyiy
1 2 3 4 5 4 1 2 3% 4 5 a4 1 2 3 4 5 4 1 2 3 4 3 &

Rd+J'-'-.u

pr [GeVic] pr [GeVic] pr [GeVic] pr [GeVic]
2
C =0 % n=1 % n=272 h [ n=32 b
Lsf - — -
A - S S . : l
1 = o I - -
E _ e B
8- | %::Q___e: L SRt B _G_—@-'f}_el}
05 — f*** E'_D:G_—.—-H—*—
T @ 0-20%60-80% » &
- O 30-50%/60-80% - -
S T R N 12345 """ T
pr [GeVic] pr [GeVic] pr [GeVic] pr [GeVic]

Suppression of inclusive hadron production at forward
rapidities of d+Au relative to p+p observed at BRAHMS...

What about back-to-back correlati@Rs 2 o.awaeny)



Forward Physics at STAR

- ——— |
Top View

o] m& | of Tunnel Platiorm EQESTAFI
| Extension

it

- <1 radiation length
2_ between

| interaction region
°F and large rapidity
- region (2.2<n<4.5)

+

Side View RHIC Tunnel
of STAR

QR
SN

DX magnet

+
_—

N

- |
S
W i

Integral Mattes (Rad.l-ength)

STAR has significant space
available in the forward

] — direction. = well smte_d to
forward particle detection.

DIS2004, A.Ogawa(BNL)



' ' o un -2 Prototype FPD
L ol |

= [ = J[

ll H Prototype calorlmeter
located 750 cm (z,,,,) east

— of STAR interaction region

Identify/reconstruct high-energy n°—yy by measuring total
energy (E,,) in the calorimeter and the energy sharing (z,,)
and di-photon separation (d,,) with a scintillator-strip shower
maximum detector.

— Frlnn ?u;;lt, Run 1583, svent Egbr«.gg gmsla ?.|0|15|?:§;f MW ~ Etot 1 - ZYY
< . 30<E_<35 GeV
=] 300 P:ninz O1DIE-Ta] =200 .. . 2400 _
Additional energy is ® Data(2,<0.3)
240 - 200 . . ~1800 - — Simulation
: deposited in the “© == Jet contribution
100 | 3 100 . . . = 1200
: w 1 calorimeter primarily from
BT NG 0 a0 60 B0 100 multlple TCO’S

X STKIPPIT@) Y STRiP*tro.

accompanying the leading
n0. The forward jet
manifests itself as a large-
mass tail in the M.,
distribution.

(Fig. 1 of hep-ex/0310058)

counts/(0.01 Ge

AE farb units)

— —= 23 ] CH [H 4=
oo oo [=d ]




Simulation of pEEMC in STAR

« Events generated with PYTHIA (min bias)

« Events stored 1f >25 GeV pointing to “box”
Scheme: « Full PYTHIA record included with events

« GEANT simulation of pEEMC

« Reconstruct using algorithm applied to data

Wb avssmets ]
r 4843 data evts ]
) 600 [ -
Cuts applied: : | | -
500 [ .
'Etow>31 GeV : ’ _ o
.13 < SMD-Y centroid < 90 strips™ [ | MW F e i v
12 < SMD-X centroid < 48 stripg® | | 700 | 12816 dota evis
SMD-X or SMD-Y > 1 peak = et 1500 |
7 < a + Js00 |
Zy 0,3 100:*“+ | ++++ E500E
B X R Y.k Sl
M,, (GeV /%) :
. 300
. Histogram = data ;
200 |

. Points = simulation norm. to data

100
AR 50057 X V2T SO P R QAL RO T R
z,=(E1-E2)/(E1+E2))




Simulation of pEEMC (cont.)

. wo b o evts"m RSN
Angular Varlables: i 4843 dota evts 4843 data evts]
500 |- | 800 7
Histogram = DATA fill 2161 —— points = SIMULATION version 4jb i |
500 T THL7d B eEs T T T T T : ] | _
w00 | 4843 data evts R 400 - ] 800 - ETE .
200 . 300 [ _
D |||||||||||||||||||||||||||||||| [ : 400 - —
33 34 35 35 37 38 39 4 4.1 L
T 200 |-
"2076éih'i.'e'vf;3"'""'+"""'"""" I 1 200 - .
400 - 4825 data evts - 100 - f
200 n - : | | . - ! K
0 ‘a.éIIIZ‘I‘IZ,éII OHOI II4-CIHH5C|I
- X B K R R B Y S ¥ S ) {Gev/c) = (62
— -4, - } ’ (radians) 400 - Hslcglrum eEA;AF'II?iS‘I—;pchn‘lS:_I: SIML‘I;LATIOiN v‘ersllun 4]3’.‘} -
!;0” 350 E %g gg avls % 350 E_ 2184@3 _§
T SOTE S Ve T T : 300 | Efpeee 3
fgg 3 4843 data evts Slngle ) 250 | J20 ]
500 £ h vertical o Eld 3 3
050 B p oton 100 | 3 100 F 3
0 o o 502— 4 B0F =
> 4 85 8 10 1z 14 15 s . PpOSItlONs: 0 Bt
SMD SMD X2 centroid (strip)
Photon separatlon at pEEMC (cm) - I e
3502_ & 3007 45 data evis
o . . S00 £ 1250 3
PYTHIA+GEANT simulation horizontal =
o 150 £ ] 150 £ E
describes data---i’ mesons and Eil
a0 F 3 :* =
background from collisions... AR S007  © e 0 - © 93 0 8 a0
SMD Y1 centroid (strip) SMD Y2 centrc-ld | (strip))




Partonic Correlations from PYTHIA

p+tp — n® + ¥, vs = 200 GaV, 7n.=23.8 (PYTHIA, 3075)
Partcn 7 Distributions,/Correlation

———————— 2000 |20 < E, < 30 Ge Ty el
1500 _— 2
1 =-lnitan 1:,—:1 L 0
1000 — =
500 |- =2 "
. _ - — | =
Large energy deposited at n=3.8 o LAt P 1
* one parton in hard scattering : 3 0
with peak in forward direction + z : 1
broad n range . g Py .-
T U E 4 F
- /: L
o L TERRR TR PR R ° S =5 4] 5
q o g o E
s E '
* o f i
/ TCO -2 i_ ®
q :g&‘ L ot =t
o 5 = oy SIS S

other parton spread over broad

n range
DIS2004, A.Ogawa(BNL)
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