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¢ MPC'EX = projections only
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MPCs : lead tungstate calorimeters: %, n
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e Forward: qg—qy
dominates at low-x

Ry =

Y prompt

Accurate i® measurement is crucial

g

( Yincl
) Meas
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LARGE RAPIDITY:
p+A : low-x, gluons
pT+p : high-x,quarks




MPC-EX Preshower
reconstruction of % and v, at forward rapidity

1.8mm x 15mm

Installed prior to 2015 run €= “minipad” Silicon sensor
SVX4 readout

Cross-Section View:

2mm tungsten

arXiv:1301.1096 A Minipad Micromodules
(X orY)

Silicon Tungsten Sandwich Calorimeter



How does it work?

1) MPC: Shower energy
=>» vy Invariant mass

Opening angle
2) MPC-EX ) Energy Sharing 40 GeVy
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Quark-gluon plasma
and
hydrodynamic
expansion

P(d)A simple
systems

Initial state Preequilibrium

CGC/R_G
Correlations

Unitarity?
CTEQ6.5partton
3.5} distribution functions

Q% =10 GeV?
3.0

25 Gluons dominate the soft constituents of hadro
** |-But density must saturate...

b
[=]

How is the QGP formed?
What is it’s initial state?

Can it be described by the saturation of gluons?

2.0

Is there a Quark Gluon Plasma
Formed in simple systems?

0.5

Momentum Fraction Times Parton Density

0 | s i
0.0001 0.001 0.01 G:1 1.0
Fraction of Overall Proton Momentum Carried by Parton



Descriptions of Cold Nuclear matter
The Color Glass Condensate (CGC) a dynamical theory

240

1 Saturation of low-x gluons P W
* high density =

= Recombination of gluons, ;-

= suppression @ low-x o
» Characterized by Q;
= Nuclear Amplification
= XG,=A3xG,
e We can exploit this
behavior

o
A1/3

Look for suppression in pA/pp

0.601

Fraction of Overall Proton Momentum Carried by Parton

Central: 1=.23 Q;; =2.5GeV? x, =.01(Kharzeev, Levin private communication)

Cartoon Qs = Qo.s (
1107 ,
L Saturation
o 1_.0 1074 . CGC /"’/
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E J F.
'Eo i .
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Q(GeV?)

Min Bias: 1=.23 Q7 ; =0.9 GeV * x, =.02 (Alacete,Marquet Phys.Lett.B687:174-179,2010) 8



Suppression low-x: d+Au/p+p

Getting to low-x:
Require 2 back to back 1
Forward particles in MPC
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- d+Au 60-88 pr“'“ d+Au 0-20 p;“'“
-1 —
10 - S 0.5-0.75 GeV/e * 0.5-0.75 GeV/e
B O 0.75-1.0 GeV/e " (.75-1.0 GeV/c

(130 _ P "+ p.e " 5 1.0-1.5GeV/e 4 1.0-1.5 GeV/e

Au 1 i i i I 3 i P L L ek
JSan 10 xirae 107

PRL 107, 172301(2011)

5, =L Nitas %G (%,Q%)
u alr 2
(Near) Npip  AXG,(x,Q%) Low x gluon suppression, CGC?
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Prompt photons as a measure of the gluon

distribution
e Other pQCD inspired descriptions of data

Qiu, arXiv:0405068

— pQCD shadowing: higher twist, coherence  pominquez, Marquet, Xiao and Yuan: ™™D > cGc
— Phenomenological models: Energy loss, multiple scattering Vitevet al. PRD 74, 054010

 dAu @:."e""n G
RO
— Multiparton interactions

(a) {b) (c)

— Deuteron parton distribution at high x now well known
o 14
= pA, direct photons : MPC-EX § :(2)
E 0.8
Benchmark direct photon measurement of the S 0.6
gluon distribution: use empirical fit to data for é‘:’: 0.4
PDF and nuclear shadowing N 0.2

|

Strikman, Volgesang
arXiv:1009.6123

RGPb(X, QZ) —

......

xG,(x,Q")
AXG, (x,Q%)

EPSO9NLO

......

||||||




Direct Photon Simulations (rt° cuts)

Basic cuts: remove
7°,n, charged hadrons

For pI>3 GeV:

2.9% efficiency for 7°

31.2% efficiency for direct
photons
dir/(frag+dir) = 57.4%

104

—_—
U

2,

Counts in simulation

—
o

-All good tracks

S

d

an

0

-1 photons

»

=Hadrons
—Decay photons

-Frag. photons
-Direct photons

/ r° photons

P e
: \ B
B \ | B
S B Frag photons L
__ irect photons I
E 11 1 1 I 11 1 1 l 11 1 1 I 11 1 1 ' L1 1 1 l 111 I | 1 I 1 |
1 15 2 25 3 35 4 4.5 5
P, [GeV]

Simulation: 868M pythia MB events
~ 1073 of expected sample
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Systematic errors

Yinl dAu dAu
Ry: ( ! )Mcas RdAu _ 1 yhi{:}{ * (1 1/RVT? )
(), (Neont) /47 % (1—1/RF)
Quantity value
Ry 1.34
systematic error A R}, / R}, correlated between || 7.2%
dAu and PP from knowledge of n® Cross section
systematic error A R, / Ry uncorrelated between || 1%
dAu and PP Residual error from energy scale
systematic error Ayi,q/Vime uncorrelated be- | 2%
tween dAu and PP Residual error from energy scale
relative systematic error on (No) 3%




Projected v, Measurement of nuclear
gluon distribution as benchmark

—
B

[Q*=9GeV]
N

G
-

o
T

Projected
90% CL

e
B

Present limits

EPS09 Nugear Mod. R
(o]

o
N

WIII|III|.L-..-.-.

(s =200 GeV, L, dt=150 nb™, L dt=50 pb", |z|<40cm

II|IIII|IIII|IIII|IIII|III
2.5 -2 -1.5 -1 -0.5 0

Logw(xgluon)

=l

Prompt photons in MPC-EX = Precise Measurement of the Nuclear Gluon PDF

A measure of the initial state?.... BUT



A problem (?) with the simple system picture: “the same side Ridge”

PHENIX Mid-Backward(MPC) Particle/Energy Correlations

1.06c (c)® P, 20-40GeVic 1 14 Note: at the LHC
CentralTrack — 1.04F ’ = I same side “ridge” is
MPC Tower % 1 020 PH%ENIX 20 N 1.21 seen in very high
: A I N N Z multiplicity p+p
Correlation o 1'00}';&"“ oy £ LR s collisions. RHIC
0.98:"“ ‘ x YVl d+Au 0-5% ’ | 8: experiments are
D A i | ¢ looking for them

now

24Pb \s,=5.02TeV
' 0.5<p] <4 GeV

Same side “ridge”

1.

5 =long range IS

s , 3<|An|<4 )

g rapidity ”“/'j\:_ - Explanation?
correlations

Effect is on Au going side 14



Hypothesis |: Flow (Hydro) in a (assumed) thermalized sQGP in small

systems
0 25_Il LI I LI | LI I LI I LILILBL I LI l LU | I l_
- 0-5% d+Au @ 200 GeV  (a)]
0_20-_ ] pion + _
- @ proton 7
015 Central arm : + 5
> 1 :
I : ] 1
0.10[ .
t] i viscous hydro. ., .-
- 005 n/s = 1.0/(4n) ]
n ) . z -
_ i < =—pion ]
V2 :< pX2 py2> @ | "9 PH--ENIX R proton i
_I_ lnitial State I T’I 1 I L1 1 1 | L1 1 1 I L1 11 I L1 11 I L1 1.1 I L1 11 | 1 l_
px py Color Glass Condensate? 05 1 0 1 5 20 25 30 35
t=0.0 fm PRL 114, 192301 (2015)
Initial state fluctuations also T e pT (GeV/c)
provide spatial asymmetries 1 N = ..
but thermalization is AN Lowe_r limit S.et by Gauge-
assumed =N Gravity duality. Really?! 15




Hypothesis Il: Initial state fluctuations “inflated” to long range correlations

| | | 1 | |
- 0.06 F 110 <N < 150 -
<
N 2 <|An| <4
'..CS L
o P 0.02 ) p+Pb F -
3 N A g
000 L=
Ag (rad) | | | | | |

t~0.6 fm

«:

Pre-thermalization;
Glasma?

Initial state:
Color Glass Condensate?

arXiv:0804.3858 (2006)

Glasma contribution

0 1,2 3

CMS Data compared
To Glasma model
Q,%(p)=0.504 GeV?

Dusling, Venugopalan

arXiv:1211.3701 (2012)
arXiv:1302.7081 (2013)

Other explanations exist:
e.g. Multiparton interactions

16



2015 data

* Previous results were from d+Au collisions, which have a natural v,
because of the geometry of the deuteron, hence pA

e Added high multiplicity trigger using Forward Vertex Detector (pp)

* Present Analysis on pp, pA:

e Correlation analysis on pp, pA:

e All combinations of central arm (including Central Barrel Vertex) and high rapidity
detectors (Forward Vertex, Beam Beam Counters, Zero Degree Calorimeters, MPC-EX)

e Reaction plane analysis is also progressing

Together with out measurements of the prompt photons, and the SSA in pA, we will
need to assess whether we are measuring the true initial state, or some later stage in
the evolution of the system. Prompt photons, should provide a powerful probe.




Single Spin Asymmetries (SSA) from the MPC
Plans for MPC-EX A, Prompt y measurement




Single Transverse Spin Asymmetries

16" -6~ A\ ~ difference in cross-section
Left @ ..... A = . . between particles produced to
' Pol+0, theleftand right

0.6 T | T T
i E704: Left-right T
Theory Expectation: 04 | asymmetries } i
Small asymmetries at high energies A, for pions: ~
(Kane, Pumplin, Repko, PRL 41, 1689-1692 (1978) ) 02 .3 - - ]
m g
g A 0 =
A\N oC \/~ A\ 0(10**) Theory N ~E
S 02 | \E\“‘E\ T .
Experiment: 04 *}J}
(E704, Fermi National Laboratory, 1991) han i
T ] | ] ]
—> 7+ X 06
pp AN 0(10_1) Measured 0 0.2 0.4 0.6 08 1
Js =20GeV X
2p, 7F

What happens at high energies? " \@
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MPC:EM clusters, i n

= 0.12
< -
.. pT+p >EM cluster+X @200 GeV
0.08 ® 3.5<[n|<3.8 ‘
0.06|— O 3.1<n|<3.5 %
0.04:—'2 ®
- i ©
002, (__:\_‘.
ol e0e®e &
-0.02}.
I I
004 PHTENIX | | PRD90,012006(2014), , , |
0.6 -0.4 0.2 0 0.2 0.4 0.6
Xg

SSA’s negligible at backward x;

SSA’s persist to RHIC energies
~Independent of energy

Qiu and Sterman PRL 67 (17) 2264 this is reasonable for twist 3

0™Mp SSA@RHIC

pT+p >0 +X@ 62 GeV

0.15— @ PHENIX n° 3.1<n<3.8 (s=62.4 GeV T

| A E704 ° {s=19.4 GeV [
— % STAR° <n>=3.3, {s=200 GeV

1 ¥¢ STARn? <1>=3.7, {s=200 GeV

Compared to

19.4, 200 GeV [ ._
il
0.05— #* Y STAR
D+e”1wpﬂ/fmx
_I | | | | I | | I | ‘ | I | |PRD I90" 012006(20l4) | | I |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
< I ‘(a) | PRD 96, 072008 (2614) | T ]
® 1 ()=3.52, {5=200GeV)
02? PHENIX ¢ 20 (131.1<\;\<3‘f;, \'5:6;4GeV) ® 7
% 1° (N)=3.3. Ys=200GeV) |
| STAR, o (<2>:3.7, \ézzooe:w ]
Compare d B E704 71 w° (1.0<n<4.6, \s=19.4GeV) i% |
0 0.1+ 17 A 7
to rt*s , ? I JSTAR
i o, % ’{HX + PHUENIX -
o_o*i*ﬁ* 777777777 -
i - pT™p >N +X@200GeV
0.2 04 0.6 0.8



“initial state”

“final state”
Fragmentation
functions

Sources of Transverse SSA’s

Sivers effect Twst-3

TMD: Correlation between nucleon spin and parton K.

Phys. Rev. D 41, 83 (1990 Sep Note: TMD <Twist3 ©
Phﬁ. Rev. D 43, 261(, (1931) do’ OCf %,k ) D (2)

7
Sivers distribution

Twist-3: Quark-gluon correlations in polarized hadron
Phys. Rev. D 59, 014004 (1998)

T r (X, X) = jd

Qiu-Sterman function

“Collins effect”

TMD: Transversity distributions + Spin dependent
fragmentation functions 3 i =
Nucl. Phys. B 396, 161 (1993) do o« \5CI(X)" |\'|1 (Zz, kl ?

~

Transversity Collins FF
Twist-3: Transversity combined with twist-3
guark-gluon fragmentation function

Phys. Rev. D 89, 1115011 (2014) o’



MPC: EM cluster p; Dependence

o : - ; 008
. Predlct|9n. Collln?ar H|gher Twist <" p+p _s Cluster + X, (5=200GeV
Calculations predict A, is power 0.07=
suppressed in p; 006 @ Xg2 0644 ¢
- L X< =U,
- PRL97 082002 (2006) 005 T ¢ +
« PRD74 114013(2006) 0.04F |
* But we see no significant drop at 003E ®
high p;up to 4 GeV 002 ° ®
_ 0.01F
e Twist3 fragmentation functions are = Q .. [
. . O b - L e
able to get this general behavior. = S j
-0.01E" PHENIX
e Kanazawa, Koike, Metz , Pitonyak PRD = | | | | | | | | |
_D_DEIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

89 111501(2014)

—

1.5 2 25 3 3.5 4 4.5 2 2.9 6

PRD 90, 012006(2014) P (GeVic)



“Direct” photons

e More information to address the source of these asymmetries
— Need more targeted measurements

=>» MPC-EX: SSA of direct photons : no final state contributions (Collins)

e Direct photons: Issues, Experimental and Theoretical

— We measure prompt photons = direct + fragmentation photons. Fragmentation functions
do have Collins
e Theory: include fragmentation photons directly in calculations SSA
* Experiment: Various cuts can change the direct/frag ratio

— Experimental: Backgrounds from 1, n—> vy also carry SSA

; 1 1
AJ‘_&' — (]- L F}-‘ql??ﬁﬂ.‘:‘ — FAH- FERv-l = S/B — 034‘

* In separate analysis:
— Tune cuts to enhance n°/n yield
—>accurate measurement of 8A; (improve A® A "in the meantime)
=>Minimize errorin Ag



Prompt (Direct+Fragmentation) SSA projections

4 Expected Asymmetries of Prompt Photons

= 0.12 :
- If “sign
0.1~ :
- mismatch”,
0.08— i
- arXiv: 1208.1962 A-ss.u.mes Sivers
0.06 —— ToePP T “initial state”
0.04— only
0.02
0 PRSP CLLEL L, o
E .
'0-02:.//:’/fj\ Assume SIDIS extraction
0 04;’/,/- Ay " Vgiee: (Sivers+Collins)
s +Ygireet (Collins)
0.06~ Vs =200 GeV, P=60%, Ldt=50 pb"’
- | | | |
008454 0.5 0.6 0.7 0.8
Xg

Kang, Qiu, Vogelsang and Yuan, Phys Rev. D 83 094001 (2011)
Gamberg and Kang, arXiv 1208.1962v1 (2012)

VS =200GeV,n =35

AL

N
0.2 0.4 0.8 *F
—-0.01
—-0.02
-0.03
—-0.04
-0.05

—0.06

Kanazawa. Koike, Metz, Pitonyak, PRD 91 014013(2015)

There have been Issues in understanding SSAs
such as the “sign mismatch”

between the SIDIS extraction and the

Twist -3 extraction.

A prompt photon measurement will add completely
new information in understanding SSAs 24



A unique direction for RHIC: Polarized pA
MPC-EX A\ to study Spin/Saturation

P(d)A simple

Polarized pp
Transverse
spin

systems
CGC/R_G
Correlations

Polarized
pA

25



Spin Dependent Cross section in pA

Kang, Yuan: PRD 84, 034019 (2011)

»2

dA\ K L d - .
dyhd;PM B (27)2 / _z,/dzph'Tf(SL Pyr)aih(21) Np (22, k1)04(2, Prr)

i

P ~ zki + Par
[(S1, Pur) = |SL||Prr|sin(on — @)

gﬂ::p’;:o CGCinspired k. dependent unintegrated
Gluon distribution function
1 K2 /2
N (x,k, ) =—e '@
Transversely P S
polarized
h(z,) kim
proton (1) :
Collins Fragmentation
Function
! % /(A-8%)

. 2
5@(z:pl) ™~ (ﬁg . {52)3ng
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Spin Dependent Cross section in pA

Kang, Yuan: PRD 84, 034019 (2011)

dA K Ld ] ~
dyhdﬁghj_ = (QWJE/ ;/dEPhTI(SJ_-PhT)ﬂflh(ﬂfl)A'F(Igrk@z%)
TR~

Py = zk, + Pyr

! [(S1, Par) = |SL||Prr| sin(on — o)

ZTZ:LV;:O CGC inspired k. dependent unintegrated
N Low-X Gluon distribution function
1 i
Ng (k) ==
Transversely polarized p S
proton

Collins Fragmentation
Function

1
€

gé(zpi) ™~ (ﬁg _{52)&;2 ’
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Spin Dependent Cross section in pA

Kang, Yuan: PRD 84, 034019 (2011)

dA K Ld g ~
dyhd;PM = (Q,h_)g/ ;]dEPhTI(SJ_-PhT)Ilh(El)@iﬂgr%z@)
rEp

Py = zk, + Pyr

! [(S1, Par) = |SL||Prr| sin(on — o)

Relative to

Quark jet GC inspired k. dependent unintegrate

Gluon distribution function

N (x.k,) :ize—ki/Qs?

(N

Low-x

Transversely polarized p
proton

Collins Fragmentation
Function

1
€

gé(zpi) ™~ (ﬁg _{52)&;2 ’

28



Polarized p+A Collisions

as a measurement of Qg

~
pp—h Q 2
AN thi <<Q32A SA This is one mechanism. Others:
e.g. Sivers: see Boer et al. PRD 74, 074018
2 1/3 Kang-Xiao arXiv 1212.4309
Qsat,A — CA Qsat, proton Odderon (3 gluon)exchange: Kovchegov
arXiv:1201.5890

Kang, Yuan: PRD 84, 034019 (2011)

* Dependence of Q,, on A, centrality
» Find Q

29




RHIC 2015 Polarized pA Run

e Dates: April 28- June 8 (45 days, 36 for physics)
e £ (beginning of store) ~ 8.8x10%%/cm?

 Pol =55% (goal:60%)

e [44r=198 nb! (goal: 190nb1)

* reached pp goals as well



L

pPAU

L ,=50 pb™
|z|<4O cm, P=60%

A|\p[A_) h

ANpp—>h
PhZJ_ <<Q52A

"~/

Q
Q

=190 nb™

2
Sp
2
sA

Projections for the 2015 data

R? 652 /pr

-0.2

-0.4-

Q75 =0.5 GeV

"fl‘lll

lll'lllTllllfll

Peripheral QP =1 GeV

i
/st.at =1 GeV
e i—

Qr.,. =1.5 GeV

||||||_1_|_|J||||J1||||||||J_|_|_|||||_|_|_]_|

2 25 3 3.5 4 4.5

P, (GeV/c)

Kang and Yuan predict

Odderon mechanism
(Kovchegov and Sievert)
predicts - 0
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Summary: MPC/MPC-EX

* pA, Simple systems
— Saturation?

e Suppression at low-x (yes) systems
CGC/R_G

P(d)A simple Polarized pp

Transverse
spin

e v at low-X
— Long range correlations (QGP? CGC? Other?)
 Polarized pp, Understanding proton SSA

Correlations
— 1Y, 1 SSA’s exist at high energy? (yes) \
— (Getting at the source: Sivers, Collins, both? other?

 Behavior of Ay: py distribution, in hadron Ay (flat) Polaized
* Prompt photon measurement P

e polarized pA SSA
— (Getting at the saturation scale

Blue: first measurements done, more to do

Red: New measurements being done .
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Observations

T T T T T T T T T q
1.04F a) @ d+Au 0-5% (BBC_Au) 104~ b) ® d+Au 5-10% E

E 1.0 - <3.0 GeV/ E E - 1+2c,cos(Ad) E

1.03f <Pnaggs eVic 3 1.03 ----1+2c;l:os(2;\¢] _
oz |11.,;g,|< - 4 102f - 1+2c cos(3a0) E
= E 3 - 1+2c cos(4A0) 3
< 101f . .
(&) 1.002

ooofg . |

0.98) ) 3 ok E

o7k Alsso.lAu-qomgl._ -3.'.-’I<r1<-?.1_; . 1+)3I2|::nc<|:s(nal¢)

.05 ¢) @ d+Au 10-20% 3 ‘-USE d) ® d+Au 20-40% —

C(A9)

T
PH ENIX
preliminary 3

2 3 4
A¢ Ap

0.98F 0.94

(=]
i+]
w
Jufe
(=]

On Au going side
Centrality dependence as you might expect

C(A0)

C(A0)

C(A9)

a) ® d+Au 0-5% (BBC_Au)
1.IJ<pT"ig<3.D GeV/c

b) ® d+Au 5-10% E
-- 1+2c cos(Af)

- 142¢ cos(24¢)
1.02f - 1+2c cos(3A¢)

- 1+2cdl:os(43¢) ..

1
2
|

1.04

1.03

1.0

]

o= S < -

1.0

1.00

0.99

0.98

Asst!d-going, 3.1<1<3.9

1.05~ c) @ d+Au 10-20%

[IFFTTE YT FIOT I A P

2
 BRRRREENSIEESEEN Ll
I

s e

" ——
PH ENIX

preliminary

3 4

(=]
—|
%]
)
=
'
(=
|

On d going side, effect is weak
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Projected y4, Measurement of nuclear
gluon distribution as benchmark

G

Sk * Weight events in x,Q? according to EPS09 to
2 R s, for each
Tia generate R, for each curve

e Assume the R ,, value we measure

—

corresponds to the EPS09 baseline

ot
[2)
E

S Projected
90% CL _
S SyStemat|C errors R{?,A” _

dAu dAu ithi
* Vary R PP, R, v ® and vy, PP within 30
L e (1 1/RY

o
B

(Neott) Vi # (1= 1/Ry)

PS09 Nu?:l,ear Mod. R
[#7]

Present limits

TP e Evaluate EPSQ9 curves to see which are
| :ﬁ:zuo GeV, L, dt=150 nb”, L _dt=50 pb, |z|<40cm . o
U U N P \J | consistent within 90% C.L.
- 2. - 1. - -0. A
Log (x ) xGP
107 e R,.,~Nuclear Mod. Factor R, = ——~7
A XdeiSecty

Prompt photons in MPC-EX = Precise Measurement of the Nuclear Gluon PDF
A measure of the initial state?....



|SOspin comparison

= 0.3
C ptp >+ X, (s=62.4GeV 4
02— A
0.1; A _*.
= ® ®
A SR S
- n
0.1 O
02~ @ PHENIX °, 3.1<n<3.8 -
03F_ A BRAHMS %, n=3.6 E
~ A\ BRAHMS 1*,11=3.9
0.4 ) BRAHMS 1, n=3.6
0.5 M BRAHMS 1, =3.9
:II\Il\II\‘II\||\\II‘\II\ll\lll\ll\ll\\ll\II\‘II\\
02 025 03 035 04 045 05 055 06 065 0.7
XF
Pythia:
Pi+ from u
Pi— fromuandd
PiO from u, % from d
9/10/2015

BNL p+A Workshop

-0.2

-0.4

0.6

] ,rrl ] ] ]
0 0.204 0608 1

k| (GeV)
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