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Longitudinal Spin Sum Rule	
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Not  well  measured  yet!�



グローバルなpQCD解析	
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価クォーク  
-->>  よくわかっている  
海クォーク、グルーオン  
-->>  まだよくわかっていない  
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偏極準非弾性散乱(SIDIS)	
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Longitudinal	
  Spin	
  Structure	
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ALL ∝[ωgg ]ΔgΔg+[ωgqΔq]Δg+[ωqqΔqΔq]
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DISとproton-­‐proton	
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価／海クォーク	


DIS	


pp	


	
  仮想光子と相互作用するのは価
クォークまたは海クォーク	
  

素過程にはクォークもグルー
オンも寄与する	
  

グルーオンに感度が高い	
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COMPASS
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To select PGF process two methods are used @COMPASS:

• Open-charm D meson production:  
      charm quark pairs produced in PGF, “clean” channel 
      however with huge combinatorial background, low 
      statistics but analysis less MC dependent

• High transverse momentum hadron pairs production:
      light quark pairs produced, high statistics but physical 
      background; strongly model and MC dependent analysis,
      requires a very good agreement between data and MC

Direct gluon polarisation measurement
             via tagging PGF process

signal asymmetry from data

from MC
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Non direct measurement of gluon polarisation  - QCD fits 
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Two kinematical regions: low and large Q2  
• low Q2   - here pT is a perturbative scale,  also resolved photon contribution  
   important (~50%)  
•large Q2   - scale Q2 , method based on Neural Network approach used                                                   

COMPASS@Low Q2 -  Phys. Lett. B 633 (2006) 25

R.D.Carlitz, J.C.Collins and A.H.Mueller, Phys.Lett.B 214, 229 (1988)
Revisited by A.Bravar,D.von Harrach and A.Kotzinian, Phys.Lett.B 421, 349 (1998) 
Applied by SMC, HERMES and COMPASS  

• large Q2 - Q2>1 (GeV/c)2  - scale Q2 - 2002-2006 data, method based on Neural 
Network approach used 

N

LO DIS QCDC
PGF

Low Q2  & large Q2 : Q2< 1 & Q2 >1 (GeV/c)2
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COMPASS
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• large Q2 - Q2>1 (GeV/c)2  - scale Q2 - 2002-2006 data, method based on Neural 
Network approach used 

N

LO 

QC

PGF QCD-Compton LO-DIS

Same decomposition for inclusive sample to determine A1LO

Optimization needed : “clean” (more PGF, “pure”) sample with limited statistics or
      less PGF populated but larger sample 

Physical model:  three processes (LO QCD) 
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Large Q2  : Q2> 1 (GeV/c)2
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The Relativistic Heavy Ion Collider 
accelerator complex 

 at Brookhaven National Laboratory 

PHENIX 
STAR 

Brahms 
pp2pp 

Collision	
  Energy	
  :	
  62	
  ~	
  510	
  GeV	
  
PolarizaCon	
  :	
  50	
  –	
  60	
  %	
  
Luminosity	
  :	
  10	
  pb-­‐1/week	
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PHENIX 
STAR 

Brahms 
pp2pp 

Collision	
  Energy	
  :	
  62	
  ~	
  510	
  GeV	
  
PolarizaCon	
  :	
  50	
  –	
  60	
  %	
  
Luminosity	
  :	
  10	
  pb-­‐1/week	


E.C. Aschenauer High Energy Physics in the LHC era, Chile, December 2013 3 

RHIC 
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Jet/C-Polarimeters 

RF 

EBIS 

ERL Test Facility  

CeC-TF 

STAR 

Beams: √s 200 - 500 GeV pp;  
50-60% polarization 
Lumi: ~10 pb-1/week 
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RHIC - The Current Main Experiments"

Vigorous ongoing upgrade programs, e.g. PHENIX FVTX,  MPC-EX"
                                                                   STAR FMS-PS,  Roman Pots"

PHENIX �DNA�: "
  - high resolution and rate capabilities,"
  - central arms |η|<0.35,Δφ~π"
              with key strengths for π0 and η"
  - forward muon arms 1.2<|η|<2.4 !

STAR �DNA�:"
  large acceptance and low mass,"
  full acceptance and PID for |η|< 1, Δφ~2π,"
  complemented with forward E.M. calorimetry"
  key strengths for jets and correlations"

14	
Slide	
  from	
  	
  Renee	
  Fatemi,	
  Spin-­‐2014	
  	




Highlights	
  of	
  RHIC	
  Spin	
  Program	
  (Outline)	
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Spin	
  Puzzle	


Longitudinal	
  Spin	
  Structure	
  
•  Gluon	
  Spin	
  	
  (this	
  talk)	
  	
  
•  Sea	
  Quark	
  (following	
  talks)	
  

Transverse	
  Spin	
  Structure	
  
•  Sivers	
  Effect	
  
•  Collins	
  Effect	
  
•  Higher	
  Twist	
  …	
  

Future	
  Upgrades	
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Beam	
  PolarizaCon	
  	


ΔG	
 Δq　+	
  ΔG	




The	
  PHENIX	
  Detector	
  
•  Philosophy	
  

–  high	
  resoluCon	
  &	
  high-­‐rate	
  at	
  
the	
  cost	
  of	
  acceptance	
  

–  trigger	
  for	
  rare	
  events	
  
•  Central	
  Arms	
  

–  |η|	
  <	
  0.35,	
  Δφ	
  ~	
  π	
  
– Momentum,	
  Energy,	
  PID	
  

•  Muon	
  Arms	
  
–  1.2	
  <	
  |η|	
  <	
  2.4	
  
– Momentum	
  (MuTr)	
  

•  Muon	
  Piston	
  Calorimeter	
  
–  3.1	
  <	
  |η|	
  <	
  3.9	
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η,π0 
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ΔG	
  	
  
DOUBLE	
  HELICITY	
  ALL	
  RESULTS	
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Probe	
 Advantage	


π0	
 StaCsCcs	


η	
  	
 Different	
  fragmentaCon	


π0	
  -­‐	
  π0	
  correlaCon	
 KinemaCc	
  constraint	


charged	
  π	
 ΔG	
  sign	


heavy	
  flavor	
  decay	
  e-­‐	
 Lower	
  x,	
  g-­‐g	
  dominant	


MPC	
  cluster	
 Lower	
  x	


Jet	
 StaCsCcs	
  (STAR)	


Jet-­‐Jet	
 KinemaCcs	
  Constraint	
  (STAR)	




Central	
  Arm	
  π0,	
  η	
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Phys.	
  Rev.	
  Leo.	
  101,	
  072001(2008)	
  

(η	
  is	
  similar)	


p ProducCon	
  cross	
  secCon	
  is	
  high	
  
and	
  from	
  gluon	
  interacCon	
  

p PHENIX	
  EMCal	
  trigger	
  friendly	
  
p Found	
  in	
  2	
  photons	
  invariant	
  mass	


  RHIC data 
0.02<x<0.2	


FracConal	
  ContribiCon	
  to	
  π0	
  
producCon	


[1]	




ALL	
  :	
  Central	
  Arm	
  π0,	
  η	
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ΔG	
  through	
  	
  
•  a	
  different	
  flavor	
  structure	
  
•  fragmentaCon	
  funcCon	


StaCsCcally	
  Challenging	
  

η	
  ALL	
π0	
  ALL	


StaCsCcally	
  enriched	
  
observable	
  
	
  
Need	
  to	
  control	
  SystemaCc	
  
uncertainCes	
  (relaCve	
  
luminosity)	




RelaCve	
  Luminosity	
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Gluon Polarization - Precision ALL from RHIC "
Phys. Rev. D 90, 012007 (2014)"ArXiv:1405.5134"

Significant advance:"
  about an order in precision,"
  two to three times the kinematic range,"
  initial sensitivity to different xg from"
                       rapidity dependence"
"
ALL is positive for large pT, indicative of 
positive gluon polarization."

See Andrew Manion�s talk on Wednesday 
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Run9	
  PHENIX	
  π0	
  and	
  STAR	
  Jet	
  @	
  200GeV	


Consistent	
  !	




Global	
  Fivng	
  Models	
Recent determinations of polarized PDFs @ NLO

Fit Data sets Parton Distributions Uncertainties Latest update

AAC08 DIS, ⇡0 �u+, �d+, �s+, �g Hessian ��2 = 12.95 [arXiv:0808.0413]

BB10 DIS �u�, �d�, �q̄, �g Hessian ��2 = 1 [arXiv:1005.3113]

LSS10 DIS, SIDIS �u+, �d+, �ū, �d̄ , �s̄, �g Hessian ��2 = 1 [arXiv:1010.0574]

JAM13 DIS �u+, �d+, �ū, �d̄ , �s̄, �g Hessian ��2 = 1 [arXiv:1310.3734]

DSSV++

DIS, SIDIS,
�u+, �d+, �ū, �d̄ , �s̄, �g

Hessian ��2 = 1
[arXiv:1404.4293]

⇡0, jets Lagr. mult. ��2/�2 = 2%

NNPDFpol1.1

DIS, OC,
�u+, �d+, �ū, �d̄ , �s̄, �g Monte Carlo [arXiv:1406.5539]

W±, jets

PDF uncertainties stem from three sources

1 the underlying data, a↵ected by statistical and (correlated) systematic errors

2 the theory used to describe them, based on the truncation of a perturbative series

3 the procedure used to extract PDFs from data

Available PDF sets are all based on item 2, but may di↵er significantly for items 1 and 3

Emanuele R. Nocera (UNIGE) Helicity-dependent PDFs October 21, 2014 7 / 25
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Global	
  Fit	
  InterpretaCon	

Gluon Polarization - RHIC Impact"

Both the DSSV and the NNPDF groups use RHIC data in their latest PDF fits,"
DSSV, Phys.Rev.Lett. 113, 012001" NNPDF, Nucl. Phys. B887 (2014) 276"

RHIC data, in particular on jets, currently 
drive the constraints on ∆G in both fits,"
"
"
"
i.e. evidence for positive gluon polarization in 
this kinematic range and at 10 GeV2."

See Emanuele Nocera�s talk after lunch! 
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QCD	
  
Global	
  
Fit	


DIS	

SIDIS	


pp	


l  DSSV	
  (Excluding	
  Run9	
  data)	
  
l  New	
  Fit	
  (DSSV++)	
  (Including	
  Run9	
  data)	




2) pp collisions at RHIC: jet and ⇡ production

effects on �g distribution
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NNPDFpol1.1: jet data 2�, ⇡ data 4 DSSV++: jet data 2�, ⇡ 2�
first evidence of sizable gluon polarization

NNPDFpol1.1 and DSSV++ results in perfect agreement

most significant constraints come from STAR jet data from 2009 run

the gluon polarization remains largely uncertain outside the x-range probed by RHIC

Emanuele R. Nocera (UNIGE) Helicity-dependent PDFs October 21, 2014 13 / 25
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•  Both	
  NNPDF	
  and	
  DSSV++	
  suggest	
  posiCve	
  gluon	
  polarizaCon	
  
•  They	
  are	
  quite	
  consistent	
  to	
  each	
  other!	
  	


PR
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20
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)	


Δg(x) = 0.23± 0.07
−0.05

0.05
∫

Neural	
  Network	
  &	
  DSSV	




COMPASS	
  High	
  Q2	
  Data	
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Longitudinal Structure of the Nucleon

�g/g from All-pT Method

Reanalysis of data used for PLB 718 (2013) 922, now with a di↵erent method

Presently, the ALO
1 and �g/g are extracted simultaneously from the same data set

low pT data are needed as they are clean source of LP
certain systematic uncertainties are reduced w.r.t. previous method
some consistency tests of the model used for estimate of Rs, ai

LLs are possible.
�g/g = 0.113± 0.038± 0.035, hµ2i = 3 (GeV/c)2, hxg i = 0.10

In the measured xg range �g/g maybe positive, similar conclusion is reached in
recent DSS fits, which include RHIC data.
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As in the previous analysis ANN is used - now only four variables:
                                        are used for training

Minimalization procedure and covariant matrix is used for error estimation;

simultaneously                                  is fitted.

                                 

€ 

ΔG

G
= 0.125 ± 0.060 ± 0.063

x
G

= 0.09−0.04
+0.08 µ2 = 3.4(GeV /c)2

comparing to
significantly 
reduced statistical 
and systematics 

New analysis - all-pT method
                   results

Consistent	
  with	
  DSSV++	
  	
  
for	
  high	
  Q2	
  data	


From	
  K.	
  Kurek,	
  Spin2014	
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COMPASS QCD analysis 

x
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g/
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g<0)6COMPASS (

DSSV
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g sign changing)6LSS (

Phys.Rev. D 87 (2013) 052018

New COMPASS NLO QCD fit (inclusive, including new COMPASS proton data)  M.Wilfert, DIS 2014
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              Results for low & large Q2  

NLO calculations for low Q2   
M. Stratmann, B Jager, W. Vogelsang  EPJC 44(2005) 533
COMPASS: potentially discriminated power on gluon polarisation

Unpolarised cross-section - comparison with calculations:
COMPASS:  Phys. Rev. D88 (2013) 091101,     
Comparison: Phys. Rev. D88 (2013) 014024

Preliminary results on 
asymmetries for low Q2

more details: 
DIS 2014: M. Levillain
                 A.  Nunes

More	
  Compass	
  Results	


Not	
  necessarily	
  indicaCon	
  of	
  posiCve	
  gluon	
  
polarizaCon	
  (yet?)	




Gluon Polarization at RHIC - What is next?"
DSSV, Phys.Rev.Lett. 113, 012001"

Further precision from jet and neutral pion probes, and"
                            from complementary probes"

Extend sensitivity to smaller xg"
   forward rapidity, xg ~ exp(-η),"
   √s = 500 GeV data, xg ~ 1/√s"

incl. RHIC 2009 data"

World data prior to RHIC 2009"
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Slide	
  from	
  	
  Renee	
  Fatemi,	
  Spin-­‐2014	
  	




ΔG(X)	
  AT	
  500GEV	

PHENIX	
  central	
  pi0	
  Preliminary	
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ΔG	
  @	
  510	
  GeV	

Run(16:(long.(spin(500(GeV(

11(

Depends(on(our(Run13(analysis(and(results(!(

Does(it(give(strong(moHvaHon(to(
request(another(long(500(GeV(run?(…(
…(Also(eff(drops(at(high(lum.((

 (GeV/c)
T

p
2 4 6

LLA

-0.001

0

0.001 DSSV-max
X0/ App 

|<3.9d3.1<|

=510 GeV:sPHENIX proj. for 
 P=0.55-1L=630 pb

W(for((anH)quark(polarizaHon( MPC(π0(for(ΔG(at(low(x(

In(Run16(we’ll(be(able(to(measure(
π0((with(MPC&EX)(rather(than(just(
clusters!(
(
But(sHll(no(results(from(Run13(
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performing measurements at s =500 GeV and at large forward rapidity. Projections for !0 ALL measurements 
in the forward PHENIX calorimeter are shown in Figure 3.  With this set of results, we will considerably 
improve our knowledge o the gluon spin contribution to the proton spin in the x range of 0.002-0.2. 

 

 

 

 
Figure 1: Preliminary 2009 data compared to the DSSV++ fit (left) and the !2 profile for the integrated gluon contribution in 

the x region currently probed at RHIC for  = 200 GeV (right). The different pT scales for !0s and jets reflect that an 
individual !0 carries only a fraction of scattered parton momentum. 

 
Figure 2:  Uncertainties in "g(x) with (red band) and without (yellow band) RHIC 2009 data (left) and in the integral 
computed in the range from xmin to 1 (right) at a scale of 10 GeV2. The flexible functional form for �g(x) used in the DSSV 
analysis [3] was utilized in all fits. 

 

Figure 3: Projected statistical uncertainties for ALL of di-jets at mid-forward rapidity at  = 500 GeV as function of di-jet 
mass (left, middle) and for electromagnetic clusters (dominated by !0s (~80%)) in the PHENIX  MPC for (right). 
The "DSSV-max" curve corresponds to the upper uncertainty band of DSSV+ fit in Figure 2. Note: the projections quote 
delivered luminosities. 



PHENIX	
  Run13	
  π0	
  	


5. Preliminary Result of  the Measurement

5. Preliminary Results
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Preliminary	
  release	
  in	
  Spin2014	
  conference	
  by	
  Inseok	
  Yoon	
  (SNU/RIKEN)	




5. Preliminary Result of  the Measurement

5. Preliminary Results

10 / 11

𝑥் = ଶ௉೅
௦

: approximate version of the average x.

•  Different scale and ths different size of asymmetries expected. 
Both of data and theory support it. Evolution effect? 

Comparison	
  with	
  200GeV	
  data	
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Slide	
  from	
  Inseok	
  Yoon,	
  Spin	
  2014	


Large	
  posiCve	
  asymmetry	
  was	
  observed.	
  Consistent	
  with	
  latest	
  posiCve	
  ΔG	
  results.	




STAR	
  inclusive	
  Jet	
  @	
  500GeV	


√s = 500 GeV assumes 165pb-1, 55% (additional)"

15"

Inclusive jets are not the only probe, but will certainly remain important,"
"

Gluon Polarization - What impact to expect near-term?"
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Not	
  yet	
  preliminary	




FORWARD	
  MEASUREMENTS	

STAR	
  pi0	
  @	
  510	
  GeV	
  Preliminary	
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17

Outlook: Accessing low-x Δg(x) via Di-jets

Forward hadrons from 

hard q, soft g processes

Dijet Kinematics → 

access to gluon x≤10-3

Lowest-x processes 

accessible in future FCS 

(Forward Calorimetry 

System; 2.8 < η < 3.7)  

Surrow – arXiv: 1407.4176
(leading-order x

1
 

and x
2
 equations)

Backward	
  (Forward)	
  KinemaCcs	
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17

Outlook: Accessing low-x Δg(x) via Di-jets

Forward hadrons from 

hard q, soft g processes

Dijet Kinematics → 

access to gluon x≤10-3

Lowest-x processes 

accessible in future FCS 

(Forward Calorimetry 

System; 2.8 < η < 3.7)  

Surrow – arXiv: 1407.4176
(leading-order x

1
 

and x
2
 equations)

Access	
  even	
  smaller	
  x!	




Sub-­‐process	
  in	
  Forward	
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eexx))  π00  pprroodduuccttiioonn  

||η||<<00..3355  

<<--  ssmmaallll  xx  

Central	
  Rapidity	


Central	
  Rapidity	


Quark-­‐gluon	
  dominates	




5

Forward EM Calorimetry at STAR

PRIMARY FOCUS:
FMS – Forward Meson Spectrometer

Forward pseudorapdity: 2.5 < η < 4
1,264 Lead-glass cells coupled to photomultiplier tubes

Large (5.8 x 5.8 cm) outer cells (blue)
Small (3.8 x 3.8 cm) inner cells (black)

Observes π0 → γ+γ as 2 cluster events
Forward observables → access to low-x gluons

Luminosity Detectors
(Scalers)

 

Central and Mid-rapidity 
Calorimetry & Tracking
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Slide	
  from	
  Christopher	
  Dilks,	
  Spin	
  2014	
  	




STAR	
  Forward	
  pi0	

Gluon Polarization - other channels, smaller xg"

Tomorrow�s parallel session V, S2 will feature all of this and more from both experiments:"
          RHIC top-energy inclusive jet and pion data - Zilong Chang, Inseok Yoon"
          RHIC forward data on pions and J/psi - Christopher Dilks, Haiwang Yu"

Initial neutral pion data, 4.8 pb-1 at √s = 200 GeV, at more forward rapidity:"

Proof-of-concept; needs further precision and √s = 500 GeV and, eventually, upgrades."

Phys.Rev. D89 (2014) 1, 012001 "
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  Renee	
  Fatemi,	
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Slide	
  from	
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  Dilks,	
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  2014	
  	


2.5<η < 4



Exploring	
  Lower-­‐x	
  by	
  Forward	
  MPC	
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Muon	
  Piston	
  Calorimeter	
  	
  
3.1<|η|<3.9	
  
•  Low	
  PT	
  Reconstructed	
  π0	
  	
  
•  High	
  PT	
  Merged	
  π0	
  

	
  
cluster	
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Dominated	
  by	
  π0	


•  SCll	
  consistent	
  with	
  zero	
  at	
  lower	
  x	
  
•  SystemaCc	
  error	
  starts	
  to	
  defeat	
  

staCsCcs	
  
•  Good	
  control	
  of	
  relaCve	
  luminosity	
  

required	
  for	
  beoer	
  precision	


Cluster	
  ALL	


500GeV	
  
Projected	
  Error	




Summary	

•  Good	
  data	
  sets	
  available	
  up	
  to	
  Run9	
  from	
  PHENIX	
  and	
  
STAR	
  by	
  now.	
  

•  Indicated	
  posiCve	
  ΔG	
  in	
  0.05<x<0.2	
  predicted	
  by	
  DSSV
++	
  and	
  NNPDF	
  @Q2~10GeV	
  

•  PosiCve	
  DG	
  is	
  consistent	
  with	
  COMPASS	
  high-­‐Q2	
  data	
  
(Q2~3GeV).	
  	
  

•  SCll	
  many	
  observables	
  are	
  consistent	
  with	
  zero,	
  but	
  
staCsCcally	
  not	
  sufficient.	
  

•  New	
  PHENIX	
  510GeV	
  pi0	
  show	
  posiCve	
  ΔG	
  
•  Further	
  510GeV	
  and	
  forward	
  measurements	
  analysis	
  
are	
  on	
  going.	
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