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1. Motivation
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• Jaffe-Monohar Spin Sum rule.

• Proton Spin Crisis

ΔΣ can explain only 30% of proton spin.

⇒ “Can 𝜟G explain the missed spin part?”

• Many experimental endeavors have been carried out to measure Δ𝑔.

Polarized 𝑝 + 𝑝 is best tool to sense Δ𝑔.

PHENIX 𝐴𝐿𝐿
𝜋0

@ 𝑠 = 62.4, 200 GeV.

STAR 𝐴𝐿𝐿
𝐽𝑒𝑡 @ 𝑠 = 200 GeV
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• STAR 𝐴𝐿𝐿
𝐽𝑒𝑡 @ 𝑠 = 200 GeV constrains Δ𝑔, coverage 0.05 ≤ 𝑥 ≤ 0.2.

• However, large uncertainty still remains.

Expanding experimental sensitivity to lower x region is important!

Measurement at higher 𝑠 = 510 GeV (𝑥𝑇 =
2𝑃𝑇

𝑠
)

Target x range. 0.01 < 𝑥 < 0.1 (𝑃𝑇 coverage: 2 − 20 GeV/𝑐)

Phys. Rev. Lett. 113,
012001 (2014)

Phys. Rev. Lett. 113,
012001 (2014)
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2. Accessing Δ𝑔 via 𝑨𝑳𝑳
𝝅𝟎

2. Accessing 𝚫𝒈 via 𝑨𝑳𝑳
𝝅𝟎

• 𝜎𝑝+𝑝→𝜋0+𝑋 =  𝑓𝑎,𝑏=𝑞,  𝑞,𝑔 𝑓𝑎(𝑥1) ⊗ 𝑓𝑏(𝑥2) ⊗  𝜎𝑒𝑙𝑎𝑠𝑡𝑖𝑐
𝑎+𝑏→𝑐+𝑋 ⊗ 𝐷𝑐

𝜋0

PDF and FF: by experiments.

 𝜎𝑒𝑙𝑎𝑠𝑡𝑖𝑐
𝑎+𝑏→𝑐+𝑋: by pQCD.

• Nice agreement of unpolarized 𝜎 assures that the factorization is valid.
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2. Accessing Δ𝑔 via 𝑨𝑳𝑳
𝝅𝟎

•

• Advantage of 𝐴𝐿𝐿
𝜋0

.

1. Large fraction of 𝜋0 is made by 𝑔𝑔 or 𝑔𝑞

scattering.

2. 𝜋0 cross section is well understood.

3. Identifiable peak and easy PID.

4. Large statistics.
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arXiv:1501.01220

2. Accessing 𝚫𝒈 via 𝑨𝑳𝑳
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3. Overview of the measurement

3. Overview of the measurement
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• 20(2012) and 108 (2013) 𝑝𝑏−1 of polarized 𝑝 + 𝑝 @ 𝑠 = 510 GeV data.

6 times larger luminosity compared to 𝐴𝐿𝐿
𝜋0

@ 𝑠 = 200 GeV.

• The 𝜎 and 𝐴𝐿𝐿 of 𝜋0 @ 𝑠 = 510 GeV result are submitted to PRL.

(arXiv:1510.02317)
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• Measuring 𝐴𝐿𝐿

where

• To correct effect of background, 𝐴𝐿𝐿s of two regions are measured.

Peak region: 112-162 MeV/𝑐2

Side region: 47-97 or 117-227 MeV/𝑐2

where r is background fraction under peak

region.

• The r is estimated by GPR.

3. Overview of the measurement
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• The Rel. Lumi. is

Measured with BBC30cm scaler.

• Conditions for good luminosity detectors

1. Low background from noise or beam gas.

2. High statistics BBC satisfied the conditions

3. Same acceptance, i.e. 𝑉𝑒𝑟𝑡𝑒𝑥𝑍 < 30𝑐𝑚

4. No helicity dependence i.e. 𝐴𝐿𝐿
𝐵𝐵𝐶 = 0 The fourth condition is not that easy.

4. Relative Luminosity - Overview

9
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• 𝐴𝐿𝐿
𝐵𝐵𝐶 is estimated by 𝐴𝐿𝐿

𝑍𝐷𝐶/𝐵𝐵𝐶
.

• Measuring 𝐴𝐿𝐿
𝑍𝐷𝐶/𝐵𝐵𝐶

of single run.

called “bunch fitting”

4. Relative Luminosity –Measuring 𝑨𝑳𝑳
𝒁𝑫𝑪/𝑩𝑩𝑪

10

⇒
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𝐴𝐿𝐿
𝑍𝐷𝐶/𝐵𝐵𝐶

=
𝜀𝐿𝐿

𝑃𝐵𝑃𝑌

• Then, const. fit to obtain whole Run average 𝐴𝐿𝐿
𝑍𝐷𝐶/𝐵𝐵𝐶

.

Called “Run fitting”
11
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4. Relative Luminosity –Measuring 𝑨𝑳𝑳
𝒁𝑫𝑪/𝑩𝑩𝑪



• To correct scaler miscount by

1. multiple collisions, single sided collisions: pileup correction(=rate correction)

2. vertex cut and detector resolution: residual rate correction.

4. Relative Luminosity - Corrections

12
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• Pileup correction: to correct piled or single side event.

•

Note) No vertex cut is considered.

𝑘𝑁(𝑠): single to double hit ratio, measurable with STAR scaler data.

13

4. Relative Luminosity – Pileup Correction
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• Residual rate correction: to correct the effect of vertex cut.

14

⇒

4. Relative Luminosity – Residual Rate Correction
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•

Cf) ∆𝐴𝐿𝐿 𝑅𝑒𝑙. 𝐿𝑢𝑚𝑖 = 7.340 × 10−4 with width correction, classical way of
correcting the effect of vertex cut.

4. Relative Luminosity - Result

15
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• Run QA.

DAQ live time > 0.5, Spin DB, Polarization>0.1, GL1p and Star scaler agreement

⇒ 227 runs (Run12) and 760 runs (Run13) has passed the QA.

19.93 𝑝𝑏−1 (Run12) and 108.1 𝑝𝑏−1.

Note) QA on EMCal is covered by EMCal run-by-run energy calibration.

• Event Selection.

ERT_4x4A||ERT_4x4B||ERT_4x4C, 𝑉𝑒𝑟𝑡𝑒𝑥𝑍 < 30𝑐𝑚

• Photon ID.

1. Min energy cut: 0.3 GeV to reject noise hits.

2. Warnmap cut: To reject abnormal towers.

3. Shower profile cut: To reject hadron hits

4. Charge veto cut: To reject charge tracks

5. ToF cut: To reject ghost clusters

5. Events and 𝜸 Selections

16
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• Run-by-run 𝐴𝐿𝐿 calculation.

∵ Run-by-run prescale make run-dependent effective efficiency.

• Statistical uncertainty of 𝐴𝐿𝐿

• Constant fit to get average 𝐴𝐿𝐿.

: To avoid fake asymmetry from ghost cluster,

Spin pattern separated fitting done.

6. 𝑨𝑳𝑳 Analysis
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• Background fraction estimation.

GPR: No functional form is assumed. Uncertainty band is given.

⇒ Best estimator. 𝑟 obtained by GPR is used for the analysis.

Fitting method: Functional form should be assumed. (Gaus+Pol3 or Voigt+Pol3)

Hard to estimate uncertainty.

⇒ Discrepancy of 𝑟 is assigned as syst.

19

6. 𝑨𝑳𝑳 Analysis – Background Subtraction
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• Background Subtraction.

6. 𝑨𝑳𝑳 Analysis – Background Subtraction
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6. 𝑨𝑳𝑳 Analysis



↑. Run12 ↑. Run13

6. 𝑨𝑳𝑳 Analysis - Results
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• Blue band: Syst. from relative luminosity.

Red box: background fraction estimation.

• World first non-zero asymmetry in hadron production is observed! (3.3𝜎)

7. Results and Discussion

22
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• Positive ΔG is reconfirmed with higher 𝑄2 and different channel.

(Cf. STAR 𝐴𝐿𝐿
𝐽𝑒𝑡 @ 𝑠 = 200 GeV)

arXiv:1510.02317
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7. Results and Discussion

• The new 𝐴𝐿𝐿
𝜋0

@ 𝑠 = 510 GeV covers lower x region, 0.01 < 𝑥.

Cf) 𝐴𝐿𝐿
𝜋0

@ 𝑠 = 200 GeV: 0.02 < 𝑥

𝐴𝐿𝐿
𝐽𝑒𝑡 @ 𝑠 = 200 GeV: 0.05 < 𝑥

⇒ Significant contribution to constrain Δ𝑔 at lower 𝑥 is expected.

arXiv:1510.02317
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Summary

Summary
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• 𝜎 and 𝐴𝐿𝐿 of 𝜋0@ 𝑠 = 510 GeV are measured and the results are submitted to PRL

(arXiv:1510.02317)

• Nice agreement of theoretical to measured 𝜋0 cross section.

⇒ Our understanding of pQCD and parton-to-hadron fragmentation are mature.

• 𝐴𝐿𝐿
𝜋0

@ 𝑠 = 510 GeV.

1. Positive asymmetry is observed.

⇒ Positive ΔG is reconfirmed with higher 𝑄2 and different channel.

2. Lower 𝑥 range is accessed. 0.01 < 𝑥.

⇒ Significant contribution to constrain Δ𝑔 at lower 𝑥 is expected. (ongoing)



Back Up
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1. Motivation
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• Proton: the basic QCD object.

Understanding proton structure

⇒Able to explain proton properties by its properties of constituents.

• Spin Sum rule.

Ellis-Jaffe Spin Sum rule with naïve quark model.

Ellis-Jaffe sum rule predicted

• The EMC result: polarized DIS with polarized 𝜇 to measure 𝑔1
𝑝

.



1. Motivation
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⇒  
0

1

𝑔1
𝑝
𝑑𝑥 = 0.123 ± 0.013 ± 0.019

1. Ellis-Jaffe sum rule is violated clearly.

2. ΔΣ = 0.120 ± 0.094 ± 0.138

• Jaffe-Monohar Spin Sum rule.

Δ𝐺 becomes key of understanding spin structure of proton.

Nuclear Physics 
B 328, 1 (1989)



1. Motivation
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• Current Knowledge of Δ𝑔.

Mostly obtained by 𝑝 + 𝑝 collisions.

𝐴𝐿𝐿 of 𝜋0 at 62.4 GeV, 200 GeV (PHENIX)

𝐴𝐿𝐿 of jet at 200 GeV (STAR)

Phys. Rev. D 79,
012003 (2009)

Phys. Rev. D 90,
012007 (2014).

Phys. Rev. Lett. 115,
092002 (2015).



2. Accessing 𝚫𝒈 via 𝑨𝑳𝑳
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Phys. Rev. D 91,
014035 (2015)

Eur. Phys. J. C
64, 653 (2009)

Phys. Rev. D 80,
034030 (2009)



• Spin pattern: check and reduce possible syst. from bunch filling.

• The analysis has been done spin pattern separately to reject false asymmetry.

(Discussed later)

⇒

∵ physics should invariant under

beam change and parity operation.

↑. Run12 spin patterns

3. RHIC Spin Runs
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3. RHIC Spin Runs
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⇓

↑. Run13 old and new spin patterns
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Run12

Run13
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4. Relative Luminosity – Pileup Correction



• Residual rate correction: to correct the effect of vertex cut.

7. Relative Luminosity –Residual Rate Correction
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⇒



Run12

Run13
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4. Relative Luminosity – Residual Rate Correction
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4. Relative Luminosity – Correction



• Correction parameters, 𝑘𝑁 and 𝑘𝑆 are obtained by fitting.

The 𝑘𝑁 and 𝑘𝑆 is varied by adding 𝑁 × 𝜒𝑅𝑒
2 × Δ𝑘 where 𝑁 = −2,−1, 0, 1, 2.

Then, 𝐴𝐿𝐿
𝑍𝐷𝐶/𝐵𝐵𝐶

is calculated for each varied 𝑘𝑁 and 𝑘𝑆 set.

⇒
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4. Relative Luminosity – Syst. (Corr.)



•For each spin pattern, different 𝐴𝐿𝐿
𝑍𝐷𝐶/𝐵𝐵𝐶

are observed.

The corrections removed the separation mostly.

Remaining separation is assigned as syst.

⇒

4. Relative Luminosity – Syst. (Spin Pattern)
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4. PHENIX and Calibrations
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• EMCal energy calibration: calibrated with 𝜋0 peak position.

Tower-by-tower calibration: with whole run data.

Run-by-run and sector-by-sector calibration: to reject run-by-run gain shift + QA.

Rejected!



4. RHIC and PHENIX
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4. PHENIX and Calibrations
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• EMCal ToF tower-by-tower calibration: calibrated with 𝛾 peak position.
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Error bar=FWHM



3. RHIC and PHENIX
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• EMCal-RICH Trigger.

Energy sum of 4x4 tower is bigger than predefined threshold.

ERT_4x4A: 4.7 GeV

ERT_4x4B: 5.6 GeV

ERT_4x4C: 3.7 GeV



3. RHIC and PHENIX
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• Crossing dependence of EMCal-RICH Trigger.

Summing amp. need 140ns. Cf) 1 BCLK=106ns

⇒ two identical circuits to support full bunchs.

⇒ Slightly different trigger effi.

⇒ The analysis has been done crossing separately.



3. RHIC and PHENIX
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• PHENIX DAQ and prescale

If trigger rate is faster then DAQ bandwidth, the trigger need to be prescaled.

Different prescale is selected as luminosity decay.

ERT_4x4A: 0~2

ERT_4x4B: 0

ERT_4x4C: 0~4

• Scaler board: since BBC, ZDC are highly prescaled, independent scaler boards
record prescale free trigger counts.

1 2 3 4 5 6 7 8 9

A(2) O O O O

B(0) O O

C(4) O O O O O O

recorded O(A,B,C) O(A,B) O(C)



• 𝜋0 Reconstruction.

Direction cosine from 𝑣𝑒𝑟𝑡𝑒𝑥𝑧 to EMCal hits. Multiply cluster energy.

By momentum conservation,

If invariant mass

112𝑀𝑒𝑉/𝑐2 < 𝑀𝛾𝛾 < 162𝑀𝑒𝑉/𝑐2, the 𝛾 pair is considered 𝜋0 decay 𝛾 pair.

• Trigger requirement to assure trigger bias is same for every 𝜋0.

i.e. want to reject 𝜋0from 𝑝 + 𝑝 → 𝜋0 + 𝑐 + 𝑋

⇒ require ERT trigger for every 𝜋0.

Practically ERT trigger is require for higher energy cluster.

Called triggered cluster, paired cluster.

5. Events Selections
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• Photon ID.

1. Min energy cut: 0.3 GeV to reject noise hits.

2. Warnmap cut: To reject abnormal towers.

3. Shower profile cut: To reject hadron hits

4. Charge veto cut: To reject charge tracks

5. ToF cut: To reject ghost clusters

• Warnmap cut: To reject noisy, dead, uncalibrated, and the adjacent tower

○Dead tower ≡ completely no hit

○Uncalibrated towers in tower-by-tower

energy calibration.

○ Adjacent tower to the bad towers

∵ Cluster spreads over at least 3x3 towers

⇒ 17% towers are rejected.

5. Events Selections
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Finding hot towers
Hot tower > μ + 5 × 𝜎



6. Events Selections
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• Shower shape cut: to reject hadron

PHENIX EMCal can distinguish hadron by shower shape and 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦/𝑃.

Cut level: killing 2% real EM clusters (Convention in PHENIX)

5. Events Selections
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• Charge veto cut: to reject charged tracks.

𝜃𝑐𝑣: the opening angle between two vector, one from 𝑣𝑒𝑟𝑡𝑒𝑥𝑧 to EMCal hit

the other from 𝑣𝑒𝑟𝑡𝑒𝑥𝑧 to PC3, 20cm(PbSc), 40cm(PbGl) inner.

5. Events Selections
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5. Events Selections
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• ToF Cut: to reject ghost cluster.

Cluster can survive up to three bunch crossings and make low energy background.

Because they don’t associate event 𝑡0, they have wider ToF distribution.

𝑇𝑜𝐹 < 15𝑛𝑠

5. Events Selections
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• ToF Cut: to reject ghost cluster.

Cluster can survive up to three bunch crossings and make low energy background.

Because they don’t associate event 𝑡0, they have wider ToF distribution.

𝑇𝑜𝐹 < 15𝑛𝑠

6. Events Selections
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• ToF Cut: to reject ghost cluster.

Cluster can survive up to three bunch crossings and make low energy background.

Because they don’t associate event 𝑡0, they have wider ToF distribution.

𝑇𝑜𝐹 < 15𝑛𝑠

6. Events Selections
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• ToF Cut: to reject ghost cluster.

Cluster can survive up to three bunch crossings and make low energy background.

Because they don’t associate event 𝑡0, they have wider ToF distribution.

𝑇𝑜𝐹 < 15𝑛𝑠

6. Events Selections
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• ToF Cut: to reject ghost cluster.

Cluster can survive up to three bunch crossings and make low energy background.

Because they don’t associate event 𝑡0, they have wider ToF distribution.

𝑇𝑜𝐹 < 15𝑛𝑠

6. Events Selections

58



• Run-by-run 𝐴𝐿𝐿 calculation.

∵ Run-by-run prescale make run-effective efficiency.

• Statistics requirement.

For signal region: 𝑁++ + 𝑁+− > 10

For side region: 𝑁++ > 0 && 𝑁+− > 0 to avoid dividing by zero.

• Choice of 𝑃𝑇 binning.

7. 𝑨𝑳𝑳 Analysis
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• Statistical uncertainty of 𝐴𝐿𝐿

, where due to multiplicity.

• The validity of above uncertainty Eq. and

unknown syst. are tested by bunch shuffling.

• The run-by-run 𝐴𝐿𝐿 is fit with constant.

Pattern-by-pattern fitting to avoid false 𝐴𝐿𝐿

due to the ghost cluster.

7. 𝑨𝑳𝑳 Analysis
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• Ghost clusters.

Decay time of clusters in PHENIX EMCal: 3 BCLK.

⇒ Source of low energy background cluster.

⇒ Source of false 𝐴𝐿𝐿 at low 𝑃𝑇 .

• 𝑁𝑟: average number of real clusters, 𝑁𝑔: average number of ghost clusters.

For “SOOS” pattern

For “S”

For “O”

For “OSSO” pattern, similar but opposite situation occurs.

⇒ That’s how false 𝐴𝐿𝐿 at low 𝑃𝑇due to the ghost clusters.

• Cure: ToF cut to reject the ghost clusters.

pattern-by-pattern background correction.

7. 𝑨𝑳𝑳 Analysis
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• Bunch shuffling is boot-strapping method to extract the statistical uncertainty by

model independent way.

: The valid of the uncertainty Eq. and the existence of unknown syst. can be

checked.

• 1. 40,000 random spin patterns are generated.

2. Run-by-run 𝐴𝐿𝐿 is calculated.

3. Const. fit and 𝜒𝑟𝑒
2 is obtained.

4. Measured and theoretical 𝜒𝑟𝑒
2 distributions are compared.

• Good agreement is achieved.

That means the uncertainty Eq. is valid and no unknown syst.

8. QA: 𝑨𝑳𝑳 Analysis – Bunch shuffling
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• Because strong interaction is parity invariant, 𝐴𝐿 should be zero.

• Measurement procedure is same to 𝐴𝐿𝐿.

8. QA: 𝑨𝑳𝑳 Analysis –𝑨𝑳 Measurement
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• For Run13, intensive cross check has been done with Geogia University student.

Perfect agreements are achieved.

Note) run-by-run energy calibration

is not included, here.

8. QA: 𝑨𝑳𝑳 Analysis – Parallel Cross Check
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•

7. Results and Discussion
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