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About Me (past)

Abinash Pun

Ohio University (2013-2019)
Nepal
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Graduate Advisor: Dr. Justin Frantz

Dissertation: “Measurements of Di-Jet t° — h® Correlations in Light-Heavy lon
Collisions at RHIC-PHENIX”
* Study of possible jet energy loss (due to QGP) in light-heavy ion Collison
* Analyzed: p+p, d+Au and He3+Au collision systems
sPHENIX Electromagnetic calorimeter:
* Reconstructing performance, Energy leakage and New Calibration
framework
Fun4All software framework:
* Modularized data analyzing framework (C. Pinkenburg for PHENIX)
* Being used in sSPHENIX (also in EIC ?)
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About Me (Currently) | NM

e Post-Doctoral Research Associate at New Mexico
State University (NMSU)

* SpinQuest Experiment at Fermilab 2= Fermilab.
e Reconstruction and Simulation Coordinator T T Ty
* Data management

i, o (M«W_

e Currently stationed near Fermilab, IL

I
(NMSU) Group in SpinQuest @
QUES®

Professors: UE
Dr. Stephen Pate (Pl): Deputy Chairman
Dr. Vassili Papavassiliou: Talks Committee
Grad students
Forhad Hossain
Dinupa Nawarathne
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RUTHERFORD MODEL

g

vy

Proton Structure e

Ernest Rutherford (1909):

e "proton" : nucleus of lightest atom (hydrogen)
e Considered to be elementary like electron

Spin=1/2, charge = +1, Mass ~ 938.28 MeV

Magnetic moment:
. — 49 2 e o :
H=9g5-S 2.79 2 2.79 x point like fermions
First hint of internal structure of proton !!

OBSERVED RESULT

¢

* Quark Model: Gell-Mann and Zweig (1964) ‘fl} ‘
* Charge (+1)=§+§—% v
+ Spin (1/2) =% AT =2+ — |

proton
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Probing Internal structure of nucleons

* Elastic electron-nucleon scattering

. Cross-sectiongarametrlzed in terms of electric and magnetic
form factors (

* Deep Inelastic Scattering (DIS):

HighQ2  protonbreaksup G G,, =» F1(x,Q2), F2(x,Q2) ; structure functions

F(xQ") = X elxfi(x,Q")

(@

f(x,Q2): Parton distribution function (PDF)

F . . Th : A
actorization Theorem O Ef(X,QZ)@)U

. Can be calculated
.f(xl QZ) Determined from from perturbative

measurements QCD (pQCD)

Q2: Squared momentum transfer to the lepton. Measure of resolution
X: Momentum fraction of the struck parton in a proton
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PDFs and QCD Parton Model
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Gluons !

Scaling behavior:
F3(x, Q) — F5(x)
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Polarized DIS

polarization direction

%

d?ac

s~ |

\J

dx dQ?

polarization direction

Let us polarize them
[\ Lepton, proton have different L€Pton, proton have same

d?c

- W] ~ g1(x, Q%)

Spin dependent polarized Structure Function g;(x,Q?):

76,0~ ) eihq(x,0)
q

AQ(xa QZ) = q_|_(37, Qz) o q_(a:, Qz)

L

g+-): number density of quarks in the nucleon when the spin orientation of
quarks is parallel (antiparallel) to the spin direction of the proton
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Polarized DIS and Proton Spin

European Muon Collaboration (EMC) : 1988
DIS of a longitudinally polarized muon beam off a longitudinally polarized proton
target over a large x range (0.01 < x < 0.7)

N_ 11 1
A = T 9 foglpdx=0.123i0.013i0.019,

— oN4oM Fi(x)

Quarks’ contribution only ~12%: SPIN CRISIS

Violation of Ellis-Jaffe sum rules —

“ 0.21F ¢ This experiment

h iment
$ This experi L ELLIS-JAFFE SUM RULE b sLAC (2-3]

081§ sLAC (2]
6 sLAC (3]

— Carlitz and Kaur Model

1
0.06} # #
0.0 + ————————————— 0.03 {"i\
&&
Osoo
0 2 L L 1 1 e 1 —L . - . OLS = 1 O
' 0.01  0.02 0.05 0.1 0.2 0.5 1.0 0.01 002 906 01 0.2 ' '
X Nuc. Phy. B328 (1989) 1-35 Kom
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Gluon contribution: RHIC

Measuring the the asymmetry of jets and pions in ottt —otm Y., AfuAfain

longitudinally polarized proton-proton collision

RHIC data=> Non-zero
gluon contribution

1
[ dxAg(x)=0.2:0%

0.05

Still huge uncertainty
in the unmeasured
region (x<0.05)

EIC is expected to
provide a conclusive
answer (?)
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| [
L DIS + SIDIS data -~ DSSV 2014 .
L no pp data in fit with90% C.L.band |
= RHIC spin EIC projections:
1 B projected dataup to 2015 gy o775 Gev -
¥ E B 0 Vs- 1227 GeV -
B - \s=141.4 GeV i
05 B -

LL = X
o F gt Dap fals

0
- Q% =10 GeV? -
0 6 5 4 3 2 1
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Making the case for
E1039 Experiment
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Spin puzzle
1 1

2 2 /

Quarks +anti-quarks B
AY = (Au + Au + Ad + Ad+ As + As)
Well known ~0.3

= AL+ AG+ L, +Lg

N

1980s

Gluon Contribution
Started understanding

Orbital angular Contribution
Unknown

Lattice Calculation

—> Large fraction of proton spin comes from

light anti quarks OAM

= Need to understand it experimentally

and theoretically

How to access quark OAM ?

3/23/21
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Lu+d
Lﬂ—|—d
Ls+§
Jg

E |u+d+s
2

Lattice QCD: K.-F. Liu et al arXiv:1203.6388

EECEN

AZ =25% L, = - Ly
2 L, = 46% (0%(valence)+46%(sea))




Light anti-quark flavor asymmetry:

S &

Nature 590, 561-565 (2021)

g
o

Tdx 1 2! _
Sg =J, S 1P -Fi1=5+ 5 ] dxlaco-deo)
=0.235+0.026

% SeaQuest/E906

D Systematic uncertainty

o
o

—+ Nusea/E8ss

-t
(4

u

Gottfried Sum Rule: S¢ =1/3

/

-t
o

[] Alberg & Miller

Basso et al.

===z CT18, NLO, SeaQuest kinematics
§§ CTEQ6m, SeaQuest kinematics

o
o

d
oIlIIlIIII_IIII|IIII|IIII|

1
IO dx[d (x) - T(x)] = 0.147+0.039

I | 1 i 1 L | 1 L 1 L | 1 1 L 1 | 1 1 1
0.1 0.2 0.3 0.4
X

o

- * Data reasonably agrees with the
Pion cloud model _ 4i-s wdss models (statistical parton distribution
and meson-baryon )

[p) o [po) + [nmF) + [ATTAT) + .  But the models have different

Pions JP=0- Negative Parity predictions for the spin contribution
Need L=1 to get proton’s JP=}4* from the anti quarks

Light sea quarks should carry orbital Measure the spin contribution from light
angular momentum sea quarks to differentiate the models

3/23/21 How to access quark OAM ? Abinash Pun, NMSU 13



Sivers Function

* Correlation between proton spin (S,) and intrinsic

* Introduced to explain transverse single spin

transverse momentum k;

asymmetries of pions in pp' - 7 X

* One of the eight leading order Transverse
Momentum Dependent Distribution functions

(TMDs)
60
PRL 36, 929 (1976)
40 K
__ 20} om" o®
E 10T %
= ¢
-20 L
ANL
A ys=4.9GeV
B0 2 04 06 08 1
Xe

PRD 65, 092008 (2002)
K
[ ]
O
BNL
- Vs =6.6Ge
“702 04 06 08 1
Xe

60
40

-20
-40

frGkr) =@ - O

20

PLB 261, 201 (1991)
- PLB 264, 462 (1991) *

C FENAL °
Vs =19.4 Ge

02 04 06 08 1
Xg

S Kqa

ﬂog"'\p

o o
- yo
i >0 Right

Sivers

Left

PRL 101, 042001 (2008)
. BRAHMS
. §
S N,
)
o)
BNL o
Vs = 62.4GeV
“02 04 06 08 1
Xg

Nonzero Sivers function => Nonzero OAM contribution of parton on proton spin?
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Accessing Sea Quark Sivers Function

Polarized Semi-Inclusive DIS (SIDIS)

e+p' se'mX

ASIDIS quf,fff"’\]x)m)f(z)
D YT YK P

* L-R asymmetry in hadron
production

* Quark to hadron
fragmentation function

e Valence-sea quark: mixed

Polarized Drell-Yan

p+p' - ptuX

{ ff(xl] }

p

P’ {fll'l"q(XZJ)

DY zq ei’ff(xl)-fl“r’q(xz‘}+1(—-)2]
"X el flxere?]

e L-R asymmetry in Drell-Yan
production

v'No fragmentation function
v'Valence-sea quark: isolated

3/23/21
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So far ...

Spin Crisis to Spin puzzle: Yet to be solved

Lattice Calculation
= Significant contribution from OAM of sea quark

Light antiquark flavor asymmetry in E866 and E906

= Need for the measurement of spin contribution to differentiate existing
models

Non-vanishing sea quark Sivers distribution
=>might establish the contribution of sea quark in nuclear spin

Drell-Yann process allows direct measurement of Sivers Function

* without complication of fragmentation function and final state
interaction

* Sensitive to sea quarks



E1039/SpinQuest experiment

* Polarized Fixed Target DY at experiment Fermilab

* Unpolarized proton beam of 120 GeV with
Polarized NH; or ND; target

 Goals:

* measure azimuthal asymmetry in dimuons from Drell-
Yan and

* extract the magnitude and sign of Sivers function of sea
quarks (u and d)
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Polarized Drell-Yan in E1039

* Cross section at LO

Log scale inz

d?o 4o 1 Z 9
—_ — el .
AXpeamdXtarget IXpeamXtarget S i—ud ...

{qi (xbeam )‘71 (xtarget ) + q; (xbeam xtarget) }

* “q(xbea,,)q(X;qrger)” SUrvives 4 .

i NS FEET FEEE SN TNl ARl FRETl SN RE SR RN N
0 01 02 03 04 05 06 07 08 09 1

@forward rapidity

https://arxiv.org/abs/1901.09994v2
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Polarized Drell-Yan in E1039

The Drell-Yan cross section in terms of Sivers asymmetry
Phys. Rev. D 79, 034005 (2009),

d O—LO . PRL 119, 112002 (2017)
o« 1+ |St| sin ¢g AsTln(pS

d*q dos
1 O'IT)Y—O'll)Y : sin ¢g f’Tﬁ(xt)
A(ps) = = Singg Ay 77 < ———=
|ST] Opyt+0py fi(xt)
S X
yt S
1 A‘;Zin ?s is the Sivers asymmetry .
2. §T= Target spin vector T
3. qr= Dimuon’s transverse momentum Hp __°
4. Azimuthal angle ¢ in Target Rest Frame seam [;'::;':’:est e

Sketch: F. Hossain
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Anticipated Sensitivity of E1039

0.2\— Drell-Yan Target Single-Spin Asymmetry
ppl(d’) > WX 4 <M <9GeV

|
=
p—
T T T T T T

PRL 119, 112002 (2017)

i 11 1 f: dilution factor
Ay = =——— P: Polarization
fPVN N: event yield

==
- f 7.9 cm NH3 target

$ 79cmnND3targey e
Range x, Meanx, Neventsp AA%p Neventsn AA%Nn

1llllllllllllllllllllllllll

0.15 0.2 0.25 0.3 0.35

X 01-016 139 5.0x 10 32 5.8x 10 54
target
016019 0175 45x10* 33 52x10* 5.7
DGLAP: M. Anselmino et al arXiv:1612.06413
TMD-1: M. G. Echevarria et al arXiv:1401.5078 et o 57x16° 20 66x 10° 2
TMD-2: P. Sun and F. Yuan arXiv:1308.5003 02406 02% 55x 10 30 64x10° 51
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About SpinQuest/E1039 Collaboration

e Relatively small collaboration

* 51 Full members,

e 12 grad students, 10
postdocs, 29 faculties

* 50 Affiliate members
* 17 institutions from 5 countries
(Armenia, China, Srilanka,
Japan, USA)
* Spokespersons:
e Kun Liu (liuk@fnal.gov): LANL

e Dustin Keller (dustin@ijlab.org):
UVA (OU Alumni)

 Official webpage:
https://spinquest.fnal.gov

3/23/21

QUESS

ACU: Donald Isenhower (PI), Michael Daugherity, Shon Watson
ANL: Paul Reimer (PI), Donald Geesaman
FNAL.: Rick Tesarek (PI), Carol Johnstone, Charles Brown, Cristina Suarez
KEK: Shin’'ya Sawada (PI)
LANL: Kun Liu (PI, SP), Ming Liu, Astrid Morreale, Mikhail Yurov, Kei Nagai,
Zongwei Zhang
MSU: Lamiaa El Fassi (Pl), Dipangkar Dutta, Catherine Ayuso, Nuwan Chaminda

NMSU: Stephen Pate (PI), Vassili Papavassiliou, Abinash Pun, Forhad Hossain,
Dinupa Nowarathne

RIKEN: Yuji Goto (PI)
Shandong U: Qinghua Xu (PI), Zhaohuizi Ji
TokyoTech: Kenichi Nakano (PI), Toshi-Aki Shibata
U. Colo: Darshana Perera(Pl), Harsha Sirilal, Vibodha Bandara
UIUC: Jen-Chieh Peng (PI), Jason Dove, Ching-Him Leung
U. Mich: Wolfgang Lorenzon (PI), levgen Lavrukhin, Minjung Kim, Noah Wuerfel
UNH: Karl Slifer (PI), David Ruth
UVA: Dustin Keller (PI, SP), Ishara Fermando, Zulkaida Akbar, Liliet Diaz, Anchit
Arora, Arthur Conover
Yamagata U: Yoshiyuki Miyachi (PI), Norihito Doshita
YerPhl: Hrachya Marukyan (PI)

- Postdocs - Grad students
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Fermilab:
Proton Beam

* Energy E=120 GeV
(\/s = 15 GeV)

* Duty Cycle (60 sec)
* 4 sec for SpinQuest
* Rest for neutrino
experiments
* Bunch
* Length: 1nsec

* Interval: 19 n sec (53
MHz)

* 4 x 102 protons in 4
sec

Kenichi
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E1039/SpinQuest Spectrometer

SeaQuest/E906 spectrometer
e 4 tracking stations, trigger

hodoscope
* Focusing and analyzing magnets
* lIrondump

Transversely Polarized proton or deuteron
using target NH3 or NDs.
The SpinQuest target location is -300 cm
upstream of the FMag
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Typical Drell-Yan event in E1039/SpinQuest

Beam Target

= X (m)

(m)

Wire Chambers Proportional Tubes
(Tracking) (Muon ID and Tracking)
/ . \ I

Statjon 1

Statlon 2

Station 3

y ) 4 2 A
Station 4

Muon momenta ~ 40 GeV/c

Detection of dimuons:

3/23/21

\//

Hodoscopes
(Triggering)

Trigger with hodoscopes at station1-4
Tracking with drift chambers at station 1-3
Muon identification with drift tubes at station 4
Resolution: dM /M < 10 % (dominated by the multiple scattering in FMag)

Abinash Pun, NMSU
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Dimuon mass distribution from E906

3/23/21

counts

counts

14

12

10

18
16
14

12

X

-y

(=]
w

IIIIIIIIIIIIIIIIIIIIIIIIII

[T

Liquid Hydrogen

e Data
MCsum  mmaa MC J/y
= MC Drell-Yan — = MC v’

=== = Random Coincidence
== Meas. Target Flask Background

M (GeV/c?)

Liquid Deuterium

e Data
MCsum  mmae MC J/y
== MC Drell-Yan — = MC v’

=== = Random Coincidence
== Meas. Target Flask Background

5
M (GeV/c?)

Nature 590, 561-565 (2021)

Abinash Pun, NMSU
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Beamline and Shielding

3/23/21

cryo platform ‘ bl =\ L ’///////,/,//”shielding
- sl TR | /

target cave

beam direction

M. Yurov

Major modification around target (compared to E906): Thanks to

Fermilab Accelerator Division

More radiation shielding

New cryo platform for target infrastructure

New location of target cave (300 cm upstream of Fmag)
New collimator on beam line

Abinash Pun, NMSU
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E1039-Experimental Hall

NM3: looking downstream NM4: looking upstream

= P25

cryo platform

) shielding
"

#L"a l*_ collimator
' . .? o N :l

i) y Pf

5 target cave
.

beam
d'il‘gct ;
I"lop  aiew S : spectrometer

M. Yurov
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Polarized Target

Designed for high intensity proton
beam (4 x 10712 proton/ 4 sec) by
LANL-UVA group

8 cm long solid NH3 and ND3 targets

Magnetic Field: B =5 T with
dB/B < 10™* over 8 cm

“He evaporation refrigerator ( 3 W of
maximum cooling power)

140 GHz microwave source

Source: Zulkaida, Joshua

Material Density Dilution factor = Packing fraction = Polarization  Interaction length
NH; 0.867 g/cm® 0.176 0.60 80% 5.3%
ND3 1.007 g/em?® 0.300 0.60 32% 5.7%
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Polarized Target
H=—ueB — B + Hgg

Dynamic Nuclear Polarization (DNP)

* The coupling between (unpaired) electron pecron | ;
& proton introduces hyper- fine splitting —4— 4 ‘“f’

* Applying an RF-signal at the correct v oo,
frequency, we can drive the nucleons into !
preferential state P ———=< 4 ‘

* The disparity in relaxation times between '
the electron (ms) and proton (tens of Aligned: v, -v,
minutes) at 1K is crucial to continue proton Artellgned: v+ %,
polarization

Target systems NMR

1. Microwave system: pumps the spin / =

NMR C 1/ :
= Microwave

EnAVAVAYA

ﬁ Generator
[ [Cryogenics, |

Liquid He

polarization of the target
2. NMR system: measures the target

polarization T S

3. Cryogenics and pumping system: cools the
solid target and magnet coils

Source: Zulkaida, Joshua
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Parasite Run for Dark Photon Search

O 26.8%

Visible probes of et/ )2 i
sub-GeV DM €
particles

e /u~
;h:DIATg::S

DEVRLIANY 68.3%

Detect
displaced
leptons

Slide: C. M. Suarez
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(Un)Polarized Drell Yan Experiments

I
COMPASS 160 GeV 3 P,=90% 3 2015-2016,
e i =0.1-03 2x10 it 1.1x 10 50ia
J-PARC 1020 GeV Xx,=0.2-0.97 ..y >2020?
(high-p beam line) ‘IS =4.4-6.2 =0.06-0.6 under discussion
fsPHENIX *ls =200 X,=0.1-0.5 8x 1031 =60% 4.0x 104 520212
(RHIC) Vs=510 x,=0.05-0.6 6x 103 P, = 50% 2.1x10°3 :
SeaQuest 120 GeV X, =0.35-0.9 s _
(FNAL: E-906) PP \s =15 =0.1-0.45 2AX10 2012 2017
Pol tgt DY* p+p’  120GeV g 3.0 x 10% P, = 85%

(FNAL: E-1039) p+d Vs=15 =al=0e 3.5x10% f=0.176 Lo -
Pol beam DY$ t 120 GeV _ . _ 5 2023+ 727
(nasei27) PP Ns=1s x,=0.35-0.9 2x10 P, = 60% 1

*8cm NH, target / SL=1x10° cm?s™(LH, tgt limited) / L=2 x 10°* cm? s (10% of MI beam limited)
*not constrained by SIDIS data / *rFOM = relative lumi * P2* f2 wrt E-1027 (f=1 for pol p beams, f=0.22 for 7~ beam on NH;)

W. Lorenzon (U-Michigan)
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E1039 Status and Timeline

E1039
commissioning
commission all starts in late 2021
March: DOE June: E906 components using - Run for 2+ years,
approval decommissioned cosmic rays 2021-2023+
2018 2019 ~ Fallof2021
2018 2018 Now  late 2021
May: Fermilab May: Transferred Polarized target to
stage-2 approval the polarized be installed by fall
target from UVA of 2021
to Fermilab

3/23/21 Abinash Pun, NMSU 32



Summary

* The Spin puzzle is yet to solved
* Angular momentum contribution is least understood

e E1039 intend to measure

* Sivers asymmetry in Drell-Yan process using polarized NH;
and ND; target

 Magnitude and sign of Sivers function of sea quarks (u and d)
* Anticipated statistical accuracy ~3 — 5 %

* Non-zero Sivers asymmetry => Non-zero OAM for light
anti-quarks (Major discovery!)

e Data taking starts by 2021 Fall

* Expected to run for two years of beam time



QUARK

transversely pol.longitudinally pol. unpolarized

@

Parton distribution functions

_» quark
* nucteon NUCLEON
unpolarized longitudinally pol. transversely pol.
|
f | il
1 g 1Tv&_}&
kr '
number density
glL _ ng '
@ L0 = i,. kr t
o _
helicity
A A
I b
l.lL ‘ . hl - ’
1 K — @ transversity
= N, i
k & Kr
B g | M &2
-

Polarized Drell-Yan meazsurements in COMPASS

C. Quintana

Abinash Pun, NMSU

Taking into account the intrinsic transverse momentum k7 of
quarks, at LO 8 PDFs are needed for a full description of the nucleon:

-p2

34
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0.6

% 99 9

0.5

pp—jet+X
/ NLO CTEQ6M
Anti-kT R=0.6

Subprocess Fraction
o
E =Y

IIlllllllllllllllllllllllllll

0.2 q9+99’ ... nl<1
.-"‘/t;/ﬂ
0.1 / _
. Solid:  \s=200 GeV
Dotted: Ys=500 GeV
0llllllIllllllIlllllllllllllllllllllllllllllllllll

0 005 01 015 02 025 03 035 04 045 05
Jetx, (= 2pT/\s)

longitudinally polarized protons at RHIC can access Ag(x,Qz) directly through

guark-gluon and gluon-gluon scattering.
gluon scattering processes dominate at low xT

Abinash Pun, NMSU
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Gluon contribution: RHIC

lllIIIIIIIIIIIIIIIIIIIIIIII

B ), o & ok s 9 @ ' - ~ |l i
B 7 >
0.04 - === NEWFIT — ~—~ F o, .
B with Ax’=1 and 90% C.L. bands E 1 %‘3 1 | % 9N0§e¥:v.1‘1.:£gion -
- --- DSSV : x V* ]
0.02 F 5 eSo [ 0% CL region )
) i ) S "3 [ a DSSV )
A ) e e . 0.5 - ]
[ L L I 1 1 L 1 I 1 L 1 I I- - o~
i T T I T T T T I T T I T ] N |
0.04 STAR 2009 run (preliminary) | i ]
[ 4 Il<o05 ] 0 . E
0.02 _ OSChI<o _ [ ]
Ajet 0 -_ e  a e ——‘—— ................................ y o _-: 05 :_ 7) 2 _.'-
il i 05 Q°=10GeVv ]
[ 1 1 I 1 1 1 1 I 1 1 1 I |- 1 l Ll 1 1 l L1 1 1 l Ll 1 1 l Ll 1 1 l L1 1 1 l
10 20 30 D2 HF £ ©r 02 05
pr [GeV] | dx Ag(x)
0.05
1 _ +0.06

Jo.os dxAg(x) = 0.20%4 o7 Unexplored x<0.05 and

significant uncertainties
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Meson Cloud Model

The meson cloud model explains the flavor asymmetry in the sea and
requires quarks to carry angular momentum.

|p>=p + N1t + At +...

Pions JP=0" Negative Parity
Need L=1 to get proton’s JP=)4"

virtual

-+
pion TC

Drell-Yan
process

Séa’uarks should carry orbital ahglilar momentum.



Sivers Effect in the Nucleon

Reasons for the Asymmetry

The number density of unpolarized quarks in a transeverly

polarized proton: (13 o7 ) g
fq/pT (xB:I_()T) — f1q (xp, 7)) — fh‘? (xBr k%) mpT \

Gives correlation between kr and S

The ET distribution of quarks in a transversely polarized
proton can be asymmetric and known as ““Sivers effect”’.

Sivers Effect: Intrinsic k; imbalance leads to the asymmetry

1.0F 1.0F

f1cl = Unpolarized quark density. A

05

0.0 f‘ﬂ
L 4

L 05
J1_1q (xp, kr) = Sivers function.
0.0+

k, (GeV)
k, (GeV)

S = Spin polarization vector.
P = Three momentum of the proton. 05

-0.5¢

-1.0t! -1.0t!

N
k = Intrinsic transverse momentum of
unpolarized quarks. -10 -05 k,?(:.‘?eVI 0.5 ) -10 05 k,?(:?eV; 0.5 1.0

Source: A. Bacchetta et al. Il Nuovo Saggiatore



https://www.ilnuovosaggiatore.sif.it/download/10

Sea-quark Sivers Asymmetry from
Polarized Drell-Yan

The Drell-Yan cross section in terms of Sivers asymmetry:

d LO % Phys. Rev. D 79, 034005 (2009),
sm S PRL119,112002 (2017
oy (xa, xp, qr, Bs) = diq do <1+ |Sy| sings A oL
S

T l
_ _1 opy—0py _ Sln ¢s
A(ps) = Sl ol +ob sin ¢ A
IST| opy+opy
transverse quark
§T momentum 1 y

transverse
proton spin

~
2
=

incoming
beam

H b H t
Beam Direction
Target Rest Frame

v

Plot credit: Caroline Riedl
(COMPASS)

1. O'Dy is the Drell-Yan cross section when spin is vertically up(down.)

2, ASln ?s is the Sivers asymmetry that SpinQuest will measure.

3. A21muthal angle ¢s in target rest frame can be written in terms of azimuthal
angle ¢ defined in detector restframe . :nvghg = (% — c,b). .




Brute-Force Method:

« Use high-B at low-T via * Degree of polarization at W ;... WD
zeeman-splitting mechanism  thermal equilibrium 1] o ——
P = tanh (E) £ o0al | Aroren |
kT E
* Proton has small magnetic =~ = os|
moment o
S 0.4
He = 660w, -
0.2
e AtB=5Tesla& T=1K |
" P, =~98% P. =051% G001 001 01 1 10 100
B € » B | Temperature (K)
Courtesy of James Maxwell  We need a better method!
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DIS: attractive

Drell-Yan: repulsive
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E —— COMPASS 2015 NH, data 0.4 COMPASS ]
- 105 [ o e Comb. background @ 0:2—pmmn{2015 e l ]
Y UE N0 e Iy (MC) e o b b I...{ ............ et 188 .
= -y (MC) -02
8 104 B ) -+ Open-charm (MC) -0.4
= Sl T\ ---- Drell-Yan (MC) & gab
< < Total MC + Comb. background & ok
s 107 SV { ________________ { ________________ l _____________________________________
~ B '\g <-42— l l . ] [ l I
2 10%F ' -04 | | ]
= - i ' '
Q - ' Wil g, ¢ e 04
o 10k e -ﬂ{ﬂﬁ §s 02 l I l [ l ] ] I {
: s o affoedeeti it el et
1 l 3 | [ | | | l l _0.2
4 6 8 10 ~04 1 L
M/m (GCV/CZ) 10°! sz><10-l 107! I 0 . 0.5 . Tl(GeV/c)2 integrated
"« COMPASS 2015 data
[ == DGLAP
- m= TMD-1
0.1~ pum TMD-2
- _ : o A ol S
average Sivers asymmetry A7" %S = 0.060 £ 0.057(stat) + g 3 RO s UORSEPOND, WSO
0.040(sys) is found to be above 0 at about one standard i
~0.1F
: | | ! | L
-0.5 0 0.5
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Eundamental Properties

Muon Mass 105.6583668 + 0.0000038 MeV
Muon Electric Charge e~, e” (anti-muon)

Mean Life 2.19703 + 0.00004 p seconds
Spin 1/2

Magnetic Moment Ratio, p/p 3.18334539 + 0.00000010
Electric Dipole Moment 37234 (10 Y ecm)
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