Transverse Spin Asymmetries In
Proton-Proton Collisions

University of Bonn, March 18", 2018

>

BRAHMS

PHCENIX W

M. Grosse Perdekamp, University of lllinois




Outline

o0 Polarized p-p

0 Observation of Large Ay and TMD Mechanisms
= Ay In fixed target experiments
= Explanations
= A\ at collider energies

0 The Sivers effect in p-p

0 Constraining Transversity
= Transverse spin dependent hadron fragmentation
= Measurements with jets and di-hadrons in p-p

] _ March 18th Transverse Spin Asymmetriesin p-p Collisions 2



Experimental method: Probing Proton Spin
Structure in High Energy Polarized Proton Collisions

Siberian Snakes

Absolute Polarimeter (H jet)

>

f
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RﬁIC Spin Instrumentation
Development 1995-2005 (smwripeer @
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RHIC pC Polarimeters

. BRAHMS & PP2PP

Siberian Snakes

[ Polarized Source |

| 200 MeV Polarimeter |

Snake

Partial Snake Helical Partial

‘o |

LINAC
S 00sTER AGS

o high current polarized sources
o Siberian snakes and spin rotators
o high energy polarimeters

RfDipole |-~ o0 precision bunch luminosity
measurements
AGS pC Polarimeter
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RHIC Versatile Polarized p-p and Heavy lon Collider

RHIC energies, species combinations and luminosities (Run-1 to 16)

w‘; 8§ 9 12 15 20 23 27 39 56 62 130 193 200 410 500 510

Center-of-mass energy \“’sNN [GeV] (scale not linear)
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Instrumentation Example: Siberian Snakes

COMPLETE %

SMAKE
July, 1599

Snake like p-trajectories
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Experiments at RHIC:
PHENIX Detector

3 1 !
7
| ‘?

The experimental task:

Observe final state of ion-ion | /‘*
L. : IDENTIFIER[SH{A |
and proton-proton collisions .

Au+ Au —>

MUON
TRACKING
CHAMBERS |

n-y+m-e+0-7°+...
(@) measure momentum

+ energy of final
state particles

(b) identify final state
particles:
eg. photons vs electrons

(c) select events of interest am|e'

Au + Au
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Experiment:
Single Transverse Spin
Asymmetries (SSA) In
Hadron-Hadron Collisions



Single Transverse Spin Asymmetries (SSA)
Ay In Polarized Proton-Proton Scattering

Example:

Inclusive & production 0 one proton
. . +p —>r+X . .

In polarized p-p P+ P is polarized

S, m * Ng : pions to the right
Correlation proton spin @p /T o @Sp R - PIONSTOINETE
S, vs Pr. p=—— - p > Y
nt transverse momentum \l Pr.
N, : pions to the left T

_ ‘ N, - Ny
Single transverse A = _L £0°?
spin asymmetries Ay N N, + Ng
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For High Energy Reactions: Ay =2 0
QCD Test ! (Kane, Pumplin, Repko, 1978)

VOLUME 41, NUMBER 25 PHYSICAL REVIEW LETTERS 18 DECEMBER 1978

Transverse Quark Polarization in Large-p; Reactions, e*e™ Jets,
and Leptoproduction: A Test of Quantum Chromodynamics

G. L. Kane
Physics Depavtment, University of Michigan, Ann Avrbor, Michigan 48109

and

J. Pumplin and W. Repko
Physics Depariment, Michigan State University, East Lansing, Michigan 48823
(Received 5 July 1978)

We point out that the polarization P of a scattered or produced quark is calculable per-
turbatively in quantum chromodynamics for e*e”™ —g¢7, large-p ; hadron reactions, and
large-Q* leptoproduction, and is infrared finite. The quantum-chromodynamics predic-
tion is that P =0 in the scaling limit. Experimental tests are or will soon be possible in
pp — AX |[where presently P (A) ~ 25% for p »> 2 GeV/c] and in e*e™ - quark jets,

asmq _4
Ay o« —=— example, m, = 3MeV,+/s =20 GeV, A, =10

s

EI March 18th Transverse Spin Asymmetriesin p-p Collisions 9




Experiment: Large SSA Observed
over Large Range of Scales !

Experiment: Ay>> 104 for4 GeV < Vs <200 GeV for charged pions !

ZGS Vs=4.7 GeVJ AGS Vs=6.5 GeV FNAL Vs =20 GeV RHIC Vs = 200 GeV

PRL 35, BE‘EI (1976) PRD 65, 002008 [2002) ﬁiﬁi. 201 }1‘51'311)— FRL 101, (42001 (2008)
40- 5 40~ q,; 40 PR 264, 462 ]'EIEI]J'_} A0- RRAHMS
+ o " e -
e ::I " EFP uﬂ 1 -I..'I":r "'1 o :
=0 T e _ o o
it D_"" o Tl e, A D_"""“"‘-E-"'“"" ﬂ_ """'E:T """"""" ﬂ—r"“?j"""'“'""
= .I- o Q.
= I L o »
Y B T e
~40- -40- - 40 2 |-40- ]
| I : | i
L L6 P D50 ) 05 10 0 0.5 1.0
X¢ X Xc X¢
Soft effects due to QCD dynamics in hadrons o _
remain relevant up to scales where pQCD can f[;omghrtl)st’:lgeAAluda}I(a_, SF;“_“ 2th8 g”‘_’
. . I oncra an Ariscnin then spin
be used to describe the scattering process! 2008 Summary, CERN Courier, 6-2009
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=

- [mb{GeViey ]
= =

d'c
2n p, dp dy

RHIC Data are in the Scaling Limit

where pQCD can be Applied!

=
T

3

Vs =200 GeV
APHENIX m% n=0
e Brahms m*,n=295
0 STAR m’,n=0
P NLO pQCD
‘&“ﬁ"‘a.m
B
B mm e
pr [GeV]

Good agreement between inclusive
hadron cross sections from RHIC
data and pQCD calculations !

Vs =62.4 GeV

oPHENIX 7% 7=0 |
NLOpQCD

108

106

Seeanalysisin

De Florian, Vogelsang, Wagner
PRD 76,094021 (2007)and
Bourrely and Soffer
Eur.Phys.J.C36:371-374(2004)
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Origin of Large SSA - Inspect Factorized
Components of Cross Section

/7z

: proton

fstructure
M 'X2 P2

e \ .

hard scattering
reaction

dsch(ppT —> 7Z'+X)
dx,dx,dz

Initial state —
proton structure

ochT (X, kq,T) 'G(Xz):

< fragmentation
process

Can initial and/or final state effects
generate large transverse spin
asymmetries? (Ay ~10 )

5 (0,0, > qm.)
dx,dx,

Kane, Pumplin,
Repko = a; ~104

E March 18th
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3 FF (Z phT)

Final state — hadron
fragmentation
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s Transverse Spin in QCD:
Three Solutions

(1) “Transversity” quark-distributions __STAR, PRL-92:171801, 2004
and Collins fragmentation 2 | o Tomesoms
o 0.4
Correlation between proton- und quark-spin =~ &' | — collins .
. . o= <+ Sivers
and spin dependent fragmentation < [-— Initial state twist 3 _
= - — Final state twist-3
1 1, 2 E0.2f jL f
oc A(x)-Hy (z,,k”) 2
—— & v — < IS (S
Quark transverse  Collins FF < i
spin distribution 0.0
(I1) Sivers quark-distribution* I
Pr= 1.0 11 1.3 1.5 1.8 21 24 GeVic
Correlation between proton-spin and 02— 01 08 08
transverse quark momentum . _ X
_ X (111) Initial or final state twist-3*
L 2 . .
oC fqu (X, kJ_) . Dq (Z) Qiu/Sterman and Koike
\ - ~ g

Sivers distribution
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Unified Picture:
TMD (Sivers & Collins) vs Collinear at Twist 3

TMD Overlap/matching Collinear
Ji, Qiu, Vogelsang and Yuan
in PRL-97:082002, 2006

\

Q Qrorf;]'

A-QCD << QT or PT <<

Use TMD description (Sivers & Collins) if p; << Q (two well separated scales)
Use collinear description at Twist 3 if pr ~ Q (one large scale)
Consistentresults for TMD and Twist 3 in transition region!

] _March 18th Transverse Spin Asymmetriesin p-p Collisions



The Sivers Effect
In pp Collisions



1

COMPASS and HERMES Sivers
Asymmetries for 1" vs K*

COMPASSPhys.Lett.B744:250(2015)

o COMPASS 1 x<0.032
< 0.If ® COMPASS = x>0032 . n
O HERMES = PRL 103 (2009)

i
0.031 %o 8¢ L ‘%# } B i’@}‘? ? }
Er ; ?ﬁif ﬁ'ﬁ% byt
O~ e % ————— O
00 | i}
~ & 0.2t COMPASS K x<0032 . B
~ ] COMPASS K™ x=0.032

0 HERMES K PRL 103 (2009) % ,]l }

Combined 2007 and 2010 COMPASS proton data samples analyzed.
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Sivers — Global Analysis of
HERMES & COMPASS Data

Anselmino M, et al. arXiv:1107.4446 [hep-ph] (2011) Sun P, Yuan F. Phys. Rev. D 88:114012 (2013)

Leading order analysis Full QCD analysis including

TMD evolution
a b
0.]0 I T T T LB II T T T LI L II T T T T T T T T I
i 1 ] i
- xfir () = =XTe(x,x)/2M dquak 1 01| Afa=THx/M y quark .
005 y U
e £ i - “‘\h\"\.\. —
0.00 | E— :ﬂ_—:::‘_‘_'_'_'_'_':"f'_ — /
- e /
e L BT - / /, -
l /1 oy
-0.05F E
| u quark ]
[ Q=1.6GeV N i
- -02[ —
—0]0 | 1 ool 1 Loaoa gl 1 T B W | 1 1 1 1 P T |
1073 1072 1071 1 102 1077
X X

Still significant errors, no data for x>0.35
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Consistent Description of TMDs:
Include soft Gluon Exchange in the Initial and Final State of
Hard Scattering Processes

T*Sum final state gluon exchange: gauge
link and insert gauge link integral in
hard scattering matrix element

A
Cran, (Q))(P1O*"]|p)

Sum initial state gluon exchange: gauge link
and insert gauge link in hard scattering matrix element
EI M
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Sign Change of Sivers- and Boer-Mulders
Functions Between SIDIS and p-p

SIDIS rst 75 py & o m
| s Direction of the gauge-linkintegrals of k;
SIDIS DY )
dep. pdfsis process-dependent and
. changes its sign between SIDIS and DY
R |
Sivers fit(z, kr) S — fir(z, k) ‘D}’ Need to confirm sign
N reversal in polarized
= = T e P - T pP-p (jetsa DY,
Boer-Mulders  hy (z, kr) SIDIS hi (2, kT)‘DY direct photons)

NSAC performance

. . . Milestone HP13 f
TEST “modified” universality of TMD pdfs! 20'182 e >
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The STAR Detector at RHIC

from Bernd Surrow
=1 =i

O Calorimetry system with 2 coveragage: n=1.09

BEMC (-1<n<1) and EEMC (1<n<2)

O TPC: Tracking and particle ID
(Inf<1.3)

O FGT: Forward GEM Tracker (Run 13)
(1<n<2) 3)

n=2.0

O ZDC: Relative
luminosity and local

polarimetry

O BBC: Relative

luminosity and

Minimum bias frigger

z
+ A\DY: forward EMC and HCAL2.4<n<4 7= —In (ta“” (5))
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A\ for Jets: Bounds for Quark Sivers Distributions

A\DY, Phys.Lett. B750 (2015) 660-665

A\DY Jet-Cross Section A\DY Jet-Ay
p+p—jets, \s=510 GeV p' +p—sjets, \s=500 GeV
= 0.02 i
< - ® jet A, (statistical uncertainty)
10 E 0015

0A,, (Systematic uncertainty)

Ed®s/dp® (ub % /GeV?)

1 twist-3
1L
- 0.005-
A <7u>=3.31
10 2 ) or v °® °
SRS PYTHIA 6.425 I
- — PYTHIA 6.222 00051_
4 — NLOpQCD, n,=3.31 U +
10— GPM, n_=3.31 -
_|||||||||||||’I{|9Iﬁ|||\|\|||||||||||||||||| _OO.I_|||\|||||||||
50 60 70 80 90 100 110 120 130 ’ -04 -0.2 0

Jet energy, <E> (GeV)

Generalized Parton Model calculations
M. Anselmino ef al.. Phys. Rev.D 88, 054023 (2013)

Twist-3 pQCD calculations
L. Gamberg, Z. -B. Kang. A. Prokudin, Phys. Rev. Lett. 110, 232301 (2013)
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A\ for Jets, Direct Photons and Drell-Yan

Twist-3 pQCD calculations
L. Gamberg, Z. -B. Kang, A. Prokudin, Phys. Rev. Lett. 110, 232301 (2013)

3 v (1) Use HERMES datato (2) Determine twist-3 3-parton correlation function (ETQS)
&” 008 determine Sivers function 5
s 5 0.06 T CoaY 127, "’“J—| lgs 3.2
< + q=F(-I~-I) =— [ d f’iL—U 1T (-I"I‘J_)‘SIDIS
0.04 — + + N {
0.02—
0
_002 | | | | | | |

005 01 015 02 025 03 035

(3) Compute A, for pp aty = 3.5for jets, directphotons and Drell-Yan lepton pairs.

0.015— 0.02
0.05
. Jets | ——
z oL Drell-Yan
< 0005 ,9—.;‘!4:{’/’/‘ <,:z -0.02— _
0 [ ‘ -0.04— < 0.05
=0.005— .
. =-0.06—
01~ Consistency but oal
oo limited sensitivity “*" Direct Photons
0.1 0.2 0.3 0.4 0.5 0.6 o1 0.2 0.3 0.4 0.5 0.6 -0'150 04 02 03 04 05 06 07

X
F Xp
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Sivers — Ay for W-Bosons in STAR

L. Adamczyk, et al., PRL, 116, 132301 (2016) 0 V_V'pT .
= a ) |:| PYTHIA before correction
L%J 6000 ‘ PYTHIA after correction
5000 | @ &TC P‘r” - RhicBOS 500 GeV
< | STAR p-p 500 GeV (L = 25 pb’) 000- |5 i
1:_L1-’ | <1 3000-| b
- 2000- e
t-?": tay
1000 ; SRR
S 2 a6 8 10
Recoil P, (GeVi/c)
= An
'0.5:_ + W+ s I+ v TMD Overlap/matching Collinear
CEEW STy
3.4% beam pol. uncertainty not shown
[ 1 I L 1 1 I 1 L 1 I 1 1 1 I L 1 L
2 4 6 WB 10
Py (GeVic) e
Pr>Naco —
Agep << QsorP; << Q LOLET
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Sivers — A for W-Bosons in STAR

L. Adamczyk, et al.,

0.8—

1
- STAR p-p 500 GeV (L = 25 pb’)

0. ‘i{P <10 GeVi/e

—f—

-0.4F
-0.6:—

F W STy
r = KQ - no TMD evol.

EIKV - TMD evolved
S’ J% beam pol. uncertainty not shoun

-0.5 1 1 1 0 1 1 1 0.5

yW

< STAR p-p 500 GeV (L = 25 pb™)
0.859.5<P) <10 Gevre

PRL, 116, 132301 (2016)

0.4F W 1Ty
— KQ - no TMD evol.
EIKV - TMD evoilved

- 1 1 1 1 1 1 1 : 1 1 1
1 -0.5 0 0.5

Comparison to two different evolution scenarios:
strong TMD evolution results in Ay~0

Tl - March 18th
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1

Sivers — A for W-Bosons in STAR

L. Adamczyk, et al., PRL, 116, 132301 (2016)

z 1 z 1
< [ STAR p-p 500 GeV (L = 25 pb™) < [ STAR p-p 500 GeV (L = 25 pb™)
08L 9 5<P” <10 GeVre 0.8L 95 <P <10 Gevre
0.6F

0.6F

-0.2}

-0.4F +W+—>I+v -0.4F +W'% v
0 6:— KQ (assuming “sign change”) 0 6:— KQ (no “*sign change”)
Bt Global y2/d.o.f.=7.4 /6 U Global ¥2/d.o.f. =19.6 /6
-0.8 :_3.-1 % beam pol. uncertainty not shown 0.8 :_3.-1 % beam pol. uncertainty not shown
-1 A I T T T T A TR TR S | -1 c.1 v v v v 1 v v 44 1
-0.5 0 0.5 -0.5 0 0.5

yW y"
Assuming no evolution + sign change gives better chi2 !
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First Results on Sign Change in DY: Ay

for W-Productionin STAR

Comparison of A\ to Sivers from SIDIS by Anselmino,
Boglione, D’Alesio, Murgia, JHEP 1704 (2017) 046

1 ' T j W+I 1 j T ' W—I ,,,,,,,,,,
0g | FIT2016 0g | FIT2016
05| Ay W* in STAR os| AyWin STAR
04 04| v .
- { 2 0 L
. l IR,
1
02 L 02+
04 L 0.5<q,=10 GeV 04l 0.5<g.<10 GeV
0.6 —Ul.d —OI.E 1'] OI.E OI.J, 0.6 06 —DI.Ll —UI.E E} DI.2 OI.J, 0.6
Y Yw
. W o+ W
7L | | Iill Sign chlange |
[ No sign change
T | 2 betweenMC variations
- il \ of Sivers PDF and STARAW
AW slightly better + M "
compatible with sign change | j{d’
1.6 1.8 2.0 nghli;? 2.4 26 2.8
Tl _June 24th Experimental Measurements of TMDs 2@6



Bound on Gluon Sivers from Ay for
Neutral Pions at Mid-Rapidity

U. D’Alesio, F. Murgia, C. Pisano Fit to PHENIX A for 11°

JHEP 1509(2015)119 A. Adare et al. PRD90 012006(2014)
(Thesis John Koster, UIUC)

100 —y juon dominated
: 8 g =10% 0004 19
i 2,2 _ ]
ol AY min= 2% ) 0.002 |
Ref. [2] - 3
. S .
<
TE . 0002 | 1 4% = 10% g :
= i ' ] Ay = 2% XV
= y 0.004 | . giuon DSS - SIDIS2 1
‘:q._m D‘I = _é M BT A R S S N S S S S R S T
“ 1 1 2/ 3 4 5 6
r c 0. VN
0.01 £ - S .
: 3 Lé ", :try
- : = ) )
I DSS-SIDIS2 - N p+p — jet+Xat Vs = 500 GeV
0.001 3 f
F uncertainty from process depen- i =4
3 . . . . 0
- dence of quark Sivers distributions ak
0.0001 Lt _
0.01 0.1 ) )
. ; ..
Q . NLO CT10 Amtl—kT with R =0.5 ,(g
| | L1 | 1 11 ‘ | I Nt

T B R S T A
20 30 40

: | 50 60
] . March 18th Transverse Spin Asymrr o Jetp, [GeVic]




Constraining
Transversity



Knowledge of Transversity and Tensor Charge Requires
Measurements in p-p, lepton-p and e*e-

RBRC Transversity
Workshop 2000 =

SIDIS Measure Collins

Asymmetries in SIDIS
~0Q(X) X CFF(2) | Measure CFF and IFF
~ 0q(X) X IFF(z) | asymmetries in Belle
and CFF & IFF in p-p

ete

~ CFF(z,) X CFF(z,)
~ IFF(zy) X IFF(z,)

pp =2 jets
~ G(X1)x0q(X,) X CFF(z)
pp > h" +h +X

~ G(X1)Xx0q(X,) X IFF(2)
pp D"+ + X
~0q(Xx;) x 0Q(Xy)

Transversity, dq(x)
Tensor Charge
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Collins Effect in Quark Fragmentation

J.C. Collins, Nucl. Phys. B396, 161(1993)

S
v
qt hp, |9
. V > \'4 —
g k Ph.

K : quark momentum Collins Effect:
v : - Fragmentation of a
S : quark spin
v | P transversely polarized
5h rhadron momentum quark g into spin-less
o : transverse hadron momentum hadron h carries an

B azimuthal dependence:
z, = E,/E, oc(leE)/ )g/

=2 Eh/\E: relative hadron momentum _ L

oc SIN @
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Collins Effect in di-Hadron Correlations
In ete- Annihilation into Quarks!

electron

®,
'\72'_
22 4. l
quark-2
spin

z, , relative pion
momenta

positron

Collins effectine’e

quark fragmentation

will lead to azimuthal
asymmetries in di-hadron
correlation measurements:

N, (@1+0,) ~a1,c08(d+dy)

Experimental requirements:

* Small asymmetries =
very large data sample!

= Good particle ID to high
momenta.

= Hermetic detector

= Events with back-to-back jets

Tl - March 18th
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> Aerogel Cherenkov cnt.

SC solenoid ﬁf ],}:}m n=1.015~1.030

1.5T £

Csl(TI) 16X, ‘,

. _h"‘- = s o F d - - o .';- - E =
-.,. i T : g . —— - Pt
TOF counter 3 e N - l:j ﬁ{;

3.5GeV ¢t

u/ K, detection
14/15 lyr. RPC+Fe

Si VLE det.
3 lyr. DSSD

Good tracking and particle identification!
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o
<0.25
0.2
0.15
0.1
0.05

-0.05

o :
<0.25
0.2
0.15

0.1

0.05

0

0

Observation of the Collins Effectin e*e-
Annihilation with Belle

Belle (UIUC/RBRC) group

™ 0.2<z,<03

0.3<z,<05

- PRELIMINARY

Collins Asymmetries in e*e-
annihilation into hadrons

e +te 2mt+m+ X

~ Collins(z,) x Collins (z,)

-0.05 -

0.2

A1, COS(h;+4,)

El March 18th
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Extraction of Quark Transversity Distributions
and Collins Fragmentation Functions SIDIS + e*e-

Program:

QCD analysis of Collins asymmetries
in SIDIS (HERMES & COMPASS) +
Collins asymmetries in e+e- (Belle)

= extract quark transversity distributions
and Collins fragmentation functions

4

-

TREFSGER HODOSCOPE HY

b 72756
SGeVetp2>2m+X

U 160 GeVu+d > 1 +

mm el == ==semmmmmassEmmm==

W=d /s=70 GeVVet+ e

BELLE > 7T+ +1T + X

S n=1.015~1.030

SC solenoid 7 | |

1.5T £

1
Csl(TN) 16X, o : —
L e . e g
> i g
TOF counter o _g;j!}f-'
8GeV o A 5l
/1"”! =T\ A\ (R Tragking +dEld
= XV Lsmall cell + He/C,H,

u/ K, detection

Si vil, a8 14/15 lyr. RPC+Fs

3 lyr. DSSD

1N

2

EI March 18th
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Transversity & Tensor Charge Extracted With
TMD Evolution and Recent Data Sets

Z.-B.Kang., A. Prokudin, P. Sun, F. Yuan - Phys.Rev. D93 (2016) 1, 014009

S 2 2
Experiment hadron Target dependence # ndata x X~ /ndata Experiment Observable dependence # ndata x2 x2/ndata

COMPASS [97] =~ LiD x 9 11.16  1.24
COMPASS [97] =~ LiD T 9 9.08 1.01 BELLE [12] AfE z 16 13.02 0.81
COMPASS [97] =+ LiD z 8 3.26 041 BELLE [12] AG“ 16 1154  0.72
COMPASS [97] 7~ LiD P 8 729 091 BABAR[98] Ag* 36 3461 096
COMPASS [97] =+ LiD P 6 419  0.70 BABAR[98] A5 361517 042
COMPASS [97] 7~  LiD Pui 6 450  0.75 gigig[gg jg( }f}— e
COMPASS [96] =" NH; * 9 21.46  2.38 ABAR[9] As e - ‘
CORIPALSS 96] T NHS £ 9 6.23 0.69 122 87.76 0.72
COMPASS [96] =" NHjs z 8 7.80 0.98
COMPASS [96] 7~ NHg z 8 10.20  1.29
COMPASS [96] «* NH; Py 6 3.82 0.64
COMPASS [96] 7~ NHg Pry 6 3.85  0.64
HERMES [95] =" H x 7 5.37 0.77
HERMES fga} T H P 7 12.61  1.80 Datasets from SIDIS
HERMES [95] =+ H z 7 3.04 0.43
HERMES (05 »~  H (HERMES, JLab, COMPASS)
HERMES [95] =« H Py 6 1.60 0.27 + -
HERMES :95} T H Py 6 482 080 ande‘e (Belle, BaBar)
JLAB [9] ol "He * 1 3.00 098
JLAB [9] T “He x 4 311 0.78

140 13065 093 Fit describes data sets well!

H— =



Transversity and the Tensor Charge Extracted Using
TMD Evolution and Recent Data Sets

Z.-B.Kang., A. Prokudin, P. Sun, F. Yuan - Phys.Rev. D93 (2016) 1, 014009

Favored and unfavored
Results given at CollinsFF
Q2=2.4, 10and1000Gev2 | Q> =2.4GeV?
0.04— —  Q*=10GeV?

= . QP =1000 GeV?

%)

up and down
transversity distributions

~(3)

-z H (2,Q
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Transversity and the Tensor Charge Extracted Using
TMD Evolution and Recent Data Sets

Z.-B.Kang., A. Prokudin, P. Sun, F. Yuan - Phys.Rev. D93 (2016) 1, 014009

up and down contributions to

tensor charae
NP*:E II'. |'|I NX Ill / I . .
wf | wl | / Integrals in data region
o ——ed e e RS
nﬂ\ ;"I \ ()_u_[(_L(_)(_)oo.(_l.&)] — 10. 30t8:3$
130 : 130 F (Sd[(ﬁL[T)(JGS.(Zl.:BS] _ _0.204_—8:})27
0 E]I.1 E]I.2 073 Ol[dﬁogt;ﬁotgg] E]I.Tr' -0.4 -UI.B —DI.:E -6'1[015']065 gés] 072 Integrals in [0!1]
Su Y od T _ -
gul®Y = 40.39+0.07
54101 — _O-QQJ_F[(H);%

Evolution has significant effect
Need higher precision SIDIS data: COMPASS, Jlab 12 GeV

Need to extend data range to high and low x
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Azimuthal asymmetries for jets and jets + hadron

A t'l’tTT (r_—‘f)g. rj)H) — ('I’U“L [rj)g. C)H)

~ dAoq sin (0 g)Sivers

Coliins + dAcy sin (¢ps — ¢ ) + dAcy sin (¢s + o)
+ dAoy sin (os — 20g) + dAcy sin (o5 + 205) .

Charged pion Collins-modulations in jets

_ p'+p —ojet+m+ X Vs =500GeV
0< Mt = 1 <p1—’jet> =31.0 GeVic

1
0 I
/ E 5 [esmarR2nr
< ~ |[O]sTAR 20111 74
B f " TS \\'\%
0 R
T R

First measurement of o[ i o %‘
Collins effectin jets! I | l

-==- DMP+2013 =<+ KPRY ==== KPRY-NLL

I [ M| I I I P I L I I I 1 I 1 I I
0.1 0.2 0.3 0.4 0.5 0.6

STAR, Phys.Rev.D97 (2018) no.3, 032004
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Collins in Jets in p-p at RHIC and e-p at EIC

Charged pion Collins-modulations in jets

oF _ p'+p —jet++X Vs =500 GeV First measurement of Collins
9 005 — 0< n., <1 (pT_et) =31.0 GeV/c . . . .
=5 ) ! asymmetries involving transversity
c = - | ® STAR 2011w . . . .
wq:D ~ |[©]sTAR 20117 distributions at hlgh scales!
0 Comparison of e+e- & SIDIS extraction of
_ transversity with e+e- & p-p extraction will
I o % provide information on process dependence.
 Model Curves Positive: i
_005 — Model Curves Negative: n°
"7 | ==== DMP+2013 =i<: KPRY === KPRY-NLL . o .
=) Significantly more data available!
0.1 0.2 0.3 04 0.5 0.6
Z

Collins-in-jet-channel will be also available
at EIC!

STAR, Phys.Rev. D97 (2018) no.3,032004!
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Measurements of Transversity and Tensor charge with
Transverse Momentum Independent Functions

ET p¢ — 1+ + X (PAX,FAIR) Drell Yan - req. polarized anti-protons

pT p¢ —> jet+ X (RHIC) need to improve systematics on rel. luminosity
ep’ ——e'A” + X (SIDISat JLab-12 GeV, EIC) need Lambda-FF > e*e-
op — AT+ X (RHIC, JPARC) need Lambda-FF > e*e-

epl — >z +77+X  (SIDISatJLab-12 GeV, EIC) need IFF > e*e-
pp' ——> 7z +77+X (RHIC, JPARC) need IFF > e*e

Well know co-linear evolution!
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Transversity Quark Distributions at RHIC:
Di-Hadron “Interference Fragmentation Functions

IFF Asymmetries in proton-proton
Beam collisions

P
p+p 2m +1m + X
S ~ Transversity (x) x IFF(z)
. |

0 7%-/ N7 : PionPair Yield = k4, oL integrate out

P =+ a(x) :Transversity quark DFs

&(z) :IFF Fragmentation Func.

% plane

Ayt ¢ A(%)G(X;)cos(@)IFF(z)
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First Measurement of di-Hadron IFF Asymmetries
IN STAR M. Ablikim et al. Phys.Rev.Lett. 115(2015)242501

n-dependence
£ - B . . . — S0 papa4n (= 200GeV
°F 008 — PP ara+ X e {s=500 GeV -
B STAR preliminary 0.03 1~
0_06:_ ® \{s=200 GeV ooaf-
- IFFinSTAR o |
0.04— - l
N i § 0 l
002:_ % ﬂ % '0.0157‘\II|||||||||\\I|III|III|II\|III|I
L + i °'5§_ A
0_ 0.4;
- T ¥
B 0.15—
-0.02— “08 06 04 02 0 0z 02 o0& o8
n
O 1 L
D 120 o« o ° . . No TMD Factorization &
S wf process dependence well
2 s understood.
5;_ ™ ™ ™ ™ |
a4 )
0 02 04 06 08 1 12 14 16 With upgrades, RHIC cando
M, (GeV/c?) high precision measurement

with forward upgradesincluding
high x coverage !
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IFF measurement at BELLE

A.Vossenetal., Phys. Rev. Lett. 107(2011)

L B e et bl e B e e e e b e 1

I ) T RN FETEE FETEY RTETE FTRNE FETREET ). YU ST RS SN TS PRI TR SN TS SN TS FRTE

o
o
o (=] = o
T _|||||||||||||'|Tr|'|'||||||||||| T[T _||||||\||‘||F|Trr|’r||‘||||||| T[T

1 E
0.2 0.3 04 05 06 0.7 08 09 02 0.3 04 05 0.6 0.7 0.8 09 02 03 04 05 06 0.7 0.8 09

e’ > (77 ) (T ) o X

S S
A oc H1 (Z1v ml) H1 (Zz 1 mz) COS(¢1 + ¢2) No double ratios needed to
cancel radiative and
Artru and Collins, Z. Phys. C69,277 (1996) acceptance effects!

Boer, Jakob, and Radici, PRD67,094003 (2003)
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Transversity First Extraction using IFF Data
From SIDIS, e+e- and pp

M. Radici and A. Bacchetta arXiv:1802.052

0 use standard colinear factorization
for global analysis.

0 do not require information on p+

dependence of pdfs. o . /S )
1072 107 1
X SIDIS+e+<—:"+ ]
o unpolarized di-hadron fragmentation down  |uu SiDIS&e'e
currently taken from Pythia. (New data o10;
0.05F
from Belle and future pp data on unpol. ol -

IFF will remove this model dependence).

10-2 1071 1

EI March 18th Transverse Spin Asymmetriesin p-p Collisions 44




-
=
<

1

Transversity Extraction using IFF

Comparison of prediction based
on fitto SIDISand e+e-|IFF data
& STAR IFF asymmetrydatain p-p

0.06—

0.04

0.02

0.00

~0.02"

from Radici, Pisano Eur.Phys.J. A52 (2016) no.6, 155

Comparison of projections for CLAS12

ete-IFF data

and SOLID. Experimental errors vs
uncertainties from fit to SIDIS and

CLAS12, proton
0.15 7
ACLAS12 /S
0.125 (projected) I
£5 01
q // /
0.075 /
oy yoo e
0.05 s P
- + / P
. ¢ 0025 [ .+* 1 “““ R +
o L ] | ""I T -
0.2 0.75 0.5 0.25 0.5
............. z M, x
0.5 1.0 0 .
0 Ar A T ~0.02 "1
ooz : 0.00) ",5 /‘;,«'\\““ .: 0.04 ’]‘{I
B p T — P E . 0.06 I
- ‘«..._E N Iy /3 08 I
- 0.06) L :.' I
-0.08) -008
-3 0.4 [ 03 1.0 hz 04 08 ut o8 .o 12 GG 02 s 04 05 06
SOLID, He-3
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Timeline of Transversity Measurements

2016-2020>

1991 2002-2008 2009-2015
[ ptp = N
: RHIC
E704, 1991 STAR, PHENIX, BRAHMS Collins in jets
Large forward Inclusive Ay :
SSA - RHIC
IFF
COMPASS
HERMES Prfglgn-target COMPASS
SIDIS F+IFF deuteron-target
COMPASS - CFF+IFF
BELLE, Babar, Collins, IFF
BESII
BELLE BELLE II
et+e- Collins, IFF, p;
Collins FF dependence, pr dependence
mand K

Tl - March 18th
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TMD in pp Summary

®Large SSA forinclusive hadron production.

®First bounds on gluon and quark Sivers. Precision will greatly
benefit from forward upgrades (future sPHENIX).

® Firstmeasurements of TMDsiin jets.

® Non-TMD processes are available to constrain quark
transversity. Within the nextfew years high precision
measurements using di-hadron interference fragmentation
functions will become available (from existing STAR data sets).

® We can aimto extract the tensor charge in an experimentally
and theoretically clean way and compare to lattice QCD!
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Transverse Momentum Dependence
In the Unpolarized Cross Section

* The cross-section dependence on transverse hadron
momentum, P, results from:
* intrinsic k, of the quarks &
* p, generated in the quark fragmentation

"(\pL,l

= Prra

* A Gaussian ansatz for k; and p, leads to

) =2+ 02) e

RS proton

* The azimuthal modulations in the unpolarized cross-sections
originate from:

* Intrinsic k, of the quarks
» The Boer-Mulders PDF
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Hadron Multiplicities
vs x,C¥, zand p,

Q*l(GeV/c)] COMPASS Preliminary
81 1
0.2<2<0.3 "N_\
- \'s.v
- 10 L
-h "
16 | M| e |t
\ FC 5 _h 2 4. 12>
NN WA (2, P 02 = 01/ 30Q A2y
7 o“"mo'o 1 _: PSRt dZO-DIS/ddez
Mf'l 10% ". . | “"a | t‘:a | ¢
3 _ o“"mu'z
NN T
- H";. s, %, s s,
1.7 | D'E:—_—-——_——_——_m . .. .
'0*\ \ \ \ b 2 2005 5LiD data, COMPASS preliminary at Spin 2014
i 0.5 : _: : ,
0 2 0 2 0 2 0 — X

0.003 0008 0013 0020 0032 0055 0.1 0.21 0.4 0.7
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Global Analysis of Unpolarized TMD Multiplicities in
SIDIS, DY and Z-Boson Production

Bacchetta, Delcarro, Pisano, Radici, Signori I A A T A T
JHEP 1706 (2017) 081 0 Py

T8 .

E. 6 A;\

§4 P

S 2 - —

= i,

———t—b—

HERMES & COMPASS SIDIS
Multiplicities vs p+

E288 and EG05

DY cross sections vs g+

DO and CDF

Z-Boson cross sections vs gy
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Multiplicity [GeV ']
N - [=2] @
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EI March 18th

Pnr[GeV] Prr[GeV] Prr[GeV] Phr[GeV] Prr[GeV]
= (2)=0.24 (offset=5) (2)=0.34 (offset=3) <« (z)=0.54 (offset=1)
+ (2)=0.28 (offset=4) (2)=0.43 (offset=2) » (z)=0.70 (offset=0)
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Global Analysis of Unpolarized TMD Multiplicities in
SIDIS, DY and Z-Boson Production

Bacchetta, Delcarro, Pisano, Radici, Signori Average partonk?;
JHEP 1706 (2017) 081

HERMES & COMPASS SIDIS
Multiplicities vs p+

£288 and E605 i T |

. X
DY cross sections vs g+
Average P? | picked up in fragmentation

DO and CDF 0305

Z-Boson cross sections vs gy 025f
— 0.20f
E% 0.15
t:9:0_10
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