Transverse single-spin asymmetries in W* and Z°
bosons production in p+p collisions at RHIC
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Plan of the talk

< Physics motivations

< The W* selection and Ay measurement
< The Z° selection and Ay measurement
< Future plans

< Conclusions
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Intermediate Q¢
S Transverse Q> >Qy/pr>>Aqcp Collinear/
momentum AN A twist-3
B dependent Q. Qr>>Agep
k| Q>>Qr>=Aqep Pr~Q 5
Q’ >Pr Efremov, Teryaev:

- Qiu, Sterman
P sivers fct. \

>
Ager << QifPr<< Q Q/P+

QCD:

DIS: vq scattering || || pp: ¢/q annihilation

TMDs attractive FSI repulsive ISI Twist-3
need 2 scales . T v needs only 1 scale
Q? and p; | g | Q2 or p;
Remember pp:
most observables one I T T L {(Qt ........ should be of reas. size.
scale Applicable to most pp
Exception: DY, W/Z, | Siversyrs = - Sivers (DY or W or Z) | observables Ay(n0/v/jet)
Collins

The much discussed sign change of the Sivers’ function
critical test for our understanding of TMD's and TMD factorizat

Goal: measure sign change and pin down TMD-evolution by measuring A,, for v, ‘V/\V%_ZB, DY
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Motivations

» No fragmentation function

» Very high Q?-scale (~ W/Z boson mass)

» Asymmetry from lepton-decay is diluted —> Full kin. reconstruction of the boson needed

> 70 easy to reconstruct (but small cross-section)

> W kin. can be reconstructed from the hadronic recoil (first time at STAR)

Sea quarks are mostly unconstrained... but they can give a relevant contribution!

M. G. Echevarria, A. Idilbi, Z-B Kang, and I. Vitev arXiv:1401.5078
Revised error bands (private communication) use positivity bounds for the sea quarks
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Aug. 25, 2014

S. Fazio - PANIC 2014




TPC(In| <1.4)
Barrel EMICAL (|n| < 1)
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Strategy

Ingredients for the analysis

* |solated electron

* neutrino (not measured directly)
* Hadronic recoil

O Select events with the W-signature
> |Isolated high P; > 25 GeV electron
» Hadronic recoil with total P; > 18 GeV

U Neutrino transverse momentum is reconstructed from

missing P,
DV Di
Bl ~- Y P
S

. —tracks

I< clusters

U Neutrino’s longitudinal momentum is reconstructed
from the decay kinematics

MVZV =(Ee +Ev)2 _(ﬁe +ﬁv)
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Data & MC
PYTHIA tuning

Monte Carlo

500/

300

— PYTHIA reconstructed trough GEANT
simulated STAR detector

—> Perugia tune with hard P; > 10 GeV

- PYTHIA embedded into real zero-
bias pp events

events

lIIIIIII

-4 -

Data sample

* pp — transverse (collected in 2011)
@ V500 GeV

* Integrated luminosity: ~ 25 pb

 Events triggered in Barrel EMCAL

200

100

Signal Background
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PY. TUNE A kt=1 ckin(3)=0.5
------- PY. TUNE A kt=1 ckin(3)=1.0
~~~~~~~~~~~~~ PY. TUNE A kt=1 ckin(3)=5.0
———— PY. TUNE A kt=1 ckin(3)=10.0
PY. Perugia0 kt=2 ckin(3)=1
PY. Perugia0 kt=2 ckin(3)=5

PY. Perugia0 kt=2 ckin(3)=10

RhicBOS 500 GeV

Altarelli et al. 530 GeV

* UA1 530 GeV
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Electron identification

Isolation: (Ptrack+Ecluster) / 5[ptracks jn R=0.7 cone] > 0.8

We calculate energy from the cluster

* Imbalance: no energy in opposite cone (E<20 GeV) ‘f;: 60§ . 1
* E; >25GeV 2 ]
- 40: ..... _51
* Track |n| <1 £ 20 )
* |Z-vertex|<100 cm 200 -
* Charge separation (avoids charge misidentification): 10;
0.4 < |Charge (TPC) x E; (EMC) / P; (TPC)| < 1.8 %

* Signed P; balance > 18 GeV (rejects QCD Background)

Primary track Meanx  34.69

Meany 0.5768

RMSx  5.876
RMSy 00975
Integral 1746

T80
-\b 20 40 60 80 E:_Iectron
E; 2x2 cluster
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Background estimation

Background estimated via MC normalized to recorded data luminosity

Data (W+) Mean 35.04
0 e e RMS 6.014
GC.) : : I:|STAR data
S ... s . Underflow 0
(0]

1 02 = . PYTHIA W*->tv_ Overflow 0

Integral 1216
I:l PYTHIA Z°-> e*e

10E:

Pr? [GeVic]

Positive-charge signal 1216 events
"7 Dee
"Wt Dty

W+ sample
2%->ee =10.71events [B/S=0.88%]
W* -> tv, = 22.92 events [B/S = 1.88%]

Aug. 25, 2014

Data (W-) Mean  36.04
§2] 102 N } 5 RMS 6.023
GCJ Fo: :mfl |sTARdata
S o i Underflow 0
()] .

N @ PYTHIA W->1v_ Overflow 0
Integral 332
|:| PYTHIA Z°-> e*e”

10E:

020 40 60 B0
P’ [GeVic]
Negative-charge signal 332 events
"7 Dee
"W 2 ty,

W- sample
20->ee =9.77 events [B/S =2.94%]
W-->tv, = 4.62 events [B/S =1.39%]
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QCD background estimation

Data-driven QCD background estimation

* Reverse of P;-balance cut [PT-balance < 15 GeV] = Selects QCD events  ©
* Plot lepton-P; > 15 GeV

* QCD sample normalized to the first P;-bin [15-19 GeV]

W+ sample

QCD =19.37 events

[B/S = 1.59%]

Mean 35.04

(%) F : :
£ 200k A E_
q>) E : :
q_)200:— ----------- ......
180F -
160;— -----------

|:| STAR data

@ PYTHIA W*->tv,
|:| PYTHIA 2> e*e]

m data driven QCD

RMS 6.014
Underflow 0

Overflow 0

Integral 1216
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COMMENTS:
e Backgrounds under control!

e 7->e* e expected to have a
comparable asymmetry




Reco. Neutrino P;

W P- reconstruction

We calculate the recoil summing up all tracks and trackless electromagnetic clusters

* Matching track is a track which extends to the BEMC and matches a firing tower (< 7 cm)

* Trackless tower is a firing tower in the BEMC with no matching tracks and Energy > 200 MeV

* Recoil is calculated summing the momenta of all tracks which do not belong to the electron

candidate + all firing trackless towers

7464
35.1¢
34.8¢

5.7

55
50
45
40F
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20 30 40 50 80
Gen. Neutrino P,

10"

S = o
VIIn transverse plane: P’ = PTe + P}/ = —

}_51'
v'Recoil reconstructed using tracks and towers: T

v'Part of the recoil not within STAR acceptance = MC correction applied
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Monte Carlo correction
PT“;.(true)

Correction factor

- =
9 k’ P! (reconstructed)
g _ .2 The Correction method -
= E v Read recoil P; bin from data
= v Project correction factor for corresponding P;-bins
3 '® v Normalize the projection distribution to 1
v’ Pick a correction value sampled from the
20 projection distribution
Recoil P,
[Recoll rom Tracks: TPGremGal(also ackioss lusters) | s sem | | Recoll rom Tracks: TPGremGal (lso rackloss clustors) | [uemn 300
{é 7oooi i o g 7oooi i | R
- 6000; HLL Dm P, comection | |overow 7302 | 11 60005 TT After P, cortection | |overtow 7302
40001 4000~ : MC test:
30001 3000 i After MC correction
2000~ 2000 k - very good agreement with
1000} 10000 LE’I RhicBOS (fully re-summed
G 6%;%(;”}10 gt LR s s NNL/NLO caIFu!aﬁon)and
T Recoil P, PYTHIA predictions
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W+ sample

Events

W P, — Data/MC

We add to our selection:

* Track-P; in the recoil > 0.2 GeV

* Total recoil-P; > 0.5 GeV

400F—
350; 44444444444 N

3003_ 444444

2502_ ‘‘‘‘‘‘

200k

150
100
50

e STAR 2011 tran.

PHYTHIA

Mean

RMS

Underflow

Overflow

Integral

5.329

3.902

0

53

1171

%

Aug. 25, 2014
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W Boson PT

W+ sample
c -
0 1201
L L

100}
a0l

20

STAR 2011 tran

50

W Boson P,
GOOD data/MC agreement after P; correction
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Mean -1.479

RMS 29.14

Underflow 82

Overflow 64

Integral 1078
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W P, reconstruction

v" W longitudinal momentum (along z) can be calculated from the invariant mass.
Currently we assume constant M,, (for W produced on shell)

M. =(E,+E,) —(p,+p,)

v’ Neutrino longitudinal momentum component from quadratic equation

() - 2

M} .
—A*=0, where A =—"%+P P,
2
v'Two solutions! Larger |Pz| - other solution

Smaller |Pz| —> first solution

We select the first solution > Petter Fraction of correctly reconstructed events
(Pz is reconstructed within +/- 30 GeV)

'éoe; ettt
£ ok | | We cut at
orf ' |Pz| <50 GeV > |W-y| < 0.6
06 1 to minimize
0.5F . .
o misreconstructions
0.35,
] P S ‘
-50 0

50 -
W-P, [GeV/c] Gen. W Boson y

NOTE: We only use the first solution. This can be improved at a later stage
Aug. 25, 2014 S. Fazio - PANIC 2014 13



MC challenge - systematics

> Tables (W rapidity-P; bins) for A prediction with evolution given by Z-B Kang [arXiv:1401.5078]
» Use PYTHIA MC prediction for W~ (the A, prediction is always positive)
» Assign each prediction value from the tables according to the generated values of W-rapidity and P;

> After the event is fully reconstructed we look at the P; distributions of A

| RapGen BIN 2: with evolution frean 0.01351 | RapRec BIN 2: with evolution |wen 0.0137
RMS 0.003555 RMS 0.006073
E : : 700F : :
o : : Underflow 477 L Underflow 528
900 g_ ------------- ------------- ----------- Overflow 0 6 0 0 : Overflow 0
800 Integral 5168 L Integral 6021
%2/ ndf 382/20

2 496.5/10 r
%2/ ndf 500 5

700

= Constant 725.4 = 14.3 Constant 535+ 9.7
600 E Mean 0.01375 = 0.00007 400 : 0.0133 = 0.0001
500; : Sigma 0.003691 = 0.000058 - : 0005968 = 0.000079
400f e § ------- 300 S -
300; """""""""""" 200:.... .......
ook “Generated : >constructed
: ~ -0.2<y<0.2 10/ 000 = --0.2<y<0.2

% o001 o002 o003 % .
W- A, W- Ay

» We fit a Gaussian distribution and compare the means
» We rely on the fact that the input asymmetry has the same dependence as the data

The same is done for W-P;



A, vs W-rapidity
v We fit sin($) modulation with phase = 1t/2
v’ Average RHIC polarization for 2011 transverse p-p data 2 P =53%

We use the “left-right” formula to 1 N'N,' =4/N,'N,}
cancel dependencies on geometry and Ay =~ P /N N4 /N N,

luminosity (in backup slides)

Z : : :
< - Y7+ + : . e -4 r 7 .
- W =1l STAR prellmlnqry < i W — v STAR preliminary
- L S T |
05 S -
B i 0.5— ] ]
B I - ]
oF 1 -
-0.5 } """"""""""""""""""""""""""""" -0.5—
- STAR p-p 500 GeV [L=25p" - STAR p-p 500 GeV L=25pb" 5
L 05<P <7 Gey S -1 COSCPT G . R—
B | 3.4% beam pol. uncertainty not shown B 3.4% beam pol. uncertainty not shown
;\? 10— ‘ ........................................................ ‘ ............................................ | ‘ .......... ;\? 107 — i .............. .‘ !
B[ S 8- - - -
D I g 2. o o )
i i i i rBBiliF i ol e ° .
06 -04 02 0 02 04 06 06 04 -02 0 02 04 X
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79 Asymmetry pp —=Z° —e'e

Clean exper.lmental momentum 70 boson selection criteria
recolps_t)rluc;lonk 4 * Two tracks each pointing to a cluster (no isolation
Negligible background requirements)
eIecirons rapidity peaks within « E,;> 25 GeV for both candidates
trac. e ac.ce;.)t. (Inf<1) * The two candidate tracks have opposite charge
Statistics limited « |zvertex|< 100 cm
A, measured in a single y, P; bin * Invariant Mass within + 20% from the nominal M,
P 1_ : : : ~ -1. .
C 720 1t T 2011 pp-tran. ~25 pb™: 50 events pass selection
ogil =1 | STAR preliminary _ PP P g
0.6—— . == Al g ||
0.4 :_ ..................... 1o§ t oo
C 5 5 8 1 Wp
02__ .................... : - 6 *: T TL
SR N R N : T 4 |
OF i i 2 1] LL
- : : { 5770 15 20 25 0;7 T~ -
_0.2__ ...................... ZO-PT(GeV/C) 21 05 0 0.5 " 1
- : : : Y
A 05 S
0.6 '_..ST.ABé.prp,,SOQGQVfLé;..25.,pb-..1w..,.,,,.....wé ...................... o R ++ e
- 0<P,<25GeV ) O NSNS T T — —— :
_O . 8 :_3‘4%beampol.uncertaintynotshown‘ ...................... z %: . .
_1 [ ! | ! ! ! ! | ! ! ! ! | ! ! ‘2‘2: 4”74"*+ By ++ :
1 0 1 70 %+ 80 5 1(&)0'\/I o
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i o _, RHIC is capable of delivering
0.4 -STAR-projectio ') Liji5i-=900 pb 1
0.3 ~900 pb™ transverse p-p
0.2 in 2016
0.1F ]  Possibility for significantly
o ] | 1l . .
01 1 1] measure A, for Ws within a
oh few % in several W-P., y bins.
-0.2F .
oo X e Syst. from 2011 analysis rely
O —— W7 stat. uncertainty ..
0.4F e W' stat. uncertainty on predictions and can be
10F improved with more data
8
: i * Possibility to measure the
06 04 02 0 02 04 06 very clean Z° channel.

yW

STAR projection J[ Lpp-=.200 ph!

E

Goal: measure sea-quark Sivers and pin

down TMD-evolution

How?

- Measure A, for y, W, 2%, DY

- DY and W#, Z°give Q? evolution

- W*give sea-quark Sivers

.
: E h . 1 -1
0.4—STAR-pro ectwnJ Lysi5-="900 pb
0.3F
0.2F
0.1F
O: r] 1] ]_I ]] Il |
T 1
0.1
-0.2F
0.3 W stat. unicertainty
-0.4 =W stat. uncertainty
S A P R
e 25
& [ 106%
2 15 . =
@ 10 . .
5
12 3 4 5 6 7 8 9 10
pw
T
04% STAR projects nnJrI prt-=-200 pb! f 04%
0.3 0.3
0.2f 0.2"
0.1 0.1
oF oF
-0.1F -0.1F
-0.2- -0.2}
-0.3f 0.3
045 o 20 gtat uncertainty -0.4¢
| \\\\‘\\\\

5 10 15 20 25
pZ
z
Aug. 25, 2014
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Summary

* First measurement of A, for W* and Z° production at RHIC by
reconstruction of the boson kinematics, using a sample of 25 pb-!
transverse p-p data @ v500 GeV collected by STAR

e Systematic uncertainties are constrained within < 15%
* A, in the Z° boson channel = clean & background free, but need lumi

* We have a proof-of principle > A, for Ws can be measured at STAR,
new RHIC data (we requested to deliver up to L~900 pb) can give
statistical significance to test the Sivers’ sign change and pin down
TMD evolution

* RHIC run 2016: STAR can have access to A, fory, W%, 2%, DY in a single
experiment, simultaneously!
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d/u

2.2

1.8

1.6
1.4}
1.2}

1

0.8
0.6
04 L

2}

‘Fermilab E866 - Drell-Yan

CTEQ4M
NA 51

|

n +0.032 Systematic error not shown

| |

0 005 01 015 02 025 03 035
X

The W*/Z° transverse asymmetry:

Motivations

<> Unpolarized asymmetries: Quantitative calculation
of Pauli blocking does not explain d/ﬁ ratio
- Non-pQCD effects are large for sea quarks

<> Polarized asymmetries: valence quarks distributions
well determined from DIS measurements

probing
quark sum (U+d)

probing probing
W y
polarized unpolarized

beam beam

e- e-

> Very hlgh QZ'Scale (N W/Z boson maSS) proton proton
» No fragmentation function oonone
-_ . . < diluted Processes:
symmetry from lepton-decay is dilute
yImmeEy Dron-aseay wev,
=> Full kin. reconstruction of the boson needed .o
Z° Dete
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FIRST SOLUTION

< 80

2]
o

Reco. W Boson P, (First Solution), Ge

0]
o

-50

Wed Feb 26 11:41:17 2014

W P, reconstruction

Determine the fraction for correctly reconstructed events (for both solutions)

frac = 0.697

c F i : - [
(o] - H ' o0 ' .
=0.9 : —_— 0900 U7 b P R
g E l o’:‘. .Ib' I
U-o_g:_ ..................... I ................ R ........ 'I .........................
: s RN
0.7F IO' b o ... I .........................
- d ; ; ¢
0.6: I.o - "I .......
05k . "
) e ; g
SRR 5 : ..
04: .. I ............... ; ........ ; 44444 I ...... o
0.3:.. l . ........ . 44444 I ...... .,
olzﬁm.‘.... . ‘. ..... 1 ........ ‘ 44444 ' ............ ®

OTHER SOLUTION

> 80
> .

frac = 0.593

A O
o O
—
o

Wed Feb 26 11:43:36 2014

| Other solution |

. Ll

0.6

Thu Mar 20 16:45:43 2014
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W-P, [GeV/c]

0.5

0.4

Wed Mar 19 14:07:46 2014
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Rapidity binning

. Distributions of y-Reco in each bin of y-Gen
Three W-y bins = {-0.6; -0.3; 0.3; 0.6} eane 0000408

Meany -0.001019 bC
RMS x 0.3005
RMSy 0.2857
Integral 1.282e+04
95| 429| 521

1066 12816| 1128

458| 427 78 |~
oL

o
o

o
N
—

binl survival probability = 52%
bin2 survival probability = 63%
bin3 survival probability = 54%

o
N

W Rapidity Rec

20C

o

15(C

o
N

04 10C

50(C
-0.6

= -0.5 0 0.5
Wed Apr 9 17:20:06 2014 W pidity Gen

47 Entries 4073 Entries 5645 Entries 3954

2200 Mean -0.1889 ’ Mean 0.0006523 2200 r : Mean 0.1962

e RMS 0.2683 3500 L RMS 0.2379 C RMS 0.267

200058 Underflow 320 - Underfiow 62 2000F Underflow 45

1800 ; Overflow 53 3000 B Overflow 64 1800 : Overflow 312

1600 ; Integral 3700 E Integral 5519 1600 f Integral 3597
1400F 2500} 1400F
1200F- - 1200F
1000( 2000 1000
= C 800}
800¢ 1500} 2
600 = 600

400 ; | | | | | 1000 = | | | | | 400 E | | | | |
-0.6 -0.4 -0.2 0 0.2 -0.6 -0.4 -0.2 0 0.2 -0.6 -0.4 -0.2 0 0.2

L \0.4\.\ ‘06 L ‘0.4‘.‘ ‘06 P \0.4\.\ ‘06
Tue Apr 15 11:27:26 2014 W Rapldlty Rec Tue Apr 15 11:27:40 2014 W Rapldlty Rec Tue Apr 15 11:27:51 2014 W Rapldlty Rec

~11% of reco. events ~2% of reco. events ~11% of reco. events
migrate more than migrate more than migrate more than
one y-bin one y-bin one y-bin
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W plain asymmetry
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Z° plain asymmetry

Asym Amp.

0.2F
OF
-0.2F
-0.4F
-0.6F
-0.8F

0.8
0.6F
0.4F

Entries 1
Mean 125
RMS 5.308e-08
Underflow 0
Overflow 0
Integral 0.2905

Tue Feb 4 15:35:54 2014

S. Fazio - PANIC 2014

‘20‘ L

Z Boson P

25

25



Geometrical Asymmetry
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Luminosity Asymmetry
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Z° lepton candidates

Mean 43.88
RMS 5.202 P
Underflow 0 o
Overflow 0 w
Integral 50
Mean 39.88
RMS 5.949 @
Underflow 0 §
Overflow 0 w
Integral 50

[2] =
c  9E
g E
o 8
7E
6
5E
4E =
3E
2E H
0= '
0 20 40 60 80
Lepton candidate 1 - PT (GeVi/c)
[2] -
c 8F
& E
> =
w  7E
5%
4F J
E L
1E
o .
0 20 80

Lepton candidate go to central rapidity and have large P;

Aug. 25, 2014

40 60
Lepton candidate 2 - PT (GeVi/c)

S. Fazio - PANIC 2014

N W A 00O N ©© ©

\V]
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

O o

Lepton candidate 1 - n

Lepton candidate 2 - n

2. 4 0 1

Mean 0.04677
RMS 0.684
Underflow 0
Overflow 0
Integral 50
Mean 0.024
RMS 0.3656
Underflow 0
Overflow 0
Integral 50
28




