Forward Particle Production at Colliders

How an uninstrumented part of phase space became the focus of >25% of RHIC operation

A QCD story in 3 parts...
e Part 1-Spin physics and forward particle production
e Part 2 - Low-x physics and forward particle production

* Part 3 - Towards forward, low-mass Drell-Yan production

L.C.Bland

Brookhaven National Laboratory
University of Maryland Seminar
College Park, 4 May 2016



* In this talk, forward means when the observed particle Feynman-x (xF=2pZ/\/s) &
scaling variable is larger than 0.1

* In general, sufficient p; is required so that pQCD is applicable. Consequently,
forward is further defined to require sufficient p; [which looks to be ~2 GeV/c

for inclusive ¥ production]
* RHIC interaction regions have uniquely large length for a collider, when scaled “Yseam y *YBeam
by Vs. This interaction length does permit space for forward instrumentation
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Forward Particle Production

Ay~2

Consider the separation in x-y plane (dw) of
a pair of photons from the decay M—y,
when the plane is L from where M (mass
m,,) is produced:

gmin _ L 4m,,

YY _\/_E Xp

= Large L/Ns enables reconstruction of light
mesons to large x; at large s




Where is the spin of the proton?

eThe proton is characterized by basic properties of mass,
spin, size, ...

eGlobal fits to Parton Distribution Functions find that
~50% of the momentum of the proton is carried by gluons

ePolarized deep inelastic scattering finds that quarks
account for only ~1/3 of the proton spin: AX=0.33 + 0.03
(stat) = 0.05 (syst) d’Hose (INT, 2012)

*RHIC spin addresses this question

5/4/2016 UMd Sminar



Why is large x. useful? - |

For hard scattering (2—2 processes), X;=X, — X,, where x, is the Bjorken x of the parton from the hadron heading
towards the apparatus and x, is the Bjorken x of the parton from the other colliding hadron. In general, forward
particle production probes these x values at “low scale” (as set by p;). Distributions are for inclusive forward jets.
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X, is broad, but extends to very low x (~few x 104).

Forward dijets can select low x (see below)



RHIC for Spin

Absolute Polarimeter (HT jet) RHIC pC Polarimeters
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Important features...

STAR was designed to study heavy-ion
collisions, and then adapted for spin physics

STAR has ~2-m diameter holes in the poletips
of its 0.5 T solenoid = a window to forward
physics

Large rapidity coverage for electromagnetic
calorimetry (-1<n<+4) spanning the full
azimuth = azimuthal correlations

Run-8 was the first run for the Forward Meson
Spectrometer (FMS), a 1264-cell lead-glass
wall.

Subsequent upgrades have included silicon
near the beam pipe for displaced-vertex
measurements [heavy-flavor tracker] and a
muon-trigger array at larger radius than the
magnet yoke
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Beam-Beam Counter

Scintillator annuli tiled by 1cm thick hexagonal tiles with
fiber-optic light collection (2.5<|n|<5)
Feed back to RHIC for p+p collision tuning at STAR

Measure spin-dependent relative luminosity ~10-3 level
Measure absolute luminosity ~ 15% level

Minimum bias trigger (covers ~50% of total o)

Measure multiplicity at forward rapidity = centrality in HI
Spin effects for forward charged particles = local polarimeter

Front View

&>  Azimuthal distribution
of hits in the inner tiles
(3.5<|n|<5) found to
have spin effects, used
for collision polarimeter

Updated 2/25/02

/e es def;nes/mlmmally- Version 4/16/01- 2
Sy coI sionevent &l , 12/4102
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Why Study Transverse Single Spin Asymmetries?

Answer #1 — Practical Benefit

Colliding-beam polarimeter, \s=200 GeV
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Bunch Number at IP6

Analyzing power is a tool to measure beam polarization (P) and is one example of
transverse single spin asymmetries (SSA) with origins yet to be fully understood.

Used to tune spin rotator magnets to make longitudinal polarization
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I\/Iei'ured Quantity Sensitive to Gluon Polarization

STAR 2009
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[arXiv:1405.5134]
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* Helicity asymmetry for inclusive jet
production is measured as a
function of p-.

» Measurements are sensitive to
gluon polarization at <x>~2p-/V's

PRL 115 (2015) 09200d2 _
UMd Seminar



Implications of Measurement
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What Measurements Could Be Sensitive to Orbital Angular Momentum?
s 2 & 4 = Gy — O}
= " Opt0)

What would we see from this gedanken
L_@q experiment?

quark, g N (8,0) = No(9) [1 + 2,4y cos ¢]
4= 2179
GT + 0-~L

where, /) is quark transverse polarization;

N .
T Ay oc Im(NF*);

N 1s the non-helicity-flip amplitude;

and F is the helicity-flip amplitude

quark, ¢’

F—0 as m;—0 in vector gauge theories, so Ay~ m,/p;

or,Ay ~ 0.001 for p; ~ 2 GeV/c

5/4/2016 Kane, Pumplin and Repko “PRL 41 (1978) 1689 o



Why is large x; useful? - Il . 5 <

0y~ 0y
PRL 97 (2006) 192302 PRL 101 (2008) 222001 ‘ Versus —
p+p—> M°+X  Vs=200 GeV pgr Y 0410
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For p;>2 GeV/c (arrow positions), measured cross sections 0QCD, there are still large transverse single-spin
are in good agreement with NLO pQCD, albeit with large o :
o , asymmetries (SSA), that are expected to be zero in
scale dependence which is smaller for jets (see below) naive pQCD but can arise from spin-correlated k
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Issue 1 — Inclusive it production does not distinguish
initial-state versus final-state k;

Collins mechanism requires transverse quark Sivers mechanism requires spin-correlated
polarization and spin-dependent transverse momentum in the proton (orbital
fragmentation (TMD fragmentation) motion, TMD distribution) and color-charge
interaction. SSA is present for jet ory
polarized polarized
proton proton
Sproton
Py= Proean Px ><p'q initial
o state
“
RN e /
N jet /,//,/,4’//,/’ §
O A" Phean* Py
Dioam ﬁotan
final Pheam
state
unpolarized unpolarized
proton proton
Other mechanisms have been suggested in recent years
UMd Seminar 13



Issue 2 - Factorization

« Factorization is used for inclusive particle production for collinear distribution
and fragmentation functions, and in general, works well for RHIC energies

« TMD factorization is not proven for inclusive (or, more complicated) hadro-
production, although has been proven for Drell-Yan production.

« Twist-3 collinear calculations are based on factorization. Moments of qg
correlators from twist-3 analyses are related to the Sivers function



Issue 3 — Initial-State versus Final-State

Interactions
o - NS
Simple QED
example: +
DIS: attractive
Same in QCD:

- \/\!\f\'
|

P

In general, particle production in p+p collisions will mix initial-state (DY-like) and final-state
(SIDIS-like) interactions. Present understanding is that pT+p—>nX is DY-like = “sign-mismatch”
between SIDIS and p'+p—7tX transverse SSA [arXiv:1103.1591]

5/4/2016 UMd Seminar



Issue 4 - pr Dependence of Inclusive ° A

Ay p+p —> n’+X at vs=200 GeV
1
CaliD e x.> 0.4
o1k © X, <—0.4
0.05 . L ¢
t s
’ 2 SR T
0.05

B.I. Abelev et al. (STAR) PRL 101 (2008) 222001

* Rising p; dependence in data, whereas
theory expects Ay to decrease with
increasing p;

* Preliminary results [DIS2013] show
that data trends persist to p;=8 GeV/c

5/4/2016

AN p+p — i+ X at vs=200 GeV
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Summary of Forward Spin Physics...

RHIC has determined that gluons contribute to the spin of the proton [although, orbital
angular momentum can still be important...]

RHIC can be exploited to extend measurements sensitive to gluon polarization to low x

There are large transverse single spin asymmetries for forward pion production

* Parton orbital angular can be pursued at RHIC in a model-dependent fashion via
forward, low-mass DY



Gluon Saturation and the Color Glass Condensate
2 i
T A Q. () Qi(v)/ A2

T =In(1/X)

Ts(k,)

Linear

Non-linear

Color Glass
Condensate

b@
S Parton Gas
______________ S
lancu, Venugopalan hep-
ph/0303204
BFKL
L DGLAP
| b_ 2
2 2
InA Ink? InQ

Does the low-x gluon density saturate, and is this a high-
energy phase of matter?

Would a Color Glass Condensate be universal for both
nuclear DIS and hadronic probes of nuclei at high energy?
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Deep Inelastic Scattering from Nuclear Targets

Kinematic Coverage Restricted to Fixed Target Experiments (no EIC, yet)

1\6;—0'?,:
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gluon distribution
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From Hirai, Kumono, Nagai PRC 70 (2004) 044905, and

references therein

e Growth of gluon distribution at low-X within the proton cannot continue forever

e Gluon density in nucleus only known to x~0.02 since g(2x)~dF,(x,Q?)/0In(Q?)
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Hints of Gluon Saturation from Large-Rapidity Particle Production
in d+Au Collisions at RHIC?
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d+Au—n0+X cross sections at Vs, = 200 GeV and <n>=4.0 [STAR, Phys.Rev.Lett. 97 (2006) 152302]
NLO pQCD calculations using gluon shadowing [Guzey, Strikman and Vogelsang PLB 603 (2004) 173]

CGC model calculation [Dumitru, Hayashigaki, Jalilian-Marian, Nucl.Phys. A770 (2006) 57]

Large-rapidity d+Au cross sections are suppressed
Data are best described by CGC model calculation
Many other possible explanations of suppression

dAu
Ghadr

o(pp — 7)
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Forward Production v, 2 PL(e™ o) -

T
Inclusive and particle correlations A

Guzey, Strikman and Vogelsang, PLB603 (2004) 173

« span broad pseudorapidity range (-1<n<+4) for

second hadron = span broad range of X,

* provide sensitivity to higher p; for forward n° =

reduce 2—3 (inelastic) parton process
contributions thereby reducing uncorrelated
background in A¢ correlation. YMid seminar

logaa
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STAR Forward Meson Spectrometer

p+p, vs=200 GeV, E,;> 30 GeV
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Phys. Rev. Lett. 99:142003 (2007)
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Forward di-pion azimuthal correlations
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HIJING impact parameter (frm)

—u — [ ]
g 0 [

.

M2
I

=

7]

Centrality Definition

Minimum bias

d+Au, ve = 200 Ge¥

—1
10

- — data
., — HIJING /GSTAR /slow—sim

:I 11 1 I 11 1 1 I 1 111 11 |
0 1000 2000 3000

il

east BBC ZQ

— 30

~ 500 1000 1500 2000 2500 3000
egst BBC ZQ (HIJING /GSTAR /slow—sim)

arXiv:1005.2378

40 erelate particle production in Au beam
direction (5 < -n < 3) to iImpact parameter
for collision through a model (HIJING)

20 « Observe maximum of ~50 minimum-bias

equivalent particles in Au beam direction
10

* Define...
eperipheral: Q<500 (<b>~7 fm)

«central: 2000< Q<4000 (<b>~2.7 fm)

0



Centrality dependence of forward di-pion correlations

. 0s
Leading Py n° > 2 GeV arXiv:1005.2378
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Away-side peaks evident in peripheral dAu and pp.

Away-side peaks in peripheral dAu are roughly 50% wider than in pp.

Significant dependence on centrality is evident in azimuthal decorrelation.

... caution: dAu results are “recovered” from a timing issue with electronics
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Back-to-back Angular Correlations

pQCD 2=»2 process =back-to-back di-jet (Works well for p+p)

(i Forward jet
P m

Mid-rapidity jet

With high gluon density

2=>»1 (or 2=¥»many) process = Mono-jet ? 200} ;

Mono-jet

Dilute parton
system (deuteron

P; is balanced by
Dense gluonfield (Au) many gluons

CGC predicts suppression of back-to-back correlation

d+Au in HIJING

300 [

100 |

of.

| — Shadowing .

No shadowing ~ 3<7,<4
B 1<n,<4
ipn>2.5 GeV/c
1.5<pr<py

d+Au = n°+n°+

1 2 3 4 5 6

0P=Pn1t — Puz

Conventional shadowing changes yield, but not angular correlation
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Summary of Saturation Physics...

* Inclusive particle production in the forward direction is suppressed in p+A collisions
relative to p+p at RHIC energies [unlike at midrapidity, with Cronin peak]

* Although particle correlations were suggestive of gluon saturation, technical issues with
new electronics required checks to be made. It took ~7 years from run-8 d+Au collisions

to run-15 p+A collisions at RHIC...



Attractive vs Repulsive Sivers Etffects
Unique Prediction of Gauge Theory !

~E + ,\/\f\f\‘ - f}:*
Simple QED A, DY Goal
example: + N
- Measure the transverse single spin
DIS: attractive asymmetry for forward low-mass dileptons
- . produced via the Drell-Yan process to test
Same in QCD duced via the Drell-Y
theoretical predictions of a sign change for
> N

the initial-state spin-correlated k;-dependent
distribution function (Sivers function).
------------- The objective was to match as closely as
experimentally possible kinematics between
_ _ DY [dilepton mass and x;~x.] and semi-

As a result SlVCI’S|DIS — —SlVCTS|DY inclusive deep inelastic scattering (Q? and

Bjorken x] = forward, low-mass DY

Transverse Spin Drell-Yan Physics at RHIC (2007)
http://spin.riken.bnl.gov/rsc/write-up/dy_final.pdf
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Goal of A DY Project

Measure the analyzing power for forward Drell-Yan production to test
the predicted change in sign from semi-inclusive deep inelastic
scattering to DY associated with the Sivers function

AnDY /Run13

Preshowrs+PbComerter

Be Stesl/mognet
Seintillator  Ph/Heal PEGloss BEC—Tellow

GEANT model of proposed A\DY apparatus (run-13)
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Strategy for Estimates

Experience with run-11 analysis, shows that full PYTHIA/GEANT required
~2.5 weeks to generate 0.5 pb! of QCD background simulation.

We are exploring the possibility of using NSERC for GEANT simulations.
Until then, use fast simulator, benchmarked to run-11 data

Reducible backgrounds: QCD hadron + photons

ptp, vs=200 GeV

160

Irreducible backgrounds: heavy quarks : iinddl

140 [ L

Y(28) = ete”

l

120 [
100 :
80 [
60 [

40 -

- Run—=11ADY
p ot v v v 1

2.5 3 3.5 4 4.5 B
ECal (E>32 GeV) + HCal—EM (E>3 GeV) pair, Mass (GeV/c”)
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Reducible Backgrounds — from PYTHIA

p+p, vs=500 Gev, PYTHIA 6.222, L,=100 pb™’
—aoy U 0OF
— Run—13 DY

v¥+v:h+hl

X 4
% 30

o 5 10 150 50 T 4
M,, (Gev /%) Doy (GEV/C) Prys (GEV/C)

p,,+ and p;.. require M,.>4 GeV/c?

Estimate that QCD backgrounds are <10% of the DY signal for
0.05<x,+<0.3 and py,.<2 GeV/c (to overlap SIDIS).

UMd Seminar

31



5/4/2016

Irreducible Backgrounds — from PYTHIA

p+p, V8= 500 Qe‘u’ PYTHIA £.222, Li,=100 pb™’
__AIDY _ =

__ Run—13 DY ook X 4
_Fun—=13 bk i 50

104

10331

102

10 H 10

1 1 11 1 1 "‘I 11 | 11 11 D 1 1 1 I 1 1 1 I 1
< 10 15 0 30 1013 ¢ 2 4

M, (Gev/c%) Do (GEV/ c) Pr (GeV/c)

p,,+ and p;.. require M,.>4 GeV/c?

Estimate that open-bottom backgrounds are ~5% of the DY signal for
0.05<x,+<0.3 and py,.<2 GeV/c (to overlap SIDIS).

UMd Seminar
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Left/right symmetric HCal Trlgger/DAQ electronics A\DY Setup at IP2 for 2011 RHIC Run

.@ , . * This was a stage-1 test that could not have
LS ', P T ! ' :
o .~ g | , worked for forward DY

: - ' ; -
S : = . : '
2 § T
‘

-

* The stage-1 test did measure forward jets

Left/right symmetric

ere were not further stages
ECal 8 5

Blue- facmu BB

/)

Absolute Polarimeter (Hi'LeE) - RHIC pC Polarimeters

Left/right symmetric preshower — A\DY
4 ()9 «— Siberian Snakes
; : e Siberian Snakes__
Beryllium vacuum pipe:g@ PHENIX Os
X D STAR
P4 0y
@

Spin Rotators

(longitudinal polarization) Spin Rotators

Pol. H™ Sourcg (longitudinal polarization)
\A LINAC BOOSTER

A\

200 MeV Polarimetef” ~

D) 4 Helical Partial Siberian Snake

%) 7
5/4/2016 UMd Seminar X ¥~ AGS pC Polarimeter
Strong AGS Snake
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A\DY Setup at IP2 for 2011 RHIC Run

PLB 750 (2015) 660

IP2/DY—Run11

1068%Em
—

IR BBC—Blue

Preshower HCal

¥

ECal

Z y = Ocm

UMd Seminar

* Beam-beam counter (BBC) for

minimume-bias trigger and luminosity
measurement (from PHOBOS [NIM
A474 (2001) 38])

Zero-degree calorimeter and shower
maximum detector for luminosity
measurement and local polarimetry
(ZDC/zZDC-SMD, not shown)

Hadron calorimeter (HCal) are L/R
symmetric modules of 9x12 lead-
scintilating fiber cells, (10cm)2x117cm
(from AGS-E864 [NIM406(1998)227])

Small ECal - 7x7 matrices of lead
glass cells, (4cm)?x40cm (loaned from
BigCal at JLab)

Preshower detector - two planes, 2.5
& 10 cm

In 2012, modular calorimeters were
replaced by an annular calorimeter
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Calibrations-|

PLB 750 (2015) 660 Electromagnetic Response

D+, Vs = 500 GeV

. © Dala BB 15 GeV — all
:— Simutation |

b

100000 (1/N,,,) IN‘Gh
o )
: = : N

o4

oz

o 08 o0 ':aﬁlll 0 0.5
HCal cluster pair mass, M (Ge Viet )

Cosmic-ray muons were used to adjust relative gains in advance
of collisions

The primary determination of the energy scale was from
reconstruction of n°>—yy from single-tower cluster pairs. The
maximum energy for this calibration was limited by photon
merging into the coarse (10 cm)? towers. [See below for
pixelization results from this same calorimeter]

Full PYTHIA/GEANT simulation agrees with data, for both the
pair-mass resolution of the calorimeter, as well as the neutral
pion reconstruction efficiency.

Subsequent test-beam studies at FNAL [T1064] are consistent
with an excellent response of this calorimeter to incident
photons and electrons.



Calibrations-I|

arXiv:1308.4705 Hadronic Reponse PLB 750 (2015) 660
5006 p+p. jet trigger, vs=5310 GeV p+p, V=510 GeV
=" - = -
2t 5 25 <, < 30 GeV
%D,DDE:— . Eoar < 20 GeV % el b pair =
%o DD?E— ® Data X "o
S — PYTHIA/GEANT (X 1.3) % 012 [ —  PYTHIA/GEANT
~0.006 [ —  Fit, p=8%4+1 MeVic?
- 01
00051 i
- 0.08 |
0,004 [
: 0.06 |-
0,003} -
0.002] n.os -
0.001] 0.0z |
D: o lBE el b b b b L L 1
1 1.2 1.4 1.6 1.8 2 0.6 08 1 1.2 14 1.6 L& 2 2.2 24
lead (p>1 GeV/c) + sub (Eu/Fu<0.2), M (GeV/ %) HCal cluster pair mass, M (Ge V/c)

* Use BBC detector to tag HCal clusters made by incident charged hadrons. Mass assignments are then made.
* Tagged cluster-pair mass distributions are consistent with A—mp (left) and K*(892) —»=*K™ (right) and charge conjugates
 Use E=1.12F" - 0.1 GeV for jet finding from an event list of tower energies that use the photon calibration (E’)
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Jet Reconstruction — Anti-k; Jet Finder
Trigger on HCal masked ADC Sum in L/R Modules

Display anti-kT jet clusters satisfying acceptance cuts

Run=12107004.001, trig=Jet, Event=15, mod=2, anti—k;

—

=
2100
2

S0

— 25}

=50

75

—100f

75F

25¢

OF

nN=2.4

Lol
= 0000
+ N ] QD

_I 11 I 1111 I 111 1 I L1 11 I 111 1 I L1 11 I 111 1 I L1 1 1 I 11 11 I 11 |
—100-75 —50 —-25 0O 25 50 75 100
—x [cm

o OO OO

2

— 0.3

E

{GeV)

Procedure :

Iteratively merge pairs of towers
until towers cease to satisfy
distance criteria

* No Seed

e Towers can be outside trigger
region

Distance Criteria (clusters j,k) :
* d; = min(k?; k%) (R%,/R?)
© R%y=(n—n)?+ (O - D)
* If dy < k?; then merge clusters j,k

Use cone with R, =0.7in n-®
space but cluster towers can fall
outside of cone

Impose acceptance cuts to
accept/reject jet:

In,—3.25| <0.25
| D, — DO| <0.50
where ®°f= 0 for HCL
®Off = it for HCR
Energy Cut : E;,, > 30 GeV

Algorithm :  arxiv:0802.1189

arxiv : 1209.1785

Events look “jetty” / Results with anti-kT algorithm similar to midpoint cone algorithm
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Comparison of Data to PYTHIA 6.222/GEANT Simulation

p+p, ve=510 GeV, jet—triggered, overlay 12107.1,104

anti—k; jets|:

dN/dpy (events/bin/ Ny}

HCL

L HCal data
10— PYTHIA/GEANT

ﬂllllﬁllllmlllﬁllllﬁ 1I:IH15
jet pr {Gev/c)
Uncorrected p; distribution of anti-kT clusters

5/4/2016

Good description of data by simulatio

eminar

p+p, V=510 GeV, jet—triggered, overlay 12107.2,104

anti—k, jets
HCL

data <M>=15.9
S sMeE1 AL

SO<CE4< 50 GaY
HCR

data <M>=186.2
IﬂliII-rJII{IH?ﬁ'IEI‘i?II 11 1

data <M>=16.8
IEITWII{IM:I)ﬁ-Il?"inIII 111

50<E, <70 GaV

data <M>=19.2
gim <M>=184 |

Sim SMZ>=20.8

70<E,<90 GaV

data <M>=21.5

Sim <M>=208

10 20 30 &3 B0 10 20 30 40 50

Tower multiplicity, M

Uncorrected multiplicity of towers in anti-kT cluster

use simulation for efficiency correction



PLB 750 (2015) 660

L2

(14t I-'J’j}(?,«’Ej.H) dE/dR
My

f

0.9r
081

0.7r
061

Q.51

04r

0.3r
v ey by v by by by v g Taaa o |l

g o071 02 03 04 05 06 0.7
A

Event averaged jet shape: how the

p+p—jets, \s=510 GeV

Fp> 50 GeV

® HCal data
— FPYTHIA/GEANT

=

at is a forward jet?

p+p—jets, 50< Ejeﬁ 70 GeV

s 9
",:3 L
$0014{vs=500Gev |- vs=5100CeV [3 o[ PYTHIA 6.222
I [ 20
Eﬁ, [|— ECalsim |[ —— HCalsim 3 i
%ho,a 12 Y CCaldata || © HCaldata gﬂ
= i i ~0.08-
0.01-f -
0.008" 0.061-
0.006" -
- 0.04
0.004"
i 0.02-
0.002 .
L :“ ‘_ 'f" N I 1 1 1 1 I 1 1 I L 1
% 20 0 20 7] 0 20
Tower mult, M Farticle mult, P

(left) tower multiplicities, as used for A;

energy is distributed a distance Rin 1,0  (middle) tower multiplicities, as used for c;
from the thrust axis

= the anti-kT clusters have shapes

similar to midrapidity jets

5/4/2016

(right) incident particle multiplicity from
simulation

= multiplicity similar to jets of comparable scale
UMd Seminar

p+p—sjets, \s=500 GeV

- 3< < 3.5

Acceptance of contained
jets from particles with
2.4<n<4.2 correlates x. and
p; for the jet cluster

39
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Jet Energy Scale -

p+p, vVs=510 GeV, jet—triggered

%‘ L HCal only 10°
& 49T gnti—lg algorithm
> [ PYTHIA/GEANT « Simulations confirm energy scale
L 120+ . . “ ”
o arxivi1212.3437 pfjets,_ by comparison of “tower
o 102 jets [with full detector response] to
2,1001 “particle” jets [excluding detector
v response].
5 80 T Ll _
=T 7 * Reconstructed jets are

sol =10 directionally matched to hard-

i . scattered partons as generated by
40 ] PYTHIA
]

%0 ~ 0 80 100 120 140
F'clrtlcle (P) jet energy, E, (GeV)
Correlation between tower jet [from PYTHIA/GEANT] to particle jet [from
PYTHIA]. The inset shows the 1 component of the directional match (An)
between particle jets and a hard-scattered parton, whose direction is defined by
nparton,pparton. There is a 82% match requiring |An|,|A¢p|<0.8

UMd Seminar

40



Jet Energy Scale -

PLB 750 (2015) 660
p+p—3-jets + X, Vs=510 GeV

% g}j..::u#:— ¢
= =
D o1r < 102 Q
% I - O
b i g o
§ 0.08 .:195: o
T | 0.96:—{#
_I 1 1 I I 1 I

)
&

* daia
- simuiated Y(15)—3g
0.04

0.02

{1
» ﬁf+,+g+++++ it
g 10 11 12 13 45
3-jet mass, M (Ge Vic)

5/4/2016

Test jet energy scale by reconstruction of invariant mass for
multi-jet events

Observe 3.50 statistical significance peak, attributed to

Y (1S)—>3g. The red overlay is a simulation of the signal from
the PYONIA generator of Y(1S)—3g, run through GEANT, and
then reconstructed as done for the data

For the inset, S rescales the energy calibrations, so tests the jet-
energy scale.

Peaks are also observed in 2-jet mass attributed to y,,—2
gluons
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Forward Jet Cross Sections

PLB 750 (2015) 660

Ed’s/dp’ (ub & /GeVF)

p+p—jets, J5=510 GeV

—,
(o

=,

4 <pu>=3.31

----- PYTHIA 6.425
— PYTHIA 6.222
— NLOpQCD, 1, =3.31

W F— GPM n _=331
_I 1 1 IIIIIIIIIIJIquIIII|IIII|IIII|IIII|IIII
&l LTl A il 20 o 1o 120 T30

jetenergy, <E> (GeV)

10

1
[0N]
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Uncertainties include both statistical and systematic estimates [as
described in backup]

Strong dependence on both x; and p; requires data/theory
comparisons at <n;e,>

NLO pQCD [PRD 86 (2012) 094009] calculation provides a good
description of the data using CTEQ6.6M PDF. Note the small scale
dependence [band represents range of scale from u=2p; to p=p;/2]

Leading-order pQCD model calculation assuming factorization in the
use of k; dependent distribution functions [generalized parton model
(GPM), PRD 88 (2013) 054023] also describes the data. The larger scale
dependence is likely a consequence of a leading-order calculation

Particle jet reconstructions [no detector effects beyond acceptance]
with the anti-kT algorithm with R;=0.7 are used to compare default
PYTHIA 6.222 [prior to tunings for the LHC] and PYTHIA 6.425 [“Field
tune A”] to data. PYTHIA 6.222 was previously found to describe
forward 7° production at Vs=200 GeV [arXiv:hep-ex/040312].
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Forward Jet Analyzing Power

PLB 750 (2015) 660
p +psjets, \s=500 GeV

= 002
R . " .
- * jel A, (sialistical uncertainty)
Qo151
i 0A,, (systemalic uncertainty)
: twist-3
0.01
- GPM
8.005 :—
a _—.—.
- -
0,005 :—. +
_D-G?' i 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

0.4 -0z o oz o

<X {jet)>

5/4/2016

Analyzing power is computed via the cross-ratio method that
exploits the mirror symmetry of the apparatus

/ TNL / TNL
Pbeam —
\/ TNl \/N Nl

* Pye.m — beam polarization [0.526+0.027 for x->0]

NL((R)) — number of jets in left or right module for beam-spin
up or down in each bin of <x.(jet)>

Systematic uncertainties [as described in backup] are quoted

separately from statistical uncertainties, and are available in

tabulated form in the published paper

Both theory curves for x>0 fit the Sivers function in semi-

inclusive deep inelastic scattering. “twist-3” is a collinear

approach [PRL 110 (2013) 232301] with color gauge link effects.

“GPM” is a generalized-parton model calculation [PRD 88 (2013)

054023]

Jets with x.<0 would be described by low-x spin effects: e.g.,

PRD 89 (2014) 074050 and PRD 89 (2014) 034029
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p+p—> dijets+X, PYTHIA 6.222, | Ap—m 1< 1.2

0.035[

Forward Dijets

o

o

&
T

(1de]u>dN/d|Ggm(Kz)
o 9
= tn
I ]

0.015F
0.01F

0.005F

o

— +5=0500 GeV, E;>30 GeV
— =200 GeV, > 30 GaV
— V5=100 GeV, E>20 GeV

cobddy g ]

11 11 | IR AR B
-35 -3 =25 -2 =15

-1I 1

I B
-0.5

O

190l %2}, where x,=%_g4,, from Yellow beam

Reconstruction of >1 jet in the forward direction can
emphasize hard-scattering contributions from lox-x gluons

Examples of why this is important are

* Extending probes of gluon polarization to low-x by
measurement of longitudinal double-spin asymmetries

* QCD processes are the reducible background to forward
Drell-Yan production of low-mass virtual photons



arXiv:1308.4705

Dijet Results

p+p—> dijets, va=510 GeV, E,>30 GeV

b N
] =10
(5 (D
S, S,
NU U
L3
fm
3
32 =
& F
z <
e, TmF
o e
- - |
—1
10 10 ¢

* Preliminary data
10 F — PYTHIA 6.222 (XS}
= — PYTHIA 6.425 (X'll')

5 10 BT
dijet M (Gev/c®) ke (GeV/c)

do/dp, (ub c/GeV)

150

I113"";"I
p, (GeV/c)

Use “DY-like” variables, where M is dijet mass assuming
massless partons; k; is the net transverse momentum of the
dijet; and p, is the longitudinal momentum of the dijet
Preliminary results are efficiency corrected, but at present
do not reflect the acceptance imposed on the jet pair [each
jet of pair requires 3.0<n;,,<3.5, where jets are
reconstructed from a nearly annular calorimeter spanning
~2.4< n<4.2]

Results are compared to particle dijet results, using default
settings for PYTHIA 6.222 and PYTHIA 6.425. Neither version
explains the data.



PYTHIA Tunings

The LHC high-energy program has prompted many retunings of PYTHIA, so that backgrounds in e.g. dijet mass
are well modeled to allow new particle searches. See P.Z. Skands, PRD 82 (2010) 074018 [arXiv:1005.3457]

PYTHIA tunings most commonly adjust initial-state and final-state showering parameters; multi-parton
interaction model parameters; etc. As will be shown, inclusive forward jets and forward dijets from RHIC are
sensitive to these tunings [as should be expected, since the rapidities involved for forward dijets at RHIC rival
those from midrapidity at the LHC]

In general, any serious low-x physics study of forward particle production will need to deal with the physics of
parton showers and multi-parton interactions. It is not good to attempt to “correct” measurements for these
effects. Experimental results should report what’s observed, rather than subtracting model-dependent
guantities from what is measured [in my opinion...]



Ed’o/dp” (ub &/Ge V)
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Data versus Perugia O Tune

p+p—jets, Vs=510 GeV p+p—> dijets, va=510 GeV, E,> 30 GeV
210 210
] B
e, "
o NU L
g 2
=1 = _‘*E 1 =
= : :
e | < |
I 107 10 'L
ol > =3.31
SRR PYTHIA Perugia 0
L — PYTHIA 6.222 _ * Preliminary data
4 — NLOPpQCD, 0, =3.31 10°F — PYTHIA 6.222 (XS}
0 F—  GPM, 1),,=3.31 - — F'eruglq 0 (XT)
RN NN L NN R I N I. P BT T T
) 6:5' ?'G' aa a0 oo T 720 150 . 100 150
jetenergy, <E> (GeV) diJE‘t i (Ge\f’/czj ( EV/C) p; (GeV/c)
e Perugia 0 is commonly used for RHIC midrapidity data
* Overpredicts dijet cross sections by ~20%
e Overpredicts inclusive jet cross section UM Serminar .



Data versus Atlas [AUET2B-CT6L] Tune

p+p—jets, J5=510 GeV

N
1]
S
“30 70 E
L
=
]
0,
o
% i
LLI
_-,l_
10
SR PYTHIA AUET2B-C
[ — PYTHIA 6.222
4 — MNLOpQCD, 0, =331
o e — GPM, 7, =3.31
T T T N T O T Wt N O T A O B O IIIIIIIIIIIIIII

e ) 60 ?'G' ao = oo o 120 T30
jetenergy, <E> (GeV)

—

_. da/dM (ub <*/GeV)

5 10
dijet M (GeV/c?)

p+p—> dijets, va=510 GeV, E,> 30 GeV

* Preliminary datc
e — PYTHIA 6. 222 (XS}
F— AUHZ@—CT?L (XIT}

100
p. (GeV/c)

5 10
ke (GeV/c)

PYTHIA tune developed by Atlas [arXiv:1512.001917], including LHC 7 TeV data
Reasonable representation of dijet distributions and normalization

5/4/2016 ° Better description of inclusive jet result thumI %Eh%? tune

150
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What about heavy-flavor irreducible backgrounds?

p+p, jet trigger, vs = 510 GeV, set=12107.2 _ptp—> pair+X, vs=310 GeV, jet trigger
x 10
i ; : T o4
Fit Gaussian+quadratic ~ C 45 < E g < 55 GaV
- Z r
25 - u=1.8672+40|0043 GeV/c’ 2 ossh +
[ 3 0,
[ o=0.0168+0)0038 GeV/c* Z % +
i T ol + + ++
L 0.25 — +
: 0.2 —
0.15 —
A5<E, <55 qe o _ No requirement on 2Q
5 |- -
- 10,>1000 oos
[ T = PYTHIA/GEANT (X 0.2}
a J O T S N T S O A A D:...I...I...I...I...I...I...I...I...I...
1.5 1.6 1.7 18 19 2 21 22 23 24 25 15 1.6 1.7 1.8 18 2 21 22 23 24 25
HCal lead (pr>5 GeV/c} + sub (F,u/Eu<0.1), Mass (GeV/c”) HCal lead (p>5 GeV/c) + sub (Fue/Ere<0.1) pair, Mass (GeV,/c?)

Direct reconstruction of large x; D mesons, from two-cluster analysis with mass assignments...

Yield in data is 3x107° of all jet-triggered events

3.80 statistical significance in data, with PYTHIA/GEANT consistent with the shape of dN/dM (limited by statistics)
Narrow mass peak could be due to D*—>Kt* — 7° n° n* — 4y 1t*, with photons merging into one cluster



Conclusions

Forward jets [x.>0.1] are consistent with next-to-leading order pQCD for pp collisions at Vs=500 GeV
Forward jets have a non-zero transverse single spin asymmetry consistent with spin-correlated k; [Sivers]

Forward jet pairs are sensitive to low-x gluons at low scale, with the caveat that multi-parton interactions
and partonic showers can be a significant background.

Forward inclusive jet and dijet cross sections from RHIC can be described by the same PYTHIA tunes as used
at the LHC



Outlook — I: Forward Jets in HI Collisions?

CuAu, vs=200 GeV, jet—triggered, overlay 12173.2,104

anti—k; jete
HCR
SOCE,<70 GeV

70<E, <90 GaY

SO<Ep<110 GeV

I%Tmlﬁﬂ?ﬁzlzl'lq:lllIIIIIIIIIIIIIIIII |||_||||
5 10 15 =20 25 30 35 40 45 50

Tower multiplicity, M

“pp sim” is in reference to PYTHIA 6.222/GEANT for p+p at

\s=510 GeV, with jets reconstructed with R, ..=0.7 The

jet

comparison of the normalizations to CuAu are irrelevant. The
tower multiplicities of the jets in CuAu are comparable to those

from pp.

* The anti-kT jet finder developed

for pT+p collisions at Vs=500
GeV [arXiv:1304.1454] produces
reasonable jets for centrality-
averaged CuAu, when
compensated Ry,=0.5 jets
[arXiv:1308.4705] are
reconstructed.

A first look was made for the
modular HCal, in comparison to
p+p PYTHIA/GEANT simulations
at Vs=510 GeV.

A modular HCal at STAR could
enable rapidity correlation
studies in AuAu for at least some
of the centrality values.



Outlook-II : Pixelizing AGS-E864 cells

-

5/4/2016

* Transverse resolution is increased
by pixelizing
* (10 cm)? cells =» 3x3 array of (3.3 cm)? cells

« Stack (6-cell)? forward calorimeter at STAR
in 2014

* “looking within” cell shows clear structures

HeAu, s, =200 GeV, FCal event

UMd Seminar

10



Outlook 1l - Results from Fermilab Test Beam Facility-T1064

Cluster energy distribution Cluster energy resolution
of center pixel for i~ beam for ™ on central pixel

g - g -

R Posem=16 GeV/c L

= * dota ~

~ % o3l

= — GEISHA ST

— GCALOR o25p
- 0.z f—

‘ Wl =155 GeV
l Py ot e A an f | o=2.7 Ge¥ T m;
USSR s SR
016 3
*1GeV (m,K,p) to 120 GeV p (resolution <3% ) _ U-”EF* =16 GEU‘,/(E
* Cerenkov Detector (Particle Identification) D 0.172 =
2 -
* MWPC Tracking System (Beam profile, trigger) g 0aF ~
2 0.081
 3x3 Cells (9%9 pixel) were used = o.06F
e Studied shower shapes of e & n~ at beam g a 1::45—
momenta : 8, 12, 16, 24 GeV/c =
 Simulations shows good agreement with data 0.0z E_ L.
* Shows clean separation between e~ & ™ shower DD 02 04 05 Q.8 1

5/4/2016 shapes UMd Seminar R=EHighTower/ECIuster
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Backup
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Forward jets / A, DY

Forward ©t° / STAR

Collaborators

Physics Letters B 750 (2015) 660-665

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Cross sections and transverse single-spin asymmetries in forward jet
production from proton collisions at /s = 500 GeV

AnDY Collaboration*

L.C. Bland **, EJ. Brash®, HJJ. Crawford ¢, A.A. Derevschikov ¢, K.A. Drees?, ]. Engelage ¢,
C. Folz?, MK. Jones®, E.G. Judd ¢, X. Li"?, N.K. Liyanage ¢, Y. Makdisi?, N.G. Minaev ¢,
R.N. Munroe®, L. Nogach¢, A. Ogawa?, C.E. Perdrisat", C. Perkins, M. Planinic’,

V. Punjabi/, G. Schnell®!, G. Simatovic"?, T.G. Throwe?, C. Van Hulse¥, A.N. Vasiliev¢

Thanks to STAR. Special thanks to A.Ogawa, H.J.Crawford,
J.Engelage, C.Perkins, E. Judd, L.V.Nogach, G.Rakness,
E.Braidot, X.Li, P.Shanmuganathan ...



do/dp, (ub ¢/GeV)

Test of Dijet Corrections

Comparison of corrected PYTHIA/GEANT tower dijets to PTYHIA particle dijets

p+p— dijets, va=510 Gev

10

" Epga > 30 GeV

—3 ® correcegd, jet trigg
PYTHIA ﬁ]@zzz. part
1 1 1 I 1 I 1 1 1 I

" Egaa 40 GaV
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tower dijet p, (GeV/c)

* Itis found that the dijet g,(V) [for
V=M,K-,p,] is the only correction
required; i.e., g4(V)=1

» The dijet correction procedure when
applied to PYTHIA/GEANT tower
dijets reproduces the input PYTHIA
particle dijets (animate for V=k; and
p, distributions)

» Require M>4 GeV/c? when reporting
do/dk; and do/dp,,.



trigger efficiency, £y,
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Results prior to convolution integrals

p+p—> dijets+X, vs=510 GeV, PYTHIA/GEANT
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* Analyze the correlation between
particle and tower jets from
PYTHIA/GEANT simulation to
determine dijet finding efficiency

* The dijet efficiencies gy (V) [fOr
Voar=M,ky,p,] behave as expected,
becoming larger at larger energies.

* The dijet variable M is not well
measured for M<4 GeV/c?, since
small dijet mass corresponds to
small dijet opening angle, and the
“leading jet” being large leaves little
acceptance for the “subleading jet”.

» Consequently, the focus will be on
M>4 GeV/c?. [Note: the reducible
background for DY with M<4 GeV/c?
is dominated by inclusive jet
production]



Jet Cross Section-

Definition

p+p— jets+X, vs=510 GeV, PYTHIA/GEANT

The jet invariant cross section is:

&_:% Ed3g: N (coshz)
? 5 & 0 dp3 triggdet Lsamp< pT >A77A¢AE
5 oaf 5 ¢ where
E e o * N — number of particles detected
% | o * gy, — trigger efficiency
o4 ° * g4 — detection efficiency
0zl * Lgamp — Sampled luminosity (time
' integrated), calibrated by vernier scan
o e « <cosh(n)> - average value of cosh(n) over

Tower—jet energy, E (GeV)

This shows an evaluation of the trigger efficiency
from PYTHIA/GEANT. Inefficiency results from
variation of n for each tower for the extended
source for the colliding beams. g, is checked by
extracting cross section from minimum-bias
triggers

the acceptance, An~Ay

<p;> - average value of transverse
momentum in acceptance

An, A - specifies the geometry of the
acceptance

AE — width in energy of bin considered



Jet Cross Section-|

Run Dependence

p+p, vVs=510 GeV, jet—triggered, anti—k; jets
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Fun Index

SO<E<B0 Gay

A 15.5308£0.0716

G0<E<70 GaV¥

| 4.89481£0.029

FO<E<S0 Gav
A 1.7128£0.0111

B0<E<20Q Gav

A 06059 £ 0.00435

Q0<E<100 Gey
A0.2182+0.0016

T100<CECTI0 Gat

A 00723+ 00006

1O<ECT120 Gat
002921 0.0003

120<E<1 30 Ga

0.01056£0.0001

Multiple systematic checks were
made for the cross section. This
plot shows two:

« Comparison of cross
sections from left and right
modules

 Stability of cross section with
time.

In addition, results were
obtained from jet-triggered and
minimum-bias triggered
samples, to check consistency.



Jet Cross Section-|||

Systematic Errors

p+p —> jets, vs=510 GeV, parameter variations
FB0<E<70 Gev  The stability of the jet cross
S-mpooT, g section was examined as jet-
BD%QDDE 4}@ 850088 : . J
g finder (R,Ethr); jet acceptance
2

v}

%ncE-: 60 Gev

DDBBQQ

OU‘IQ[}H

N N PRI B SO ISR AR (dn,do); jet energy scale (S)

Ed’s /dp® (ub c*/Gev®)

55
2.3 ;—?G{E{EG Gea¥ o _BG‘:E‘:QD Say and Vertex Selectlon (dzvert)
2F =[] 0.7 arameters were varied.
o ] oo
st B g%, NE% éﬁﬂé ? é% oz
15 1 1 1 1 | 1 1 1 1 | 1 1 1 GE_ 1 1 1 1 | 1 1 1 1 1 1 | E:Ejg‘:’"’t * ReSUItS With jet triggered (Open
. QME{mG#}M 0.12[400<E< 110 GeV K=e—>R squares) and minimum-bias
: EESD T oaf % ii i g i‘; ‘g‘_‘%‘g}gﬁ’% triggered (open circles) events
0.2F o~g ;:]5 % n.nsﬁgﬂ $+ ¢ er.! Eﬁ é 33 2.2,0.5 are shown.
: |7 e o0,
- 0,030 ———ga 0.1504 « Projections of the resulting
0.06 1 10<E< 120 GeV “TH120<ER 130 Gev ;E 1%919 ) .
- F sl Cross section on the variation
L 002 — . . . . .
mié %%é A i i 10c85em.  index J result in distributions for
L C 12d 0.2 Ga¥ .
o.0zf ? ! ﬁ% 5% oot i éﬁ Eeg.gg“ each energy bin used to
I T N L1y L1 E 1 1 1 L1 2 L, . .
0 5 10 o 5 10 estimate the systematic error

Yariation index, J for that bin.



Spin Sorting

p+p, ve = 500 GeV, run=15457, Red=4/Blug=—
10°F 'RHIC has a pattern of polarization

L directions injected for each fill.
W";E 'Polarization for colliding beams is
1%k established by counting (C) the
102k 1 9.38 MHz clock, and identifying
0 E specific bunch crossings by

N 1I ! R B=mod(C,120)

*:Blue Spi
:5 oe SR 'Polarization pattern for a fill is

communicated from the accelerator

1o to the experiments.

109
'Bunch counter distributions also

102 i
assess single-beam backgrounds

10

0 20 40 &0 80 100 120
I Bunch Crossing
Yellow Blue
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beam beam



Spin Direction

Run=12108032.001.484, ZDC trigger
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The analyzing power for forward
neutron production [Ay(n)] has
been measured to be positive
[PLB 650 (2007) 325]

Ay(n) is measured with zero-
degree calorimeters [NIM A 499
(2003) 433], and provides colliding
beam experiments with a local
polarimeter.

Confirm the spin direction used for
jet measurements by measuring
Ay(n) concurrent with measuring
Ay(et).

This fixes the sign of Ay(jet).



Beam Polarization

Beugl polarization for pT+p —> jets, V=500 GeV

E | https: /Awiki.bnl.gavarhlespin/upload/B/68,/ rund1 112 _rasule pdf * POIarlzatlon Of COlIIdIng_ beams IS
A measured by the polarimeter group
e [see reference noted in plot].
[
a . * Measurements of p+carbon elastic
g d: I”ﬁiﬁ (Lé scattering in the Coulomb-nuclear
X h e, !L!,H,%é 6590 LA éi mterf_erence region provide a relative
or ‘i’+‘f’ +$¢¢H T* ITl polarimeter
gl g |
w L * Measurements of p+p elastic
- © Blue polarization for fill scattering in the Coulomb-nuclear
[~ eventweighted, <Pp>=052.6£2.7 interference region from a polarized
3 H H T . .
[ 0 Yell polarization for fil gas jet target provides an absolute
[ — event weighted, <P,>=51.112.8 .
[ polarimeter
PN T T T T N N T T T ST A S S A
20 L) =] 10 15 20 25 0] a5
Fill index
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Jet Analyzing Power

Definition and Systematics
F“T+D — jets, v8=500 GeV, Systematics

« A(jet) exploits mirror (left/right)

' _—+ L ¢ H ¢—+—+—¢+ symmetry of apparatus with spin-
PN 152 B T/spin- 4 of colliding beams, via a
cross-ratio...

0.2

o 4 g ¢ b NN NN
" SR TR * # — Systematic — 1 NLNR B NLNR
n-s +_+ R=0.74 AN
0,2_ +

cep=0.4
F <G> E0534 L limited, because of cancellation of

P UNINT +y/NINS
g Ep=0.35 GeV
- {xr}rD 20
dp=0.6 parameters analogous to manner
) 2 4 G E 10 12 .
systematic errors from symmetry.

Ep=0.25 GaV¥
0.25 + + +_+ +
F x> 0.4 435 5 _ :
dZw=82<m  qone for cross section.
Systematic index, |

o
r:: :_n
W g h b L P o= -

dn=0.20 * Systematic errors for Ay(jet) are in
1 ‘ 10 dz =70 cm
—+—+—+—*—+—*—+—+ 11 8=1.03 L o -
« Bottom line is that Ay(jet) is statistics

dn=0.30 part computed by varying
ok 12 5=0.97




Comparison of Data to PYTHIA 6.222/GEANT Simulation

p+p—jets, s=510 GeV

-y anti—k; jets o _ o
F E‘f ey I anti—k; jets % 5 C> 50 GeV
‘M““-‘ 3 K _ o
= 10 30-50GeV| £ 2
%"‘n\ —5 ..Q E LL'I—'-\.
n 10 T =2
2 data <M>=15.9 1% =
v <M>=15.7 [ 4
|_f| it 5im =1 g = 15 :Eg
—2r =
e 0 = '7OGeV i had
=10t hyd
. 10 S oL 1
Z 10,_5: M"& E 0,9'
¥ e data <M>=15.8 = 08
10 g-994 1™ I
'ID_? sim, <M>=18.3 1, = o.7r
_F 3 HCL 0.6}
wr  70- 90GeV :
10_ L - a5
iy — HCal data
10 & w i I
1D_5§ 0 E_ PYTHI:&/GEANT 0.4 ® HCaldata
15~/ data <M>=21 C 0.3 — PYTHIAGEANT
R sim, SMe=205 T, = '
1DD 1G ZD ED 4D H ‘ID IIIIIIIIIIIII ||||I|||||II|||||II|IIII|||||||||||
0 S 10 1 0 0.1 02 03 04 05 06 0.7
Tower multiplicity Jet pT Jet shape

* Jet pr and x are calculated from anti-kT cluster with R,=0.7 ignoring mass

« Tower multiplicity agrees with full simulation, meaning particle multiplicity can
be deduced

« Given the agreement between data and full simulation, the latter is used for
efficiency corrections, e.g. g [trigger efficiency (see backup)]

Jet-triggered data is well described by simulation
5/4/2016 UMd Seminar



