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- those fit together?
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and now

logbook: gluon discovery
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-n spin budget
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-ton spin budget

Ag(z,Q") = g% (2,Q%) — g (:z; Q?)
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x = gluon momentum fraction
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-rise in the budget

%AE(QQ) +Ag(Q%) + Ly(Q%) + Lg(Q7)

1
2
® Non. Relativistic quark model

- A2 =1 (a la Griffiths)

® Relativistic quark model
- A>=0.75

® Ellis-Jaffe sum rule
- A2=0.60

.
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-rise in the budget

® Non. Relativistic quark model
- A2 =1 (a la Griffiths)

® Relativistic quark model 021} ¢ EMC
- AS =075 e Ellis — Jaffe sum rule » SLAC
° is- 1
Ellis-Jaffe sum rule . ousf 1 9i(x) = 1 3 2 Agi(a)
- A2 =060 = l i
8 Gagka i l b}
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4 —~ t *
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-ns from the Partonic tree

time
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-uons from the Partonic tree

time
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Picking gluons from the Partonic tree

time

.
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Iuons from the Partonic tree

aligned  aligned

= =

anti-aligned aligned

2

Ratio of cross sections
“aligned” vs.“anti-aligned”
probes how gluons are

- spinning in the proton

time

(i) High Energy collisions of (ii) polarized protons and

(iii) a world class detector
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Q%=1 GeV?
0.8

ble and expectations

xAg(x,Qz)
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-Ie and expectations
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gluon hypothesis + pQCD => Asymmetrty Prediction
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The observable and expectations

A _U+—U_ _dAa
LL_O'+—|—O'_ - do
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Preparing for the hunt

® Measure quark, gluon contribution to proton spin
- g well constrained by previous DIS measurements
- g wide open and requires a new approach: p+p, DIS++

e Staged analysis of various channels
- ptp — Jets
Required

- pTp =y et Luminosity

- p*+p — charm, bottom !
e FKirst measure cross sections

- under control experimentally and theoretically at NLO
® Then measure asymmetries

- NLO QCD + phenomenology — extract Ag, AX

.
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The RHIC Complex

GRENADE RANGE SAFETY RULE |

®DISPLAY "RANGE IN USE”SIGN,RAISE FLAG OR TURN ON BLINKING
LIGHT AT NIGHT,NOTIFY POLICE DESK.

®QUALIFIED RANGE INSTRUCTOR(RI)IS PRESENT.

®TELEPHONE AND RADIO COMMUNICATIONS WORKING.

®RANGE OPERATION REQUIRES ONE RI PER GRENADIER.

®ONLY ONE HAND GRENADE IN THE PIT AT ANY ONE TIME.
®ONLY HAND THROWN GRENADES TO BE USED ON RANGE.

®RI SAFETY BRIEFING CONDUCTED ON WEAPONS CAPABILITIES,

GRENADIER SAFETY PROCEDURES AND UNSAFE CONDITIONS TO
REPORT OR SHOUT “CEASE FIRE”,

®ALL OBSERVERS REMAIN OUTSIDE (WEST) OF FENCE.
eWEAR AUTHORIZED EYE AND EAR PROTECTION.

®CEASE OPERATIONS IF THE WIND WILL BLOW SMOKE OR GAS
TOWARDS INDIVIDUALS.

®SMOKING,EATING,DRINKING AND TALKING,EXCEPT TO SHOUT
“CEASE FIRE”, ARE PROHIBITED.

MMEDIATELY REPORT UNSAFE CONDITIONS TO RI. %

®ALCOHOL OR DRUG INFLUENCED PEOPLE PROHIBITED ON RANGE.

®GRENADIERS TAKING MEDICAT]
RANGE. OPERATNG ON MUST INFORM RI BEFORE

VIED r OBEY ALL RI COMMANDS.
®TOSS GRENADE ONLY ON R COMMAND.

®HANDLE UNEXPLODED GRENADES PER SOP 133-3.

#
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A Virtual
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RHIC polarimeters
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RHIC polarimeters
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The RHIC complex

RHIC polarimeters

Siberian

Spin Rotators

* 100 GeV proton beams

e Each bunch filled with a distinct
polarization state

e Spin Rotators at STAR IR allow for
transverse and longitudinal spin
orientation

e Bunch Xings every 120 ns

e CNI polarimeters + Hydrogen Jet

gquagr;f:;r;:() =>run by run polarization
pp Run Year 2002 2003 2004 2005 2006
< Polarization> % 15 30 40-45 45-50 60
L. [ 103 s-'cm-2] 2 6 6 16 30
L.« [pb']at STAR (L/T) 0/0.3 0.3/0.25 04/0 3.1/ 0.1 | 8.5/10.2

.
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- collaboration

~500 people
~|5 nations

Silicon Vertex
Coils Magnet ~Tracker

Calorimete

Time Projection
— Chaimber

Time Of

gluon spin:
3 O - 4 O FT E S istHomms

.
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A taste of the challenges

TPC readout 40 us & 107 ns crossing=
massive pileup

t=0.0 microsec STAR TPC Side View

eSteady lumi progess
eEMCal late addition

t= 0.0 microsec STAR TPC End View

Giene Van Buren, BML, 2002

: . In something
Find this like this

s Significant challenges to overcome, MIT key player
]
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nstruction at STAR

Jet direction
* charged tracks + EMCal
* “particle-flow” - like
* midpoint-cone algorithm
* detailed corrections for non-
perturbative effects

detector

particle

p+p —> di-jet + X

[e)]

(¢

N

w

N

pT (particle) [GeV/c]

.
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1/2% do/(dndpT) [pb/GeV]
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STAR (hep-ex/0608030)
p+p = jet + X

\s=200 GeV
midpoint-cone
rcone=0-4

0.2<n<0.8

10° .
—H8— Combined MB
10 —e— Combined HT
—— NLO QCD (Vogelsang) " p—
1 = - NLO + Nonperturbative
; | | | | ! | | | | ! | | | | ! | | | | ! | | | | ! | —
> 1.8 Systematic uncertainty (b):i
§ 1.4 e Theory scale uncertainty =
SR I I T e =
@ = HBLE T g g @ e d T s T
5065 T =TT =
0.2E- | | | | =
0 10 20 30 40 50
p; [GeV/c]
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polarized inclusive jet cross section

[A Excellent agreement
with theory

=) Robust
measurement

= Data analyzable via
perturbative QCD



Our best asymmetry measurement yet
7+ —jet+ X

A, [ ¢ 2006 STAR Preliminary
~ —— GRSV-std L —— — —|—_
017 _ GRsv ageg -
> " --- GRSV Ag=0 Pihe
Yt 0.08— GRSV Ag=-g - _
> _ pu A ocTtT—_ot
B s ) p— —
S o006 LL otT+ot
> 00— 7 ull
7 — /
< o2 Tt | |
- —*'-'"""—-f ‘ ---------------- # ------
.DE’-Z{-J—Q_ 2 = -";“ !
-0.02— Online polarization
_I L1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | ] |
10 15 20 25 30 35
P, (GeV/c)

® Precision asymmetry measurements at a polarized hadron collider using jets
® Systematics |-5 x10-3 => still statistically limited
o NLO pQCD with different assumptions for spinning glue
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Closing in on the spinning glue

O 2005 STAR Final

2 1€ 2006 STAR Prelimi o -
o E . » reliminary | N, 45
B opooOpgWHo No theoretical
40 uncertainties
~ I O included
Al ) O
10 § » 35
C O » i
i 30
2 s D - Runé PHENIX
10 = 25: P:Jer;iminary (+7)
- - Run6 STAR
i GRSV std 20+ Preliminary (+7)
® <<Lneertainty > - Runé PHENIX+STAR
102 & - Preliminary
= ™ 15[
- o ' u -
: g EE ﬂ E}- :"&G=-G" n &G:U" m std" n IAG=G1
- h W O <l 198 | | |i ‘l’l |
10-4 | !1 L1 I.Dl 5| L1 L!l. L1 |t]|5 L1 -|| L 11 | I-I'[_|5 =1 I-I[]_éI | I[]I | I{I]SI - I'[ ‘|5I -
' "Ag(Q2=0.4GeV)) AGgpey (Q°=1 GeV?)
® Previously ruled out large and positive (DIS + early RHIC)
® Now clearly rule out large and negative
® Now rule out “GRSV-std” at 99% CL
® Reject AG < -0.7 with 90% CL

.
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So what would this mean?

o At Q=1 GeV?

- seems that gluon does not make large contribution
® What are theoretical uncertainties!?

- e.g.,assumption on shape of gluon distribution

- =>di-jet (RHIC 2008), photon-jet, heavy flavor (RHIC++)
® |[f this holds, focus shifts to quark angular momentum
- natural in relativistic quark model

- calculable on the lattice
- can be measured in e+p scattering

.
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uld this mean?

Resolution of the Proton Spin Problem

F. Myhrer® and A.W. Thomas™*

hep-ph/0709.4067

These three pieces of physics, tested in many independent ways, all have

the effect of converting quark spin to orbital angular momentum.

Altogether, these effects reduce the fraction of the proton spin carried
by its quarks to about one third, in very good agreement with the data.

\_

Experiment

14 +9 4+ 21%

time

Yine = 0.33 & 0.03(stat.) + 0.05(syst.) , l

Theory

¥ ~ 0.65

between 0.35

and .40

I m .
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The next steps

® polarized p+p@RHIC — staged attack on the gluon
1. Directly constrained Ag via jets, di-jets
2. Map x-dependence of Ag
3. Precision measurement with photon + jet
e Now beginning new era of phenomenology/calculation
- global fits @NLO using
- preliminary lattice calculations
® RHICH++ era — precision attack on Ag and AX
- 0.5 TeV running
- Electroweak channels
- Potential Beyond SM physics
® But experiment 1s pushing this field forward!

.
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Future directions: Tracking Upgrade

Si Strips + APV25
(MIT)

APS Pixel
(LBL)

i M.L Miller

GEM + APV25
(MIT, Yale, ANL)

~70 um holes

nﬂo III|III|\II|III|II\|III|III|I\I|III|II\‘II
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_+ APV25
Yale, ANL)

~70 um holes

W
O

iy

a

APS Pixel J
(LBL sl N\ .
0 200 400 600 800 1000 1200 1400 1600 1800 200

Energy [arb. units]
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e of the new MIT

|
{

faces in QCD

.
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experiments are dedicated to a direct determination of the spin-dependent gluon distribution
Ag(z,Q?), ) , ,
Ag('l’ﬁQ \}]Eg—l_[:;l:*Q )—Q‘ (‘1’1'@ )1 (2)

where g7 (g7 ) denotes the number density of gluons in a longitudinally polarized proton with
same (opposite) sign of helicity as the proton’s, and where x is the gluon’s light-cone momentum
fraction. The field-theoretic definition of Ag is

Ag(z, Q%) = fd,\eﬁ*fﬁ (P, S|GT(0) GT,(An)|P, S) o (3)

4T.LP+

written in AT = 0 gauge. G* is the QCD field strength tensor, and G*¥ its dual. The integral
of Ag(z,Q?) over all momentum fractions = becomes a local operator only in AT = 0 gauge and
then coincides with AG (Q?) ) [2, 7]. The COMPASS experiment at CERN and the HERMES
experiment at DESY attempt to access Ag(x,Q?) in charm- or high-pr hadron final states in

photon-gluon fusion v*g — ¢g. A new milestone has been reached with the advent of the first
polarized proton-proton collider, RHIC at BNL [8, 9]. RHIC will provide precise and detailed

information on Ag, over a wide range of  and @2, and from a variety of probes.

I I I I I Michael Miller Imperial College, November 15, 2007
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Our best asymmetry measurement yet
D+ —jet+ X

0.21
< I _
0.15— A _ot—0o™
2 - LL — g++3o+- .
0.05 |
< o M pQCD
: o Y
-0.05 |
-0'1 __ | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 5 10 15 20 25 30
Measured Jet P+ (GeV/c)

® Precision asymmetry measurements at a polarized hadron collider

o NLO pQCD with different assumptions for spinning glue
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- confidence levels

- E
O - & & & 4 & & & 8
- B Pol. uncertainty
B -
Al
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102
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107 E
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-1 -0.5 0 0.5 1
A g (u?=0.4 GeV?)

Models of large positive gluon helicity clearly ruled out
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-d to confidence levels

-
O

1073

10

; e @ 8 8 8 8 8
- B Pol. uncertainty
B -
= . ® Suppose best value
- . between blue and
= black line
: ) At Q2= GeV?,
E 7 ‘W= 2 spin budget closed
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M 1 & > by quarks, gluons
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Models of large positive gluon helicity clearly ruled out
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A, _

. x 10 -3
systematics ( }
Reconstruction | [-1,+3]
+ Trigger Bias (n; den)
Non- 0.03
longitudinal (p; dep)
Polarization
Relative 0.94
Luminosity
Backgrounds 0.5-0.1
n; systematic | =6-7
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