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' The Big Questions

ny are we here? b
here did we come from?' _
nat is the universe made=f?
hat is the meaning of life®
nat is the purpose of the
nat holds everything tog

nat time Is 1t?

S =z =
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' Searching for Answers
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Standard Model

Decades of experimental results and theoretical development
have culminated in a theory of matter and forces called the
Standard Model of Particle Physics. e -
quantum field theory describing
point-like fermions (quarks and

leptons) that interact by
exchanging vector bosons

(photons, W=, Z°, and gluons) -i;’.'._.f“; A

The Standard Model makes precise and
accurate predictions and describes a rich
panoply of physical phenomena including
nucleons, atoms, and stars. Of course, it
doesn’t explain everything.

ElectroWeak
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Standard Model
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What Is the Gluon?

The gluon is the massless spin-1 carrier of the strong force.

Electromagnetic Strong Nuclear

charge electric color gl
number of charges 1 (4,—) 3 (r,g,b,7,g.,b)

force carrier photon gluon ﬁ

carrier charge none

ANTI-AUARYS CARRY AN
ANTI-COLOR

color + anti-color
(8 combinations)

theor quantum quantum r F GLons carey o
A electrodynamics chromodynamics | e
relative strength

"Kleinzweck has a theory that the
strong nuclear force is actually
tiny rolls of duct tape."
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Confinement

The strong force increases in strength as the distance between
the quarks increases. There Is eventually enough energy to
create an additional quark—anti-quark pair from the vacuum.

D

1
9

@

be directly detected — we
only see combinations of
guarks and gluons.
Particles are color neutral.
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Smashing Protons

Question: How can we study the
gluon when it is stuck
Inside a proton?

Michael Begel Sambamurti Memorial Lecture Spotlight on the Gluon



Smashing Protons

Question: How can we study the
gluon when it is stuck
Inside a proton?

Answer: Hit the proton really hard.
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Smashing Protons

Question: How can we study the
gluon when it is stuck
Inside a proton?

Answer: Hit the proton really hard.
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Inside the Proton
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1/3 1
momentum
fraction x

increasing resolution (small distance scale) <—> large momentum transfer (Q?)

proton as a solid object
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' Inside the Proton

quark densit
‘

G
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1/3 1 1/3 1
momentum momentum
fraction x fraction x

increasing resolution (small distance scale) <—> large momentum transfer (Q?)

proton made from three quarks
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' Inside the Proton

quark densit
‘
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O O
1/3 1 1/3 1 1/3 1
momentum momentum momentum
fraction x fraction x fraction x

increasing resolution (small distance scale) <—> large momentum transfer (Q?)

proton made from three valence quarks held together by gluons
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' Inside the Proton

quark densit
‘

[ [ [
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O O O
1/3 1 1/3 1 1/3 1 1/3 1
momentum momentum momentum momentum
fraction x fraction x fraction x fraction x

increasing resolution (small distance scale) <—> large momentum transfer (Q?)

gluons split into quark—anti-quark pairs = sea quarks
There are more than three quarks inside a proton!
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' Inside the Proton

quark densit
‘
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O O O O
1/3 1 1/3 1 1/3 1 1/3 1 1/3 1
momentum momentum momentum momentum momentum
fraction x fraction x fraction x fraction x fraction

increasing resolution (small distance scale) <—> large momentum transfer (Q?)

proton is complex object when examined at high resolution
Half the momentum of the proton is carried by gluons!
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QCD Hard Scatter

Large pr processes originate in hard scatters between partons

allow precision tests of perturbative quantum QCD (pQCD)
sensitive to presence of new physical phenomena

—‘\ photon

Hard Scatter
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QCD Hard Scatter

Large pr processes originate in hard scatters between partons

allow precision tests of perturbative quantum QCD (pQCD)
sensitive to presence of new physical phenomena
constrain parton distribution functions

fraction of proton’s
longitudinal momentum
carried by parton

momentum transferred
in hard scatter

strength of strong

force coupling

photon

o = Z/O dxidxs F;(xq, Q2) Gj(wz, Q2) Oij (331, L2, as(Q2))
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QCD Hard Scatter

Large pr processes originate in hard scatters between partons

allow precision tests of perturbative quantum QCD (pQCD)
sensitive to presence of new physical phenomena
constrain parton distribution and fragmentation functions

fraction of proton’s
longitudinal momentum
carried by parton

momentum transferred
in hard scatter

strength of strong
force coupling

fraction of outgoing
parton’s momentum
carried by particle

o — Z/O dxidxz- Fi(wl, Q2) Gj(wz, Q2) 5'7:3' (331, L2, as(Q2))
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Parton Distribution Functions
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Why Photons?

Photons cleanly probe
the hard scatter

Wavelength Energy
Green 520 — 565 nm 2.4 —2.2eV

X-ray 10 — 0.01 nm 0.12 — 120 keV

Direct4 0.35 — 0.0035fm 3.5 — 350 GeV
Proton radius =~ 1 fm mass ~ 1 GeV
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Why Photons?

Photons cleanly probe Direct Photons
the hard scatter Annihilation Compton Scattering
.

Green 520 — 565 nm 2.4 — 2.2eV v . v
X-ray 10 — 0.01 nm 0.12 — 120 keV
Direct4 0.35 — 0.0035 fm 3.5 — 350 GeV
Proton radius = 1 fm mass ~ 1 GeV
Production i1s dominated
by two processes ) . . .
)
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Why Photons?

Photons cleanly probe Direct Photons
the hard scatter Annihilation Compton Scattering
Green 520 — 565 nm 2.4 —2.2¢eV 9 v 9 v
X-ray 10 — 0.01 nm 0.12 — 120 keV
Direct4 0.35 — 0.0035fm 3.5 — 350 GeV
Proton radius = 1 fm mass ~ 1 GeV
Production is dominated
by two processes )
q g g q
Diphotons
Annihilation Quark Box
Important higher-order E L v
diagrams include double 4
direct-photon production
and fragmentation
diagrams (g — )
q 7 g i
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Fermilab Tevatron

FERMILAB'S ACCELERATOR CHAIN
~_ MAIN INJECTOR

TEVATRON

——

PROTON

NEUTRING .
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High Energy Physics Detectors

Tracking Electrml'na;_;,_rnetic I—Ia-:l romn Muon Jets are collimated s prays of
: chamber : calorimeter  calorimeter chamber particles constructed USing an
photons _ iterative cone-based algorithm.

ot P I , . |

[] Beam Fipe
{center)
ll Tracking
Charmber

B Magnet Cail

HE-M
Calorimeter

[0 Hadron
Calorimeter

B Magnetized
[ron

Il uon

Chambers
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Meson West Spectrometer

Fermilab E706 Collaboration

UC DAVIS +« DELHI * FERMILAB * MICHIGAN STATE * NORTHEASTERN
OKLAHOMA * PENNSYLVANIA STATE * PITTSBURGH * ROCHESTER

Hadron
Shield Neutron Target /SSD
Absorber

walls Analysis
Magnet

Trigger
Hodoscop

Electromagnetic

PWC's  Liquid Argon

Calorimeter

Straw

Tubes Hadronic Forward

Liquid Calorimeter
Argon
Calorimeter

Tracking Electromagnetic Hadron
charnber  calorimeter  calorirneter

N

W Trigger
Hodoscopes

huon
chamber

shared with the
E672 collaboration

Beams
800 GeV p
530 GeV p

515 GeV w—
Targets: Hy, Be, Cu

photons
—

ei |
—

muons ¢

Innermost Layer.., =——————————3 ... Outermost Layer
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D@ Detector

E)]ZO

Muon Scintillators ¢
’,H’"’/:t/,, == ——
’ o ]
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| — —— —

Shielding | Ve s
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Extracting the Signal

|dentifying direct photons is challenging since many particles
decay to photons:

dominant backgrounds are ® and n mesons
o(v)/o(jet) ~ 1077
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Extracting the Signal

|dentifying direct photons is challenging since many particles
decay to photons:

dominant backgrounds are ® and n mesons
o(v)/o(jet) ~ 10~°
Standard experimental methods:

Detect individual photons and reconstruct neutral mesons
Statistically separate two photons

frOm a Single photon: Electromagnetic Calorimeter
® longitudinal shower profile  direct |
5 SnVAVAVAVAVAVAVAVAV.
» lateral shower profile photon
® conversion probability

Require isolation from o AN
other particles (jets)
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E706 ° and n Mesons

Identify photons from «® and n meson decays:

40<p, <55GeVic pBeat 800 GeV/e
-1.0<y<05

Entries per 0.04

p; > 3.5 GeV/c * oS

mmm All yypairs
After cuts

Data

o
~~
?
=
o
—
~
8
s
c
L

55<p,<7.0GeVic

t

0.8 1
yyMass (GeV/c")

) 0.8 1
Energy Asymmetry
E,

E..—E-.|
’ J\/\/\/\/\N A, = Bcos§* = En—Er
_T LNV T YY E +E,

E, PRD 68:052001 (2003) & 69:032003 (2004) [E706]
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E706 Direct Photon Candidates

Backgrounds still significant after rejecting §

0 . .
most 7w~ and i mesons. Tuned simulation JBe at 530 Gevic
used to estimate remaining background o | -0.75<y<075

normalized to 7° cross section.

® Data (unsubtracted)
— Background

direct __  single _ Tbackground

(o) = O X O_0

Y Y 0 7T
MC
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D@ Signal and Background

Photon candidates isolated to
suppress background. Discriminate

signal from background using
shower properties.
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A MC signal

o
4]

0 MC background

I
>

o
w

o
N

Extracted purity

Fit

Stat. uncertainty
—— Total uncertainty

number of events / total
number of events / total

05 1 1
number of EM1 cells in 0.2<R<0.4 number of EM1 cells in cluster

100 150 200 250 300
pY (GeV)

Purity defined as P = HLB

number of events / total
number of events / total

total track p . in 0.2<R<0.4 (GeV) width of EM cluster in EM3 (cm)

PLB 639, 151 (2008) PLB 666, 435 (2008) PRL 102, 192002 (2009) [D@]
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Michael Begel

Direct Photon Results
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E706 Direct Photon and =°

pBe - 1°X at 530 GeV/ic |
CTEQ5M pdf

(Data-Theory)/Theory

(Data-Theory)/Theory

pBe - X at 800 GeV/c| |
CTEQS5M pdf

T Be —» X at 515 GeVic |
GRV92 pf

+++++++++++++++++++++¢+ RN

NLO pQCD fails to describe direct photon or «° cross sections.

NLO pQCD corrected for small nuclear enhancement. The pp comparisons yield the same

conclusions. PRL 81, 2642 (1998) PRD 68:052001 (2003) PRD 69:032003 (2004) PRD 70:092009 (2004) [E706] |
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DO Isolated Photons
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—&— ratio of data to theory
CTEQ6.1M PDF uncertainty
scale dependence
(M,=_=1.=0.5p. and 2p.)

250 300
p! (GeV)

NLO pQCD provides a reasonable description of the

experimental measurement except at low pr-.
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DO Isolated Photon+Jet

Measuring isolated photons with associated jet production
Increases sensitivity to the gluon distribution.

16 DO |))‘m| <0.8, yV[yje[ >0 15<y*[<25, y' i >0 DJ Dy*1<08 vy <0) D5 <y <25 v <0)

yl<1 | | L, =11 P08 yy>0 D5 <ly™ <25, y'T">0)
°
1

=
i

L

Frovevevey it} f

=
()
[N

Wi<1

g > 15 Gev

o
[}

Jet Dy*'|< 0.8y >0
D5 <ly* <25, y§¥*>0)

./

o
>

. and the sign bf y - yI°t

Ratio of cross sections: Data/Theory
o
[ee]

Lim =1fb”

= o
o N

V<08, y'* <0

Ratio of differential cross sections

g
~

=
()

D(y*'| < 0.8, y D(Y*| <08, y§* <0)

et
| >
D5 <yl <25, y'* <0 D(L5<ly® <25, vy <0)
4
.'l!
/‘.

—*— ratio of data to theory (JETPHOX) ,;j"'/ .;f‘é
theor. scale uncertainty e ,;*
CTEQ6.5M PDF uncertainty e e ® data
ratio of MRST04 to CTEQ6.5M ol 5 do e iad --= theory, p=0.5y,
ratio of Alekhin02 to CTEQ6.5M = Tt . -
ratio of ZEUS05 to CTEQE.5M dedy df i "

Disagrees in shape like inclusive results; also significant
disagreement in ratios of one region to another.
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- Conundrum

Theory disagrees with E706 measurements
In shape and normalization. Why?

» significant difference for both «° and
direct-photon production

Theory differs in shape from D@ data at §
|OW pT Why’? Oh what to to, what to dooo?

» agreement far better than for E706, though shape at
low pr IS certainly reminiscent
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Conundrum

Theory disagrees with E706 measurements
In shape and normalization. Why?

» significant difference for both 7% and
direct-photon production

Theory differs in shape from D@ data at b ) A
|OW pT. Wh>/’7 Oh what to to, what to dooo?

» agreement far better than for E706, though shape at
low pr IS certainly reminiscent

Is there something wrong with the data?
Is there a problem with the methodology?
Is something missing from the theory?

How well does the theory describe
everyone else’s measurements?
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Direct Photon Production

T T T T ‘ T T T T T T ‘ T T T T
E704 Vs=19.4 GeV Note: thig'plot doesn’t include latest

E629 Vs=19.4 GeV results frgm D@, CDF, Phenix, or Star.
NA3 Vs=19.4 GeV

(theory corrected for UE contributions) WAT70 Vs=23.0 GeV
CTEQ6.1M PDF uncertainties NA24 Vs=23.8 GeV
sc_ale dvepende_ncey UAG6 Vs=24.3 GeV
1=0.5p; and p=2p;

E706 Vs=31.6 GeV
E706 Vs=38.8 GeV
R806 Vs=63 GeV

y

CDF Run Il Preliminary

-
oo

=25 fb'l —o—— Ratio to pQCD NLO JETPHOX
systematic uncertainty

Datg/Theor

data/theory

In'|<1.0 and is0<2.0 GeV, R=0.4 R807 Vs=63 GeV

| l l l l l l R110 Vs=63 GeV

50 100 150 200 250 300 350 400 PHENIX V=200 GeV
Phaton p ; [GeVic] CDF Vs=630 GeV

DO Vs=630 GeV 1l

; : G | CDF Vs=1800 GeV Direct photon production

t & CDF 1800 GeV Doto r @ CDF 630 GeV | DO Vs=1800 GeV by proton beams

| | -1

DO 1800 GeV Dato b O UA2 B30 GeV| 10 S ‘ ‘

5 10

Theory doesn’t represent the
shape or magnitude of direct
| photon cross sections over a

Photon P, (CeV/c) ‘Photon P, (Gev/c) Wlde range |n \/g
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Correlations

Question: Can we extract information from our data to better
understand the difference between theory and experiment?

Answer: Correlations between high-p+ particles probe aspects
of the hard scatter not easily accessible via studies of inclusive
single-particle production.

) \
. N~

Studies of high-mass pairs of direct photons and ©%'s can be

used to extract information about the transverse momenta of
partons prior to the hard scatter (k).
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About k7 Effects

Measure (kr) values in Drell-Yan and diphoton production.

[¢)]

<k;> (GeV/c)

CDF—>

@ Diphoton
Dimuon
m Dijet

v
P

Vs (GeV)

kr values significantly larger than expected from non-perturbative hadron-size
effects interpreted as resulting from multiple soft-gluon emissions.
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About k7 Effects

Fixed-order pQCD calculations partially include this effect
through additional diagrams.
Resummed calculations can properly include kr effects.

Tt Be- yyat 515 GeV/c
py>40Gev/ic -08<y'<08
Ap>105° M >10GeV/c?
Resummed Theory
NLO Theory

PYTHIA
(<k;>=1.1GeV/c)

|
Q)
g
S
-
o
2
o}
©
©
2
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Inclusive Production with k7

pBe - X at 530 GeV/c |
CTEQSM pdf
k. [F 11GeV/c

| CTEQS5M pdf
- K [=1.2GeVic

(Data-Theory)/Theory
(Data-Theory)/Theory

pBe - X at 800 GeV/c |
CTEQS5M pdf
& [=1.1GeVic

| CTEQ5M pdf
- Kk [=1.3GeVic

TBe - X a 515GeV/c |
GRV92 pdf
k.[F 14 GeV/c

| GRV92 pdf
L [k[F15GeV/c

Chosen k1 values were influenced by studies of two particle correlations but
are model dependent. This Is not a measurement of k.

PRL 81, 2642 (1998) [E706] PRD 59:074007 (1999) PRD 63:014009 (2001)
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Inclusive Production with k7

WA70 and UAG

pp - TX at 280 GeV/c (WA70) If T p — X at 280 GeV/c (WA70)

pp - yX at 280 GeV/c (WAT0) T p - yX at 280 GeV/c (WAT0)
CTEQS5M pdf GRV92 pdf

CTEQ5M pdf GRV92 pdf
[RTD: 0.7 GeV/c

=
o

=

o
3]

ey
3
£
£
>
3
<
I—
&
®
e

(Data-Theory)/Theory

k,[=0.7 GeVic

pp - TX at 315 GeV/c (UAB) pp — TX at 315 GeV/c (UAB)
CTEQS5M pdf CTEQSM pdf

pp — yX a 315 GeV/c (UA Pp - yX at 315 GeVic (UAB)
CTEQ5M pdf CTEQ5M pdf

8
p; (GeVic)

Direct Photon Production 7% Production
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Inclusive Production with k7

CDF and D@

ppatvVs=18TeV
-09<y,,<09

g
o

ppatVs=196TeV
—0.7 <Y, <09

PR e
N A O ©ODN
.
N

Data/ Theory
Data/ Theory
N

=
=

NLO Theory NLO Theory
IJ:pT H:IOT
CTEQ5SM PDF ' CTEQG6.1M PDF

— k;[=3.5GeV/c —— [k, [=35GeV/c e D@ (2005)

o o
o
o
[e0)

o

N
o
o

I
N
o
N

o

pp at Vs =630 GeV

pp at Vs= 630 GeV
-09<y,,<0.9

-09<y,,<09

Data/ Theory

ey
3
£
[
<
®
(a)

NLO Theory 8 £ NLO Theory +

IJ:pT ' IFDT

CTEQ5M PDF : CTEQS5M PDF

—— k= 25GeV/c * CDF (2002) 2 b — & [=25GeVic * D@ (2001)
35 40 35 40
P (GeVic) p; (GeVic)

Direct Photon Production
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Gluon Distribution Function?

Ad-hoc corrections to theory are not
appropriate for use in global PDF fits.
Proper calculations that incorporate kr
effects are not yet available.
= direct photons removed from fits @

y production by p beams

e pBeat 800 GeV/c [pb/(GeV/c)z]
A pBeat 530 GeV/c [nb/(GeV/c)?]

~1
8
S 1
f=
g
£
o
(2}

RS}
9]
'Ol
i

NLO Theory
M=p;/2
CTEQ6.1M
[1.3 GeV/c (800 GeV/c)

&=
.2 GeV/c (530 GeV/c)
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Gluon Distribution Function?

Ad-hoc corrections to theory are not
appropriate for use in global PDF fits.
Proper calculations that incorporate kr

e

y production by p beams

e pBeat 800 GeV/c [pb/(GeV/c)z]
A pBeat 530 GeV/c [nb/(GeV/c)?]

Edo/d’p (per nucleon)

effects are not yet available.
—> direct photons removed from fits

‘ \ d'j/ ’ \ W/ g g:;(sélz'\éewc (800 GeV/c)
; . w7k D Gevie (530 Gevig
L . N N
DON'T PANIC
Inclusive jet production is sensitive to the
presence of new physical phenomena and
also to the gluon distribution.
—> critical to measure cross section over

wide rapidity range to both constrain PDF
and maintain sensitivity to new physics

X = 2pL/sqrt(s)
0.2 0.4

inclusive jets: Tevatron Run |

fractional contributions
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DO Inclusive Jet Production

PRL 101, 062001 (2008) [DD]

[ D@ Run Il
5CL=0.70fb"

o
&)

llllllllllllllllll

- NLO pQCD pR = pF = pT
- +non-perturbative corrections

-

:_ L -0 00

r 0.4<]y|<0.8
__I\I 1 Ih 1

® Data
Systematic uncertainty

1 08<|y|<1.2
T 1 1 1 |\f

=== NLO scale uncertainty

data / theory

=
[4)

o
4

1.0¢

1.2<|y|<1.6

o
o

1

I =—= CTEQS6.5M with uncertainties
T " MRST2004 P

__f
-

= _p._o_.-._...-..'i

1.6<]y|<2.0

f20<|y|<24

100 200 300

X = 2p/sqrt(s)
0.1 0.2

o
a

fractional contributions
\\\‘\\\‘\\\‘\\\‘\\\

inclusive jets: Tevatron Run Il ]

a1
o

100 200 300

Q% =10*GeV? |

g/10

Michael Begel Sambamurti Memorial Lecture
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Gluon distribution at Q 2 = 10 GeV?

T
MSTW 2008 NLO (68% C.L.)
44444+ Fit with Tevatron Run | jet data
SN Fit without any Tevatron jets
HHHH zEUS 2005 Jets NLO

Iy
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D@ ~ + c¢/b Jet

The charm and bottom PDF are derived from the gluon PDF:
g — cc and g — bb.

y*1<0.8

The heavy-flavor content of the it o> 15 Gev
proton can be probed in y+jet PR JE R
events where the jets are flavor | i s s . —-—
gged. d

Q%= 10" GeV? o F = IC searlike / CTEQB.6M

c, b l\l\'\'\'\( Y Wl T TR Scale uncertainty
je

q vy
40 60 80 100 120 140 40 60 80 100 120 140
p; (GeV)
PRL 102, 192002 (2009) [DD]
.» NLO pQCD agrees with v + b jet measurements,
. _. 7 + cJet data exceeds expectation at high pr.
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Conclusions

Direct photons are clean probes of the hard scatter:

» experimentally challenging
® theoretically interesting

Comparisons of pQCD to most of the world’s direct photon
data at low p+ (not x¢!) are intriguing:

® somewhat controversial: theory? experiment? is it real?
®» might be explained by including higher order effects (e.q., k1)

» still waiting for a definitive answer. . .

Direct photons were supposed to be the best sample for

extracting the gluon distribution at high momentum fraction:

® now supplanted by jet distributions

® are we obscuring potential new physics by incorporating it into
the gluon distribution?

Direct photons are a background to many new physical
phenomena so precise measurements can be critical to
discovery.
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E706 Direct Photon Candidates

7% and 1 mesons are reconstructed via their 7Y decay modes.

2
PRD 68:052001 (2003) [E706] W PRD 69:032003 (2004) [E706]

p;>4GeVic

40<p; <55GeVic pBe at 800 Gev/c
-10<y<05

Entries per 0.04

E1 e DGS
PMC
Data

Entries per 2 MeV/c?
N Entries per 10 Mev/c?

Direct photon candidates that formed

~~ pairs with invariant mass in the 7°
or ) peak regions and A, < 0.9 are

rejected (A~ varied for systematic studies)

pBe at 800 GeV/c
-1.0<y<05

*aaad exstannasas.
0.125 0.15 0.175 0.2 g 0.8 1

yyM Em (Gevlc ) Energy Asymmetry
M, = 134.92 + 0.03 MeV/ ¢’

0, =6.130.02MeV/ ¢

M, =547.3+0.2MeV/ ¢

M, = 1869 + 3 MeV/ c?
o =191£02MeV/ ¢ pr>30GeV/c

0,=193MeV/c

al
o
=]
=]
-
N
o
o

Eventsper 3MeV/ c® £

o
3
=
—
o}
o
@8
2
w

4000

050 060  0.7¢ 3 15 17 19 21 23
yyMass (GeV/ ¢?) 1000 | 03 06 09 12 15 3 06 09 12 15 1§

: 5
By ! " M&(Gev 01 Mass (GeV/c?) KnnMass (Gev/ ¢)
M, = 779.0+ 25 MeV/ oa 0 0308 7 G s, My, = 3097 £ 2 MeV/ ¢°
0,=39+4MeV/c” Uyw757+4MeV/C
M, = ZMeV/c
1 +02MeV/c M, =543+ 1MeV/ ¢’
a,=22+1MeV/c
o st S0 SRS 0 e L e | g
0.04 0.08 0.12 0.16 0.20 0.24 . . }

08 10 12 . . . . 5 06 07 050 055 05 o 07 ooffa 28 32 .
yyMass (GeV/ ¢) Py Mass (GeV/ ¢?) ye'e Mass (GeV/ ¢) T Mass (Gev/c?) 0T Mass (GeV/c Wi Mass (GeV/ c¢?)
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E706 Direct Photon and =°

[ R R B
™ production on Betargets *
O 515 GeV/c Tt beam

© 800 GeV/c p beam (x 1072) ]
A 530 GeV/c p beam (x 107%) ]

B RN R
y production on Be targets |
m 515 GeV/c Tt beam :

e 800 GeV/c p beam (x 1072 E
4 530GeV/cpbeam (x 107 )

[y
o
o

[y
o
N
M T T T T

= =
o
w

T

Edo/d3p (pb Gev™? per nucleon)

Edo/d’p (pb GeV ™ per nucleon)

—— NLO Theory
H=p;/2

) NLO Theory
= u=py/2

P BT
4

NLO pQCD fails to describe direct photon or «° cross sections.

NLO pQCD corrected for small nuclear enhancement. The pp comparisons yield the same

conclusions. PRL 81, 2642 (1998) PRD 68:052001 (2003) PRD 69:032003 (2004) PRD 70:092009 (2004) [E706] |
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E706 Direct Photon

PRD 70:092009 (2004) [E706]

N
3

1T Be - yX at 515 GeV/c
pBe - yX at 800 GeV/c

pBe - yX at 800 GeV/c
pBe - yX at 530 GeV/c

a(800)/a(530)
0(515)/a(800)

NLO Theory —emem NLO Theory
pr/3<pu<p; -« + LOTheory
=== MRST2001E uncertainty band (L =p;/2) u=p;/2
-+ LOTheory (u=p;/2) GRV92 (11 Beam)
CTEQS5 (p Beam)
Pr/3<u<p

N

NLO pQCD has reduced scale dependence and significantly improved
agreement when compared to ratios of direct-photon cross sections
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E706 Pair Production

Distributions such as the dipion mass

and p=.’ are insensitive to transverse
boosts. Topological distributions can be
used to investigate the magnitude of k.

PRL 81, 2642 (1998) [E706]

—~
(8]
>
Q
O
=
o}
o
(e
=
RS
o)
©

o production on Be targets

e 515GeV/c Tt beam
o 530 GeV/c p beam (x 10°%)

... 800GeV/cpbeam (x 107

NLO Theory (Binoth et al.)

u:(p'rl + pTZ) /13

Michael Begel

12 - 214
Mass (GeV/c?)
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2

width due to fragmentation
(qT) =~ 600 MeV

n’

pY>4.0 GeVig | pi>25Gevic
M>10 Ge\/ﬂ/cz A@>105°
L9105 LO Theory

---NLO Theory

yr i

p¥>4.0 GeVic pi">25 GeVic
pr>2.5Gevic pr>2.5 GeVic
A@>105° A@>105°

LO Theory

180 120 140 160 180
A (degrees)

120 140 160
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Impact on Inclusive Production

In many respects, kr affects single-particle p+ distributions as
an additional effective resolution. This can impact pr > (k).

|-_I
—_— —
DN (—
L = N —— S
PT PT

Q
o

i 1.~ NLO Theory LO Theory
yy i i — Resummed <k;>=0.0 GeVic

e PYTHIA 25 cev] <k;>=12 Gevlc

pI>4.0 GeV/c HH <k, >=1.1 GeV/q) 7 >2.5 GeVic

M>10 Gev/c? ile (kr U A¢>108° T <kp>=14 GeV/
Ap>105°

=
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o
3

=
S}
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0 515 GeV/c Tt beam
o 800 GeV/c pbeam ( x 1072)
A 530 GeV/cphbeam (x 107)

o
~

e 515GeV/c Tt beam
o 530 GeV/c p beam (x 1072)
= 800 GeV/c p beam (x 107™*)

=
w
o

do/dp; (pb/(GeV/c)
o
w

(Vo) do/dpg,1 (GeVic)
o
N

o
-

—
8
°
>
c
o}
o
8
3
[T
Ko}
[=X
£
o
[y]
o
5]
kel
fin}

LO Theory

0
<k;>=0.0 GeV/c r] T[

P40 Gevie <k;>=1.2 GeV/c pI525 Gevic
p>2.5 Gevic — <k>=1.4 GeV/ p§>2_5 GeVic
A@>105° A@>105°
NLO Theory
u=p;/2

NLO Theory (Binoth et al.)
H=(Pry + Pry) /3

.10 11 1

- - - - 10 1
pf (Gevic) p; (Gevic)
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Inclusive Production with

Edao/d"p (pb GeV ™ per nucleon)

=
o

IS
T T T

L I I R I
™ production on Be targets 3

0 515GeV/c Tt beam E
© 800 GeV/c p beam (x 107°)
A 530 GeV/c pbeam (x 107) 7

" NLO Theory
N ; u:pT/Z

1.4 GeV/c (515 GeV/c)

6 —— [ [O=[J1.1 GeVi/c (800 GeV/c)

1.1 GeV/c (530 GeVic)
[k,[=0.0GeVic

[uny
o

= =
o o

Edo/d"p (pb GeV ™ per nucleon)

s
y production on Be targets |

m 515 GeV/c 1t beam
e 800 GeV/c p beam (x 1072 E
4 530 GeV/cpbeam (x107) |

_F NLO Theory
= M=p/2

1.5GeV/c (515 GeVic)

CE —— &= []1.3 GeV/c (800 Gevic)

[11.2 GeV/c (530 GeV/c)

CE e [k, = 0.0 GeV/c

Chosen k1 values were influenced by studies of two particle correlations but
are model dependent. This Is not a measurement of k.

PRL 81, 2642 (1998) [E706] PRD 59:074007 (1999) PRD 63:014009 (2001)
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DO Isolated Photon+Jet

Measuring isolated photons with associated .
jet production increases sensitivity to the SRR A B i
gluon distribution. dBo

dp; dy dyiet

Define four regions based on y’¢t and the
sign of y7 . yJet:

[y7°t] < 0.8, y7 - it > 0
0.016 < z; < 0.040 and 0.040 < =, < 0.100

7°¢| < 0.8,y -yt < 0
0.029 < z; < 0.074 and 0.027 < 2 < 0.065

1.5 < |yt < 2.5,y -yt > 0
0.009 < =1 < 0.024 and 0.110 < =2 < 0.300

. o |))::|<0.8, y:EV:Z:>O
]_.5 < yJet < 2-5, yﬁy = y‘]et < O 0.9F pr'>15Gev |1y_|5|<<|3§’<y2§ )%[Oy:m
0.097 < 1 < 0.264 and 0.022 < x2 < 0.059 Lo <IyI<25 yiy <0

Define factorization and renormalization scales In
terms of both pr and rapidity: 1 = pJ.1/0.5[1 + exp(|y? — yiet|)]

[)]
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(O]
Q
o
S
o
>
O
1
c) .
o
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o
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o
=
Q
©
e
LL

=pJ)

f(y*)) / o(u
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o
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Nuclear Dependence

Large pr processes on nuclei may be affected by multiple
parton scattering or modifications of parton distributions in
nuclear matter

For hadron production by p and = beams,
expect a suppression at low pr
(nuclear disk)

expect an enhancement at
large pr (scattering)

SINGLE LOCAL HI Trigger 530 GeV/c p Beam
pr>4.0GeV/c

£
£
0
o
g
o
8
=
L

Multiple scattering may occur in the
initial and/or final state in high pr o Gatare
hadron production. Multiple
scattering Is expected to occur
primarily in the initial state in direct
photon production.

VERTEX (Cm)
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Target Region

5x5 cm wafers
LlemBe 5550 um pitch

3x3 cm wafers 3.7cmBe 5x5 cm wafers
i 50 pm pitch
50 um pitch 0.8mmCu Hmp

S
S
0
o
o)
o3
2
2
Ll

5x5 cm wafers

199 1_92 0.16 cm Cu 25/50 pm pitch

0.2cmBe
3x3 cm wafers 28cmB 5x5 cm wafers
50 pm pitch ocmie 50 pm pitch

=) 1 Tl

VERTEX (Cm)
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Target Region

5x5 cm wafers
LlemBe 5550 um pitch

3x3 cm wafers 3.7cmBe 5x5 cm wafers
i 50 pm pitch
50 um pitch 0.8mmCu Hmp

800 GeV/c p beam
1991-92

S
S
0
o
o)
o3
i)
2
@

5x5 cm wafers

199 1_92 0.16 cm Cu 25/50 pm pitch

0.2cmBe
3x3 cm wafers 28cmB 5x5 cm wafers
50 pm pitch ocmie 50 pm pitch

mut L ([J )] [t | En————

VERTEX (Cm)
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Nuclear Dependence

. w0 Production

3 3.5 < pr < 5.5 GeVlc

3 530 GeVic p 1.271 £ 0.016 £ 0.025

3 800 GeV/c p 1.283 + 0.025 4 0.038
515 GeV/e w~ || 1.237 4 0.015 =+ 0.025

Direct Photon Production

3.5 < pr < 8.0GeV/c

530 GeVic p 1.103 & 0.032 £ 0.022

800 GeV/e p 1.043 + 0.032 4 0.031

515GeV/cTt beam 515 GeV/e w— 1.083 4+ 0.024 4 0.022

by

X. Guo and J. Qiu
g- ﬁzoo GeV/c 0 beam (E258)

PRD 72:032003 (2005) [E706]
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Nuclear Dependence

530 GeV/c p beam 530 GeV/c p beam I

J !

PRD 72:032003 (2005) [E706]
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Nuclear Dependence

a(Be)/9a(p)

[AlBe/ 0D

y Production at 800 GeV/c
45<p, <50

HIJNG x*=2.25
()]

-+ - Constant x?=2.25
v

° Production at 800 GeV/c
45<p, <50

HIJNG x°=150
()]

-+ - Constant x2= 0.95
v
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y Production at 800 GeV/c
50<p; <65

HIJNG x*=0.78
V)

- Constant )(2 =0.87
IV}

° Production at 800 GeV/c
50<p; <65

HIJNG x*=0.45
)

- Constant )(2 =0.87
v

)
0 05 -1

Rapidity

[xlcu/[K]Be

y Production at 800 GeV/c
45<p, <50

=0.77
=0.89

1 Production at 800 GeV/c
45<p, <50

HIJNG x*>=0.85
Y

- - - Constant x2= 0.43
v
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y Production at 800 GeV/c

y Production at 800 GeV/c
45<p, <50

50<p; <65

=0.26 5 HIJNG x*=161
0]

- Constant )(2 =150
v

HIJING ¥
- Constant x” = 0.60

1 Production at 800 GeV/c
50<p, <65 45<p, < 5+o

. *‘4¢ .....

=554 5 HIJNG x*=2.26
V)
- Constant x”=1.23 - Constant )(2 =1.00
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Rapidity

1 Production at 800 GeV/c I

y Production at 800 GeV/c
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++++ ,,,,, _ ++

HIJNG x°=0.29
0]
- Constant )(2 =0.29
v
7 Production at 800 GeV/c
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. 4.

HIING ¥°
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- - - Constant x2
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Rapidity
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