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Outline
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e HERA and ZEUS

e Kinematics

e Prompt Photon Events

e Related Experimental Results
e MC Generation and Usage

e Event Sample and Cuts

e Summary and Plan for the Future
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Structure Of The Proton

e Studied via Probe Exchange e »

e Wavelength of probe: A =h/Q

¢ h: Planck’s constant P
¢ Q: Related to the probe’s momentum

e A smaller wavelength means greater resolution

« HERA Collisions
o E,=27.5 GeV , E =920 GeV
e HERA provides ep collisions with CMS energy ~ 300 GeV
e Provides y or W/Z as probes
e Deep Inelastic Scattering (DIS): 1 < Q2 < 40,000 GeV?2
e Probe to .001 fm (Proton is 1 fm)

Prompt Photons, Eric Brownson, U. Wisconsin Preliminary Exam, January 13, 2005 - 3



 Hadrons: particles
that interact

Quarks spin = 1/2

Approx. :
strongly Flavor Mass. | Clestric
GeV/c2 charge
 Bound states of
structure-less U up 0.003 2/3

particles (quarks)

dd 0.006 | -1/3

* Quark-parton model o
* Quark properties: C charm 1.3 2/3
rsnpa;?‘s, electric charge, S strange 54 .
 Quarks treated as t top 175 2/3

point-like, non-
interacting b bottom 4.3 -1/3
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* Proton contains only valence quarks
* Partons considered point-like particles

« Structure functions describing individual particles’
momenta distribution depend only on Xxg;

* Xg; is the fraction of the proton’'s momentum carried by
the parton

« No Q2 dependence (Bjorken scaling):

F (Xg; Q*)—~F (Xg;) F, = ZeiZXBj i (Xg;)

* f.(x) — Parton density functions (PDF’s)

* Must be experimentally determined
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E QCD and Colored Gluons

Problems with Quark-Parton Model

» Statistics for fermion A**

« A**comprised of 3 u quarks

 Violation of exclusion principle under QPM
* Sum rule for F, 1

- If QPM correct: J.FZ(XBj)dXBj =1

0

» Value of integral shown to be ~0.5 by experiment
* Quarks carry roughly half proton momentum

« Single quarks never observed
Quantum Chromodynamics: gluons with color quantum

number \g é)/ %%}
* A*" quark composition: ugugug @

« Mediator of strong force — gluon
* Gluons carry roughly half proton momentum

* Observed particles “colorless” — color conservation
* |solated quarks not observed — Confinement
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Photoproduction

Resolved:
g C C
q q
Y Y g Y q
g
g g
p ) q P q p g

Photon carries very little 4-momentum
e Photon is almost real
e Photoproduction (Q2 ~ 0)
o DIS (Q2> 1)

Most ep events are photoproduction
e Cross section has a (1/Q#) dependence

Direct Photoproduction: Photon couples to a parton

Resolved Photoproduction: Photon fluctuates into partonic state
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CULgoing parton

Hard scatter

» Colored partons produced in the interaction - “Parton Level”

* Colorless hadrons form via hadronization = “Hadron Level”
(Fragmentation)

 Collimated “spray” of particles - “Jets”

 Particle showers observed as energy deposits in detectors -
“Detector Level”
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Jets in Resolved & Direct
Photoproduction

For dlrect and resolved either a quark or a gluon
emerges from the proton

This struck quark or gluon will hadronize and form a jet ...

Direct Photoproduction: ¢ o
—>Virtual photon scatters off of one of the quarks v
- This leads to a sensitivity to the quark distribution p q q
Resolved Photoproduction:
= A quark or gluon from the resolved virtual photon
strikes a gluon from the proton e e
q q
- This leads to a sensitivity to ¥ g v q
the gluon distribution g
g g
p q p g
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Prompt Photons

, Prompt: |
e
y g Y
q
P ) Y P ) q
(@) Direct (b) Resolved
Radiative:

(c) Direct (d) Resolved

Prompt Photon

e v is produced at the initial
interaction point

- Carries information
about the struck parton

- No hadronization

Non-Prompt Background

 Radiative events, The
photon is radiated after the
Interaction

* Neutral mesons, The
photon originates from a
decay of hadron

T’ — 2y
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EUS Mean Intrinsic Transverse
- Momentum, <k;>

Confinement (AX)(Ap) > 7

Heisenberg Uncertainty Principle,

e |nitial state gluon radiation
No transverse momentum from the electron

But there is from gluons = <k;> provides information
about the gluons

Soft g
radiation

P

(a) Direct Prompt vy (b) Resolved Prompt ¥
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Prence of a jet >

¢ Allows the underlying QCD process in the yp
interaction to be identified more clearly

Presence of the prompt photon -

e Provide information about the underlying parton
process that is relatively free of hadronization
uncertainties

Photoproduction -

e No additional transverse momentum is given to
the parton by the photon - The jet and photon
should emerge with opposite p; except for the <k >
contribution

Reliable theoretical calculations
available
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HERA Description

920 GeV protons
27.5 GeV e or e*
CMS energy 318 GeV

« Equivalent to 50 TeV
fixed target

220 bunches

* Not all filled
96 ns crossing time
Currents:

 ~90mA protons

* ~40mA positrons

| e‘—m:.. \PETRA - ﬂ(..-'

SE-- Instantaneous
luminosity:
+ 1.8x103'cm-2s-"1
Hamburg, Germany L Rt — (ot /lunp ) R unp
H1 & ZEUS are general purpose detectors O BH
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HERA Luminosity

70}

Integrated Luminosity (pb™)

HERA luminosity 1992 — 2000

50 100

150 200
Days of running

2000 * 70
He0
Ee
Hao
130
120

110

e Total integrated
luminosity from '92 - '00:

~193 pb-1

e Total from 02 - 04

~84 pb-
e Plan for
'05-'07:
0.5 fb

sity (pb"1

HERA delivere

Integrated Lumino

ZEUS Luminosities (pb™)

# events (10°)

Year HERA ZEUS on-tape Physics
e 93-94,98-99 |27.37 18.77 32.01
e*: 94-97,99-00 |165.87 124.54 147.55
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Central Tracking Detector

View Along Beam Pipe Side View
 Cylindrical Drift Chamber inside 1.43 T solenoid
 Measures event vertex

 Vertex resolution

* Transverse (x-y): 1Tmm
* Longitudinal (z): 4mm
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Uranium=Scintillator
Calorimeter

n=00 6=90.0° , n=-0.75 0=129.1°

n=1.1 0=236.7

N=300=57 ——— " —— M=-300=1743
/ wﬁmcwa = g
Electromagnetic | =| ‘*‘ == Hadronic
(EMC) Cells (HAC) Cells
FCAL BCAL ) RCAL
_ .. Pseudorapidit
Depleted uranium and scintillator Pty
n=—In[tan(6/2)]

99.8% Solid angle coverage
Energy resolution (single particle test beam)
 Electromagnetic: 0.18/\/E(GeV)

« Hadronic: 0.35/\/E(GeV)
Measures energy and position of final state particles
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Barrel Presampler W

As a rticle moves from the interaction point it passes through
dead material in front of the BCAL

e This leads to energy loss before measurement

CAL Prgsampler measuremen

Is, ghe in t 0f'each\EM

Ick platgs

portional um hotons; the“energ
ns I '
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10 MHz crossing rate, 100 kHz Background rate, 10Hz

physics rate
First level: Use data subset: 10 MHz — 500 Hz
* Dedicated custom hardware
* Pipelined without deadtime
* Global and regional energy sums

 Isolated ;. and e* recognition e

* Track and vertex information
Second level: Use all data: 500 Hz — 100 Hz
« Calorimeter timing cuts
« E-p,<55GeV
* Energy, momentum conservation
* Vertex information
« Simple physics filters
« Commodity transputers
Third level: Use full reconstruction information:
100 Hz —»> <10 Hz
* Processor farm
* Full event information
* Refined jet and electron finding
« Complete tracking algorithms
« Advanced physics filters

Online Event Selection:
ZEUS Trigger

ep interaction
FCAL BCAL RCAL

SRID

beamgas interaction
FCAL BCAL RCAL

VETOWALL
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>

\{Jet } X

Center of Mass Energy of ep system squared
« s =(p+k)> ~4E_E,

Center of Mass Energy of yp system squared
« W2 = (q+p)?

Photon Virtuality (4-momentum transfer squared at electron vertex)
* g2 =-Q%= (kk’)?

Fraction of Proton’s Momentum carried by struck quark
« x=Q?%(2p-q)

Fraction of e’s energy transferred to proton in proton’s rest frame
* y=(pa)(pk)

Variables are related
+ Q2% =sxy
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E Kinematic Reconstruction

Escapes down

Measured Quantities: E,, p,, p;2 beam pipe
Photoproduction | /
Topology: K & Betooiors
—7 e : — P
Variable Jacquet-Blondel Method (E,, p,, p+?)
E,— P,
y 2E,
p2
2 T,h
Q 1-VYs
Qs
X
S* Y
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Maxiize total E; of hadrons in cone of Fixed size

- Procedure:
« Construct seeds (starting positions for cone)
* Move cone around until E; is maximized
* Determine the merging of overlapping cones

. |SSues:

2 2
- Overlapping R= \/(A 1)+ (AQ)
 Seed, Energy threshold
* Infrared unsafe , s> « as seed threshold 2> 0

For the Jet: 1
ET :ZET,i (D:E—TZI: ET,i .(Di
! 1
U—E_TiZET,i‘Ui
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Jet Finding: Longitudinally
Invariant kr Algorithm
|

Beamline

In ep: k; Is transverse momentum with respect to beamline

For every object i and every pair of objects i,] compute
* d; = E%;; (distance to beamline in momentum space)
* d; = min{E%; ,E%; }[An? + A¢?] (distance between objects)
Calculate min{ d, , d;; } for all objects
* If (d,/R?) is the smallest, combine objects i and j into a new object
* If d, is the smallest, then object i is a jet
Advantages:
 No ambiguities (no seed required and no overlapping jets)
* k; distributions can be predicted by QCD
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Parton Level
 Matrix Element + Parton Shower

Hadron Level Model
 Fragmentation Model &
* Lund String (Next Slide)

Detector Level

 Detector simulation
based on GEANT

factornizaon scale

Factorization: Long range = - —---°70
interactions below certain scal
absorbed into proton’s structure P

Parton Hadron

Leyel Leyel

) s s
: O
] i ‘D
Q° ! D
1 1 o
: \ o
A E —
: 3
== , £
i i m
I : s
_________ ] i o
: , =
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5 Lund StriMmentation

e Color “String" stretched between q and @ moving apart
e Confinement with linearly increasing potential (1GeV/fm)

e String breaks to form 2 color singlet strings, and so on., until
only on-mass-shell hadrons.

TSy »@
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Photoproduction Observables:
Xymeas, Xpmeas

Xymeas: Fraction of the photon’s momentum involved in the collision

» Direct Photoproduction: X, ~ 1 X meas _ Z (E B Pz)
4

» Resolved Photoproduction: X, < 1 v, Jet (2 Eeij)
[
E 2 2
s [ Q <1Gev
| — Herwig5.9
0 Z direct only Herwig5.9 JI
a0 |- =
X, Meas: Fraction of the proton’s _
p . . . 600 —
momentum involved in the collision -
400 —
Xmeas_Z(E_l_Pz)
P — 200 -
]/,Jet (2 Ee)
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Prompt Photon Event

E= 5350 Et= 151 pl= 23 pr= 463 E-pz= 87 (= 437 Eb= 63 Er= 00 Fous Fun 26852 BEvent 5406
ZE1S T= 45 Tr= 990 Le= 00 Lg= D2 FHO= 0 BON=144 FLT=30823430 10000000
p— w=.00Z7 y=.871 DZ= Z15 D& v=.0877 DZ= 1308 J8 v=031 phi [ 0.180] 27-Jul—19097 B.54:58.470 File .5/ dola/minie? /rO26882 7

: /5.5(] Gev ... |

SR

f

T IR

—
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EUS Prompt y + Jet Photoproduction
b Observable: P, From ZEUS

Momentum imbalances of the photon relative to the jet:

e Related to the intrinsic transverse momentum of the struck parton <k;>

e ZEUS previously measured P, from 0 %5 cov X,me2s>0.9

_|
o - . * ZEUS 96-97
P _ ‘ ny, 7/X ny, jet O 0.6 - -k, = 0.44 GeV
ol Z . —k,=1.5GeV
P- jet o) — k, = 3.0 GeV
| = 04 | (PYTHIA 6.129)
—
\A
o P 0.2
"y (a)
> X
0
jet
<kT >on e k P (Gev)
— 2 DS 1

AD ©

\
V2 iet
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V easurement of Prompt

Photon Cross Sections in
Photoproduction at

60

50

40

do /dn' (pb)

30

20 -

10

HERA"
DESY Preprint 04-118

Inclusive prompt photon

! ‘ | ‘ |
parton level
- LO FGH
== NLO FGH

(]
I
|_\

with h.c. + m.i.
== NLO FGH
-------- NLO K&Z

H1 Prompt Photons in
Photoproduction: ny

e \With and without the jet reqwrement
the two cross sections are about a factor

of 2 apart

e With and without the jet, same
qualitative shape of ny¥

40
35
30
25

do/dn? (pb)

20
15

10

Prompt photon + jet

H1

‘ | ‘ |
parton level

+ LO FGH
== NLO FGH

with h.c. + m.i.
== NLO FGH
-------- NLO K&Z

1
P
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“Measurement of Prompt
Photon Cross Sections in
Photoproduction at
HERA”

DESY Preprint 04-118
Inclusive prompt photon

9 ‘ I I I ‘
8 10 ’L e Hz parton level —]
= - - LO FGH .
= - -- NLOFGH 1
N — ]
0T i with h.c. + m.i. h
5 oo m— NLO FGH |
= = = NLO K&Z
© 10 | : —]
= T —$ -
- ”“““"-!'—..-f.f.-:.: | -
B a) .........
EL | E
6 8 10

EY (GeV)

E H1 Prompt Photons in
= Photoproduction: E"

e With and W|thout the jet reqwrement
the two cross sections are about a factor
of 2 apart (Note the log scale)

e \With and without the jet, same
qualitative shape of E¥

Prompt photon + jet

5\ B ‘ I I I ‘ I I
D parton level
) | e H1 ==+ LO FGH |
S == NLO FGH
o . .
~ with h.c. + m.i.
PIZI'J_ 10 == NLO FGH —
T [—TITL e NLO K&Z
~~ - ' s ]
S i
o i
i C) LR B
1 ‘ | | | ‘ | | |
6 8 10

EY (GeV)
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EUS Previous ZEUS Prompt y + Jet
- Photoproduction Analysis

“Study of the effective transverse  ® Both direct and resolved events are

momentum of partons in the proton  Present
using prompt photons in e Uses '96-'97 Data
photoproduction at HERA” > Barrel Presampler not available

Physics Letters B 511 (2001) 19-32 ZEUS

2 e ZEUS 96-97 (%) (b)
C 250 _ c
b — rad+res+dir # @ 190
> -- rad+res | >
LIJ 200 [ aneuss rad LIJ
(PYTHIA 6.129)
150 |- + 100
100
50 [
50
0] 0]
0]
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“Study of the effective transverse
momentum of partons in the proton
using prompt photons in
photoproduction at HERA”

Physics Letters B 511 (2001) 19-32

P,

1/o0 do/d

X meas>() 9
v i
* ZEUS 96-97
---PYTHIA 6.129
0.6 [-9-- (fitted k)
04}
02| % i
| ¥ (a)
O - | | i'"f"r-j-
O 1 2 3 4 5

i (gseV)

Previous ZEUS Prompt y + Jet
Photoproduction Analysis

5

< [ e ZEUSy+jet 1996-97
H45 - = CDFyy
~ | o E706y
A 4| o WAT0, UAL yy
= r .
v, - ¥ (various expts., p beam) .
,>.\ 35 -4 (various expts., = beam)
[ -
o °
ZEUS A 25 F
= o
& Gives Vo o2© >
0.8, -
§)G_ \'/42 1.5 | } ; *
e CoT &
-8 0.6 - 10 &M B
© ey P ‘W’
< 05 [4 %
04 -
0 Lot ! Lo L
' 10 10° 10°
02! (b) % W (GeV)
e A ¢lear trend fori<k;> to rise with increasing W is
eviglent ,..s..;%

o TROZEOUSYed8brdfifent is in an intermediate
region betweg& Iwé@?ergles and very high energies
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Trigger Cuts:

FLT:
e EMC Energies > Threshold
e Total Cal. Energy > Threshold
e At least one good Track

SLT:
*|Zl <60cm
e E-P,> Threshold
e E.(Box) > 8.0 GeV

TLT:

e Limit on the Number of Bad
Tracks

e At least one electron candidate
from the elech electron finder with,

E;>4.0 GeV, -3.0<n’<1.5

New ZEUS Prompt y + Jet
Photoproduction Sample

Offline Cuts:

o |Z,.|]<55cm

vix

e No Scattered electron

- Selects Photoproduction Events
©0.2<Y;3<0.8
—~>Lower: Remove Beam Gas

—~>Upper: Remove DIS Events

e Photon Candidate; —0.74<n” <1.1
Eeme >0.9 E? > 5.0GeV

tot

e Hadronic Jet:

H ~16<n™ <24
—M < 0.9

E* > 6.0GeV

If Two Hadronic Jets are found the One with
higher E; is used

Prompt Photons, Eric Brownson, U. Wisconsin
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e [ncreased luminosity

e Previous analysis - 38.6 pb’
¢ '99-00 = 77.1 pb' + Additional running periods

e BCAL Presampler

e Commissioned in 98 = Improved background rejection

e New QCD calculations available
e M. Krawczyk and A. Zembrzuski (2003)
e M. Fontannaz, J.P. Guillet and G. Heinrich (2002)

e First look at new data - ...
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| <55 cm

—~>Excludes beam
gas background

- Needed to
accurately
reconstruct the event

| vertex

P, Ef, 1, etc ...

Data are crosses

MC are solid line

Z Vertex

EUS Photoproduction Prompt y + Jet:
- Event Vertex

600

500

400

300

200

100

IIIIIIIII|IIEI]I|II|IIIE]I!II|II!I

!

1 1 R R | l | S ]| i Lo | Lol

-40

-20

uuuuu

0 20 40 60 80
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EUS Photoproduction Prompt y + Jet:
= Y

meas

meas

0.2< Ymeas <(0.8 E _ pz
Y ZCaI

Z
Y >0.2, 2E,
—>Eliminate proton gas : S
background 1000~
i I

—> Eliminate cosmic 800 0
events ; I

soo}-
Y <0.8, : tn
- Eliminate DIS events 400;" -
i.e. Events where the 200 i
photon is actually a :
misidentified electron L Y IR T Y R T

Y

meas
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Photoproduction Prompt y + Jet:
Energy Deposit Ratio

450 — 2500—
400F- + B I
350 f_ 2000 —
3005 -

- 1500 —
250 o =
2001 £

B 1000—
150 — g
100 ;— 500

50—
0 = | B il | s R L | | e B 1 | 11 | 1111 | T G T 1 | ] i G | | 5 B | B AT B B 1 I I ! I ! 1 | i 1 ! 1 | 1 1 1 | 1 1 1 | 1
¢ 01 062 03 04 05 06 07 08 09 1 8.9 0.92 0.94 0.96 0.98 1
EMC to Total Energy ratio of the Hadronic Jet EMC to Total Energy Ratio of the Photon

e Photons deposit almost all of their energy in the EMC section
of the CAL

e Hadronic jets deposit more of their energy in the HAC section
of the CAL than photons
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Bacround:

n— (2y)u(3r°)
T’ =2y
Solution:

Evanls

New Barrel Presampler

700
600

500 P

400
300
200

® ZEUS 3300
=¥THLA p=backg.

PYTHLA ¥

FYTHLA (hadron backg ]

prompt-photon candidates

L

BPRE signal (mips)

BPRE signal < 7 (mips)

eReject events where the photon
interacted with dead material

eReject events with more photons

Prompt Photons, Eric Brownson, U. Wisconsin
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The kinematics of the Photon

Photon cuts:

oy
2

E../Ey >0.9 -
-

-0.74 <n, < 1.1 =

E;»>5 GeV

Hadronic jet cuts:

Eemc/Etot <09 E

-1.6<n,<24 £
©

E et > 6 GeV ©

Photoproduction Prompt y + Jet:
ET’Y, nY

ZEUS
i ep— y{prompt) + jet + X
10 L ’ p— 7y (prompt) + j a)
E »
1 e ZEUS(preseon Lo
EI:I MLC+hadr. {0.5-2) .,
—  PYTHAS2 = ‘* """"
Pl HERWIG 6.5
-ID | | | | 1 1 | 1 1 1
6 8 10 12 14 16
£ (GeV)
60
L b)
40+ "
- $
ED_— ¥ ¥
I l l l L1 I l l l

-06 04 02 0 02 04 06 08 1

Prompt Photons, Eric Brownson, U. Wisconsin

Preliminary Exam, January 13, 2005 - 39



Photoproduction Prompt y + Jet:
E_I_jet, T]jet

The kinematics of the Hadronic Jet found with the k; Jet Finder

Photon cuts:

ZEUS

E 0 _ . ep— vy (prompt) + jet + X a)
Eemc/Etot >0.9 2 e
LLI [ e 4-
) B N R
-0.74 < ny <11 S 1 ;I:I- i__g?hlajdl i;:u.?-:j?u: :
[—— F“ETHF'.E.E ?
E"> 5 GeV I I i T B . B
6 : 10 12 14 16
Hadronic jet cuts: £ Gev)
— 30
Eemc/Etot <0.9 E E b)
- T 20F
1.6<n,<24 5 : : :
E et > 6 GeV 8 10l ' }
If 2 jets were found the one L LT
with the highest E; was used LRSS LS
Jet
m
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Summary & Plan

—— |

U ary.

e Photoproduction of prompt photon + jet provides a
hadronization correction free measurement of quark & gluon
distributions

e Provides a method of measuring <k>

e Barrel Presampler provides background rejection independent
of the photon energy

Plan:

e Analyze new high luminosity sample, with the new Barrel
Presampler

e Examine disagreement with model, try different models

e Systematic error study

o Y, ...& Lower cuts on jet and photon E; are of particular importance
e Refine <k> measurement
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