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Outline

1. Introduction to: Tevatron, CDF & DO in Run IT.
. Motivation for studying prompt photons.
Isolated photon + jet.

Photon + b/c jets.

. Di-photons.
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. Conclusions and outlooks.
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Tevatron at Fermilab

2 fs=1.96 TeV in Run IT
(1.8 TeV in Run I)

(3500 ns in Run I)
@ 36x36 bunches
(6x6 in Run I)

-

@ Bunches collide every 396 ns

@ 2-3 interactions per crossing
g 2 Peak luminosity: 205x10* cm™s™
Tevatron B ® Peak efficiency: 30 pb™ / week

oy 2 Delivered: ~1.7 fb / experiment:

Main Injetor B¢ (~0.26 fb™ in Run I)

: . Run ITa: Mar 2001 - Feb 2006
N | Run ITb: started in June 2006

& Recycler Y/ > Recorded: ~1.5 fb™ / experiment

(CDF & DO)
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> 8 fb! anticipated by 2009



L ® Tracker

(Silicon Microstrips + Wire Chamber):
6 layers of inner Silicon Vertex Det: |n| < 2
Intermediate Silicon Layer: 1< |n| <2
Central Outer Tracker: |n| <1
1.5 T superconducting solenoid

CDF detector in Run ||

p——

® Calorimeter (sampling Pb,Fe/
Scintillator,Wire Chambers):
covers |n| < 3.6

® Muon System (Scintillators +
Proportional Wire Chambers):
behind steel shielding
covers |n| < 1.5
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Motivation

Direct photons emerge unaltered from hard interaction
* direct probing of the hard scattering dynamics
* not affected by uncertainties due to fragmentation and jet measurement

PDF sensitivity:
® production cross section sensitive to proton's gluon density (gluon involved at LO)
® probing PDFs at a region of 0.005 <x<0.3
® can be used as an additional source for constraining PDFs

Testing QCD predictions:
* NLO perturbative QCD
* soft gluon resummation
# gluon radiation models

Source of background for new discoveries:
¢ understanding production of QCD photons is essential for searches such as:
GMSB SUSY, Large Extra Dimensions, H - vyy

DDDDDD

\ Probing QCD with photons at the Tevatron - Mikolaj Cwiok - 4 September 2006




Prompt photon production

inclusive photon cross section 0< |1 <02

@ partonic subprocesses
1
For centrally produced photons .

=
q Y _ . % D.2
Compton scattering dominates 2 oe —
at p.’ < 120 GeV 5 o7 99
.}
1 Cross section sensitive to g Ej """" :
. : |
g ¢ 6(x.Q°)atlarge Q°and wide x_ £ g3 oo :
. 02 1
range: 0.02<x <0.25 0 T ; q8g
. . D — |
Annihilation Challengmg exp.er'lmenTCll 50 100 150 200 950 300
q ~ measurement since pr/ GeV

o(jets)/o(y) =10°
Severe background from parton
fragmenting into a leading 1 or
Y
, g N at small p_
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Isolated photon + jet

A good y + 1 jet candidate event as seen by DO detector
(transverse plane view)

Run 166313 Event 29263592 Tue Feb 8 08:49:53 2005 Run 166313 Event 29263592 Tue Feb 8 08:49:53 2005

ET scale: 124 GeV

Recoill jet

View 1. Front(X-Y)

B EM calorimeter deposit
B HAD calorimeter deposit
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Isolated shower in EM calorimeter:

¥ |n <09
¥ p.)>23 GeV

¥ no associated track

Events

Small background from cosmics and
electrons from W - ev:

+ apply cut: (Missing E_)/p.Y < 0.7

Main background from jets with large EM
fraction due to energetic: ™, n, K°, and w

can be reduced but not eliminated:

%+ use Neural Network trained to discriminate
between direct photons and EM jets

# NN uses 4 discriminant variables

+ NN tested on Z—ee MC and data events

Isolated photon + jet
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P
40000 D®_1
N Data L = 326 pb
35000 — MC background
: MC signal+background
30000 —
E 44 < p. <50 GeV
25000 T
- s
20000
- cut ONN>O.5
15000 —
F Eff ~94%
10000 T °
- ? = e
5000 E e &
- L .%|+%|$.?|...
0 0.2 04 0.6 0.8 1
(o)
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Isolated photon + jet B

PLB 639 (2006) 151

—h

2 F 326 pb! data sample:
2 0.9 2.7x10® photon candidates after NN
S osf selection
(@] =
N o —
o 0.7t 17 photon p_ bins:
0.6 23 < p_* <300 GeV
0.5F
Photon purity:
0-45— » For each p_* bin NN output in data was
0-3;— e  Extracted purity fitted to NN output prediction for
02 Fit Sighd' and bGCkgI"OUﬂd
0.1 3 Stat. uncertainty  stat. uncertainties: MC statistics for
: g | | |_ Toltal uncerltainty EM je‘rs (|ow pTV)' data (high pTv)
% 50 100 150 200 250 300 @ syst.uncertainties: fit, fragmentation
Py (GeV) model in PYTHIA

* electron-based EM calorimeter calibration corrected for photons
* p.' spectrum unsmeared to correct for a finite calorimeter resolution
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Isolated photon + jet
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; 3 I d 2‘ N
® 10° = e data DO s [ In] < 0.9
g E — NLOQCD 14 L = 326 pb"!
£ 102l (MR =He=pr=P}) s T
5 CTEQB.1M 12l
= B = 1 ________________________ n
£ 10 ; . ——
B ol le L ¥ .
© 4L - gt TTH ..........................
= = [ |
; 0.8 |- ] }L
107 = -
= Inl<0.9 0.6~ ™ ratio of data to theory (JETPHOX)
1072 . L =326 pb”’ - CTEQ6.1M PDF uncertainty
= L S scale dependence
oF . 041 (up=pe=n=0.5p) and 2p)
10- =1 1 1 1 | 11 1 1 I 11 1 1 I 11 1 1 I 1 1 1 I || 1 I | I | | L1 L1 | L1 1 1 | 1 1 1 1 I 1 1 1 1 | 11 1 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
pr (GeV) p} (GeV)

Data agree with NLO pQCD theory prediction

by JETPOX (using CTEQ6.1M PDFs and BFG FFs)
[MRST 2004 or Alekhin 2004 PDFs U agree within 7%]

PDF sensitivity requires:
# Reduction of exp. uncertainties
(higher statistics, better purity)

Another NLO pQCD prediction by Gordon & Vogelsang

i
D

&
ue
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N

(small cone approximations, GRV FFs) O agrees within 5%

Probing QCD with photons at the Tevatron - Mikolaj Cwiok

(NNLO / resummation)

® Improved theory
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Photon + b/c jet

CDF note 8377

Heavy Flavour jet:
@ 3D reconstruction of displaced secondary vertices
to identify HF jets using SVT/SVX trackers
(cT ~3mm for B hadrons)
@ |n*' <15
s E*'>20 GeV

Central isolated photon:
s EY>26 GeV
* In'l <11
@ AR(jet)y)> 0.7

Secondary vix

[}
r
P
]
]
- o ]
= 1}

displaced track
Signal fraction:
A preshower detector (CPR) used to distinguish between
\ single photons and background particles decaying into
2 photons

Primary vix
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Photon + b/c jet

Fit secondary vertex mass *218005 CDF Run Il Prefiminary
. . . . [« —
distribution in data fo MC templates 3 = e Data: L ~340 pb”
. 51600 —
for b, ¢, light quarks 270 22 +3 9, B fraction
1400 C fraction
. . T e
Fits were done for 5 photon E_bins 1200 [ ] Light fraction
between 26 and 70 GeV 1000—
800 Full event sample
c [~ L
% 0.25— I CDF Run Il Preliminary 600 39 + 3 %
(1] - L
o B |:| B template :
. 400 — -.7
0.2— C template : .-
a i emplate 200__
: | D Light templat n 30 +2 % -.-_._++
015~ 0 Bfinan.n® P PUPEPUPUPY
. 0O 05 1 1.5 2 25 3 35 4 45 25
B Mass of secondary vertex (GeV/c")
0.1 MC templates
0.05—

L L1 | Ll | ] | Ll || ‘ L1 1| \_\| — '_'_'—O—LI—I (-]
%05 1 15 2 25 3 35 4 45 5 CDF note 8377
Mass of secondary vertex (GeWcz)
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Photon + b/c jet

E 45 CDF Run Il Preliminary 340 pb™* data sample
3 F | ;
g 3.5F a1 ¢ Data:L=340pb Differential y+b cross section
A £ The Pythia CTEQSL measured for 5 photon E_bins
::n - Herwig CTEQ5L between 26 and 70 GeV
- 2.5
v -
£ F Integrated y+b cross section
hE 1 55 for E_.Y> 26 GeV (and after all
v 15[
= + cuts) is: 42.0 £3.8 ¢ pb
Lot —
T 0.5
[ : é :
oL T - T L T T
30 40 50 60 70
Photon Et (GeV)
Data consistent with LO QCD theory prediction by
by PYTHIA and HERWIG using CTEQ5L CDF note 8377
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Di-photon production .

PRL 95 (2005) 022003

Direct di-photon production diagrams (LO/NLO/NNLO):

q Y ooq ¥ g 7Y
LO dominates q I\ NNLO dominates
at high Myy R at low Myy
r ¥ g q g Y

Contributions from gluon ISR and fragmentation: a ) 9 q

q Y
Require 2 isolated EM showers in EM calorimeter: jﬁ
- ETyl > 14 GeV q T, D, R
. ETy2 >13 GeV g q o
* [n"*], In?| < 0.9

Total selection efficiency: 15.2%, sample purity: ~50% D
889 yy candidate events from 207 pb™' data sample
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Di-photon production -

PRL 95 (2005) 022003

Differential cross section measured as a function
of: invariant mass (MW), azimuthal angle (Acpw) and

total transverse momentum (q,) of the photon pair Comparison with theory:
I L L I I L L I L | L DIPHOX:
16 207 pb" | NLO propmt di-photons
u NLO fr'agmen’ra’rion (1or2y)
o g \ ‘ NNLO gg- vy
% B 0—36 30 50°]
O o'l DIPHOX: with & w/oﬁ ResBos:
. — NNLO gg-vy .
B 1 % - NLO propmt di-photons
= [—e—r v 2 TS . 1 LO fragmentation
% - Er > 14 GeV, Er >13 GeV T 1 resummed gluon ISR
B T Im™<0.9
R = E .
- r" —__ ResBos CTEQ5M ui:u“:;m? 7] PYTHIA:
- | L Anomiodan 1 had to be multiplied by a
_I 11 Iarl | L1 1 1 I L1 1 1 | | | I L1 1 1 | 11 1 1 I | I | | 11 1 | | I | I_

10 20 30 40 50 60, 70 80 90 100 factor of 2 to normalize to
M, (GeVic) the data
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Di-photon production

PRL 95 (2005) 022003

I I UL L I LI 1 i — i N — i """ [T 1 1 1 1 T I 1 I T
B e CDF Il Data 207 pb” i - ' L =
= - @ CDF Run Il Data (207 pb ™) —
O CDF Il Data, A®, , < n/2 L | DIPHOX GTEGSM i, - - m /2 1 Y
— DIPHOX CTEQEM g = = m, /2 | ResBos CTEGSMu, —i = m 207 pb —
TH+—t. | DIPHOX, A®, . <m/2 B B v ]
aa--. ! Y [ — -+ PYTHIA norm to data
= ---ResBos CTEQ5M g =pp=m,, [ g 10 — —
8 ---PYTHIA norm to data % ; E:|]CI >14 GeV, Ef >13 GeV é
= l o L —
L0 ~— 11,2
4 . m"“|<0.9 ]
~ 1 ] o | i
10 | = <-
|— - —
O — — % T )
O ™31 3 1_—7{:—..— E
— S E "‘-:-.T_‘_‘ - n e — J -
° | E'>14GeV,E’>13GeV .- ] § =t .
2 i T |
1 0-2 — |T.|'Y1 |<0.9 \ — - .- -7 .
: L1 1 1 | 11 1 I 11 1 1 ‘ 11 1 1 I | I 11 I 11 T 1 I | AN - I 11 1 1 I : 10'1 | 1 -1 ”I’ ] | 1 | I | | | | | | 1 | | | 1 1 1 1 | 1 1 1 1 I 1
0 5 10 15 20 25 30 35 40 0 0.5 1 15 2 25 3
9r (GeVic) Data for A(pw <7172 (open markers) Aq)w (rad)
compared with DIPHOX

@ NLO fragmentation contribution important at: high q_, low A, low mass (O DIPHOX)
@ Resummed gluon ISR important at: low q_, high Ap(C ResBos)
@ NNLO gg - Yy graph important at low mass (O DIPHOX)

NLO pQCD gives a reasonable overall description of the data
No single model describes data accurately in the entire phase space studied (M , A , q.)

0 need a combined calculation with: NLO direct production and fragmentation,
NNLO gg- vy, resummed initial-state gluon radiation.
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Conclusions =

Single photons:

1. Isolated photon differential cross section is well described by NLO pQCD
prediction (JETPOX with CTEQ6.1M)

Sensitivity to gluon PDF requires smaller experimental uncertainties and
improved theory (NNLO/resummation).

2. Differential photon + b jet cross section agrees with LO pQCD predictions
by HERWIG and PYTHIA using CTEQDBM PDFs within (large) experimental
errors.

Di-photons:

3. In general good agreement between data and NLO pQCD models
(DIPHOX, ResBos).

However, the observed data can't be described accurately by a single model in
all critical regions of the phase space studied.

4. Would be useful to have a combined calculation with: direct di-photon production
up to NNLO, NLO fragmentation contribution and gluon ISR resummation.

DDDDDD
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Outlooks
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1.Results presented in this talk use only a fraction 1o
of statistics available from Tevatron's Run II. e S
< / 20 1
2.CDF & DO collaborations anticipate to collect data @ | S A { /
samples corresponding to 8 fb! by 2009. N '
3.Improved and new analyzes using ~1 fb™! are 107 a0
under way. For instance, in DO: <
10 O fixed
+ Improved inclusive photon cross section analysis > o
aimed to constrain gluon PDFs. There is an overlap T m; e R
between x-Q° regions covered by: x =2p_ /s
% 10° D& Run Il Preliminary T T
LHC, Tevatron and HERA. 2o . yydata
102 otal BG
+ Diphoton cross section " Bewih e NET
measurement is in progress 0

+ Search for GMSB in diphoton final
states with large missing E_ .

\ .
A\

—

—

1L

- |

—t
Q
N
Or—TTm

n
i,
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| T BT
100 120 140 160
Missing ET, GeV
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mo > 120 GeV
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BACKUP slides
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Isolated photon + jet

Photon Isolation: Photon Energy Scale correction:
« reconstruct EM objects from energy of the clusters ~ * calorimeter calibration factors used to
found by a cone algorithm (R=0.4) reconstruct true energy of EM particles are
« > 95% of energy in EM layers based on electron events

e {E ™T(R=04)-E ™MR=02)1/E ™R=0.2) < 10° * photons lose less energy in material upstream
{ T ( ) T ( )} T ( ) & of the calorimeter than electrons

« additional shift due to 1, n, K°_ decaying into
photons of smaller energy

* veto any tracks around EM cluster
* shower profile combatible with photon

SF
Sooos| i smgep oton.
_ of PN | uKO
Fine & Coarse . ~ photonsn?m,K; +
Hadronic B S
0.4 Circle : -0.005 .
Calorimeter -
0.2Circte — \ {~——— [T 001
Calorimeter C o/ :
=/ ( part.vy calo .~ ) part
R i o e S s -0.02 — pT pT pT
' Central - L o
\ . § Preshower 0025 R S O
Cluster .'—_::-_-——“' """"""""""""""""""""""" E : : : : : : : : : : : : : :
Centroid .‘ni E :" -u 03 _I Ll I L1 1 I L1l | Ll | Ll | L1l | Ll | Ll | L1l I Ll | I | | L1l I |- | | |
Y- g Primary 0 20 40 60 380 100 120 140 160 180 200 220 240 260 280

N/ Vertex Pt (GeV)

.
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w Isolated photon + jet

Systematic uncertainties [%]:

Luminosity 6.5

Vertex determination 36 - 5.0 (low - highp)
Energy calibration 9.6 - 5.5

Fragmentaion model 1.0 - 7.3

Photon conversions 3

Photon purity fit 6 - 13

Geometric acceptance 1.5

Trigger efficiency 11 - 1

Selection efficiency 54 - 3.8

Unsmearing 1.5
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Photon + b/c jet analysis %

Statistical uncertainties: CDF note 8377

Photon E_. /GeV 26-28 | 28-31 | 31-35 | 35-43 | 43-70 > 26
Fake photon +0.32 | £0.28 | £0.15 | =0.10 | £0.02 +1.7
B purity +0.27 | £0.25 | £0.13 | +£0.09 | +0.02 +2.3
B background +0.07 | £0.08 | £0.04 | +=0.03 | +0.01 +1.1
Photon efficiency +0.02 | £0.02 | =0.01 | +£0.01 | +0.01 +0.3
b jet efficiency +0.17 | £0.16 | £0.08 | £0.06 | +£0.01 +1.0
b tag efficiency +0.15 | £0.15 | +£0.07 | +£0.06 | +0.01 +2.1
Total stat. error (pb/GeV) | £0.48 | £0.44 | £0.23 | £0.17 | £0.03 | £3.8 pb

Systematic uncertainties:

Photon E, /GeV 26-28 | 28-31 | 31-35 | 35-43 | 4370 | > 26
Luminosity +0.18 | £0.19 | £0.09 | £0.07 | £0.01 | +2.5
Fake photon estimate To20 | Toxr | Tots | Toor | Tooe | a7
Jet energy scale H1d | AOIL | 002 | £0.02 | £0.01 | £1.0
Photon efficiency +0.04 | £0.05 | £0.02 | £0.02 | £0.01 | +0.6
Template shapes 030 | To3s | To20 | Tona | Toos | fio
Background composition +0.04 | £0.03 | £0.03 | +£0.01 | =0.01 +0.4
b tagging efficiency Toas | foxe | Zoos | Zoor | Zoor | 12
Jet E, modelling -0.50 | -0.35 | -0.18 | -0.13 | -0.01 | -35
Total sys. error (pb/GeV) | T5:92 | #0712 [ £0.33 | F0-20 | +0.08 1 488 pp,
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Di-photon production 24

PRL 95 (2005) 022003

Systematic uncertainties [%]:

Luminosity 6
Selection efficiencies 11
Background subtraction 20-30
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Constraining gluon PDF

l

14 I_III 1 I I I I 1 I I 1
- Q =3.16 GeV gluon N ’| "H
12 [ || Uncertainty band
- ! AT n due to exp. input
Ne) 4
Q § . 2
LT-] I "I
s 'l|
% 1.0 il | I \ I
S TGN
20 |
os L ! MRST 2002 : Il
:', 1
| MRST 2003
6 nim ||'| ' ] | ] ] 1 ] 180 |
104103 .01.02 .05 .1 2 3 .4.5.6.7.8.91
10 X

6(x,Q?) is the most uncertain of the PDFs.
Uncertainties due to experimental input only (green

band) are ~15% for x < 0.25 and increase at larger x.

Theoretical uncertainties increase at small x
widening the error band.
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—
o

| WA7‘U \55;23'_0 GeV ‘Direct photon production]
» UA6Vs=24.3 GeV by proton beams
e E706 Vs=31.6 GeV %

Data/Theory

o E706 Vs=38.8 GeV

% R806 Vs=63.0 GeV

« R807 Vs=63.0 GeV %%
R110 Vs=63.0 GeV | +

= CDF Vs=1800 GeV ‘f

=

0 D@ Vs=1800 GeV

RN LIpE S

+

NLO Theory ‘
A /2
CTEQA4M parton distributions
p Stat and sys uncertainties combined
10 ' e
10 xp >

Direct photon data is not used in the global PDF
fit anymore because of the large theoretical
uncertainties coupled with the poor agreement
with most of the world's photon data.

Direct photon cross section [hep-ex/0304010, Eur.Phys.J. €37, 185 (2004)] and/or

photon+jet asymmetries [PRD 59, 014016 (1999)] can be used to determine 6(x,Q?).
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