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QCD at the Fermilab Tevatron

Mature QCD studies at the Tevatron will benefit physics at the LHC

CDF and D@ are publishing results based on challenging
measurements that are sensitive to N(NLO) effects and
non-perturbative physics

The CDF and D@ experiments are mature: the running
environment and detector effects are well understood

Practically all new physics involves QCD!

A superior understanding of Parton Distribution
Functions (PDFs) will reduce uncertainties in a multitude
of measurements

QCD processes are a dominant background in a huge
variety of measurements

A better understanding of QCD translates to an
improved sensitivity in searches for new phenomena
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The Fermilab Tevatron
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The Fermilab Tevatron

Run Il at the Tevatron

Proton-antiproton collisions at 1.96 TeV
March 2001 — September 2011
Peak luminosity 4.3 x 1032 cm2 s?

Delivered integrated luminosity nearly 12 fb?

The Tevatron has operated beautifully in recent years.
Integrated Luminosity 11871.03 (1/pb)

Integrated Luminosity (1/ph)

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Fiscal Year 08 = Fiscal Year 07
Fiscal Year 02

m Fiscal Year 11 e Fiscal Year 10 a Fiscal Year 09
v Fiscal Year 06 =« Fiscal Year 05 » Fiscal Year 04 = Fiscal Year 03

Up to about 10 fb! of data are now available
for each experiment.
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The CDF and DO Experiments

Central Calorimeter (E H)
Ceptral Muon o

Wall Calorimeter (H) %f - Solenoid Central Tracking

=

e — ‘ ‘
Plug Calorimeter (E/H) N S Calorimeter

Forward MuQn

Forward Calorimeter (E)

Luminosity Monitor

S Time of Flight
- _— 3 w— o ; =3 entral Outer Tracker

[/ T a—, Silicon Vertex Detector
; , | Intermediate Silicon

Two Multi-Purpose Detectors:

e, 4, and t identification

jet and missing energy measurement

M S e = S
heavy-flavor tagging through displaced = N ??’f/ =
vertices and soft leptons = X
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Measurements

Prompt Diphoton Production (CDF & DQ)
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Prompt Diphoton Production

Analysis: Measure the cross section for prompt isolated photon pair production

Motivation: » to study photon pair production as it is a large background in many searches
(low mass H — yv, new heavy resonances, extra spatial dimensions,

cascade decays of heavy new particles)

to check the validity of perturbative QCD and soft gluon resummation methods

_ C. Balazs et al., PRD 76, 013009 (2007)
Prompt photons are produced directly from the Sy E—— py————

hard scattering or fragmentation process

as opposed to photons from 7%, 7, or K° decay

At a much smaller rate (< 1%), photon pairs
may come from Higgs decay, graviton decay
(extra dimensions), or neutralino decay (SUSY).
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gg — H — yy is the main discovery channel for 20> KX o> NS = 14 TeV e
SM Higgs masses up to about 130 GeV/c? at the | |
LHC.

and tend to
be dominated by different initial states

(gq vs. gg), and the resulting kinematic
distributions are different.

o dovdAy
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Prompt Diphoton Production (cont.)

Two primary photon production mechanismes: Direct vy production

) KilTige =

Direct

At LO: g9 scattering only
At NLO: real emissions, virtual corrections

(loops)

gg scattering — O(a,%) suppression, but a & m EZ: Smgle—photon

fragmentation

large gluon PDF makes for a significant

contribution at low M(yy) — m Z:‘(m m

Fragmentation

Enhances the cross section in some z%:}::{:
kinematic regions (depending on the
photon selection)

Fragmentation contribution is very
uncertain and can be suppressed C. Balazs et G/-, PRD 76, 013009 (2007)

experimentally by requiring

* Isolated photons
* Py(yy) <Mlyy)
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Prompt Diphoton Production (cont.)

Two primary photon production mechanismes: Direct vy production

g

Direct

At LO: g9 scattering only
At NLO: real emissions, virtual corrections

(loops) | z
gg scattering — O(a,%) suppression, but a Smgle—photon

fragmentatio»

large gluon PDF makes for a significant

contribution at low M(yy) E: ::‘(E ’ ‘

Fragmentation

Enhances the cross section in some z%:}::{:
kinematic regions (depending on the
photon selection)

Fragmentation contribution is very
uncertain and can be suppressed C. Balazs et G/-, PRD 76, 013009 (2007)

experimentally by requiring

* Isolated photons
* Py(yy) <Mlyy)
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Prompt Diphoton Production (cont.)

Theoretical Predictions

PYTHIA JHEP 05, 026 (2006)

qq — yy and gg — vy matrix elements
All-order resummation to LL accuracy
No fragmentation photons

EPJC 16, 311 (2000)

Fixed-order NLO calculation Mgt
(gg — vy is at LO only) ation

No soft gluon resummation

Single photon fragmentation at NLO

RESBOS PRD 76, 013009 (2007)

NLO 49 — vy and gg — yy matrix
elements
Initial soft gluon resummation at all orders

to NNLL accuracy

Single photon fragmentation included as a C. Balazs et al., PRD 76, 013000 (2007)
parameterization

Other theoretical tools are also available ... see L. Cieri’s presentation!
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Prompt Diphoton Production (cont.)

Event Selection a5 DO, 4.2 b

o« Z-5I'Ty (I = e,u) data
PLB 690, 108 (2010) Ty (1 =eq)

Two photons, p; > 20 & 21 GeV, |n(y)|<0.9
Separated by AR(yy) > 0.4

Isolated (calorimeter and tracker)

P:(yv) < M(yv) (suppress fragmentation)

Photon neural net (us.es calorimeter, preshower 0 0T 05030405 060708091
detector, and tracking) Oun

wn
—
o
~
N
—
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>
w

Photon neural net output

PRL 107, 102003 (2011)

Good discrimination: jets / photons
PRD 84, 052006 (2011)

Good agreement: Data/y MC

Two photons, E; > 15 & 17 GeV, [n(y)|<1.0 _ _ .
Separated by AR(yy) > 0.4 Typical diphoton purity ~70%

Isolated (calorimeter and tracker) Main backgrounds

With and without P;(yy) < M(yy) v + jet (~15%)
Large and small Ad(yy) dijet (~15%)

Z/y* —ee (~2%)
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Prompt Diphoton Production (cont.)
- D, 4.2 fb™ “
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Including photon radiation in the initial and final
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parton shower calculation.
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Prompt Diphoton Production (cont.)

AR R 7
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Prompt Diphoton Production (cont.)
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stand out most
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distribution.

—e— 5.4 b Diphoton Data
PDF uncertainty
=im- Scale uncertainty

All three

predictions fail
to describe the
data across the
whole A¢, (rad)

spectrum.
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Measurements

Angular Decorrelations in y + 2 and 3 Jet Events (DO)
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Angular Decorrelations in ¥ + 2 and 3 Jet Events l

Analysis: Measure differential cross sections vs. azimuthal
. . PRD 83, 052008 (2011)
anglesiny +2and y + 3 jet events.

Motivation: to better understand non-perturbative QCD and improve multiple parton
interaction (MPI) models

to learn new and complementary information about proton substructure
(spacial distribution of partons within proton, parton-parton correlations)

to obtain better background estimates for
other analyses (rare processes, Higgs searches)

_ _ . _ _ These quantities are used to
Ad(y +jetl, jet2 ) AS(y +jetl, jet2 +jet3)  distinguish between two

i Je Pr nd ; classes of events:
(15-20, 20-25, 25-30) Gey  [oF 2™ iet prof 15-30 GeV

— Photon and all jets
originate from the same
parton-parton interaction
with hard gluon
bremsstrahlung in the initial
or final state

— Two independent
parton-parton interactions
produce the photon + jets
final state.

Jay R. Dittmann / Baylor U. New Measurements with Photons at the Tevatron Moriond QCD — March 15, 2012 17



Angular Decorrelations in y + 2 and 3 Jet Events (cont.) -

events yield
distributions that are

events yield PRD 83, 052008 (2011)

distributions that

are peaked at 1t flat (no correlation 1.0 fb?
between the
separate parton-
parton interactions)

Results:
Ad A Ad
15 < ijetz <20 GeV 20 < ijetZ < 25 GeV 25 < ijetz < 30 GeV

DP,L=10f"  25<p/" <30 GeV
® Data
A DP model

E SP model
0 -
—DPf )+ SP(1-f;p')

DG, L=10f" 15<p;" <20 GeV ; DZ,L=10f" 20<p: <25GeV
® Data : ® Data
A DP model A DP model

H SP quel X B SP model
— DPf{) + SP(1- f’2') . —DPf+ SP(1-f“;i‘)

v2j

fgp=5.0£1.2%

3
A¢ (rad) A¢ (rad)

20 =116 £ 1.0% {12 =50+ 1.2% f1°0 = 2.2+ 0.8%

Fraction of DP events decreases for higher p; bins
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Angular Decorrelations in ¥ + 2 and 3 Jet Events (cont.)

Results: Ad AS PRD 83, 052008 (2011)

DO,L =1.0 fb DO,L_=1.0 fio!
Data 50 < p; <90 GeV Data 50 < p. <90 GeV

PYTHIA, tune A P> 30 GeV PYTHIA, tune A P> 30 GeV
T

PYTHIA, tune DW [ _ jet2 PYTHIA, tune DW o2
PYTHIA tune S0 ° ~Pr <20GeV . PYTHIA, tune SO 15<p; <30 GeV

PYTHIA, tune PO : PYTHIA, tune PO pif‘s > 15 GeV
SHERPA, with MPI SHERPA, with MPI

PYTHIA, no MPI PYTHIA, no MPI é
SHERPA, no MPI SHERPA, no MPI 3
S

A

:

S

Data / Theory

Predictions of SP models alone do not provide an adequate description of the data.
Additional DP models are required.
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Angular Decorrelations in ¥ + 2 and 3 Jet Events (cont.) 2 * ‘

Results:
PRD 83, 052008 (2011)

Using a y? test to compare data points and theory for small angles:

1.0 fb?

TABLE VI. The results of a y* test of the agreement between data points and theory predictions for the AS (y + 3 jet) and the A¢
(y + 2 jet) distributions for AS(A¢@) =< 2.15 rad. Values are y2/ndf.

Variable  p* (GeV) SP model MPI model
PYTHIA  SHERPA A DW SO P-nocr P-soft P-hard P-X  SHERPA

AS 15-30 10.9 11.3 31.0 3.4 . 0.5 4.9 0.9 1 0.4 2.6
Ad 15-20 30.2 26.0 40.7 2.2 . 1.6 1.5 1.2 . 1.0 24
Ad 20-25 154 12.1 6.8 1.0 . 2.7 1.7 1.5 . 24 0.6
Ad 25-30 7.1 53 1.3 . 1.6 . 1.0 2.1 0.3 . 1.6 0.5

The new PYTHIA MPI models with p-ordered showers are favored
(in particular Perugia tunes PO, P-nocr, P-hard, P-6, P-X)

The PYTHIA SO and Sherpa with MPI tunes are favored to a lesser extent
The PYTHIA predictions using tunes A and DW are disfavored
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Measurements

Exclusive Diphoton Production (CDF)
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Exclusive Diphoton Production

Analysis: Search for exclusive yy productionviapp = p + vy + p and
compare to theoretical predictions. PRL 108, 081801 (2012)

Motivation: Intrinsically interesting as a QCD process

Tests the theory of exclusive Higgs boson
productionviapp > p+ H+p

Very clean yy event signature
The proton and antiproton

emerge intact with no hadrons
produced

The outgoing proton and
antiproton have nearly the beam
momentum (p; < 1 GeV/c),
having emitted a pair of gluons
in a color singlet

Rapidity gaps are located
adjacent to the proton and
antiproton

In Regge theory this is diffractive scattering via pomeron exchange.
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Exclusive Diphoton Production (cont.) D

PRL 108, 081801 (2012)

Results:
Require two well-reconstructed, — R 20 - —
) a) pp > p+e’e+p b) pp — p+YY+P
central (|n] < 1.0) photons with . Data 18 . Data
C_JLPAIRMC 16 (1 SuperCHIC MC
ET > 2.5 GeV (Abs. normalization) 14 (Normalized to data)

NO other activity in the detector

Events per GeV/c?
Events per GeV/c?

The effective luminosity (events
with no pileup) is 70 + 4 pb-! &

70 5 10 15 0 10 15 20 25
(~7% of data sample) e*e invariant mass (GeV/c?) vy invariant mass (GeV/c?)

¢) pp = p+YY+P d) pp — p+YY 4P

* Data
1 SuperCHIC MC
(Normalized to data)

* Data
1 SuperCHIC MC
(Normalized to data)

Irreducible gg — vy (<5 %)
and yy = yy (<1%)

Events per /50
Events per 0.2 GeV/c

Reducible %% and 1 shown

to be small 0O 0.102 03 04 0.5 0.6 0.7

I - Ad| (rad) P, of central system (GeV/c)
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Exclusive Diphoton Production (cont.) D

Measurement of the exclusive vy production cross section PRL 108, 081801 (2012)

43

data events =~ 0 for most backgrounds, tiny

undetected proton dissociation

__ N(candidates) — N(background)

- 2.481032 (stat) o '5] (syst) pb

forE;(y) >2.5GeVand |n(y)|<1.0

0' . ==
v7y,exclusive .
L int * € ° €excl

Integrated (23 £7)%
luminosity Photon pair efficiency x

probability that the photons
don’t convert

o(P+Hp—Pp+YY+P)
m(y)l < 1.0
E, > 2.5 GeV

No pileup
requirement

CDF Run I

o
|
®
o
=
-
0
=

The theoretical prediction ranges from
~0.2 — 2 pb, and depends on:

Low-x (unintegrated) gluon density

\s = 1960 GeV

KMR
H—O—H

gg — Yy cross section

Probability that neither proton dissociates (e.g.p 2> pata~)

Probability that no hadrons are produced by addl. parton ineractions Good agreement w/ theory

Theory: V.A. Khoze et al., EPJC 38, 475 (2005) & EPJC 14, 525 (2000); L.A. Harland-Lang et al., EPJC 69, 179 (2010).
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Summary
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Summary

Diphoton differential cross sections disagree with NLO calculations at low M(yy)

and small A
PYTHIA, DIPHOX, RESBOS reproduce the main features of the data, but none of them

describe all features
The importance of NNLO terms and better treatment of fragmentation is indicated

See arXiv:1110.2375 for NNLO treatment (see Leandro Cieri’s presentation!)

First observation of exclusive diphoton production consistent with expectation

Exclusive Higgs production at the LHC may be possible

Tevatron measurements provide important feedback for MC tuning and QCD modeling.

Many analyses show the importance of NNLO terms and of having better
experimental constraints on the theories

Many more Tevatron QCD results are available:

CDF:
DO:
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Prompt Diphoton Production (cont.)
Additional CDF Results

[~ COF Il Diphoton 5.4 fb" e
[ E>15,17 GeV, /<10, g ——
[ AR>0.4, Is0<2 GeV v

.
RESBOS CTEQSw 1
ST 5.4 fh!
PYTHIA 1 O

.

I COF Il Diphoton 5.4 fb"
" Ey>15,17 GeV, <10,
10 - A R>0.4, Is0<2 GeV

TEQEM
2

do/dE, (pb/GeV)
do/dCosé (pb)

N W

3
3
:

i
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

(data-PYTYPYT

S o = N o
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(data-DPX)DPX
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Prompt Diphoton Production (cont.)
Additional DO Results

-D@, 4.2 b~ DO, 4.2 fb '

S o)
) o
9 =
-g_ am)
= 101 4
ia_r— o

©
3 3

107

—h
S
w

N

—
Ao IO

o

Ratio to SHERPA
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*T’ (GeV) lcoso*l
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Prompt Diphoton Production (cont.)

Theory

Tevatron

o(fb/bin)

0.0
50 75 100 125 150 175
M,, (GeV)

Catani et al., arXiv:1110.2375 (Oct 2011)
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Angular Decorrelations in ¥ + 2 and 3 Jet Events (cont.)

Additional Results
PRD 83, 052008 (2011)

1.0 fb?

Do,L =10 fb! Do,L =10 fb! Do,L =10 fb _
Data 50 <p, <90 GeV Data 50 <p, <90 GeV Data 50 < p, <90 GeV
PYTHIA, tune A pjTeﬂ =30 GeV PYTHIA, tune A piTe“ =30 GeV PYTHIA, tune A P> 30 GeV

PYTHIA, tune DW jet2 PYTHIA, tune DW jet2 PYTHIA, tune DW T etz
PYTHIA. tune SO 15<p, " <20 GeV PYTHIA. tune S0 20 <p.” <25GeV PYTHIA. tune S0 25<p” <30 GeV

PYTHIA, tune PO
SHERPA, with MPI
PYTHIA, no MPI

PYTHIA, tune PO
SHERPA, with MPI
PYTHIA, no MPI

PYTHIA, tune PO
SHERPA, with MPI
PYTHIA, no MPI
SHERPA, no MPI

SHERPA, no MPI SHERPA, no MPI

A

:

C

Data / Theory

20 < pe2 < 25 GeV

15 < p*t2 < 20 GeV 25 < p/e2 < 30 GeV
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Exclusive Diphoton Production (cont.)

Measurement of the exclusive vy production cross section

Additional Information

— Data
— ¢ MC (scaled)
-=-- 10O MC (scaled)

F.0,0=0.00
x2= 2.67
F.0,0(95%C.L.) < 0.34

PRL 108, 081801 (2012)

TABLE I. Summary of parameters used for the measurement
of the exclusive photon-pair cross section for E-(y) > 2.5 GeV
and |n(y)| < 1.0. Values for the e" e~ control study are also

given. Note that b/g stands for background.

1.11 £ 0.07 fb~!
0.068 = 0.004 (syst)

Events per bin

Integrated luminosity L;
Exclusive efficiency
Exclusive yy

Events 43

Photon-pair efficiency 0.40 = 0.02 (stat) = 0.03 (syst)
Probability of no conversions 0.57 = 0.06 (syst)

7 7° blg (events) 0.0, <15 (95% C.L.)
Dissociation b/g (events) 0.14 = 0.14 (syst)
Exclusive e"e™

Events 34

Electron-pair efficiency 0.33 = 0.01 (stat) = 0.02 (syst)
Probability of no radiation 0.42 = 0.08 (syst)
Dissociation b/g (events) 3.8 = 0.4 (stat) = 0.9 (syst)

0
01234567 8 910 0O 02 04 06 08 1
Sum of CES showers Fraction of n°r® background

(a) (b)

FIG. 3 (color online). Estimate of 7°#° background fraction
in the candidate sample. Distribution of reconstructed CES
showers per event for data compared to yy and 7°#°
Monte Carlo simulations (a). Background fraction estimate using
Pearson’s y? test to fit the composition hypothesis to the data
distribution (b).
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