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Prompt diphoton production (D@ and CDF)

Prompt photons are produced directly from the

hard-scattering or fragmentation process
as opposed to photons from =®, n, K.° decay

At a much smaller rate, < 1%, photon pairs may come from Higgs decay,
graviton decay (extra dimensions), neutralino decay (SUSY)

pp— WX = X NS = 14 TeV
gg — H — yy is the main discovery channel

B i for Higgs up to about 130 GeV at LHC

--- Background

QCD yy and H — yy have different dominant
initial states — qq vs. gg
Leads to differences in kinematic distributions

=
S
-~
=
)
T
=
=
o

¢ Susan Blessing w 4



Prompt diphoton production

LO  Directyyproduction Two primary production mechanisms
direct and fragmentation

At LO — qq scattering only

At NLO —
virtual corrections, real emissions
Smgle—plmtou ) !

fragmentation gg scattering — O(a,?) suppression
but large gluon PDF makes for a
significant contribution at low M,

(g)

DO PYTHIA 6.4, CTEQ6.1L

pr' > 20, 21 GeV
In'[ < 0.9
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Prompt diphoton production

Dniectyy producnon

Enhances cross section in some
kKinematic regions

depends on photon selections
Collinear singularities are factored

. out into fragmentation functions D, ,
::Iz: Single=photon Fragmentation contribution is very

fragmentatig
uncertain and can be suppressed
experimentally by requiring
* isolated photons
* pr" <M,, [PRD 76, 013009 (2007)]
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Predictions

[JHEP 05, 026 (2006)]
qq — yy and gg — yy matrix elements

/ \ All-order resummation to LL accuracy
_ No fragmentation photons
(a) i d

hirect vy preduchon

Diagrams a, b, d, h, i, k

[EPJ C16, 311 (2000)]
Fixed-order NLO calculation
(gg — yy is at LO)
No soft gluon resummation
Single photon fragmentation at NLO
Diagrams a, b, c, d, e, f, g, h

RESBOS [PRD 76, 01309 (2007)]
NLO qq — yy and gg — vy
All-orders initial soft gluon resummation
to NNLL accuracy
2m, <M, <2m,
Single photon fragmentation included

as a parameterization At
P * Diagrams a, b, ¢, d, e, f, g, h, Q y 2
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Event selection

[PLB 690, 108 (2010)]
» Two photons, pr > 20, 21 GeV, |n,| < 0.9 * Typical diphoton purity ~70%

* Separated by AR, > 0.4 « Main backgrounds
* p" < M,, (suppress fragmentation) v + jet (~15%)

« EM fraction > 0.97 dijet (~15%)

* |solated, calorimeter and tracker ZIv* — ee (~2%)

* Photon neural net
(cal, preshower, tracking info)

[Preliminary]

» Two photons, E; > 15,17 GeV, |yY| <1
* Separated by AR, > 0.4 T, e
- Isolated, calorimeter and tracker 0 010203040506070803 1
» With and without p"" < Mw Photon neural net output

* large and small A¢,, (not shown here)
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Measurements

Single differential cross sections shown

Sensitive to PDFs
do do do
dp"  dAd d|coso*|

Y

Sensitive to energy scale of the interaction and new physics

Double differential cross section shown
30=<M,, <50 GeV

dM dp vy 2= MW =60 Gev Both collaborations have measured
v EET 80=M, <350 GeV  additional single differential cross
sections. D@ has measured two
additional double differential cross
sections. Rl
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Effect of p;" <M., — CDF

! gl
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gg — vy fragmentation
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Good agreement between data

0 and RESBOS for M,, > 50 GeV

PLB 690, 108 (2010)
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data and PYTHIA yy+yj for
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Data spectrum harder than predicted
Need NNLO?
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Confirmation of p; results
with angular variable

D@ and CDF results are complementary
in terms of considered phase space and cross sections

. With similar selections, conclusions are similar
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High p jets — CDF

Study the mass of high p jets
Study the energy flow within jets

6 fb

Tune parton showering mechanisms
Background to heavy resonance searches

Mass calculated using the standard E-scheme
* 4-vector sum over towers in a jet

- Gives (E, p,, by, P,)

Reconstruct jets with midpoint cone algorithm
*R=04,0.7,1.0

Require
- = 1 jet with p; > 400 GeV, 0.1 < |y,,| < 0.7
* Reject boosted top quark events
* pA°2 > 100 GeV
* M, < 100 GeV
B,/ 2E; <4
ST 2108 events

Susan Blessing { /
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Mass distributions

CDFRunlIl,L_=6fb" : C e :
2 Comparison of my, distributions

forR=04,0.7,and 1.0

Midpoint, p" > 400 GeV/c

Cone size plays a clear role in
limiting high mass behavior

50 100 150 t 200 250
m*" [GeV/c?]

Jet mass corrected for multiple
interactions and the effect of the
pr selection on the jet mass distribution

7 11 N
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Mass, R, PYTHIA comparison

PYTHIA Preliminary CDF Run I, L —6fb"
0.004 0:004T

r +M|dpomt
soos- - wapomusc Good agreement between data
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Angularity

Sensitive to the degree of symmetry in the energy deposition within a jet
Distinguish between jets originating from regular QCD production of
light quarks and gluons from boosted heavy particle decay

a-1
T,(R.p7) =m Z w; Sin? 0, [1—0036]13 - 2 Z (Diaiz_a

jet i jet jet iecjet

- Describes a class of jet shapes
A |ar|t jet1 Preliminary CDF Run I =
ngu y’ T_o Midpoint R = 0.7, pl "' > 400 GeVi/c, IR safe fora <2 , d = -2 here

100 < m*" < 130 GeVi/c? Sum over calorimeter towers in jet
—e— Data, 6 b w; — energy of a jet tower (particle)
----Ac--=  QCD MC, Pythia 6.216

e
N

o
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Large = energy at edge of cone = QCD-jet-like
Small = energy at axis = boosted heavy particle

R=0.7 QCD jet t_, can also be small,
| has | i
100 < my, < 130 GeV but has a longer tai
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RN Similar results for R = 0.4 e
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Multiple parton interactions - DG

PRD 81, 052012 (2010)

: : PRD 83, 052008 (2011
More than one parton-parton interaction (201)

from a single nucleon-nucleon collision
DP — double parton (two interactions)
TP — triple parton (three interactions)

Rates depend on PDFs and spatial
distribution of partons within nucleon

New and complementary information
about proton structure

» spatial distribution of partons in proton o = Oa OB

« parton-parton correlations DP " O
Background to rare processes with o — describes the parton
multi-jet final states spatial density distribution

* SM Higgs Uniform distribution — o large, opp small

« SUSY Clumpy distribution — o small, opp large

4 y/__l 1| N

N[ 4
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Topology

Use y + 2jet and y + 3jet events
Signal — 1stinteraction produces y + jet
2nd produces jet + jet

Background — vy + jet with two
radiated jets
— two pp collisions

Binning in pe®
— , p; scale of 2" interaction

< Susan Blessing
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50 < p;' <90 GeV*, isolated
m\.(detl = 1, 1.5< mydetl <25
pet’ > 30 GeV

p_l_jet2/3 > 15 Gev

e < 3.5

Er <0.7 py

Single primary vertex

All pairs of objects AR > 0.9

*60 < p;¥ <80 GeV (2010 analysis)

PYTHIA

— Radiation jets

Dijet jet p; falls faster

than radiation jet p



)
<
3
=
o
<
=

(]

25

N

» |deal SP
s |deal DP
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Discriminating variables

AS = Aq)(pTY,Jeﬂ,p_IJetZ,jetS)
(v,jet1) and (jet2,jet3) are p;-balanced pairs

PYTHIA 6.4

SP events peak at AP(priett pet2)

DP events flat
Since some jet1s are radiated,
actually get bump at & for DP
(jet1 doesn’t go with the vy)
25 ',7 I\ ,

AS (rad) Susan Blessing w 4



DP results

Do, L =1.0 fo!
® Data 50 < p <90 GeV

A PYTHIA, tune A jet1
A tune DW pJT >30GeV

PYTHIA. tune S0~_15 < pr* < 30 GeV
A PYTHIA, tune PO
SHERPA, with

O x 5 MIPI|
m| SHERPA no MPI
i Total uncertainty

DG, L, =1.0 fio
* Fraction of DP events

o

Fraction of DP events

@ from AS = AS Q
0 from AS

A fromAS
'

1 L L TR B S BRI
1618 26 28 30
P (GeV)

defined similarly to AS

III||III|||III||III|[|II|IIII|

- DO, L =1.0fb"
o for DP events

g
8

L,=10 fb!
Data 50 < p <90 GeV
PYTHIA, tune A ple” > 30 GeV
PYTHIA, tune DW ot
PYTHIA, tune SO 15 < P <20 Gev
PYTHIA, tune PO
SHERPA, with MPI
PYTHIA, no MPI

SHERPA, no MPI
i Total uncertainty

OO EH <> O

O consistent over p{¢? bins
eﬁ = 16. 4 0.3 (stat) +2.3 (sys) mb

25 30
d:‘z (GeV)

Comparison of differential cross sections
in data and various models, with and w/o MPI
MPI models with p;-ordered showers are favored

o
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Summary

Measurements of photon pair production show none of the predictions
Is able to describe the data over the full kinematic region.
Mw is best described, for masses above 80 GeV

D finds the best agreement with RESBOS
CDF with PYTHIA yy + yjet

Data and PYTHIA predictions for high-p; jet mass production and shapes
agree, especially at high m;

Multiple parton interactions play a significant role and need to be
included in simulations

Measurements with y + 2jets and y + 3jets can be used
to improve/constrain models

Many more results at
http://www-d0.fnal.gov/Run2Physics/qgcd/

http://www-cdf.fnal.gov/physics/new/qgcd/QCD.html “

e g
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| < * j:t%
< Susan Blessing _.* %




22

Backup




23

Corrections to particle level

a HAD Most Run Il jet results
Hadronic showers
=1 \ including effects of underlying events
=u and jet energy scale
* NLO theory is corrected to particle

Hadron-level / level using parton shower MC
jets Hadronization « particle-level measurements
/ -
are compared to particle-level

Parton-level NLO theory
jets

@

 data are corrected to particle level

A\ /

< Susan Blessing
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Diphoton motivation

Many kinematic variables behave differently for QCD diphoton production
and H — yy events; different dominant initial states — qq vs gg

pp— WX = yX NS = 14 TeV pp— WX = X S=14TeV

0.9

— Signal 08

--- Background
0.7

ar (GeV) o

2.5

04

=
-~
3 @
— ]
= g
e 2
S 3
= h-]
s .
- ©
©

0.3
02F |
01F .

0—1 08 06 04 -02 0 02 04 06 08 1

cos 8,

1020 30 40
Qr (GeV)

PRD76, 01309 (2007)

Use difference between diphotons from
QCD and Higgs to improve sensitivity
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Diphoton theory predictions DJ

e RESBOS and DIPHOX * PYTHIA v6.420
e CTEQ6.6M * Tune A with CTEQ5L
* all scales setto M,,
* renormalization, e Uncertainties
fragmentation, factorization e PDE: 3-6%
 corrected for non-perturbative e Scale variation: 10-20%

= ==

4

effects

* underlying events,
hadronization

e using PYTHIA and two UE
models
* Tune A and SO
® corrections are 4-5%, almost

stable across bins of all
observables (two tunes

* factor of 2 up and down

% agree within 0.5%)

Susan Blessing
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Additional diphoton cross sections

Single differential cross section — CDF and DJ do do
d(cos6*) d|coso*|

Single differential cross sections — CDF
do do do do do do do
dAnyy dnyy dAR dlog'IO(pTW/M) dAyyy/Z dybOOSt d(ETZ/ET'I)

YY
do do

d(Ey) dn

Double differential cross sections — DO
d2c d?o
dM, A¢., dM,, d|cost”|

T 1T TN
/_\ ",// L
/ \ A\
(ra = — 2\
e :
s -~
J \w= \V =/
\ /
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D, 4.2 fb™
0GeV<MW<50GeV

(c)

N
(5]

T I T T T T
— CDF Il Diphoton 5.4 fb"
- E;>15,17 GeV, [n|<1.0,

A R>0.4, 1s0<2 GeV

L I T 1T T 7T I T T 1T T I T

—e— Data
——— DIPHOX CTEQ6M
M=t =Hg =M/2
- - RESBOS CTEQ6M

N
(=)

IIIIIIIIIIIIIIIIIIIIIII

PYTHIA yy+yj
PYTHIA vy

do/dCosb (pb)

3
I

]

d’c/dM,,d|cos6*| (pb/GeV)
=)

-t
Q
N
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1
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o

—e— 5.4 fb" Diphoton Data
PDF uncertainty
LILIED Scale uncertainty

§ 5
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W45
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|cos6*|

(data-PYT)/PYT

S o 2 N w
D A N W & O aITNOILWOD

TTTTYTTIT T[T T T T IIII|IIII|IIIIIIIII|II II|III

- -
-Q-—O—_._ PGP S S S e by

Cannot compare D@ and CDF measurements directly
DJ requires pr* <M.,
CDF does not

(data-DPX)/DPX

0* = polar angle in Collins-Soper frame

(data-RSB)/RSB
O a N W i
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CDF yjet diagrams

q9 —>Y Y8 89 —YsrYq 89 —>YYrsrY

Diagrams included in (e)
PYTHIA yjet production

849 —>Y4 —>YVrraG

Susan Blessing



AS

gg — D@ and Sherpa

SHERPA calculations (ME with up to 4 partons in the final state + PS)

describe DG data well
(F. Siegert, http://fsiegert.web.cern.ch/fsiegert/talks/2010-05-CMS-Hgg.pdf)

Diphoton mass Azimuthal angle between the photons

—e— D) data
' |- = Sherpa ME+IS

—e— DO data
—— Sherpa ME+PS

P /GeV]
dl'."d.“u.lll,l |pb.~’ra.il

de/dM., |

e
1
)
U
-
£ .

300 350

My GV
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Angularity — QCD / Z comparison

Angularity, 1, (a=-2,z = 0.05, R = 0.4)

—=— £ ong. jets
--=- QCD jets

0.06  0.08
Angularity (1)

FIG. 4 (color online). The angularity distribution for QCD

(red-dashed curve) and longitudinal Z (black-solid curve) jets

obtained from MADGRAPH. Both distributions are normalized to
— - the same area.

< Susan Blessing
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Planar flow

Distinguish planar from linear configurations
Zero for linear shapes and 1 for isotropic energy distributions

= det(lm) _ 47»17\2 | K= 1 Z o Pik Pi
tr(lw)z (}\,1 + )¥2)2 ® mjet i € jet w; W
p; « — ki component of p; relative to the jet momentum axis

w, — energy of a jet tower (particle)
— eigenvalue of the matrix |

IR safe
Independent of my,

Monotonically increasing, but data steeper Agreement Mo
Preliminary CDF Run Il Preliminary CDF Run Il

jet1

Midpoint R = 0.7, p'™" > 400 GeV/c Midpoint R = 0.7, p'*" > 400 GeV/c
jet1 2
—e— Data, 6 b No m;, cut _ 130 < m™ < 210 GeVic

—e— Data, 6 b’
-===x==-- QCD MC, Pythia 6.216
====pA===+ QCD MC, Pythia 6.216

o
[X)

PDF Uncertainties

PDF Uncertainties
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Planar flow — QCD / top jets comparison

PIanarity(PT =1TeV 140 GeV <M, <210 GeV)

-t

0.5
Planarity

< Susan Blessing

—— Sherpa QCD
MadGraph QCD

: o fry . Sherpa tf
~1=--== MadGraph tf
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|deal

Jet from yjet lost
Jet from dijet lost Radiated jet observed

Radiated jet observed

Susan Blessing
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D@, L=1.01po"

—-—h
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MPI differential cross sections
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