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The Standard Model (SM)

ELEMENTARY
PARTICLES

olul|w
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Three Generations of Matter

The Standard Model (SM)

describes the strong force
- Quantum Chromodynamics

(QCD)

Three generations of particles
(quarks and leptons)

Bosons are the force carriers
- Photons < Electromagnetism
- Gluons < Strong force

Charm and bottom are the

heaviest flavors in the proton
- Sea quark contribution
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CD Production

- What contributes to these cross sections?
- The final state is dominated by mainly two diagrams

Q Y 4 Q
Q

g Q q Y
* Additional leading order diagrams from fragmentation are
largely suppressed by photon isolation requirements:

« Y
g Q q Q
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Factoring in Isolation

p+p > y+b+X
N S =1.96 TeV
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The Physics of QCD

Y - The Compton-like scattering diagram
* Heavy flavor quark comes from the incident parton
* Provides possible important constraints to PDFs

Q

 Tests the evolution of pQCD as a function of p”,

Q - The quark-antiquark annihilation diagram
* Heavy flavor quark comes from gluon splitting
e Dominates for p’ larger than ~100 GeV

Y
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Current PDF Uncertainties

- Sensitive to the charm, bottom, and gluon content of the
proton and antiproton
- These PDFs are under-constrained by experimental data
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- Sensitive to previously unexplored regions of x-Q” phase space

Uncharted Territories

2 5 _ partonp
Q = (pYT) y X= proton p N

- For our measurement, we can
probe the phase space:
°* 9x10°<Q*<2x10*GeV?
 0.01<x <0.3
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Uncharted Territories

- Sensitive to previously unexplored regions of x-Q” phase space

- , __ partonp
Q* = (p"), x= proton p

- For our measurement, we can
probe the phase space:
°* 9x10°<Q*<2x10*GeV?
 0.01<x <0.3

- Compared to HF production at
HERA:
e Maximum Q? is ~650 GeV?
e Maximum x value is ~0.02
(Different initial states)
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No v+ b(c) jet + X data
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Building on the Past

Photon + jet measurement

Regions derived from respective
rapidities of the jet and photon

Data/theory disagreement

Disagreement varies as a
function of both photon p_ and
the rapidity of the photon-jet
system

No change of scale in theory
results in agreement across all
four regions

Analogous study can be made
using b jet + photon

Dan Duggan
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Cross Section Calculation

The differential photon + heavy flavor (b, c) jet cross section equation:

3 AT
d”o N Events Ph(c) 7)'“,

! Ay daiet : - vy v _jet jet
dp,rdy ) dyJe Ay‘lﬂt Ay ! APT EIL, (e F‘]% E}J’U EL;J EE_%]_‘li:ﬂrﬁ E ./4

What information do we need to experimentally measure the cross section?
-Differential = bins of rapidity and photon momentum (p )

—Luminosity = Number of total events from data sample

—Acceptance = Correction factor due to detector geometry

—#of Events = Number of remaining events after all selections imposed
—Efficiencies = Fraction of signal events passing selection criteria
—Purities = Fraction of signal events in final data sample

Dan Duggan
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Cross Section Calculation

The differential photon + heavy flavor (b, c) jet cross section equation:

3 AT
d o N Events

Y Aarvy dasiet % ~ ¥ v Jet et
dpdyrdyie Ayt AyY Aprler €5 €5 €y € €pmiss

What information do we need to experimentally measure the cross section?
-Differential = bins of rapidity and photon momentum (p )

—Luminosity = Number of total events from data sample
—Acceptance = Correction factor due to detector geometry
—#of Events = Number of remaining events after all selections imposed

—Efficiencies|] = Fraction of signal events passing selection criteria
—Purities = Fraction of signal events in final data sample

Many studies have been done on all aspects of this measurement,
but today I will focus on object selection and purity estimation

techniques Dan Duggan
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Main Injector

The Tevatron
roton-antiproton collider with bunch crossings of 396 ns
Collisions occur at a center-of-mass energy Vs = 1.96 TeV
Instantaneous luminosities greater than 3x10°*cm™s™

Dan Duggan
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The DO Tracking Systems
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¢ ~800,000 readout channels

¢ 3-D track reconstruction
near beam-pipe
¢ Highn coverage (n ~ 3)

Central Fiber Tracker

¢ 8 fiber superlayers each
with 2 layers: 1 axial, 1 stereo

¢ Inside of 2 Tesla Solenoid

Central Preshower
¢ ~7700 readout channels
¢ 3layers (1 axial, 2 stereo)

Dan Duggan
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* Original Run I detector with

upgraded electronics
e 3liquid argon cryostats

- 1 central, 2 endcap

- Hermetic coverage [n| < 4.2

~48,000 readout channels

- Longitudinal segmentation
. * 14 layers in total
caommersa Up to 12 cells in a (n-¢) form
Electromagnetic pgepdo-projective towers

Fine Hadronic

Coarse Hadronic _ “‘

Central preshower

END CALORIMETER

Outer Hadronic
(Coarse)

Middle Hadronic
(Fine & Coarse)

Inner Hadronic
(Fine & Coarse)

Electromagnetic

* Inter-Cryostat Detector (ICD)
- Provides scintillator-based coverage
between central and endcap cryostats
e Central(CPS) and Forward(FPS) Preshowers
- Additional particle position and energy
measurements before calorimeter

Dan Duggan
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Photon candidate Leading p.jet
p,>30 GeV p,>15GeV
ly"| < 1.0 ly*| < 0.8

Signature Selection

]et

Differential = Binninginp’, y’, and y
p’, bins: 30 - 40, 40 - 50, 50 - 70, 70 — 90, 90 — 150 GeV
(No binning in jetp,)

Two rapidity regions:
Region 1: y'-y*'> 0 Region 2: y'-y* <

/
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Photon Selection

Center of Gravity

N I,{Mal Cluster

0.4 Cone

Hadronic
Calorimeter

Total
Isolation
Cone = ' EM Calorimeter
Energy
Preshower
Core
Cone = {7/ the interaction point
Energy

Dan Duggan
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0.4 Cone Center of Gravity -
A o _,{fof the<nitial Cluster n$ center T fi’f"“’““‘““s“

el

0.2 Cone \

Hadronic
Calorimeter

Total
Isolation
Cone = U EM Calorimeter
Energy
Preshower
Core
Cone = {7/ the interaction point
Energy
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Photon Selection

Center of Gravity

o I,{Mal Cluster

0.4 Cone

Hadronic

Calorimeter
Total
Isolation
Cone = ' EM Calorimeter
Energy

Preshower

Core
Cone = {7/ the interaction point
Energy
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Photon Selection

Center of Gravity
~ of tireditial Cluster

——

0.4 Cone

' Hadronic

Calorimeter
Total
Isolation
Cone = ' EM Calorimeter
Energy

Preshower

Core
Cone = {7/ the interaction point
Energy
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Photon Selection

0.4 Cone Center of Gravity

Calorimeter Criteria

N I,{Mal Cluster

Hadronic
Calorimeter

Total
Isolation
Cone = ' EM Calorimeter
Energy
Preshower
Core
Cone = {7/ the interaction point
Energy

Fractional isolation

\w/is

EM energy fraction
v/ Y

Energy shower ¢ width

¢

\i/
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Final Photon Selection

Photon Neural Network

— Multiple input variables
combine for one output
* OQutput constrained to {0 - 1}

- Neural Net is trained with signal
and background Monte Carlo

* Direct photon output= 1

* Background output =0
- After photon pre-selection
* The output shows that
background events still
contaminate the data sample
- Using output shape distribution
» Estimate the fraction of
direct photons in the data

o o
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J

Normalized to Unity
(=
N

0.1

=
T

3 Dﬂ, L= 1m*

* Data
—vy+jet, Simulation

~ dijet, Simulation

=
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Photon Neural Network Output
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- Photon Signal Modeling

Important that Neural Network output describes the data well
- To verify this, look at electron resonance:

* Compare to Z—e'e samples of data to Monte Carlo

5 0.45— .
= 0.351
8 - n
T 03 Zoee
S o f |l
0.25 !
§ - * Data 5
Z 0.2F o i
T Simulation g
0.150
:
0-1__ !'3-1
E I;Q-:'
0.05E o
Owﬂ.ﬂ:ﬂm+ﬁﬂfl‘lﬂﬂllll|llll|llll
0 010203040506 070809 1

Photon Neural Network Output
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Photon Purity Results

* Finally, we determine the photon purity of the data sample
- Fit signal and background Monte Carlo shape to the data
e Calculates the best description of the data shape
- The fits are performed in each photon p_bin for each Region separately

° i t ° i t
Region 1: y'y*>0 Region 2: y'y* <0
2 f p ‘ 2 [ y
t DB L =10fb S £ DB, L =10fb
E G.Q;_ ijtyT =0 E G'QE_ yJE yf <0 o
9 o0.8F © o8 @@ j
= = = . C
“orf "o e
08 | 0.6}
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L DO
=~ Identitying Heavy Flavor Jets

Lepton o Ljght jets have a much higher
production rate than heavy
flavor jets

- ~100:1 light jets to b jets
- ~10:1 lightjetsto cjets
- ~10:1 cjetstob jets

e But, heavy flavor jets can be

distinguished due to the long

~~~~~~ lifetimes of their mesons
- Average meson lifetimes
e ~1.5x 10" seconds (B mesons)
[mpact Parameter e ~0.8x10" seconds (C mesons)
- Decay measurable distances from
the primary vertex

* The secondary vertex:
— Contains valuable information to
identify heavy flavor jets

Jet
Displaced Track /.

Secondary Vertex
Decay Length

Primary Vertex

Dan Duggan
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Identifying Heavy Flavor Jets

Jet Lepton b Jet Neural Network Output

%us:— Monte Carlo
g - B bjets
[ b _.
EM_ Iyl <10 : ﬁc:ﬁﬁets
- jet C
Secondary Vertex S | Wil<os
| jet
Decay Length TE" ol P, >15GeV
5 [
. 'z, 2
Primary Vertex ~ # 0al
" Variables !
. i
01— 'y
[mpact Parameter -
"% 51 02 03 04 05 05 07 08 09 1

07
b Jet Neural Network Output
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rJLIP Output

* Jet Flavor Templates

Monte Carlo

B b-ets
A cqels
light jets

Now, we need an additional handle
for determination of heavy flavor
fractions:
- Can no longer use the bNN
- bNN output shapes above 0.85
are similar for light, c and b jets

Reduced Jet Lifetime Probability
- Probability (P__) of a track to
originate from the primary vertex
* Based on the impact parameter
significance
NTracks

- rJLIP =-InI1 P!

Track

— “Reduced”: Lowest value of Pmac is

removed

k
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Template Fitting Procedure

* Analagous technique to photon
purity estimate

e User]JLIP for shape information

 Monte Carlo is used for c and b
jet templates

* Enriched light jet sample (NT)
from data is used for light jet
template

* Flavor fractions are determined
for light, c and b jets with a
simultaneous fit

* Require the sum of the flavor
fractions (light + c+b) =1

* Cross check for agreement:

- Compare the sum of the
individual jet flavor
templates weighted by the
found fractions to the data

Events

1000

600

400

200

1200

Heavy Flavor Fractions

D&, L =1.0 b

® data
B b-jets
A cHets
light jets
— b+ c +light jets

> me
=)
2

HF-jet
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No. events

> rJLIP Fitting Comparisons

Flavor fractions were fit independently in each photon p_bin

30 <p/ < 40 GeV

40 < pi < 50 GeV
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Flavor Fraction Results

« Heavy flavor fraction results for the entire photon p, range

- Fitting was performed independently in the two rapidity regions
* Very good agreement between regions
* Flavor fractions do not depend on our rapidity binning
- Can combine regions for decreased uncertainties

s 0 1
- . c - DO Run II Preliminary o bejets
03 ¢ y'.y* (combined) 2 o9f _
- Y.yt s 0 Q - B c-jets
08 y'y > 8 sk
C y’Y ‘y]'et < 0 - -
g o7p S o7F
g | o f
g I].E:— oy 06
S - 0 E
o DSE 0.5F .
@ naf 1 - +
= M s ' 04f *
F I | : - +
I].ZE 0.2
0.1 0.1F
un_lllzlnllldlnlllﬁlulIIB|DIII1|‘.|)DIII12|DIII14|IDI E|||||||||||||||||||||||||||||
' (GeV I][) 20 40 B0 80 100 120 140
e
p.,.{ } pi (GEV}
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¢ Using a system of equations
¢ Solve them to find flavor fractions

0.25[ * data =N +N . +N
- Data bJet cJet light Jet
' = MC b-!ets
0ol . + MC c-jets
B0 . l-jets (NT data)
.E .
: T
g 015 ¢
= |
5] [ ]
N g
= 0.1 "
e R
2 - |
0.05 m
L |
A @ R u .
14 1% ela
8 10 12 14 Dan Duggan
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¢ Using a system of equations
¢ Solve them to find flavor fractions

0.25 * data N N 4N _ 4N
i v I = MC b'jEtS Data bJet cJet light Jet
of 1t Mooes | [ENGEENENGENT
B v e " |-jets (NT data)
s - .
: -
< 0.15- ;4
= I ¥
T [ .| s,
05 ‘!‘ |
= 0.1
£ ‘"
S [ m 3 .
0.05 : n
I L,
I Y A @ |
|
S L ST YOUL T 1T
? ) ° ® 10 12 14 Dan Duggan
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¢ Using a system of equations
¢ Solve them to find flavor fractions

0.25_— e data B
E Y 1 = MC b-jEtS NData — Nb Jet t Nc Jet + Nlight Jet
s + MC c-jets
B n.2:- . v |-jets (NT data) : ' ' '
.S : ) T 8DI\TD zebNb+chc+8lNl
S 0.15 y 4
< 0.1 Y
é -A ¢ "
S [ m ¥ "
0.05F : m
I . )
I Y A @ u .
N PETNE] NESOUL I IT-

L1 ] ] i | [
; ) ° ® 1012 14 Dan Duggan
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¢ Using a system of equations

¢ Solve them to find flavor fractions

0-25;_ 11 : ‘Iiifla(:[;ab-jets NData - Nb Jet T Nc et Nlightlet
3 . 4+ MC c-jets
5 “-2:' T * |-jets (NT data) : : : :
g | . gDND:8N+8N+8Nl
20.15:— i ¢
= B ™ :
N [ ia "
Em-_- P _ (E,-€) - (8 -€') ((E -€E)
i A ¢ )
P I € b€, 8)-€,-€) \E.-€)
0.05 il, ",
2I fll IéT él|‘1lﬂll.1|2 14 Dan Duggan

rJLIP 34



Flavor Fraction Cross Checks

— 1
‘s = e JLIP template fitting
g 99 o JuP eff-cy method (cuts: 3,7)
< 08F JLIP eff-cy method (cuts: 2.5, 6)
Py - 4 JLIP eft-cy method (cuts: 3.5, 8)
0.7
0.6 —
051
0.4 .
03} ¢t 8 % +
0.2f
0.1
: | I ] | | I | ] ] | | | L I | | | I ] | | | ] ] | I ]
% 20 40 60 80 100 120 140
P} (GeV)
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Efficiency Method (Again)

* We can also use the efficiency method on the bNN

directly (same technique!)
- 1*require b Jet Neural Network (bNN) > 0.20
- Efficiency method operating points: bNN > {0.45, 0.85}

b Jet Neural Network Output

- Monte Carl i s
onte Carlo -
Zros- - bNN>0.2 0 ::i:::’ iy
S B b-jets 0.6 e  b-jets, b-NN output
o E |}"T| <10 A C-j ats E B c-jets, b-NN output
= 04— ) I I N
o L. et light jets 0.5[
gt ly”|<0.8 -
| jet 0.4
gm_ p. >15 GeV :
Sl I B
e I 0.3
2 | B + %
ﬂ.ﬂ_— 02:_
B - . i
i | &
il o1~ & 2 o .
I :I | ] 1 | L ] | 1 | ] | 1 | L | 1 1 | I 1
; " e | cpant % 40 60 80 100 120 140
%01 02 03 05 06 07 08 09 1 p; (GeV)

b Jet Neural Network Output
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b/cjet fractions

b/c-jet fractions

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

bNN = 0.85

»Ee00

b-jets, true
c-jets, true

I-jets, true
b-jets, fit
c-jets, fit
I-jets, fit

¢

30-:[.'3 < 40 GeV

40<p! < 50GeV

%! Why So Many Cross-Checks?

* First QCD analysis to use flavor fraction fitting at DZero
- It was put under close scrutiny to verify its results

e Litany of cross checks performed
- All showed consistent agreement!
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Main systematic uncertainties

(72]
Photon fraction f;—’-
- Heavy flavour fraction I
Photon selection efficiency o
Jet selection efficiency 2
Photon energy scale >
Luminosity
Total

* The two dominant systematics:
- Atlow p', the photon
fraction dominates
- Athigh p’, the jet flavor
fraction fitting is the

largest uncertainty
* This uncertainty is

driven by data statistics
especially in the last

two p’_bins
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DO, L = 1.0fb™’

Yy+b+X

d°s/ (dp/dy'dy ) (pb/GeV)

® FjEt

ety v

"y"y' <0

~NLO QCD
CTEQ 6.6M

_ T
uH,F,f_ pT

b and c Jet Cross Sections

e Results for they + b jet and y + c jet cross sections

e Theory curves were calculated using next-to-leading-order
predictions

- Calculations provided by T. Stavreva and J. Owens (of CTEQ)
- CTEQ6.6M PDFs were used in the calculation

y' >0

-
o

=1

dy'dy®) (pb/GeV)

Y
T

d’s/ (dp
3 3
IRRRLLL

| 100 | 120 140
P, (GeV)

DJ, L =1.0fb" o vy’ 5 0
Y+c+X =y7y'<o
(x3.0) o,
~NLO QCD
e
CTEQ 6.6M
e !
Her= Pr
. 8
'l <1.0
Iy <0.8 w

pﬁf > 15 GeV

-
o
&
o

20 40 60 80 100 120 140
P, (GeV)




* Overall agreement between data and theory is very good
within the given uncertainties
- Agreement is seen across all photon p_'s in both rapidity regions

DO, L _=1.0fo" <08 yy">0

1.8 f
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= Data to Theory Ratios (y + c Jet)

* Discrepancy between data and theory is present for photon
p,> 70 GeV in both Region 1 and Region 2

- Comparisons to CTEQ PDF sets with intrinsic charm are included
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Explaining the Difference
¢ Sign of intrinsic charm?

¢ Under-estimate of the g — cc fraction?
¢ 222222

w
o

L

h
n

-
t

Data/Theory

M T T P T R P R M M M MR R
40 60 80 100 120 140 40 60 80 100 120 140
p) (GeV)

—&— Ratio of data to theory
CTEQ6.6M PDF uncertainty
----- IC BHPS model ratio to CTEQG.6M
== |C sea-like model ratio to CTEQ6.6 Dan Duggan
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Conclusions

* This measurement is the first differential one of either the
v+ b + X orvy+ c + Xcross sections ever at a hadron collider

- New combination of techniques made measurement possible
— Y+ b jet cross section shows agreement in both regions
- Y+ cjetcross section shows agreement until p’ ~70 GeV

- Possible explanations for the disagreement

* Intrinsic charm component to the proton
* Incorrect gluon splitting functiong — cc

e More information can be found at:

- http://arxiv.org/abs/0901.0739
- http://www-d0.fnal.gov/Run2Physics/WWW/results/final/QCD/Q09A/
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Event Selection

 Entire Runlla dataset is used: ~1 fb™

- Require at least one unprescaled EM trigger to be fired

- Atleast one photon candidate and good hadronic jet
* Photon candidate and jet isolated from each other (dR > 0.7)

* At least one primary vertex
- Primary vertex z position: |z, | <35 cm

— Primary vertex # of tracks: N 23

 Low missing transverse energy
— MET criteria: ETMISS <0.7*p"

Dan Duggan
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Photon Selection

* Using pl17 certified Photon ID criteria (DONote 4976)

- Atleast one photon candidate must pass:
e P_>30GeV

* |y, |<1.0

ID =10, +-11

In both eta and phi fiducial regions
EM fraction > 0.96

Fractional isolation < 0.07

Prob of track matched chi squared < 0.001
3" layer of EM shower width < 14cm?
* Additional requirements on photon selection
- Photon neural network output > 0.7
- Primary vertex z requirement using “photon pointing”
- |PV,*"™-PV Y| <10 cm (matched CPS cluster)

- |PV, "™ - PV Y| <32 cm (NO matched CPS cluster)
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Jet Selection

» Leading p_ jet must satisty the following:
- Standard jet selection:
e ly. | <0.8

jet

e p,.>15.0GeV

* Final p17 JES corrections applied
* Reconstructed with JCCB algorithm
* [sflagged as IsGood]Jet

- Additional b jet tagging requirements:
* Jet must be taggable
* b jet neural network bNN > 0.85

e 0< JLIP <1

REDUCED —

(See slide 16)
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rJLIP Flavor Efficiencies

* For the efficiency method to be effective, the relative change
in efficiencies between points should be adequately different

* data

= MC b-jets

s+ MC c-jets |
l-jlets (NT data)

0.8

g
o

Efficiency

Dan Duggan
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- We see very similar agreement for Region 2

bNN 0.20 and bNN 0.85

e We can also recalculate our cross sections from the bNN > 0.20
operating point and compare to the bNN > 0.85 case
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bNN and JLIP Efficiencies

» Efficiencies for b (c) jets to pass bNN > 0.85 from Monte Carlo
» Efficiencies for rJLIP to exist in light, c and b jet Monte Carlo and data
- To estimate data/MC agreement, MC efficiencies are weighted by their
flavor fractions (coming up)
- Agreement is within ~1.5%

rlLIP Efficiency in Data and Monte Carlo Parameterized in p;
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Photon Eff. and Acceptance

= 1c
g -
@ 09f
Q - _+ _________ A + ........... 8=
— — BT S
T 08¢ T S + +
[ = - *v"
o 07 _+.'
e — -
< ~ 4
Q pe— +
m -
7] -
= D5
Q :
S pab
£
03 Fltfunc = A-exp[(B-Pt)/C]
= A = 0.862+0.022
0.2 B =-55.1+ 4.91
o C= 5196+5.15
0.1 ¥2/ndf =5.95 / 8= 0.75
: 1B I 111 I 1

IIIIIII|IIIIIII|III|IIIIIII|III|IIIIIII|I
|:"ID 20 40 60 80 100 120 140 160 180 200 220 240

P} (GeV)
@ -
£
[+ 1] - —
=1 1= = - ] l
s - 2 0951 . } *
o 0.95(— b3} - it —t r t
k) - Q g9
3] = < -
g oo {11y P } = oask
S 0.85[ I I i T T 5 -
c - Q -
=) = = 0.8 —
E O.BI:— [=1 -
Q‘U.?S:— 0.75:—
0.7F- 0.7
= - Fittingfunc=A +B * p:
0.65 Fitting func = C 0.65—
- - A =0913+ 0008
= C =0.872 + 0.005 —
061 0.6 B = 1.628 + 0.470)x 10
- 2indf=56 /11 =0.5 —
055 2 0.55 ¥2/ndt = 0.07
Pl = IS EVUVAT EFUS) ARV IIAS FAPII IISriS ATIVATS ISP AT N e = _
20 40 60 80 100 120 140 160 180 200 220 240 280 0_5_|||||||||||||||||||||||||||||||||||||||||||||||||||||
p'y (GeV) 20 40 60 80 100 120 140 160 180 200 220 240 260 ’

p’ (GeV) -



