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= — ’”‘Only'a small fraction of extensive QCD results from the

‘—/

.-»:..r;.. ~ Jevatron can be covered in 25 minutes. Selected some of

— —

"‘i — = = the latest results. More results can be found on:

-

—

- - http://www-cdf.fnal.qov/phvsms/new/ch/QCD.htmI
o« http://www-d0.fnal.gov/IRun2Physics/WWW/results/gcd.htm
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CEE DD Runl Detecths

SV EEPFPOSE detectors withibroad
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SEracking in magnetic field with
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SEED at thedlievatron.

— —

jet, W, Z, y, etc.
T

parton
distribution

Underlying
event

B

hadrenization
——

& W2y +HP)
= el Veasire important backgrounds to
) searches for Higgs, SUSY: and other new
PhRYSICS
o Unigue sensitivity to'new. physics (e.q.
FESONAaNCES N signatures with jets)
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Al « »test of PQCD! predictions
e " »ome ‘Unaltered from the hard! subprocess
-1.., irect probe of the hard scattering dynamics
5*—- ‘clean probe w/o complications from jet
-::- - fragmentations and systematics.

=4 Sensitivity to gluon PDFs
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A ENITEGUCIDIENACKGROUNGERONNaRYAINtErEStNGMRYSICS PIOCESSES

=S SIIIHiggs searches (H—>yy)

=R BSViSearchesewiheavy resenances, extra spatial dimensions|ete.)
— Precise understanding ofi QCD production mechanisms indispensable to

- searches for new physics

BESHeRPOED Calculations andiseft-gluen’ resummation methods

mpIemented INtHEGrEtcal calculations

- SRALHENEVation, production dominated
S (@Ehign )by quar annihilation.

—== o At the LHC CONtrbUtions from gg fusion
- and g |n|t|ated processes will'be
significant

PYTHIA 6.4, CTEQ6.1L

<
PI.
o
o
©
=
o
=i
o
m
|
n

qq9 2> 17 g4 = 174q
annihilation Compton scattering

50 100 150 200 250 300 350
M,, (GeV)

Ashish Kumar Aspen 2011 7



CDE Note 10160 . . -
‘ IPHioton CrossiSections

IV Easlrementiordifferential Crossisectionsysidifferent Kinermatic
BVETiEl| ESIPRORING A ErENNeSPECISIOI PIOGUCHBINNECHEANISH

=PI EAG, Einitialsstate glueniradiation &ufragmentation effects
= VEEpotential lcontibUtionSHeMINEWPHENGMEND
“ £ = 5 2ioel

CDF Il Diphoton 5.4fb"
c.

1

hoton 54fh

. >15,17 GeV, J|<1.0, [<1.0,
G

L Data . hi<1.0, —+— Data
—— DIPHOX CTEQEM A R =2 GeV —— DIPHOX CTEQEM
M= =M2 re Ui =MI2
______ RESBOS CTEQBM | ------ RESBOS CTEQ6EM
......... PYTHIA scaled x2 ES ——- PYTHIA scaled x2
I,

CDF Il Diphoton 5.4fh"
E>151 <

7 <10, —e Data

—— DIPHOX CTEQG6M
HE=H =g =M2
RESBOS CTEQG6M
PYTHIA scaled x2

=
T
o
L
e
2
=
<]
5
-

50 100 150 200 250 300 350 400 450 500
vy Mass (GeVic?) Y Py (GeVic)

Tiheoreticall predictions No model describes the data well over:

: the full kinematic range, in particular at
RESBOS: NLO, resummation of Y
soft-gluon emissions low M. and low' Ag,, where gluon

: : scattering & fragmentations surviving the
E\I('PI' I_HKI);‘( Il\g-O’ ggiiusion @ LO isolation cut are expected to contribute

strongly.
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PLB 690, 108 (2010)

IDIPIOLON CrOSSFSECTIONS w

. L =49, fb_'l
Alse loeked double

< = a S 1FD@ 42" S g, X c : -
Em";ﬂ'd'“goeeu-zmn-:sne-[y} £ o0 e <M, <50 Gov ":’ ;; DGV <M <0Gy diffix=sections

__'.é ER * data s [ I,-"I = 3 A 5
< by —Ressos el Mg =l Additienalvarable
5 W DIPHOX I 810

T°F N\ hoFumer| 3 | ¥ Cest”
5 { —scale uncert. §10{§_ "%

104 N pTw ® 107

g i g | . RESBOS shows the

I /- .5

Xy Py 5 TNEEEEE R ¥ best agreement..
o 150, @ 157 R 7 - :
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-gi 05 10»15 20 25 30 35;:_'0"::(4353\?}0 g 1.6 13 2 22 24 26 23 [?adl & 0 01 02 03 04 05 ?..:?Jsggf RESBOS falr at

114
,A

Intermediate M
and good at hlg%

‘%‘ " D@, 4.2 b (a) g 1k D@, 42" {b) g | D@, 4.2 fb! () M
= %10’25— 50 GeV < M., < 80 GeV ‘%‘ 50 GeV <M, <80 GeV JI," ] _SDGe\'{Mn<8I)Ge‘J Ty "
= Resmos | 2 [ Mg Need for including
= —DIPHOX 07k /e 8 I
=0 o ohmaa g S0t nigher order
3 O e F o corrections beyond
10 = F 1 ; NLO as well as
2 2ef o B : complete
w o ] 2.3r [ 17 B8t 1 .
B 1-? i\; 1 i 7 1_%: } {’ f. /] E 1 i:j::i:::::.:'_i'_.:_::: T _____{ resummatlon Of SOft
gos s L o 2 ”% ] and collinear initial
= 1] 10 2l} 30 40 50 ﬁl] '.’D 80 1.6 13 2 22 24 26 23 3 2 0 01 02 03 0.4 05 06 0.7
b7 (GeV) () jcose state gluons.
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e Col |Fﬁated sprays of: hadrons generated by
;_.' E’éfragmentatlon Of partons originating from
""the hard scattering.
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|1 ZEUS

| CDF/DO Inclusive jets n<0.7

1 DO Inclusive Jets n<3

| Fixed Larget Experiments:

CCFR. NMC,BCDMIS,
E66S5, SLAC

CTEQ 6.6
Q=100 GeVic

02 03 04 05 08
x = p(parton) / p(proton)

0.7

0.8
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JerRReconstruiction.and-Measurements

proton

Unfold measurements

to hadron (particle)
“level*="need"jet*energy
antiproton . scale calibration and
energy resolution

Data — Theory
comparison at hadron
(EleDREE

Correct parton-level theory for
non-perturbative effects --
fragmentation/ hadronization
underlying event

particle jet

Use midpoint cone algortim in n-¢ Space to
reconstruct jets -- calorimeter towers as
Seeds

S Wparton jet
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Arcitisive Jet: CROSS Sections

—— CDF data (1.13 ) , o llj‘-:lIr |-;D|'j %EE?EHB'I

Systematic uncertainty o )
—— NLO pQCD ° - 0.8<ly<1.2 (x8)
P > 1 ebe . 12<lyl<1.6 (x4)

= ik [ 3 1 .6"::|y|‘:.D {'
Midpoint: R=0.7, rnen;=_ﬂ =1 X J
(] a . 3 - Z_D-:::|Y|¢:j 24

A

J5 =196 TeV

L=0.70"

Ree = 0.7

NLO pQCD
+non-perturbative comections
CTEQG.5M ho=H_ =P,
500 600 700 5060 100 200 300 400 600
pIET (GeVic) : DI G
3 )

Phys. Rev. D 78, 052006 (2008) Phys. Rev. Lett. 101, 062001 (2008)

“s  One of most direct probes of the physics at small distances
® directly sensitive to o, and PDFs of the proton
e Measurements test pQCD over 8 order of magnitude in do?/dp.dy

e  Both measurements in agreement with NLO QCD
® High p; tail probes distances down to 10-°m and is sensitive to new physics.
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IDjEtMIass Spectrum b *

D@, L = 0.7 fb™  ©20<lyl, <2410
41,6 < [yl < 20 (x10%)

—

Vs=1.96TeV  aizcp <16 (xiof
DONTIEZSUEemEnt of dZG/dejd|y|maX R :g;i:iiim::,;:ﬁggﬁ
- Pr (§i5729> 40/ GEV.  Vlpgy < O

—NLO pQCD
+nen-perturbative

BHEILVEONPDE O GIUONS at high X o o

M=t = (Pry + P} 2

ensiuvestornew parnticles (g*, W,z ? 02040608 1 1214
| M, [TeV]

= e Data compared to NLO
= = Calculations (fastNLO)

g o= MSIW2008NLO PDES

2

2

2
.8
6
4

[y

=
Q
Q
£
E
8
©
[m]

s = 1.96 TeV

cooo =
_M-hcnoo_-m

describes the shape better
than CTEQ6.6 -~ Reppe =07

s |VISTW2008 PDFs include ¥
Run ITincl: jets 18
measurement 12

® EXp. uncert. similar in size to 58+ paanio b varaton
[ ] Systematic Uncertainty | = = = MS necertain
theory uncert. from PDE & Scale "o 0.4:;.6 0.8 1 1.21.4 0.2 olfl 2.???1 :.2 t;’.40.2 040608 1 1214

My, [TeV]
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CDENote 10§

IapPENaRabIESHOFhIGhIPT(E
’V) (QEDIELS

- o Jet Mass : Standard E-scheme
fOr-mass calculation : vector

sum over: (E,px, py,pz) o)
LOWETrSs in'jets;

Ashish Kumar

gsthicture ofsshigh B+ Jets,

c uIarlgy Plana[,FIow,

CDFRunll,L =6 b
o -o= Midpoint

—=- Midpoint/SC

L= Antikg

It [1/GeVIic?]

1)

2| E
T |
-

o
1)
= 0.001

100 110 120 130 140 150 160
m®!! [GeV/c?]

Data in agreement with PYAHIA
prediction

Data between quark and gluon
prediction (consistent with the
expectation that over 80% ofi jets
would arise from gquark Showering)
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Ashish Kumar

Jest o p@Ebin multiet environment
— Presence of: W/Z ensure high Q% pQCD

= Clean environment: leptonic final state
provides clean signature, low: BG

— High statistics allows precision tests
Jest off MC Models

— Key sample to validate available MC tools
using experimental data

W/ Z+HE production sensitive to HE PDES
Significant irreducible background

— Top, Higgs, SUSY and many. BSM
SCenarios

— In particular, W/Z+-bb

Aspen 2011
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CDF Note 10216

NLO MCFM
CTEQ6 1" PDE
Hot =Mz prA(Z)
Non-pert. Cork: for
fragmentation and
UE estimated from
Pythia -lune'A

Ashish Kumar

[fb/(GeV/c)]

jet
T

o
3

6
T

Data / Theory

e o =
D OO o N

—e— CDFData L= 6.031"
[ Sytematic uncertainties
—— NLO MCFM CTEQ6.1M
Corrected to hadron level
1= M +pi(2), B,=13
-------- =20, 0 =py2
PDF uncertainties

2= u'w) +21 jetinclusive
pk' > 30 GeVie, Y| <2.1

100 200
I [GeVic]

/ —>u [+ Jets Cross Sectlons .

[fb/(GeV/c)]

jet
T

Q
T
~

9]
T

—
=]

—
DO -

Data / Theory
o o

NN .
)

CDF Run Il Preliminary

—e— CDF Data L= 6.0310"
] Sytematic uncertainties
—&— NLO MCFM CTEQ6.1M
Corrected to hadron level
Wg = Mg + pr(@), R=1.3
e W= 2y = H/2
PDF uncertainties

——

Zly (=) +22 jets inclusive
p*' 230 GeVie, Y™ <2.1

—t=

100 200
It [GeVic]

Data well described by NLO QCD: (MCEM)

Scale uncertainties : 10-15%

Aspen 2011
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CDENote 10394

/y—)

NLO MCFM
CTEQ6 1" PDE
Hot =Mz prA(Z)
Non-pert. Cork: for
fragmentation and
UE estimated from
Pythia -lune'A

Ashish Kumar

g+ Jets @ross Sectlons .

[fb/(GeV/c)]

jet
T

do/dp

Data / Theory

3 2, =1

—

e o =
D O o N

Nl >1

CDF Run Il Preliminary

—e— CDF Data L = 6.17 fb"
] Sytematic uncertainties
—e— NLO MCFM CTEQ6.1M
Corrected to hadron level
Hg = M; +D3(2), Ry=13
W=2u,51=12
PDF uncertainties

ny (—e'e)+21 jet inclusive
p*' >30 GeVic, |[Y*|<2.1

100 200
 [GeVic]

[fb/(GeV/c)]

jet
T

o
°
g
o

Data / Theory

B = & fop
=2

CDF Run Il Preliminary

—+— CDF Data L = 6.17 fo”
[ sytematic uncertainties
—o— NLO MCFM CTEQS.1M
Corrected to hadron level
5= MG + (2), Ryp=1.3
o U= 241 S =2
PDF uncertainties

N

jet

g

ny (oe'e)+22 jets inclusive
Pk >30 GeVie, [Y™ | <2.1

——

Measurements are well described by MCEM NLO

Scale uncert. :

Aspen 2011

10'- 15%, PDFE uncert. :

2 — 15%

18



CDENote 10216,103&[_

[y=+Jets Cross Sections

—e— CDF Data L= 6.03 fb" a —e— CDF Data L= 61 7'fb" p
[J Sytematic uncertainties = [ Sytematic uncertainties
—A— LO MCFM CTEQ6.1M —4— LO MCFM CTEQ6.1M
—o— NLO MCFM CTEQ6.1M 2 —&— NLO MCFM CTEQ6.1M
Corrected to hadron level z Czorreczled to hadron level
12 = M2 +p7(2), R,,,=1.3 Mo = Mz +pr(Z), R, =1.3
Al Sl e e U= 2050 = 12
IIIIIIIII MG L % P
----- PDF uncertainties PDF uncertainties

Zly*—>ete

_—,—

z’.y* RN "l'+ — —

Z’ * + . 2" = t - l -
Z/y*(— u'Ww) + >N jets inclusive j; (:a : ge) v+/c | \I'g'|s :291USIVE
== > : <2
p >30 GeVre, V| < 2.1 Pr

Data/LO
Data/LO

(Goed agreement between data & NLO prediction in =1, =2 jet bins
ForeNie =135 only LO calculation available

Systematic uncertainties : 5—15%, JES dominant

[Data suggest a common ratio to LLO of ~ 1.4

Ashish Kumar
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ZIyAEAIRRIEL(S) s Angular Correlations)

-
HISINEasUEmEeEntsTeiangular
correlatlons PELWEER Ziand

o 'boost 1/2(YZ B Yet)
Searisitiva te C)CP) radlatlon :
it Of PS MOUE!RaSSUMPLIONS:

ICH

& B Ediff: CroSs-Sections are
S nonmalizedtorinell o(Z)
= BESAVOIAS systematic of JES

" p#>25 GeV (avoid soft
Ffects)

= Small’Ad(Z,jet) excluded from
MCEM due to importance of:

non pert. Effects — reasonable
agreement

Ashish Kumar

7 o 4AG (1/7ad)

1o, x

Ratio to SHERPA

31 === NLO pQCD

D2, =10

@ Data

== NLO pQCD + corr.
=11 SHERPA

65 < M,,< 115 GeV
|y"| <17,/ >25GeV

Reone=0.5, p >20GeV, <28

o Data
aml0 DOCD
— Scale & PDF unc. - -Scale & PDF unc.

s
_ -
i #
4
X
-
f P
¢ 7
o
/#
r

SHERPA scale unc.

1 15 2 25
Ad(Z, jet) (rad)

Ratio to SHERPA

Ratio to SHERPA

® Data

® Data

7| == ALP+HER

== PYTHIA Perugia*

2 =i HERWIGHJIMMY = =PYTHIA Tune QW

= Al P+PY Perugia*
= m Al P+PY Tune QW

25
Ad(Z, jet) (rad)

Shape of angular observables best described
by SHERPA, but large scale uncertainties:

Alpgen + Pythia (perugia) close to SHERPA.

Aspen 2011

20



Ashish Kumar Aspen 2011 21



S{clentifyingdo-jets

- Displaced
cks

Secondary
Vertex

HCOMIMONNP tadyINarechnyue
ExploISHenGNITEMEro=hadrens

".' SNRECONSERUCE Secondany, Vertex pmy
Eiomidisplaced tracks (ot from T
SpHMaRAVEREX) Inside jet

- -‘tDF’ SecVix ta%g based on
.”Iarge transyerse displacement (L,y)

== 0" NN based on combination of
== = Wanables sensitive to presence of
= displaced tracks forming Sec. Vix.

-
P
-
&

~ o
o o o

(=]
=
-9
Q
c
o
(&
kS
[T
L
e
D
-
o]

W A O O

o

1 10
Fake Rate (%)
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Total

S
P DO, 4.2 fb™
. P
Tt Data
o : 2
o R YA
SENINPEIEN Y ECKAIOUNG e therSV W Lightjats

IESISEATCHNNZERCHaNRE]

BechiGel ationtoffmany. systematics
N ECISEICOMPaniSen With theory

— el e

e Consider ee/juu channels
= o Jets:: R=0.5, p;>20 GeV, |n|<2.5 Z+b)/c(Z+jet
e Events with =1 b-tags identified o )=/%§019]2 j): 0.0022 £ 0.0015

using NIN“tagger 5
o Use discriminant with Secondar MCEMINLO = 0.0185 * 0.0022

vertex Mass and jet lifetime prob. -Most precise till date
to separate b-jets from ¢ & light -Extends kinematic region of: jets

* Fit Data — Bkgd with templates of -Consistent with CDE result @ 2 fbt:
discriminant to extract Z+b fraction 0.0208 £ 0.0033 £ 0.0034
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° {mpertant DACKGIOUNG O hE
 rliges search IAVHIGhanRneland

J WQ (l=2,u) seIection

._J:z?‘*- 1 or 2 in ﬂnal state

—

e R = 04 P>20:GeV, [n|<1.5

é_,o = 1Fbetagaed jet, SecVix algorithm

= Determine Wb fraction from fit to
Vertex: Mass: distribution M .

e |Vajor backgrounds
ttbar (40%), single top (30%)
Fake W (15%), WZ (5%)

Ashish Kumar

i+ Data

I:::j bottom contribution

|:1 charm contribution

|]]]]]]:|] LF conftribution

| e Summied contribution
b= 743+ 4.7(stat)+ 6.4[syst) %
“= 159+ 5.5(stat) %
F= 12,6+ 3.5(stat) %

- .4!{1\\'@5

e e Y R Y- w

M, (GeV/c?)

e |[Measurement
oXBR = 2.74 £ 0.27+ 0.42 pb
*  Prediction
NLO : 1.22 £ 0.14 pb
(Campbell, Cordero, Reina)
Pythia : 1.10 pb, Alpgen : 0.78 pb

—Measurement substantially higher

Aspen 2011 24



GCDF Note 10089

- — W+Cjet

J 3 -F o fusien) 4 220
SSsensitive torgluon;and s-quanksPDE
3G for Sinlejle toe), Wi

Crjetsiareldentified by soft lepton
tagging (SLy)ralgorithm

= EXploit charge correlation between
lepton from W decay: and SLT; lepton

_‘—  —\Wcevents : Opp. Sign.

Most ofi BG processes! like Wcc give T
Opp: sign: & same sign almost equally t

= [look e excess ofi N®5'— NSS

CDF @ 4.3 bt
D> 20 GeV, [neiet|<1.5

Alpgen = 16.5 £ 4.7 pb
Ashish Kumar | Aspen 2011 25




Imary é-i@utlook,m“

JEvation has a rich physicsiprogram for QED ana|yses Which

'nassigmrr*:r advancediourunderstanding GVertheye
2 eIl RGeSt |
E r~nJr otls data leading to better precision

.s-'-

& OJJ Tstandlng of these processes critical for SM Higgs
andiNPisearches

J l‘/ur- esults with better statistics will become available soon.
—— J—ﬁf ‘Tb 1 data expected by end of Tevatron operation in 2011.
= _.:"-Sfay ‘tuned for the more exciting results from the Tevatron

- s A -__J

= -g,,experlments

— el
I

I

-
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Anularity and Planarfiowiane jet
PEN N ESFEXPECIEUMONIIOVIEE
GHININAaUON O MASSIVE Jets arising
' '.o @EDIpreduction andiother
urces SUGHIaS tep: production.

=Angularityis sensitive to the degree
mmetry OffEnergy, deposition

=Planar fiew distinguishes planar from
Sinearrconfigurations

——
o —

= _~Both Variables are IR=safe and' less
SSGEpendent ontjet finding algerithm.

=
_—
—
-

Ashish Kumar

== Midpoint

-2 Midpoint/SC

Arbitrary Units / bin of 0.002

—— Midpoint
—=— Midpoint/SC

# —=— Anti-k;
+:‘:—'~— b —F o

Arbitrary Units / bin of 0.1

04 05 0.6
Planar Flow
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—

SHSTROGEUre ofiligh p Jets =ik
i R j -

’?{'a’—

j o
my z

i< jer

WhHEre wfﬁ the energy of a component inside the jet (such as a calorimeter
LOWERELiimiting the parameter a < 2 ensures IR safety, as can be directly

m the expression on the right hand side of the equation which is
-small angle radiation 6, << 1.
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SustRuctine ofsHigh p Jets,=lild

—" | —

PL’-J :

Where m; is the jet mass, W, IS the energ of particle i in the jet, and p;, is
e componentoffits transversermomentum relative to the jet
omentum axis. Given I, we define Pf for that jet as

det(I) o AX 1 Ao

tr(Iw)2 (A +2A2)2

.-

-'

-
-

P
-~

Pf =4

A,_
=

}‘1 ré Ay, are the eigenvalues of I,. P vanishes for linear shapes and
= proaches unity for isotropic dep05|t|ons of energy.

CDFRunll,L =6 b
—e— Midpoint
= : —— Midpoint/SC

# —=— Anti-k;
+:‘:_ __.. . o

e
o
—
[=]
£
K=]
-
7]
=
c
|
-
m©
=
£
<

04 05 06
Planar Flow
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' PRDISIN052006H@UT0) Y + 0 jet

SSRNSEIatEE R RET>20) GEV/ |7 S0
J el - EqJet>20 GeV, |yE <15
Telantiy o-j2t Usinle) digolzlesd
SEEONEERAENLGCES

J ,fn Brerine the frachion o A-bljet Photon £, Ge)

VNI LUTGREHENSECON AR/ AVEREX
IESSIEMIPIALES

CDF Runll
Diata (208340 phi Yy

(u™n= |_|F"'"-‘=p:';; All errors

doly + bjet)dE (pb/GeV)

3
2
§
e
E

Data: L ~ 340 pb™

40
Photon E_ (GeV)

quark fraction

quark fraction
[ ] light-quark fraction

e Data well described by NLO
I%Tnjllc:ulations using CTEQ6.6
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WZ(Eee)Hjets Measurement

- Ir”

Zi'» e'w) 4 =1 jetinclusive  COF Run Il Preliminary Z"-]'E." e'e) + =2 jets inclusive  CDF Run Il Preliminary
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Lot L -
@, i & 1 E £
é [ AT é : [ ErF
= =
B B
5 5

80 100 120 140
My, [GeVicT]

CDF Bun IT Preliminary

Backgrounds Estimated events in 6.17 fh°
Zr-1jet|Z + = 2 jets|Z + = 3 jets|Z + = 4 jeis

QCD, W Jet 21753 67.5x10.1 7.6+ 1.1 0.7 0.1
L — ete B3 8+ 1451 320196 1.8+ 05 0.1 0.0
WW 225 AW 1640 £ 492 | 61.5 X+ 1B.5 6.1+ 1.9 0.5+ 0.2
i 0.5+ 14.9 2084+ 9.0 i6+14 0.6+ 0.2
LI — T 4+ jet 16.3 4.9 0.0 = 0.0 0.0 £+ 0.0 0.0 x 0.
Total Backgrounds | 1216 + 172 191 + 25 23+2T 1.8 +0.3
Data 20032 £ 142 | 2130 £ 46 18T £ 13.7 150+ 349

Ashish Kumar Aspen 2011



S E— et Jets

p— T

[Latestresults with 61 fiit

- KINEMaLiC Selection
=25 NEEVA 1| <100, 66 <M} <106/ GEY
pPRESB0IGEY) |V[<2.1, R'="0.7.

SENEVENISHIS000, 1500, 1300nZ+=1
Vet =22, =31 jet bins

-

B ECRETOUNGESE
QED multisiet, WHjets (data-driven)
- __,,Z,Y’ TOp, DibOSOﬂ, 7511 (MC) CDF Run Il Preliminary
~ — Total BG 5-10% e e

B z+y

I QCD, W + jet, DIF
tt
W zz. zw, ww

CDF 1II Preliminary

Estimated events in 6.03 fb~ |
(7> 1jet [ZF > 2 jets[Z + > B jots|
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