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Outline

• Jet Production
•   a) Inclusive jets
•   b) Dijets
•   c) 3-jets
• Z/W + Jet(s) 
• Photon Production (+ Jet)
• Double Parton 

Interactions
• Diphotons
• Hadron Production
• Underlying Event



 Kinematical regions in x ­ Q**2 plane



Unique sensitivity to new physics:
   - new particles decaying to jets,    
   - quark compositeness, 
   - extra dimensions,  
   - …(?)…

theory @NLO is reliable (±10%)
 Precision phenomenology
    - sensitivity to PDFs  high-x gluon

- sensitive to 

8

Jets and Parent Partons

xT

largest high pT cross 
section

at a hadron collider
 highest energy 

reach

In the absence of new physics: 

jet

jet
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     Inclusive jets 
Production

H
A

D
H

A
D

E
M

E
M

Calorimeter­level jetsCalorimeter­level jets

Underlying eventUnderlying event

Hadronic showersHadronic showers

EM showersEM showers

Hadron­level jetsHadron­level jets

Parton­level jetsParton­level jets

HadronizationHadronization

Unfold measurements to
the hadron (particle) level

Correct parton­level theory
for non­perturbative effects
(hadronization & underlying event) 

Jets are collimated spray of particles
originating from parton fragmentation.
 To be defined by an algorithm



Inclusive jets 



Inclusive jets 



Inclusive jets , CDF

 * 5 IyI  intervals 

 * L = 1.13 fb-1
 * CTEQ6.1 & MRST2004 

    comparison with  2 other  jet clustering 

    algorithms: k-t  and   
SISConereasonnable

  Phys. Rev. D 78, 052006 (2008) 



Inclusive jets , CDF 

Midpoint Cone vs KT algorithm:  good agreement over a large range of 
y and P_T  



Inclusive jets , D0

pT (GeV)

*6 IyI  intervals with 110 data points

* L = 0.7 fb-1

*FASTNLO(based on NLOJET++) and the

 PDFs  from  the CTEQ6.5M are compared 

 to the data

*correction for nonpertubative effects (underling

   events and hadronization) was done by PYTHIA 

*8 orders of magnitude from PT=50 toPT>600GeV

   Phys. Rev. Lett. 101, 062001 (2008)

  data/theory (CTEQ6.5M)

  - - - -    CTEQ6.5 uncertainty

  . . . . .   MRST2004 predictions

 *  factoriz. and renormaliz.  scales

      uncertanties ~10% --15%

 *  the full systematic  uncertainties  

    are similare in size to PDF 

      uncertanies. 

 



        

inclusive jet cross section is sensitive to 

 

jet

jet

previous CDF result from Run I:
 PRL88, 042001 (2002)

 

Strong coupling constant from D0 inclusive 
jets data



Strong coupling constant from D0 inclusive 
jets data

“World 
average”:

0.1184 +/- 
0.0007

From combined
 HERA jet data:

22 (out of 110) inclusive jet 
Xsection

data points at 50 < P_T < 145 GeV
 

NLO + 2-loop threshold corrections 

MSTW2008NNLO PDFs

0.1189 +/- 
0.0032

D0: 

   Phys. Rev.  D 80 111107(R)  (2009)

The only Run II result on alfa_s   

 



Strong coupling constant from D0 inclusive jets 
data

Highest PT measurement of strong  coupling  constant  to date

   Review of Particle  Physics 2008
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Inclusive Jets: Tevatron vs. LHC

PDF sensitivity:
 compare jet cross section at 

fixed
        xT = 2 pT / sqrt(s)

Tevatron  (ppbar)
>100x higher cross section @ all 

xT 

>200x higher cross section @ xT 
>0.5

LHC  (pp)
• need more than 2400 fb-1 

luminosity
to improve Tevatron@12 fb-1

• more high-x gluon contributions
• but more steeply falling cross 

sect.
at highest pT (=larger 
uncertainties) 

 Tevatron results will dominate high-x gluon for some years



central dijet production   |
y|<1 

      test  pQCD predictions
• sensitive to  new  

particles 
• decaying  into  dijets: 
• excited quarks, Z’, W’, 
• Randall-Sundrum  

gravitons, 
• color-octet,  techni-rho, 

axigluons,  colorons

 data with Mjj > 1.2 TeV!
 all described by NLO pQCD
 no indications for resonances
 set limits on new particles

    Phys. Rev. D 79, 112002 (2009)  

Dijet Mass Spectrum , CDF



Compare  data   to  
predicted 

signal  shapes, 
e.g. exited quarks

Dijet Mass Spectrum , 
CDF

  Phys. Rev. D 79, 112002(2009) 
 



Dijet Mass Spectrum , CDF

     Phys. Rev. D 79, 112002 (2009)  



Dijet mass spectrum , CDF

is sensitive to new particles decaying into dijets: exited quarks, Z’, W’,
  Randail-Sundrum gravitons, coler-octet, techni-rho,axigluons, colorons
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*   L = 0.7 fb­1

*  6 |y| - regions 
*  0 < |y|  < 2.4

 Extend QCD test to 
forward region 

NLOpQCD predictions
(fastNLO, based  on 

NLOJET++ ) using 
MSTW2008NLO

Dijet mass spectrum , D0

   Data with Mjj described by 

NLO pQCD + non-Perturbative 
               corrections
No indications for resonanses

  

                  

    

    arXiv: 1002 .4594v1 [ hep-ex] 24Feb 2010
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Ratio of data over theoretical 
prediction

(NLO pQCD + non­Perturbative) 
usung   MSTW2008NLO PDFs

. . . . . . . CTEQ6.6  prediction  too high 

- - - - -   PDF MSTW2008NLO uncertanty 
- - - - -   scale uncertainty

Data  are well  described by NLO QCD

predictions using  MSTW2008NLO  in

all   six rapidity regions.

               
  

                  

    

Dijet mass spectrum , D0
     Data to Theory Ratio 



variable:

at LO, related to CM scattering 
angle

• flat for Rutherford scattering
• slightly shaped in QCD  
• new physics, like

      - quark compositeness
      - extra spatial dimensions
 enhancements at low  

 

26small y large y

  Phys. Rev. Lett.  103,191803  (2009)  

Dijet angular distribution , D0
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Measurement for dijet masses
from 0.25 TeV  to  >1.1 TeV 

 normalized distribution                   

 reduced experimental 
    and theoretical uncertainties 

Dijet angular distribution , D0
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Measurement for dijet masses
from 0.25 TeV  to  >1.1 TeV 

 normalized distribution                   

 reduced experimental 
    and theoretical uncertainties 

First   time: 

Rutherford experiment above 1TeV  

S
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Dijet angular distribution , D0



Dijet angular distribution , D0



K_t  distribution of Particles in Jets , CDF

Phys.Rev. Lett. 102

      232002 (2009)

Modified  Leading Log
Approximation MLLA +
local -hadron- parton   

Duality (LPHD)
Jet  “hardness”

  Q=E_jet  x angle
? Pertubative hard  or
non-perturbative  soft
hadronization domina

te?



signal background background

 Exclusive diffractive dijet 
(EDP)

  Single diffractive 
(SDS)  Inclusive double pomeron (IDP)

require 2 central jets, 
study forward region 

Study mechanism of EDP
production at high dijet 

mass

Discriminant: ∆=

designed to discriminate 
against 
different bkgds simultaneously

Exclusive Dijet Production, D0

   NDF=non-difractive 

 

   D0 Note  6042 - CONF (2010)



Exclusive Dijet Production, D0

 *Discriminant works well

 *26 candidate events are

    observed in ∆ >.85 region, 

 * total bkgd prediction is of

                    events

 *4.1σ evidence of EDP at high

   dijet  invariant mass Mjj > 100 GeV



3-jet mass cross section , D0
      D0 Note 6043 --CONF   (2010)



3-jet Mass Cross Section , 
D0



3-jet mass cross section , D0



Ratios of Multi-Jet Cross Sections,  R3/2 , 
D0

         D0 Note 6032--CONF (2010)



Ratios of Multi-Jet Cross Sections,  
R3/2 , D0



Ratios of Multi-Jet Cross Sections, R3/2, D0
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.

Z/W + Jets

  Fixed-order: NLO

  LO + Parton Shower   
Backgrounds to New Physics
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Provide detailed measurements of pT  and angular distributions
of vector boson and jet
 test perturbative QCD calculations
 testing and tuning of phenomenological models  

Z

q

g
q

• relevant to other high-multiplicity processes 
• background to Higgs

Vector Boson  + Jets  (Njet =1, 2, 3 …)



     Phys.Lett. B, 669, 278 (2008)

Differential Z/gamma + 1jet+ X cross section , 
D0

L= 1 fb-1

Pt- jet  
dependence

Jet- rapidity 
dependence



Differential  Z/gamma + 1jet+ X cross 
section , D0

Pt- Z  
dependence

Z- rapidity 
dependence

 1.The shapes are 

    well  described 

    by   NLOpQCD

 2.Cross section 

     at  lower  Pt-Z

   is  dominated by

  non -perturbative 

          process.

 



Differential  Z/gamma + 1jet+ X angular distributions, 
D0

     Phys.Lett. B, 682, 370 (2010)

  

   SHERPA

    is  preferred

      by data

L= 1 fb-1



Differential  Z/gamma + 1jet+ X angular distributions, 
D0



Inclusive Jet Cross Sections in 
Z/gamma(e+e-) + jets+ X Production , CDF

  Phys. Rev. Lett. , 100,  102001 (2008)
L= 1.7 fb-1

Measured cross sections are well des-

cribed by NLOpQCD + non-pertubative 

66< Mee <116 
GeV

σ



  CDF note 10216, July 10 , 2010L= 6.0 fb-1 66 < Mmumu < 116 
GeV

Inclusive Jet Cross Sections 
Z/gamma(           ) + jets+ X   Production, μμ−



                Inclusive Jet Cross Sections                
  Z/gamma(        ) + jets+ X   Production  μμ−

         decrease by more than  3 orders of magnitudeσ



Jets  Multiplicity  in 
Z/gamma(        ) + jets+ X   Production,  CDF

       The measurements

       are well described

                    by

 NLOpQCD + non-pertubative

        corrections which are

estimated with PYHTIA-Tune A

              MC simulation

μμ−
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Measurement of 1st, 2nd and 3rd jet pT  in Z events:
normalize to inclusive Z production (cancel some 
uncertainties)   compare to pQCD  @ LO / NLO

Leading jet in Z + jet + 
X

Second jet in Z + 2jet + XThird jet in Z + 3jet + 
X

 FERMILAB-PUB-09-066-E

arXiv:0903.1748v2 [hep-ex] 

             4Aug 2009

 Cross Section for Z/gamma + jets (1,2,3) + X,  
D0
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Ratios of data and different MC generators   favor ALPGEN +PYTHIA w/ low scale
For  “ALPGEN + PYTHA”  ( - - - )  scales (factoriz.  and renorm.) can be chosen so that
a good, simultaneous agreement  with data  is achieved for all three leading jets .

Leading jet in Z + 
jet + X

Second jet in Z + 2jet + XThird jet in Z + 3jet + 
X

 Cross Section for Z/gamma + jets (1,2,3) + X  



 Ratio of Cross Sections Z + b-jet/Z+jet ,  D0

 

         (Z + b-jet) /    (Z +jet) = 0.021       0.005σ σ

σ

±

±

 D0:  
Phys. Rev. Lett.,  

94,  161801 (2005) 

±          =0.208   0.0033(stat.)   0.0034(syst.)

L= 180 pb-1

 CDF :   Phys. Rev., D, 79, 052008 (2009) 

L= 2.0 fb-1



 Ratio of Cross Sections Z + b-jet/Z+jet ,  D0

L= 4.2 fb-1    D0 Note 6053--CONF (2010)



 Ratio of Cross Sections Z + b-jet/Z+jet ,  D0



 Ratio of Cross Sections Z + b-jet/Z+jet 



 Ratio of Cross Sections Z + b-jet/Z+jet , 
 D0

 

        (Z + b-jet) /    (Z +jet) = 0.021       0.005σ σ

σ

±

±

 D0:  Phys. Rev. Lett.,  
94,  161801 (2005) 

   = 0.0208        0.0033(stat.)      0.0034(syst.)

L= 180 pb-1

 CDF : Phys. Rev., D, 

79, 052008 (2009)

 L= 2.0 fb-1

D0:   L= 4.2 fb-1

±



 Cross Section for W + jets+ X   Production,  CDF

  Phys.Rev. D 77, 011108(R)  (2008)

L= 320 pb-1



 Cross Section for W + b-jet + X   Production,  CDF

L= 1.9 fb-1   Phys.Rev. Lett.  104, 131801  (2010)

σ b-jets (W+b-jets) ⋅ BR(W → l v) = 2.74 ± 0.27 (stat) ± 0.42(syst) pb



Ratio of the W+c­jet+X Cross Section to the
W +jets+X Cross Section, D0

 FERMILAB-PUB-08/062-E

arXiv:0803.2259v1 [hep-ex] 

            14 Mar 2008

 Ratio is close to the prediction  
of  Alpgen + PYTHIA 

Relative transverse momentum of the  jet-muon  

with respect  to the jet axis, PT^{rel},  shows  the

consistency between data and the  c-jet expectation.



Ratio of the W+c­jet+X Cross Section to the
W +jets+X Cross Section, D0

μμ−
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.

 Photons 

  test theory

fixed order: NLO  
resummation

PDFs
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(all quark/anti-quark
subprocesses)

direct photons emerge unaltered from the hard subprocess 
 direct probe of the hard scattering dynamics

 sensitivity to PDFs  (gluon!)  …but only if theory works 

also fragmentation contributions:

   suppress by isolation criterion
 observable:  isolated photons

Direct Photon Production
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pT
γ  (GeV)

• CDF and D0 measurements: 20< pT  <400GeV  agreement

• data/theory: difference in low pT  shape

• experimental and theory uncertainties  >  PDF uncertainty
                  no PDF sensitivity yet

• first: need to understand discrepancies in shape 

pT
γ  (GeV)

   Phys. Lett. B,  639, 151 (2006), D0 

Inclusive Isolated Photons 



In D0 2006 publication on the  prompt photons production the 
deviations  from  the corresponding pQCD  predictions, previously 
founded  in  RunI  data,  are observed in a more  wide  kinematical  
region  and  with  higher statistics. This result was confirmed by 
CDF measurement in 2009 (DIS09, Madrid). 

D0 (2006) ratio  data / 
QCD_NLO CDF (2009) ratio  data / 

QCD_NLO





pT
γ  (GeV)

66

L = 1 fbL = 1 fb-1-1

investigate source for disagreement
in data/theory incl. photon pT shape:

measure more differential:
• tag photon and jet 

 reconstruct full event kinematics

• measure in 4 regions of yγ  / yjet

   - photon: central
  - jet: central / forward
  - same side / opposite side

•  different PDF sensitivity in 
different
 yγ  / yjet regions

   Phys. Rev. Lett. 102, 192002 (2009)

 look at ratios for quantitative statement …

Inclusive Isolated Photon + Jet 



Difference between data and QCD predictions for cross sections (left) 
               and their ratios (right)  in 4 different rapidity (y) regions 

Inclusive Isolated Photon + Jet 
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Phys. Rev. Lett. 102, 192002 (2009) 

Photon + (b/c) jet + X
Photon pT : 30-150 GeV

0.01<x<0.3     b, c, gluon PDF
 test gluon splitting contribution

tag photon and jet 
Rapidities:

 triple differential 

Isolated Photon + HF Jet 
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 photon+b: 
    agreement over full 
    pT range: 30-150 GeV
     no PDF sensitivity

 photon+c: 
    - agree only at pT<50GeV
    - disagreement increases
      with photon pT 

    - using PDF including 
      intrinsic charm (IC)
      improves the theory
      pT dependence

pT
γ  (GeV)

L = 1 fbL = 1 fb-1-1

Isolated Photon + HF Jet 



Phys. Rev. D. 81, 052006 (2010) 

Isolated Photon + b-Jet  Xsection, CDF

L= 0.5 fb-1
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.

 Double Parton Scattering

Signal                                    DP background



  Phys. Rev. D, 81,  052012 (2010) 





Double parton cross sections, D0
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Calculated for the pair that gives 
the minimum value of S: 

Double parton events selection, D0



Double parton cross sections, D0



Double parton cross sections, D0
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.Direct  Photon Pair (DPP) Production

At  the Tevatron DPP is strongly  dominated  (at  high  M_gam-
gam)  by qqbar,  while  at  the LHC gg  and qg  will  give the 

main contribution 



Direct Photon Pair Production, CDF 

  CDF note 10160,   May 17 , 2010
L= 5.4 fb-1



Direct Photon Pair Production, CDF 



Direct Photon
Pair (DPP) Single

 differential
cross sections 

 d___ /dx 
(x=M,PT,angles)

σ

RESBOS  (- - - -)  shows the
 best agreement with data

FERMILAB --PUB--10--039  (2010) 

L= 4.2 fb-1

High PT_gam-gam  and 

low D_phi  data discrepances



Direct Photon Pair Double Differential 
Xsections  

30 < M_gam-gam <

                 < 50 GeV

50 < M_gam-gam <

                 < 80 GeV



Direct Photon Pair Double Differential Xsections  

80 < M_gam-gam <

               < 350 GeV

None of the theoretical predictions considered is able to describe
the  DPP data well in all kinematical regions of 4 variables. May be
NNLO corrections to RESBOS  will improve  the description of the
  high PT_gam-gam  (low D_phi) spectrum at low M_gam-gam?



Exclusive  Photon Pair  Production in ppbar,  
CDF  

Phys. Rev. Lett. 99,  242002 (2007)  L=  532 pb-1

  

 The process is closely relatede to

 exclusive Higgs boson production

 at the LHC  p + p  p + H + p  ( gg

 fusion through a top quark  loop)

Three candidate events for exclusive

gamma-gamma, pi0-pi0, or         

production are observed with the

 expected bkgd of 0.09 +/- 0.04 events

η

ηη

η
 Two electromagnetic  showers with

  E_t > 5 GeV and |y| < 1.0  with no

  other particles detected in the event

  in the range  |y| <7.4.



Exclusive  J/Psi, Psi(2S) and  Production in
ppbar  collisions,  CDF  

   arXiv: 0902.1271,  (2010)L= 1.48 fb-1

Analogous to HERA observations in ep,

first  time in hadron –hadron collisions.
Cross sections dsigma/dy/ y=0 are  measured

 for  the  first  time in hadron –hadron collisions.

σΨ
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.

Differential Cross Section in  elastic

ppbar  Scattering



 Differential cross section of ppbar elastic Xsection  

  D0 note  6056--Conf,  April,  2010L= 30 nb-1



 Differential cross section of ppbar elastic 
Xsection  



• Hadron 
Production



Hyperon Production in ppbar 
collisions, CDF   

 Differential cross section of ppbar elastic 
Xsection  
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.

Underlying Event

MC Generator Tuning
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goal: improve understanding and modeling of high energy collider events

define 3 regions in an event, 
based on the leading jet
• “toward” 
• “away”
• “transverse”

 

­1  +1 

φ 

2π 

0 
η 

Leading 
Jet 

Toward Region 

Transverse 
Region 

Transverse 
Region 

Away Region 

Away Region 

“transverse” region 
 very sensitive to underlying event

 
study (in all regions)
• charged particle density

• pT  sum density

• ET  sum density 

  Jet #  Direction1  
∆φ 

“Toward” 

“Transverse”  “Transverse” 

“Away” 

     There should be a
   much higher professional

talk  on UE of  R. Field (CDF)

Underlying  Event  Studies  
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comparison of three regions in DY:
• “away” region: pT density increases 

with lepton pair pT 

• “transverse”, “toward” regions:
 pT density flat with lepton pair pT

comparison of “transverse” 
region
between jets and DY

• similar trend in both
• tuned PYTHIA describes data 

  charged pT sum density

Underlying  Event  in Drell-Yan and Jet  Production
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  There are  many  things to do in the  nearest  future

   Now we have the results with up to 4 fb—1   

   Next  year we  expect  about   12 fb-1  

 
• New high precision results
• Consistency between experiments

Summary  
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Backup
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           Isolated Photon + Jet

pT
γ  (GeV)

quark-gluon subprocess fraction in
different rapidity regions versus pT
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