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Di-jet events

What? - Di-jet events
QCD and jets: experiment 7

What is a jet (V)? pp → jet + jet + Anything

J Terrón (Madrid) Göttingen, HASCO2014 July 21st, 2014

2 / 12



What? Why? Where? \ Who? \ When? How? Results Conclusions

Searches

Why? - Searches

I search for new resonances;

I constrain PDFs;

I measure pp → dijet

cross-section.

      

94

Dijet “bump search”

C. Doglioni – Experimental aspects of jets – HASCO, 22/07/14

New particles  new resonances→

If resonance decays hadronically:
Bump in the invariant mass 

spectrum of two central, leading jets

Background estimation: smooth fit to data
Crucial to have jet performance
under control to discover new particles!

No evidence of signal  →
constraining TeV-scale masses for many new particles

Jets: most copiously produced high-pT 
objects at the LHC
 new physics could →

show up early in jet signatures Image by Dag Gillberg

arXiv:1407.1376

Figure : Peaks on QCD background, indicate the

existence of new particles.
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The ATLAS detector

Where? \ Who? \ When? - The ATLAS detector

I 2011 dataset;

I
√
s = 7TeV ;

I 4.5fb−1;
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Selection Unfolding Perturbative calculations

How? - Selection

I cut on transverse

momentum: pT > 100GeV

for the primary jet,

pT > 50GeV for the

secondary jet;

I Anti − kT algortithm used

for jet reconstruction with

radius paramiter R = 0.4 and

R = 0.6;

I measure differential

cross-section as a function of

invariant mass in different

rapidity intervals, (y∗);

I results are compare with

calculations based on a

variety of PDF

parametrizations.
Shahram Rahatlou, Roma Sapienza & INFN

GLUON&DENSITY&FUNCTION

13

QCD lecture 2 (p. 26)

Determining full PDFs

Global fits
Gluon distribution

 0
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x

xq(x), xg(x)

Q2 = 10 GeV2

uV

dS, uS

gluon

CTEQ6D fit
Gluon distribution is HUGE!

Can we really trust it?

! Consistency: momentum sum-rule
is now satisfied.

NB: gluon mostly at small x

! Agrees with vast range of data

• Gluons dominate by far at low x

• LHC dominated mainly by 
gluon-gluon fusion (hard scattering 
of 2 gluons) at low x

• Different experimental signatures 
for qq, q-anti-q and qg hard 
scattering
– also very different cross sections
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Selection Unfolding Perturbative calculations

How? - Unfolding[
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(b) Electroweak corrections

Figure 1. Non-perturbative corrections (ratio of particle-level cross-sections to parton-level cross-

sections) obtained using various MC generators and tunes are shown in (a), for the differential dijet

cross-sections as a function of dijet mass in the range 1.0 ≤ y∗ < 1.5 with values of jet radius

parameter R = 0.4 and R = 0.6. Uncertainties are taken as the envelope of the various curves.

Electroweak corrections are shown in (b) as a function of dijet mass in multiple ranges of y∗ [51],

for jet radius parameter R = 0.6.

in the prediction. The maximal deviations from the nominal prediction are taken as the

uncertainty due to the scale choice. The scale uncertainty is generally within +5%
−15% for the

R = 0.4 calculation, and ±10% for the R = 0.6 calculation.

The uncertainties on the cross-sections due to that on αS are estimated using two

additional proton PDF sets, for which different values of αS are assumed in the fits. This

follows the recommended prescription in ref. [52], such that the effect on the PDF set as

well as on the matrix elements is included. The resulting uncertainties are approximately

±4% across all dijet-mass and y∗ ranges considered in this analysis.

The multiple uncorrelated uncertainty components of each PDF set, as provided by

the various PDF analyses, are also propagated through the theoretical calculations. The

PDF analyses generally derive these from the experimental uncertainties on the data used

in the fits. For the results shown in section 12 the standard Hessian sum in quadrature [53]

of the various independent components is taken. The NNPDF2.1 and NNPDF2.3 PDF

sets are exceptions, where uncertainties are expressed in terms of replicas instead of by

independent components. These replicas represent a collection of equally likely PDF sets,

where the data entering the PDF fit were varied within their experimental uncertainties.

For the plots shown in section 12, the uncertainties on the NNPDF PDF sets are propagated

using the RMS of the replicas, producing equivalent PDF uncertainties on the theoretical

predictions. For the frequentist method described in section 11, these replicas are used to

derive a covariance matrix for the theoretical predictions. The eigenvector decomposition

of this matrix provides a set of independent uncertainty components, which can be treated

in the same way as those in the other PDF sets.

– 7 –

g
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Selection Unfolding Perturbative calculations

How? - Perturbative calculations

Calculation of the hard scattering cross-section up to NLO

(A · α2
S + B · α3

S + H.O.)

Latest Results on Jet Production from the LHC 5

• Jet production in pp collisions up to NLO,O(α3
S), in perturbative QCD
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NLO pQCD calculations of jet production in pp collisions

• Jet production cross-section prediction

σpp→jet+X =
∑

i,j,a,b

∫ 1

0

dx1 fi/p(x1, µ2
F )

∫ 1

0

dx2 fj/p(x2, µ2
F ) σ̂ij→ab

• fi/p(x, µF ): parton “i” density in the proton, determined from experiment;
long-distance structure of the target

• σ̂ij→ab: subprocess cross section, calculable in pQCD;
short-distance structure of the interaction
J. Terrón 26th Rencontres de Blois, Particle Physics and Cosmology May 21st, 2014

Measurements and calculations are split into rapidity intervals, (y∗) for more

accurate comparison (Bjorken x).

Shahram Rahatlou, Roma Sapienza & INFN

CROSS&SECTION&CALCULATION
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Introduction Dynamical tolerance Jets W and Z data Strangeness FL Summary

Fixed-order collinear factorisation at hadron colliders

• The “standard” perturbative QCD
formalism: work at Leading-Order (LO),
Next-to-Leading Order (NLO), etc.

• Hadronic cross sections given by
convolution of partonic cross sections with
PDFs:

σAB =
∑

a,b=q,g

[
σ̂LO

ab + αS(Q2)σ̂NLO
ab + . . .

]
⊗ fa/A(xa, Q

2) ⊗ fb/B(xb, Q
2)

PDF evolution:
∂fa

∂ lnQ2
=

∑

a′=q,g

[
PLO

aa′ + αSPNLO
aa′ + . . .

]
⊗ fa′ .

αS evolution:
∂αS

∂ lnQ2
= −βLOα2

S − βNLOα3
S − . . . .

Need to extract input values fa(x , Q2
0 ) and αS(M2

Z ) from data.

Graeme Watt Parton distributions for the LHC 3/36

16/05/2008 LNFSS08 - Sara Diglio 3

�!"

!"

!a (x# ,Q2# ! b(x$, Q2#

$%&' are parameterizations of the partonic content of the proton;
at Hadron Colliders cross-section calculation is a convolution of the 

cross-section at parton level and PDFs:

Parton-Parton interactions

Sum over initial partonic states a,b Parton Density Function        hard scattering cross-section 

hadron collision
interaction between the partons
which constitute the hadrons:
not well defined parton energy

but energy distribution

At LHC pp collision

Introduction Dynamical tolerance Jets W and Z data Strangeness FL Summary

Fixed-order collinear factorisation at hadron colliders

• The “standard” perturbative QCD
formalism: work at Leading-Order (LO),
Next-to-Leading Order (NLO), etc.

• Hadronic cross sections given by
convolution of partonic cross sections with
PDFs:

σAB =
∑

a,b=q,g

[
σ̂LO

ab + αS(Q2)σ̂NLO
ab + . . .

]
⊗ fa/A(xa, Q

2) ⊗ fb/B(xb, Q
2)

PDF evolution:
∂fa

∂ lnQ2
=

∑

a′=q,g

[
PLO

aa′ + αSPNLO
aa′ + . . .

]
⊗ fa′ .

αS evolution:
∂αS

∂ lnQ2
= −βLOα2

S − βNLOα3
S − . . . .

Need to extract input values fa(x , Q2
0 ) and αS(M2

Z ) from data.

Graeme Watt Parton distributions for the LHC 3/36
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Cross section Theory/Data

Results - Cross section

Figure : Dijet double-differential cross-section for anti-kt jets with radius parameter R

= 0.4 and R = 0.6, shown as a function of dijet mass in different ranges of y∗.
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Cross section Theory/Data

Results - Theory/Data
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Figure : Ratio of the NLO QCD predictions of NLOJet++ to the measurements of

the dijet double-differential cross-section as a function of dijet mass in different ranges

of y∗.
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Cross section Theory/Data

Results - Theory/Data
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Figure : Ratio of the NLO QCD predictions of NLOJet++ to the measurements of

the dijet double-differential cross-section as a function of dijet mass in different ranges

of y∗.
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Conclusions

I no hints of new particles;

I good agreement with PDF parametrizations (except for one...);

I possible future application of this method (highest energy dijet

cross-section measurement so far).
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BACKUP SLIDES

Pseudo-rapidity � rapidity

m << E, pL

Shahram Rahatlou, Roma Sapienza & INFN

RAPIDITY&FOR&HIGH&ENERGY&PARTICLES
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Rapidity invariance under longitudinal boosts !"#$%%$&$'P6!&.&8$"W
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Shahram Rahatlou, Roma Sapienza & INFN

PSEUDO8RAPIDITY&INTERVALS&UNDER&BOOST

9

Boost along z axis:
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Sequential recombination algorithm: anti-kt

C. Doglioni – Experimental aspects of jets – HASCO, 22/07/14
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Figure 13. The χ2 distribution from pseudo-experiments of QCD plus CIs (black histogram) and

of the SM background (red histogram) using the full information on the uncertainties, including

their asymmetries and correlations, for both the pseudo-experiments (PEs) and the χ2 calculation.

The theoretical hypothesis is the NLO QCD plus CIs prediction based on the CT10 PDF set and

a compositeness scale Λ = 6.5 TeV. The blue (red) dashed vertical line indicates the observed

(expected) χ2, with the corresponding observed (expected) CLs value given in the legend (see

text). The plot corresponds to the measurement in the high dijet-mass subsample for the range

y∗ < 0.5 and jet radius parameter R = 0.6.

PDF set Λ [ TeV]

R = 0.4 R = 0.6

Exp Obs Exp Obs

CT10 7.3 7.2 7.1 7.1

HERAPDF1.5 7.5 7.7 7.3 7.7

MSTW 2008 7.3 7.0 7.1 6.9

NNPDF2.1 7.3 7.2 7.2 7.0

Table 3. Expected and observed lower limits at the 95% CL on the compositeness scale Λ of

the NLO QCD plus CIs model using the CT10, HERAPDF1.5, MSTW 2008, and NNPDF2.1 PDF

sets, for values of the jet radius parameter R = 0.4 and R = 0.6, using the measurements in the

range y∗ < 0.5 for the high dijet-mass subsample.

The sensitivity to the assumptions about the correlations between the jet energy cal-

ibration uncertainty components is also tested. An effect at the level of 0.01 TeV on the

lower limit for Λ is observed, consistent with the small changes seen for the comparisons

with the SM predictions in section 12.

To compare these results with those obtained by previous studies [14] using an ap-

proximate (rather than exact) NLO QCD plus CIs calculation, the cross-sections presented

here are also used to test the approximate NLO QCD plus CIs prediction. A scaling factor

computed from the ratio of the NLO to LO QCD calculations is applied to the sum of the

– 33 –
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Shahram Rahatlou, Roma Sapienza & INFN

LEPTON&ISOLATION
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Shahram Rahatlou, Roma Sapienza & INFN

PARTON&DENSITY&FUNCTIONS

1116/05/2008 LNFSS08 - Sara Diglio 4

i = uv, dv, g and sea
x = pparton / Ebeam (!)*+, -+-.,*/-01)!2*3+,0

Q2 = -+-.,*/-0*)!,'1.)

4+50!).0$%&6' 7.*.)-3,.78

9:%0().732*'0*;.0'2!<.07.(.,7.,2. +1013=>?9@#0*;)+/A;0%BCD$0.E+</*3+,0
.F/!*3+,'00GHI07+.'0,+*0!22/)!*.<J0().732*0*;.0>K7.(.,7.,2.05;32;0;!'0

,+,0(.)*/)"!*3E. +)3A3,

LM the x-dependence is parameterised at a fixed scale Q0
2:

� E!<.,2.0F/!)N'O 10P >� =LK>#� $=>#
� '.!QA</+,O 10P >K� =LK>#� $=>#

@M 13=>?9@# is evolved from Q0
2 to any other Q2 by numerically solving the 

DGLAP equations to various orders (LO,NLO, NNLO)
3. the free parameters are determined by fit to data from experimental 

observables =7!*!01)+- 4RSD0.>(.)3-.,*' 4L?0TRHU0?13>.7 *!)A.*0%VU0
.>(.)3-.,*' ?:%&?0%W#

13=>?9@#

Parton density functions (PDFs)

different parameterisations and 
no.of free parameters used
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