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QCD @ LHC

Thanks to factorization LHC hard hadronic
collision described by:

structure of the proton f

hard scatter with perturbative theory
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parton shower, hadronisation and
underlying event (UE) approximated by
MC with tunable parameters

All these aspects can be constrained by
experimental results
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credit: sherpa-and-open-science-grid-predicting-emergence-jets

R.Turra (UNIMI) QCD at the LHC: status and prospects Sep 11, 2015 2 / 27

http://www.isgtw.org/feature/sherpa-and-open-science-grid-predicting-emergence-jets


QCD motivation @ LHC

perturbative QCD test in new phase space region: many

measurements became sensitive to effects beyond NLO QCD

QCD have a direct impact on the potential for precision
measurements and discoveries

is the background of most of the physics process (such as Higgs,
BSM, . . . )

MC event generators have a large number of parameters related to
non-perturbative (NP) effects

Improvement of Underlying Event description
Constrain proton-PDF: large systematics in many analyses (gg → H,
tt̄, . . . )

Measure αs(Q)

Probes: jets, photons, vector bosons

The go od

The bad

The ugly

signal peak

non-resonant
signal (shape

variation)

 (normalization
variation)
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LHC and experiments status 13 TeV

Run 2 started: 200 pb−1 at
√
s = 13 TeV

Run 1 ended in 2012: 5 fb−1 (7 TeV) + 20 fb−1

(8 TeV)

New results using 50 ns data, L between 170 µb−1 and
85 pb−1

Preliminary luminosity uncertainty: 9%
was 1.8-2.8% in Run1

Mean Number of Interactions per Crossing
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CMS magnet issue: problems with the cryogenic system in providing liquid Helium.
Currently the magnet can be operated, but the continuous uptime is still limited.
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Minimum bias
ATLAS-CONF-2015-028, CERN-PH-EP-2015-180 13 TeV

Inclusive charged-particle measurements provide insight into the strong interaction in
the low energy, non-perturbative QCD region

described by QCD-inspired models implemented in MC event generators with free
parameters that can be constrained by measurements

ATLAS: 1 charged particle with pT > 500 MeV and |η| < 2.5. Require exactly 1 PV.

CMS: zero magnetic field. Two analyses: hit pairs in pixel (tracklet), tracks
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EPOS and PYTHIA 8 A2 describe the dependence on
√
s very well
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Minimum bias
Differential distributions 13 TeV

2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5

η
 / 

d
ch

N
 d⋅ 

ev
N

1/

1

1.5

2

2.5

3

3.5

4

Data
PYTHIA 8 A2
PYTHIA 8 Monash
HERWIG++ UE-EE5
EPOS LHC
QGSJET II-04

 | < 2.5η|  > 500 MeV, 
T

p 1, ≥ chn

 = 13 TeVsPreliminary ATLAS 

η
2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5

M
C

 / 
D

at
a

0.8

1

1.2 1 10

 ]
-2

 [ 
G

eV
T

pdη
 / 

d
ch

N2
) 

d
T

pπ
 1

/(
2

ev
N

1/

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10
1

10

210

Data
PYTHIA 8 A2
PYTHIA 8 Monash
HERWIG++ UE-EE5
EPOS LHC
QGSJET II-04

 | < 2.5η|  > 500 MeV, 
T

p 1, ≥ chn

 = 13 TeVsPreliminary ATLAS 

 [GeV]
T

p
1 10

M
C

 / 
D

at
a

0.5

1

1.5 20 40 60 80 100 120 140

ch
n

 / 
d

ev
 

N
 d⋅ 

ev
N

1/

6−10

5−10

4−10

3−10

2−10

1−10

1

Data
PYTHIA 8 A2
PYTHIA 8 Monash
HERWIG++ UE-EE5
EPOS LHC
QGSJET II-04

 | < 2.5η|  > 500 MeV, 
T

p 1, ≥ chn

 = 13 TeVsPreliminary ATLAS 

chn
20 40 60 80 100 120 140

M
C

 / 
D

at
a

0.5

1

1.5
2 4 6 8 10 12 14 16 18 20

ch
n

 / 
d

ev
 

N
 d⋅ 

ev
N

1/

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

Data
PYTHIA 8 A2
PYTHIA 8 Monash
HERWIG++ UE-EE5
EPOS LHC
QGSJET II-04

 | < 2.5η|  > 500 MeV, 
T

p 1, ≥ chn

 = 13 TeVsPreliminary ATLAS 

chn
2 4 6 8 10 12 14 16 18 20

M
C

 / 
D

at
a

0.5

1

1.5

 0

 1

 2

 3

 4

 5

 6

 7

 8

-3 -2 -1  0  1  2  3

d
N

c
h
/d

η

η

pp √s = 13 TeV inelastic

CMS

data
PYTHIA8 CUETP8S1
EPOS LHC

 4

 4.5

 5

 5.5

 6

 6.5

 7

-3 -2 -1  0  1  2  3

d
N

c
h
/d

η

η

pp √s = 13 TeV inelastic

CMS

tracklets
tracks
PYTHIA8 CUETP8M1
EPOS LHC

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0  10  20  30  40  50

fr
a

c
ti
o

n
number of reconstructed tracks

pp √s = 13 TeV

CMS

data
PYTHIA8 CUETP8M1
EPOS LHC

the EPOS and PYTHIA 8 tunes describe the data most accurately
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Underlying event
Eur.Phys.J.C74 (2014) 2965, CERN-PH-EP-2015-176 NEW

Indirect study: impossible to separate UE from hard process

Observables: densities of particle multiplicity and ET flow as
functions of ∆φ angle between leading object (tracks, jets, Z)

Transverse and toward (only Z) regions are sensitive to the UE

∆φ−∆φ

|∆φ|<60◦
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NEW result at
√
s = 2.76 TeV using jets:
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Underlying event @ 13 TeV
ATL-PHYS-PUB-2015-019 13 TeV

Require leading track pT > 1 GeV, exactly 1 PV
Detector level distribution
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+20% of UE wrt 7 TeV
discriminating power between different MC models, most models describe the data
reasonably. EPOS has no hard component.
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Inclusive jet cross section
8 TeV: CMS-PAS-SMP-12-012, CMS-PAS-FSQ-12-031; 2.76/8: CMS-PAS-SMP-14-017
7 TeV: Phys. Rev. D 87 (2013) 112002, JHEP02(2015)153, 2.76/7: EPJC (2013) 73 2509

test pQCD over many orders of magnitude (20 GeV-2 TeV), different
√
s.

sensitive to soft QCD using different jet clustering

sensitive to αs and PDF (gluon, high-x)

experimental unc: jet energy scale, luminosity; theory unc: PDF, scale, NP
corrections, αS

Cross section ratios (comparing different
√
s) partially cancel the correlated

uncertainties
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Inclusive jet cross section @ 13 TeV
ATLAS-CONF-2015-034 13 TeV

Anti-kT , R = 0.4, |y | < 0.5
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The predictions are consistent with the data, and more precise measurements over a
wider kinematic region are foreseen as more data are collected.

compare data NLO QCD calculation (NLOJET++) with different PDFs
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Dijet cross section
JHEP05(2014)059, CMS-PAS-SMP-14-002

Constrain gluon PDF at high-x , discriminate between PDF sets (e.g. p-value
ABM11 < 0.1%)

NLO prediction + NLO EW + NP: NLOJet++, POWHEG
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good agreement with NLOJET++ prediction
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Multijet cross section
Eur. Phys. J. C 75 (2015) 302

CMS: Topological variables sensitive to QCD color factors, spin of the gluons,
hadronisation models.

Discrepancy at high mass from all models may be due to PDF errors (CTEQ6).
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ATLAS NEW : four-jet differential cross sections in
√
s = 8 TeV, several variables

depending on the jet momenta and angular distributions
NLO predictions (BlackHat/Sherpa and NJet/Sherpa): compatible with data within
large theoretical uncertainties (O(30%) at low momenta)
HEJ (all-order resummation) provides a good description of angular variables
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αs measurement
Eur. Phys. J. C 75 (2015) 288, Eur. Phys. J. C 75 (2015) 186, Eur. Phys. J. C 73 (2013) 2604, Phys. Lett. B 728 (2013) 496 + corrigendum

only parameter of QCD (except for quark masses)
Many measurement sensitive: inclusive jet cross section, 3-jet mass, R32 (3-jet/2-jet
cross section), event shapes (ATLAS), tt̄ cross section (CMS)
At LHC it is possible to measure α(Q) at high-Q → sensitive to New Physics

Q (GeV)
10 210 310

(Q
)

Sα

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

0.24    +0.0063

-0.0042
) = 0.1185

Z
(MSαCMS incl. jets :  

  32CMS R

 cross section  tCMS t

CMS inclusive jets  

CMS 3-Jet mass  

D0 inclusive jets  
D0 angular correlation  
H1  
ZEUS  

)
Z

(MSα
0.11 0.12 0.13 0.14 0.15

World Average
Chin. Phys. C 38:090001 (2014)

CMS incl. jets
EPJC 75:186 (2015)

CMS 3-Jet mass
EPJC 75:288 (2015)

 cross sectiontCMS t
PLB 728:496 (2014)

32CMS R
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Malaescu & Starovoitov (ATLAS incl. jets)
EPJC 72:2041 (2012)
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CDF incl. jets
PRL 88:042001 (2002)

2H1 multijets at high Q
arXiv 1406.4709 (2014)

p*γZEUS incl. jets in 
NPB 864:1 (2012)

H1+ZEUS (NC, CC, jets)
H1-prelim-11-034, ZEUS-prel-11-001 (2011)

2H1 multijets at low Q
EPJC 67:1 (2010)

Good agreement with prediction from analysis a 2-loop solution to the RGE as a
function of the scale Q up to TeV scale
Very precise αs(MZ ) from tt̄ + CT10: 2.4% (also thanks to NNLO predictions):

αs(MZ ) = 0.1151±0.0018(σmeas
tt )+0.0018

−0.0016(PDF)+0.0008
−0.0007(µR,F )+0.0012

−0.0013(mpole
t )±0.0007(ELHC )
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αs from Transverse Energy-Energy Correlation
CERN-PH-EP-2015-177

Similar technique used in e+e− and HERA using multijet.

less affected by experimental effects and PDF than
absolute cross-section measurements.
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Isolated prompt photon cross section
Phys. Rev. D 89 (2014) 052004, Phys. Rev. D 84 (2011) 052011

pQCD test in a cleaner environment, less
hadronisation

Isolation requirement to avoid the large contribution
of photons from neutral-hadron decays

can be used to constrain PDF (ATL-PHYS-PUB-2013-018)

 [p
b]

σ
Pr

od
uc

tio
n 

C
ro

ss
 S

ec
tio

n,
  

-210

-110

1

10

210

310

410

510

610

710

CMS PreliminaryMar 2014

All results at: http://cern.ch/go/pNj7
Inc. jet

>56 GeV
Tjet

p

γInc. 

>25 GeV
γT

p

+jetγ

>30 GeV
Tj

>40 GeV, p
γT

p

>23,20 GeV
γT

p

γγ

>40,25 GeV
γT

p

σ∆ in exp. Hσ∆Th. 
γγ→H

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 

7 TeV Theory prediction
8 TeV Theory prediction

100 200 300 400 500 600 700 800 900 1000

-510

-410

-310

-210

-110

1

10

1002003004005006007008009001000

 [p
b/

G
eV

]
γ T

 / 
d 

E
σ

d 

-510

-410

-310

-210

-110

1

10

1002003004005006007008009001000

 [p
b/

G
eV

]
γ T

 / 
d 

E
σ

d 

-510

-410

-310

-210

-110

1

10

|<1.37γη|

=7 TeVsData 2011 
PYTHIA (MRST 2007 LO*)
HERWIG (MRST 2007 LO*)

NLO (Jetphox) CT10

Total uncertainty

Scale uncertainty

NLO (Jetphox) MSTW2008nlo

-1
 L dt =  4.6 fb∫

ATLAS

100 200 300 400 500 600 700 800 900 1000
0.5
0.6

0.7

0.8
0.9

1
1.1

1.2

1.3
1.4

 [GeV]
γ
TE

100 200 300 400 500 600 700 800 900 1000

0.6

0.8

1

1.2

1.4

T
he

or
y/

D
at

a

[GeV]TE
30 40 50 210 210×2

[n
b/

G
eV

]
ηd T

/d
E

σ2 d

-510

-210

10

410

710

810 + Xγ→p + p

JETPHOX

)6| < 2.5 ( X 10η2.1 < |

)4| < 2.1 ( X 10η1.57 < |

)2| < 1.44 ( X 10η0.9 < |

| < 0.9η|

NLO pQCD JETPHOX

T=E
R

µ=
f

µ=
F

µCT10 / BFG II,

MPI and hadronization corrected

< 5 Ge Viso
T

, E-1= 36 pbintL

= 7 TeVsCMS

R.Turra (UNIMI) QCD at the LHC: status and prospects Sep 11, 2015 15 / 27

http://arxiv.org/abs/1311.1440
http://arxiv.org/abs/1108.2044
https://cds.cern.ch/record/1636863


Inclusive photon studies @ 13 TeV
ATL-PHYS-PUB-2015-016 13 TeV

6.4 pb−1, EγT > 125 GeV, |ηγ | < 2.37 except crack region

E iso
T < 4.8 GeV + 4.2× 10−3 × EγT

comparison with Sherpa 2.1+CT10 full simulation, no unfolding
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Photon-jet cross section
Nucl. Phys. B 875 (2013) 483-535, JHEP 06 (2014) 009

angular correlation between γ and j, cos θ∗ = tanh(∆y/2) sensitive to spin of
exchanged particle, separation of fragmentation

can constrain PDF (EPL 101 (2013) 61002)

reducible background of H → γγ

can be used to tune the relative contributions of direct and fragmentation processes

used to calibrate jets
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The NLO QCD provides good description of the data, except for ∆φγj
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Diphoton cross section
JHEP01(2013)086, Eur. Phys. J. C 74 (2014) 3129

pQCD test, sensitive to
fragmentation (∆φγγ , pγγT ), spin of
intermediate resonances (cos(θ∗γγ)).
Important NNLO box contribution.

irreducible background of H → γγ

challenging predictions: production
is sensitive to the emission of soft
gluons in the initial state and to the
NP fragmentation
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2γ NNLO and Sherpa predict the pγγT shoulder ' 65 GeV GeV observed in the data.
This is expected since Sherpa includes up to three extra jets at the matrix element
level.

larger disagreement in low ∆φγγ : expected because initial-state soft gluon radiation is
divergent at NLO, without soft gluon resummation

R.Turra (UNIMI) QCD at the LHC: status and prospects Sep 11, 2015 18 / 27

http://arxiv.org/abs/1211.1913
http://arxiv.org/abs/arXiv:1405.7225


Di-photons studies @ 13 TeV
ATL-PHYS-PUB-2015-020 13 TeV

6.4 pb−1, EγT > 15 GeV, |ηγ | < 2.37 except crack region, E iso
T < 4 GeV, ∆Rγγ > 0.4

background not subtracted (' 40% of the leading, ' 50% of the subleading)
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W± and Z boson production
ATLAS-CONF-2015-039 13 TeV

Test of QCD (NNLO predictions)

Fiducial cross section of Z and W± production at 13 TeV.
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Cross section experimental precision is already comparable to PDF uncertainties
(except for preliminary 9% luminosity error)

Factor ' 2 comparing σ13 TeV/σ7 TeV

In addition boson production can constrain PDF from pT and y distribution (major

theoretical uncertainty on inclusive cross section)
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W± and Z boson production
Ratios of cross sections 13 TeV

Many uncertainties cancel in ratios of cross sections (luminosity)
Powerful tools to constrain PDF uncertainties:

RW/Z constrains the s-quark distribution, also depends on EW parameter and Br
RW+/W− is mostly sensitive to the difference of uv and dv distributions at low x .

Starting from a precision of about 2% (now 2.5%), RW+/W− begins to have significant

constraining power to PDFs [arXiv: 0901.0002 [hep-ph]]
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RW+/W− : accuracy of the experimental result is comparable to the spread among
predictions with different PDFs: 2.5% precision

RW/Z : predictions agree within the uncertainties (3.2%)
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Z + jets
CMS-PAS-SMP-13-007, Eur. Phys. J. C (2015), ATLAS-CONF-2015-041 13 TeV

almost background free

test of pQCD, background for Higgs boson and exotics
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Data/theory discrepancy used to improve MC

ATLAS 13 TeV : matrix elements are calculated for up to two partons at NLO, and up
to four additional partons at LO. One of the first analysis to use Sherpa 2.1
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Z + jet and γ + jet ratio
CERN-PH-EP-2015-089, submitted to JHEP

At high pV
T and at LO σZj/σγj as a function of pT is expected to become constant

At higher energies, EW corrections and QCD processes can introduce a dependence of
the cross section on logarithmic terms of the form log(pZ

T/mZ ) that can become large

jet and luminosity uncertainties cancel in the ratio Rdilep =
σZ→ll (p

Z
T>314 GeV)

σγ (p
γ
T
>314 GeV)
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MADGRAPH+PYTHIA6 (LO+PS) overestimate Rdilep by 1.21± 0.08, BlackHat
(NLO) by 1.18± 0.14. Similarly for njet ≥ 1, 2, 3 or HT > 300 GeV and njets ≥ 1.

simulations reproduce pZ
T / pγT better than the individual pZ

T or pγT
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Z + b jet cross section
CMS-PAS-SMP-14-010 NEW

pp → Z + (≥ 1b) dominant background for HZ and many BSM or +(≥ 2b)
differential cross section σ1b, σ2b ratio σ1b/σjet

LO MADGRAPH 5 (4 partons in the final state) (4FS/5FS) rescaled to NNLO FEWZ
inclusive cross section. NLO POWHEG (5FS)
Many variables sensitive to b-PDF, gluon splitting, gluon radiation in the final state
and New Physics.
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General good agreement. 4FS normalization is underestimated by about 20%. 4FS
fails to describe the σb/σjet vs the leading b-jet pT
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Parton density function at LHC
JHEP 1504 (2015) 040, EPJC (2013) 73 2509

important theoretical uncertainty (ggH, W precision, New Physics at high energy, . . . )
quark PDF constrained from vector bosons (asymmetry, W + c, Z + b not yet) and
DY at high/low-mass
Associate production of heavy quarks may be sensitive to sea contribution, but scale
uncertainty still dominant
Top production can be important in the high-x region
Jet measurements constrain gluon (and quarks) at mid-to-high x
photon-jet with lower systematics can constrain gluon and light-quark PDF.
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tt̄ production in eµ
ATLAS-CONF-2015-033, CMS-PAS-TOP-15-003 13 TeV

only 2% of tt̄ decay in eµ channel, but high purity
test of QCD, domaninated by gluon-gluon fusion. Sensitive to gluon PDF, αs , mt , NP
inclusive cross section from TOP++2: NNLO pQCD + NNLL soft gluon resummation
use as observables the number of events with 1 or 2 b-jets

 [TeV]s
2 4 6 8 10 12 14

 c
ro

ss
 s

ec
tio

n 
[p

b]
t

In
cl

us
iv

e 
t

10

210

310
ATLAS Preliminary

* Preliminary

-1 = 13 TeV,  L = 78 pbsATLAS dilepton* 

-1 = 8 TeV,  L = 20.3 fbsATLAS dilepton 

-1 = 7 TeV,  L = 4.6 fbsATLAS dilepton 

-1 = 1.96 TeV,  L = 8.8 fbsTevatron combined* 

NNLO+NNLL (pp)
)pNNLO+NNLL (p

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
 uncertainties according to PDF4LHCSα ⊕ = 172.5 GeV, PDF topm

 [TeV]s
2 4 6 8 10 12 14

 c
ro

ss
 s

ec
tio

n 
[p

b]
t

In
cl

us
iv

e 
t

10

210

310
CMS Preliminary

* Preliminary

)-1Tevatron combined* 1.96 TeV (L=8.8 fb
)-1* 7 TeV (L=5 fbµCMS e

)-1CMS l+jets 7 TeV (L=2.3 fb
)-1* 8 TeV (L=19.7 fbµCMS e

)-1CMS l+jets* 8 TeV (L=2.8 fb
)-1* 8 TeV (L=5.3-20.3 fbµLHC combined e

)-1* 13 TeV (L=42 pbµCMS e
)-1CMS l+jets* 13 TeV (L=42 pb

NNLO+NNLL (pp)

)pNNLO+NNLL (p
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

 uncertainties according to PDF4LHC
S

α ⊕ = 172.5 GeV, PDF topm

 [TeV]s13

600

800

1000

Main uncertainties: luminosity, hadronisation model, electron efficiency. Statistical
error quite important at 13 TeV.
Measurement (uncertainty ∼ 15%, was ∼ 3.5% at 7,8 TeV) compatible with
prediction (uncertainty ∼ 5%)
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Conclusions

LHC experiments have extended the pQCD tests in new kinematic regions using jets,
photons and vector bosons:

jet production to multi-TeV scale
no deviations from the QCD RGE running are being observed up to TeV scale
. . .

Possible to tune MC simulation, e.g. gluon splitting

Good understanding of QCD process very important at LHC: theoretical and
experimental improvement

Many measurements can constrain proton PDFs and some have been included in
recent PDFs set

The ratios of cross-sections (jets, V+j) between 13 TeV and 8 TeV are very
interesting for PDF constraints

Need for NNLO calculations for jet processes to improve precision of αs . Theoretical
scale uncertainties dominate.

Many topics not covered in this talk, see
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Underlying event at 7 TeV
Eur.Phys.J.C74 (2014) 2965
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DY ratio 7/8 TeV
JHEP 12 (2013) 030
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Multijet distributions
Eur. Phys. J. C 75 (2015) 302
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Multijet distributions
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Multijet distributions
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Diphoton cross section
JHEP01(2013)086
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Diphoton cross section
Eur. Phys. J. C 74 (2014) 3129
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Jet at 2.76 TeV and ratio with 8 TeV
CMS-PAS-SMP-14-017
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Jet at 2.76 TeV and ratio with 7 TeV
EPJC (2013) 73 2509
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Inelastic cross section
ATLAS-CONF-2015-038 13 TeV
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W /Z cross section
ATLAS-CONF-2015-039 13 TeV
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