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initial calibration

LHC delivered ~50 fb-1 
to both experiments

A great 
(challenging) 
and rewarding 

year!
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Standard Model 
Highlights

* Only a few selected topics shown here
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Standard Model at LHC
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Standard Model Production Cross Section Measurements Status: July 2017

ATLAS Preliminary

Run 1,2
√
s = 7, 8, 13 TeV

A rich program: 
measurement of 
standard model 

processes in 
hadron collider

Also serves as 
foundational 

studies for many 
beyond standard 
model searches
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Cross Sections
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ATLAS Preliminary

Run 1,2
√
s = 7, 8, 13 TeV

Results span 
many orders of 
magnitude of 
cross sections
Measurement 
across many 

different sectors: 
jets, V, VV, top, 

Higgs, …

V + 7 jets!
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Vjj

V
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ttV

Higgs

VVVJets
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W Mass Measurement
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ATLAS-STDM-2014-18: 1701.07240

Fit to mT and lepton PT distributions
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Method validated with Z events

Largest uncertainty comes 
from QCD modeling and PDF
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W Mass Measurement
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ATLAS-STDM-2014-18: 1701.07240

Incredible work in understanding the detector  
and controlling systematics

Uncertainty ~19 MeV!
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Weak mixing angle
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Measurement of the mixing angle using forward-  
backward asymmetry of Drell-Yan events (full 8 TeV)

Vector and axial  
currents interfere

Asymmetry as a 
function of mass and 

pseudorapidity provide 
measurement on the 

angle
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Weak mixing angle
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Multi-Boson Productions
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theoσ / expσProduction Cross Section Ratio:   
0.5 1 1.5 2

CMS PreliminarySeptember 2017

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

γγ  0.12± 0.01 ±1.06 -15.0 fb
(NLO th.), γW  0.13± 0.03 ±1.16 -15.0 fb

(NLO th.), γZ  0.05± 0.01 ±0.98 -15.0 fb
(NLO th.), γZ  0.05± 0.01 ±0.98 -119.5 fb

WW+WZ  0.14± 0.13 ±1.01 -14.9 fb
WW  0.09± 0.04 ±1.07 -14.9 fb
WW  0.08± 0.02 ±1.00 -119.4 fb
WW  0.08± 0.05 ±0.96 -12.3 fb
WZ  0.06± 0.07 ±1.05 -14.9 fb
WZ  0.07± 0.04 ±1.02 -119.6 fb
WZ  0.07± 0.06 ±0.80 -12.3 fb
ZZ  0.07± 0.13 ±0.97 -14.9 fb
ZZ  0.08± 0.06 ±0.97 -119.6 fb
ZZ  0.05± 0.04 ±1.14 -135.9 fb

7 TeV CMS measurement (stat,stat+sys) 
8 TeV CMS measurement (stat,stat+sys) 
13 TeV CMS measurement (stat,stat+sys) 

CMS measurements
 theory(NLO)vs. NNLO 

Important test of electroweak sector standard model  
Stringent limits on anomalous gauge couplings 

Irreducible background to many new physics searches 
and Higgs to VV measurements

∫
L dt

[fb−1] Reference

– ZZ∗→4ℓ σ = 29.8 + 3.8 − 3.5 + 2.1 − 1.9 fb (data)
PowhegBox & gg2ZZ (theory) 4.6 JHEP 03, 128 (2013)

σ = 73 ± 4 ± 5 fb (data)
PowhegBox norm. to NNLO & gg2ZZ (theory) 20.3 PLB 753, 552-572 (2016)

– ZZ→ℓℓνν σ = 12.7 + 3.1 − 2.9 ± 1.8 fb (data)
PowhegBox & gg2ZZ (theory) 4.6 JHEP 03, 128 (2013)

σ = 9.7 + 1.5 − 1.4 + 1 − 0.8 fb (data)
PowhegBox & gg2ZZ (theory) 20.3 JHEP 01, 099 (2017)

– ZZ→4ℓ
σ = 25.4 + 3.3 − 3 + 1.6 − 1.4 fb (data)

PowhegBox & gg2ZZ (theory) 4.6 JHEP 03, 128 (2013)

σ = 23.2 + 2.4 − 2.3 + 1.4 − 1.2 fb (data)
PowhegBox & gg2ZZ (theory) 20.3 JHEP 01, 099 (2017)

σ = 46.4 ± 1.5 + 1.8 − 1.7 fb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 36.1 ATLAS-CONF-2017-031

ZZ
σ = 6.7 ± 0.7 + 0.5 − 0.4 pb (data)

NNLO (theory) 4.6 JHEP 03, 128 (2013)
PLB 735 (2014) 311

σ = 7.3 ± 0.4 + 0.4 − 0.3 pb (data)
NNLO (theory) 20.3 JHEP 01, 099 (2017)

σ = 17.2 ± 0.6 ± 0.7 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 36.1 ATLAS-CONF-2017-031

PLB 735 (2014) 311

– WZ→ℓνℓℓ σ = 140.4 ± 3.8 ± 4.6 fb (data)
MCFM NLO (theory) 20.3 PRD 93, 092004 (2016)

σ = 252.8 ± 13.2 ± 12 fb (data)
MATRIX (NNLO) (theory) 3.2 PLB 762 (2016) 1

WZ
σ = 19 + 1.4 − 1.3 ± 1 pb (data)

MATRIX (NNLO) (theory) 4.6 EPJC 72, 2173 (2012)
PLB 761 (2016) 179

σ = 24.3 ± 0.6 ± 0.9 pb (data)
MATRIX (NNLO) (theory) 20.3 PRD 93, 092004 (2016)

PLB 761 (2016) 179

σ = 50.6 ± 2.6 ± 2.5 pb (data)
MATRIX (NNLO) (theory) 3.2 PLB 762 (2016) 1

PLB 761 (2016) 179

– WW→eµ, [njet = 1] σ = 136 ± 6 ± 14.3 fb (data)
NLO (theory) 20.3 PLB 763, 114 (2016)

– WW→eµ, [njet ≥ 0] σ = 563 ± 28 + 79 − 85 fb (data)
MCFM (theory) 4.6 PRD 91, 052005 (2015)

– WW→eµ, [njet = 0]
σ = 262.3 ± 12.3 ± 23.1 fb (data)

MCFM (theory) 4.6 PRD 87, 112001 (2013)

σ = 374 ± 7 + 26 − 24 fb (data)
approx. NNLO (theory) 20.3 JHEP 09 (2016) 029

σ = 529 ± 20 ± 52 fb (data)
NNLO (theory) 3.2 arXiv: 1702.04519 [hep-ex]

WW
σ = 51.9 ± 2 ± 4.4 pb (data)

NNLO (theory) 4.6 PRD 87, 112001 (2013)
PRL 113, 212001 (2014)

σ = 68.2 ± 1.2 ± 4.6 pb (data)
NNLO (theory) 20.3 PLB 763, 114 (2016)

σ = 142 ± 5 ± 13 pb (data)
NNLO (theory) 3.2 arXiv: 1702.04519 [hep-ex]

– WV→ℓνJ σ = 30 ± 11 ± 22 fb (data)
MC@NLO (theory) 20.2 arXiv: 1706.01702 [hep-ex]

WV→ℓνjj σ = 1.37 ± 0.14 ± 0.37 pb (data)
MC@NLO (theory) 4.6 JHEP 01, 049 (2015)

σ = 209 ± 28 ± 45 fb (data)
MC@NLO (theory) 20.2 arXiv: 1706.01702 [hep-ex]

– Zγ→ννγ σ = 0.133 ± 0.013 ± 0.021 pb (data)
MCFM NLO (theory) 4.6 PRD 87, 112003 (2013)

σ = 68 ± 4 + 33 − 32 fb (data)
NNLO (theory) 20.3 PRD 93, 112002 (2016)

– [njet = 0] σ = 1.05 ± 0.02 ± 0.11 pb (data)
NNLO (theory) 4.6 PRD 87, 112003 (2013)

σ = 1.189 ± 0.009 + 0.073 − 0.067 pb (data)
NNLO (theory) 20.3 PRD 93, 112002 (2016)

Zγ→ℓℓγ σ = 1.31 ± 0.02 ± 0.12 pb (data)
NNLO (theory) 4.6 PRD 87, 112003 (2013)

arXiv:1407.1618 [hep-ph]

σ = 1.507 ± 0.01 + 0.083 − 0.078 pb (data)
NNLO (theory) 20.3 PRD 93, 112002 (2016)

arXiv:1407.1618 [hep-ph]

– [njet = 0] σ = 1.76 ± 0.03 ± 0.22 pb (data)
NNLO (theory) 4.6 PRD 87, 112003 (2013)

Wγ→ℓνγ σ = 2.77 ± 0.03 ± 0.36 pb (data)
NNLO (theory) 4.6 PRD 87, 112003 (2013)

arXiv:1407.1618 [hep-ph]

γγ
σ = 44 + 3.2 − 4.2 pb (data)

2γNNLO (theory) 4.9 JHEP 01, 086 (2013)

σ = 16.82 ± 0.07 + 0.75 − 0.78 pb (data)
2γNNLO + CT10 (theory) 20.2 PRD 95 (2017) 112005

ratio to best theory
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

NNLO QCD

NLO QCD

LHC pp
√
s = 7 TeV

Data
stat
stat ⊕ syst

LHC pp
√
s = 8 TeV

Data
stat
stat ⊕ syst

LHC pp
√
s = 13 TeV

Data
stat
stat ⊕ syst

Diboson Cross Section Measurements Status: July 2017

ATLAS Preliminary

Run 1,2
√
s = 7,8,13 TeV
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Jets
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Strong coupling constant

12

Determination of      from jet cross sections

Ratio of 3-jet and 
2-jet cross sections

Many experimental 
uncertainties cancel  

in the ratio

CMS-PAS-SMP-16-008
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Strong coupling constant

13
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TEEC: Energy weighted angular distribution of jet pairs 
ATEEC: forward-backward asymmetry of TEEC

Sensitive to     at NLO — precision test of pQCD

ATLAS-STDM-2016-10, Eur. Phys. J. 77 (2017) 872
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Jet Charge

14

 [e]=0.6κLeading-jet Q
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

Ev
en

ts

0

2

4

6

8

10

12

610×
Data
HERWIG++
PYTHIA6
Gluon
Up quark
Down quark
Others

 > 400 GeV 
T

 p

| < 1.5 η |

 (8 TeV)-119.7 fb

CMSWeighted average of track  
charges inside a jet

Larger jet PT —> larger 
fraction of contribution 

from valence quark
Sensitive to PDF and 

modeling of  
fragmentation process

CMS-SMP-15-003: JHEP 10 (2017) 131 
ATLAS-STDM-2014-17: Phys. Rev. D 93, 052003 (2016)

Av
er

ag
e 

Je
t C

ha
rg

e 
[e

]

0

0.05

0.1

0.15

0.2

0.25
ATLAS

More Central Jet
-1 = 8 TeV, 20.3 fbs

PDF: CT10

Data
 8.175 AU2Pythia

 2.63 EE4Herwig++
 8.175 AU2Powheg + Pythia

 = 0.3κ  = 0.5κ  = 0.7κ

Py
th

ia
/D

at
a

0.8

1

1.2

 [GeV]
T

Jet p
0 500 1000 1500H

er
w

ig
/D

at
a

0.8

1
 [GeV]

T
Leading-jet p

400 600 800 1000 1200 1400

 [e
]

=0
.6

κ
Av

er
ag

e 
le

ad
in

g-
je

t Q

0.03

0.04

0.05

0.06

0.07

0.08 Data
PYTHIA6
HERWIG++

| < 1.5η|

 (8 TeV)-119.7 fbCMS



Yi Chen @ Bormio 2018 2018 Jan 26

Jet Substructure

15

Grooming: Clean up soft component of the jets  
and isolate the hard structure

subjet
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Jet Substructure

16

• Soft drop / mMDT algorithm: sequentially removes 
subjets with small momentum fraction 
 

• Flat grooming on momentum fraction  
(zcut = 0.1, β = 0.0) 

• Setting 2: Stronger grooming at larger angle, 
weaker grooming at small angle —> focus on the 
core of the jet (zcut = 0.5, β = 1.5)

Grooming allows to remove soft 
component that is harder to model
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Example jet

17
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Jet Substructure
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Top measurements

19
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Many top-related measurements: cross section,  
ttW, ttZ, ttjj, tZq, top mass, W helicity, …



Yi Chen @ Bormio 2018 2018 Jan 26

Top mass

20

165 170 175 180
 [GeV]tm

0

5

10

 4.60 GeV± 4.60 ±175.50 
CMS 2010, dilepton

-1JHEP 07 (2011) 049, 36 pb

 1.43 GeV± 0.43 ±172.50 CMS 2011, dilepton
-1EPJC 72 (2012) 2202, 5.0 fb

 1.21 GeV± 0.69 ±173.49 CMS 2011, all-jets
-1EPJC 74 (2014) 2758, 3.5 fb

 0.98 GeV± 0.43 ±173.49 CMS 2011, lepton+jets
-1JHEP 12 (2012) 105, 5.0 fb

 1.22 GeV± 0.19 ±172.82 CMS 2012, dilepton
-1PRD 93 (2016) 072004, 19.7 fb

 0.59 GeV± 0.25 ±172.32 CMS 2012, all-jets
-1PRD 93 (2016) 072004, 18.2 fb

 0.48 GeV± 0.16 ±172.35 CMS 2012, lepton+jets
-1PRD 93 (2016) 072004, 19.7 fb

 0.47 GeV± 0.13 ±172.44 CMS legacy
PRD 93 (2016) 072004

 0.62 GeV± 0.08 ±172.25 CMS 2016, lepton+jets
-1TOP-17-007 (2017), 35.9 fb

 0.52 GeV± 0.37 ±174.34 Tevatron combination
arXiv:1407.2682 (2014)

 0.71 GeV± 0.27 ±173.34 World combination
ATLAS, CDF, CMS, D0
arXiv:1403.4427 (2014)

September 2017

 syst.)± stat. ±(value 

 [GeV]topm
160 165 170 175 180 185 1901

23

 0.64±     174.34 
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Mass of top quark determined 
with great precision!



Heavy Ion Highlights

Mostly CMS results 
For overview of ATLAS results:  

Laura Havener, 17:45, 2018 Jan 23
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Data collected in CMS
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A lot of data accumulated

Allows precision measurement of heavy ion physics

CMS-HIN-16-021: 1710.09355
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Pb

Pb

Centrality: 0% = head on  
100% = grazing
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hello

Hot QCD 
medium
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Some questions

26

How do high energy 
objects lose energy?How does the  

medium evolve?

Do we see similar 
phenomena in smaller systems? 

p+Pb, pp

Any interesting new 
phenomena?

What about initial state? 
Can we say something about the 

nuclear PDF?
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Measurements

27

Jets

Quarkonium

Single 
hadrons

Particle 
correlations

Top

Chiral 
magnetic 

effect

Ultra-
peripheral 
collisions

!
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Nuclear modification factor

28

Modification on particle spectra in AA collision is 
characterized by the nuclear modification factor RAA

Ratio of spectra between what is observed in AA and 
what is seen in pp, scaled by number of expected 

binary nucleon collisions
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Nuclear modification factor
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Electroweak objects are not modified on the other hand
In PbPb, above ~10 GeV RAA seems to converge

CMS-HIN-15-015: JHEP 04 (2017) 039 
CMS-HIN-16-001: 1708.04962
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Quarkonium
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Increasing amount of suppression is observed 
for higher mass states —> 

sequential melting vs. recombination
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CMS-HIN-16-008: 1706.05984
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Quarkonium

31

Increasing amount of suppression is observed 
for higher mass states —> 

sequential melting vs. recombination

1S

2S

3S

ATLAS-CONF-2016-109
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Quarkonium
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Quarkonium

33

No sign of Y(3S) so far in PbPb collisions
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Jet RAA

34

Jets are suppressed

No strong dependence  
on radius parameter  

between 0.2, 0.3 and 0.4

RAA roughly flat for 
high PT jets in the 
measured range
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Up to TeV!
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Dijet imbalance
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Relative suppression of moderate momentum tracks
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In p+Pb no significant modification is observed

ATLAS-HION-2015-04: 1706.02859
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• Soft drop / mMDT algorithm: sequentially removes 
subjets with small momentum fraction 
 

• Setting 1: Angle-independent grooming on 
momentum fraction (zcut = 0.1, β = 0.0) 

• Setting 2: Stronger grooming at larger angle, 
weaker grooming at small angle —> focus on the 
core of the jet (zcut = 0.5, β = 1.5)
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Modification observed in both momentum 
sharing between subjet and jet mass
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Modification observed in both momentum 
sharing between subjet and jet mass

…and larger groomed mass
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but the jet core is (within uncertainty) not modified
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Chiral magnetic effect

50

Strong magnetic field created in PbPb collisions

B

The magnetic field could induce electric current due to 
chiral imbalance —> charge separation

Signature: different correlation between same sign and 
opposite sign particles

+

+

+ +

-  -
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Chiral magnetic effect
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Summary
• LHC Run 2 is going well!  We expect a lot more pp 

collision data at 13 TeV by the end of 2018. 

• At the end of 2018 another PbPb run is expected, 
greatly increasing in statistics in both experiments 

• Experiments have been performing very well and 
produced huge range of results in standard model 
and heavy ion physics 

• Exciting times ahead for heavy ion and standard 
model physics in the next few years!
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Backup Slides Ahead
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TEEC

54

)
φ

/d
(c

o
s 

Σ
) 

d
σ

(1
/

-210

-110

1

10 Data 2012

Pythia8

Herwig++

Sherpa

ATLAS

-1 = 8 TeV; 20.2 fbs

 jets R = 0.4tanti-k

 < 850 GeVT2800 GeV < H

φcos 
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

M
C

 /
 D

a
ta

0.5

1

1.5
 syst. unc.⊕Data stat. 



Yi Chen @ Bormio 2018 2018 Jan 26

Weak mixing angle

55
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CMS Cross Sections
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How are jets modified?
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Grooming Profiles
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