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* Following the 8TeV run, an extremely successful run at 13TeV
— LHC reached nominal luminosity, and keeps delivering (~2/fb/week!)

— Qutstanding detector performance allows for exploitation of data
sample

« Pushing the frontier of precision measurements

— Recent work on calculations and generators increased precision in
theory predictions
» The “precision revolution” (G. Salam): explosion of calculations in last 1.5yr
« Still some open questions in SM

— Higgs: naturalness, no explanation of observed masses and mixing
of fermions

— No Dark Matter in SM

7/11/2016 A. Belloni :: SM+EW Measurements - PASC0S2016
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SM: a Success Story
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All results at: http:/cern.ch/go/pNj7
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From inelastic pp to multi-
boson, Higgs, associated
boson production, VBF and
electroweak production
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SM: a Success Story

From inelastic pp to multi-

CMS Preliminary

June 2016
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Comparison with Theory
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vs. NNLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys) —+—es—+—i b 10"
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Y —o——— 1.06 £+0.01+£0.12 5.0 fb"
Wy, (NLO th.) —o+—— 116 £0.03+0.13 5.0 fb
Zy, (NLO th)) Ho 0.98+0.01+£0.05 5.0fb"’ 10°
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WW+WZ : 1.01+£0.13+0.14 4.91fb" ‘
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wz HEe—— 1.04 £0.03 £ 0.07 19.6 fb’ 102
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% inelastic
7 TeV, 20 ub™', Nat. Commun. 2, 463 (2011)
13 TeV, 63 ub”', ATLAS-CONF-2015-038

Ipp-ow
7 TeV, 36 pb"‘ PRD 85, 072004 (2012)

13 TeV, 81 pb™, arXiv:1603.09222

T o2y

7 TeV, 36 pb"‘ PRD 85, 072004 (2012)

13 TeV, 81 pb", arXiv:1603.09222
oot

7TeV, 4.6, Eur Phys. J. C 74:3109 (2014)
8TeV, 20.3 fio”, Eur. Phys. J. C 74:3109 (2014)
13 TeV, 3.2 b, ATLAS-CONF-2016-005

I pp—ig

7 TeV, 4.6 ™", PRD 90, 112008 (2014)
8TeV, 20.3fb", ATLAS-CONF-2014-007
13TeV, 3.2 fb", ATLAS-CONF-2015-079

3 ppoH

7 TeV, 4.5 o™, Eur. Phys. J. C76 (2016)
8TeV, 20.3fb™, Eur. Phys. J. C76 (2016)
13TeV,3.2 fb", ATLAS-CONF-2015-069
Im-2Z

7 TeV, 4.6 fo, JHEP 03, 128 (2013)

8 TeV, 20.3 rn", ATLAS-CONF-2013-020
13TeV,3.2fb", PRL 116, 101801 (2016)

* So far, no smoking-gun indicating disagreement between SM predictions
and experimental measurements

— Improvement in experimental accuracy and prediction precision makes tests
more and more stringent

* Must keep looking in all possible paths

— Currently, the yy direction seems interesting...

7/11/2016
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An Active Fleld!

‘ Show all ‘ Total Exotica Standard Model Supersymmetry Higgs Top Physics

Heavy lon B Physics Forward Physics Beyond 2 Generations

514 collider data papers submitted as of 2016-06-21

w1 | CMS published papers

00 ~1/6 are SM results 0
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«Preliminaries —
_ —-Detectors data samples :
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—Jets vector bosons cross sectlons
asymmetnes ratios. —_—

& Electroweak Physics

'-.-.—Multl-boson fmal states Cross
" sections, limits on anomalous
couphngs

"" ﬁ . Summary and prospects _
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The ATLAS Detector

Detector characteristics

Width: 44m
Diameter: 22m
Weight: 7000t

Muon Detectors Electromagnetic Calorimeters

ATLAS

Solenoid CERN AC - ATLAS V1997
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The CMS Detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overall length ~ :28.7m Microstrips (80x180 pm) ~200m> ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m” ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

7/11/2016 A. Belloni :: SM+EW Measurements - PASC0S2016 9



@35 2016 Collisions

CMS Integrated Luminosity, pp, 2016, s = 13 TeV
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* About 20/fb collected at 8TeV in 2012
— Completing analysis of data sample, some new result presented today

« Collected about 4/fb at 13TeV in 2015
« Record instantaneous luminosity reached design in 2016: 1034/cm?/s
— Congratulations to the beam division for reaching this milestone

7/11/2016 A. Belloni :: SM+EW Measurements - PASC0S2016 10
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« Important updates in calculations

— First N3LO calculations are promising; on-going work on inclusion of
EWK corrections to QCD ones

* New precision measurements at 8TeV and first ones at 13TeV
— CMS double-differential jet cross sections, ATLAS isolated photon
— ATLAS inelastic pp cross section (backup)

— W and Z measurements: differential cross sections, associated
production

« Challenging continuously improving MC predictions
— Measurements are sensitive to NNLO, NNLL, and EWK corrections

7/11/2016 A. Belloni :: SM+EW Measurements - PASC0S2016 11
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Double-differential production cross
section

— Transverse momentum up to 2TeV; rapidity
up to 4.7

— Anti-k; jets, radius: 0.4 and 0.7

NLO predictions matched to parton
showers describe data properly

— Best match: Powheg + Pythia-8

First indication that 13TeV jet physics is
well understood
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ATLAS: |y|<0.5; comparison with
NLOJet++ w/ NP and EWK corrections

ATLAS-CONF-2015-034

Jetp, (GeV)
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http://cdsweb.cern.ch/record/2038145
http://arxiv.org/abs/1605.04436

arxXiv:1605.03495

8TeV QCD: y

E 1%E amias Teoswae * Inclusive photon analysis
O 10k, o dosm< 1S B, : : : :
8 1o - e e — Fiducial cross section, bin-by-
o 10_11 —°-_a__n__n__&:+_.__._*_‘: NLO: JerProx CT10 bin unfolded
ol el el el — Small experimental
10 R -~ e, T .
10° e e Tl T uncertainties
107 E Data 2012 e . . .
10 ~ T « Comparison with multiple MC
10, \s =8 TeV, 202 i T sam pIeS
O a0 0 200 30 T 1000
s E! [GeV] — Best match: PeTer, NLO+N3LL
© 1.4 ATLAS E — Sherpa, Pythia work in limited
0 1.3 0<[n'|<0.6 E
12 E phase space; JetPhox shape
S " » ok, normalization off
< 0.9 _— - E
I_ - _E o . .
08 PETER CTH0 | Preliminary results at 13TeV
06F = JeTPHox CT10 |3 — ATL-PHYS-PUB-2015-016
05730 100 200 1000
EY [GeV]
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y:  Z Angular Coefficients

arXiv: 1606 00689

 Angular distributions of charged lepton
pairs produced via Drell-Yan allow for
precise measurement of production
dynamics

— Spin-correlation effects described by nine
coefficients in helicity density matrix

 Inclusive measurement of angular
coefﬁuents IS performed as a function of
p+% and in bins of y#
— Stringent test of perturbative QCD predictions

for Z-boson production provided by high
granularity and precision of measurement

//V@x/

P Decay angles defined

7/11/2016 A. Belloni ::

in Collins-Soper frame
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Kinematic variable ¢ correlated
with di-lepton p+, but smaller
uncertainties

— Based on measurement of angles
Normalized cross sections
precise at 1-2% level

— Stringent constraint on theoretical
predictions

Comparison with various MC
generators

— MadGraph seems to show best
agreement

(Pacop

*:t
¢ an >

sin(0,,)

ATLAS: Eur. Phys. J. C 76(5), 1-61 (2016)

- Drell-Yan o vs. ¢ — 8TeV
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CMS-PAS-SMP-15-002
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102 m° <21, (<24
- p’ > 30 GeV, p. >20 GeV
i 60 GeV < M, < 120 GeV
10 [ L L L YT
— (]
. - b,
g | .
= 4L "
- "
— L
s L .
B0t -
2107 .
- |I| 2012 data .
) B v*Z — |l (MadGraph+Pythiab Z2*) ?
107 v*/Z - Il (Powheg+Pythias Z2*) .
C vY*/Z — |l (Resbos)
Ll Ll
1.2
ﬂ B abdda, l 3
S ! 11 Hfilﬂﬂ!ﬂ-iﬁhmi H * L]
ES : A A A A A 1]_ T T ? * R N
= 0.8F_ . . o
10° 10 10" 1
¢
16

SM+EW Measurements - PASC0S2016


https://cds.cern.ch/record/2194259
http://link.springer.com/article/10.1140/epjc/s10052-016-4070-4

QERSIT},
> N, O,

5%y EW Physics Overview
TRyLN

* Improvements in di-boson calculations
— Practically all channels available at NNLO QCD and NLO EWK

« Some really hard measurements under consideration

— sin?04: much harder at LHC due to lack of valence anti-quark;
dominated by PDF uncertainty

— W mass: world average uncertainty 15MeV, should aim for 5MeV;
difficult measurements at LHC: pile-up effect on recoil, vector-boson
p+ modeling; PDF effects

« Good news: huge number of measurements

— Limits on anomalies in electroweak couplings now similar or better
than LEP

— Observation of VBF (electroweak production of single W and Z) and
evidence for VBS (same-sign WW, Zy)

— Observation and evidence of tri-boson final states, e.g. Zyy and Wryy

7/11/2016 A. Belloni :: SM+EW Measurements - PASC0S2016 17
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Diboson Cross Section Measurements

Status: June 2016
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slide 5 for CMS measurements

ratio to best theory

Mar 2016

©  Di-Boson Summary
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PUe 553\ Channel Limits J.Ldt \s
A%, — Ww [43e-02,436-02] 46f" 7TeV
H wWw [-2.5e-02,2.0e-02] 20.3fb" 8TeV
—— Ww [-6.0e-02, 4.6e-02] 19.4fb' 8TeV
Wz [-1.9e-01, 3.0e-01] 20.3fb' 8TeV
— Wy [9.06-02,1.0e-01] 46fy" 7TeV
— WV [-4.3e-02,3.3e-02] 50fp' 7TeV
—e— LEP Comb. [-7.4e-02, 5.1e-02] 0.7fb" 0.20 TeV
Ay A wWw [6.2e-02,5.9e-02] 46fc" 7TeV
H ww [-1.9e-02, 1.9e-02] 20.3fb' 8TeV
— ww [-4.8e-02, 4.8e-02] 49f" 7TeV
e wWw [-2.4e-02,2.4e-02] 19.4fp" 8TeV
— wz [4.6e-02,4.7¢-02] 46fy" 7TeV
i W2z [-1.6e-02,1.6e-02] 20.3f" 8TeV
— Wy [3.9e-02, 4.0e-02] 46fy 7TeV
— wv [-3.8e-02,3.0e-02] 50fy" 7TeV
—— DO Comb. [-3.6e-02,4.4e-02] gefb' 1.96TeV
= LEP Comb. [-5.9e-02, 1.7e-02] 0.7fb" 0.20 TeV
AF — WW [-3.9e-02,5.2e-02] 46" 7 TeV
' i ww [-1.6e-02,2.7e-02] 203fb" 8TeV
—_ wWw [-9.5e-02,9.5¢-02] 49f" 7TeV
o—i wWw [-4.7e-02,2.2e-02] 19.4fb' 8TeV
— wz [5.76-02,9.36-02] 46fy" 7TeV
— WZ [-1.9e-02,2.9e-02] 20.3fp' 8TeV
— wy [5.5e-02, 7.1e-02] 46fy" 7TeV
—— DO Comb. [-3.4e-02, 8.4e-02] 86f" 1.96TeV
| . HTi LFP Colmb [-I5.4e-0?, 2.1 ?-02] ‘ 0.7 fb“ 9.20 TIeV
-0.5 0 0.5

1
aTGC Limits @95% C.L.

« General good agreement between data and NLO/NNLO predictions

« Limits on anomalous TGC reached LEP sensitivity

— Big help from increase of center-of-mass energy

7/11/2016
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ERei arxiv:1606.04017
IIIII|III‘IIIIII|III|I\I|IIIIII §1025
eee | 095+017 —+——at—+ ATLAS 5 - ATLAS
s=13TeV,3.2f" ,_g i \s=13TeV, 3.21b"
uee 1.03 +£0.13 +—o—+ +
W2
0
euu 1.41+0.16 +—e—+ E
- ® Data
® Data - —— Powheg+Pythia
M 1.19+0.12 +—e—+ == Powheg+Pythia -
cTio | e Sherpa
___________________ 1
combined |  1.18+0.08 +o—+ ; W*Z = vt
I0.|4I 1 I0.|6I 1 IO.‘BI [ 1 L1 I1!2I 1 I‘1 l|4.I | I‘l |6I | I1 |8I 1 I2 :
Gf|d / 0theory I I
g °F
 Important test of SM EW sector s b
— Measured fiducial and total cross sections & 3§
— Test of QCD too: differential cross section £ °F
vs. number of jets = 2F
« Slight excess over NLO prediction T
...but agreement with NNLO: sensitive 0
enough to see difference Nets
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* More Highlights:
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* Interesting channels for a wide set of reasons

— Test of EW sector of SM (TGC); test of QCD via gg production; backgrounds
to Higgs measurements

* EXxcess in yy final state casts a new light
— Important to see how new particle would couple to massive vector bosons
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» Vector-Boson Fusion § @ 5
=
— Observed EW production of W “‘.
and Z bosons, background- TR
only hypothesis rejected at >56 < g
* Vector-Boson Scattering é %
— Observed same-sign WW T
production, limits on WZ 2
— Observed EW production of Wy *
and Zy
Exclusive production -
— Measured yy—WW cross < §,
section, and QGC limits < <
18
Current results use 8TeV samples - E
Ready to update with 13TeV data S
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: * TriI-Boson Production
PR
RyLM
- Observed production of Wyy and Zyy final & ames e o
states, limits on WVy cross section g 14r T Qe
. . . . . > 121 Other BKG —
— Final states include contribution from final and ~ * 4 } st @ syst.
Initial state radiation o | N
i 6 / .
 Natural channels to use to set limits on & YY
anomalous QGC 8 | -
"0 200 800800 000 9200

— Framework: dimension-8 EFT operators
— Anom. QGC have stronger effect at high Q32

Phys. Rev. D 93, 112002 (2016) Mer [GeV]
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Phys. Rev. D 90 (2014) 032008
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 The LHC reached design luminosity, Run-2 is up to speed
— Potential to reach 2/fb/week; already delivered about 10/fb

* By the end of 2018 expect O(100/fb), increase statistical
power by nearly a factor of 10
— Similar increase will not be seen until early 2030

« Extraordinary progress in precision of both theoretical
predictions and experimental measurements

— Expect new round of stringent tests on the precision frontier by the
end of Run-2: N3LO calculations of vector-boson production, exact
QCD-EW corrections, NNLO+PS di-boson production
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* Hard and soft QCD

Measurement of the inclusive isolated prompt photon cross section in pp collisions at sqrt(s)=8 TeV with the
ATLAS detector

— Measurement of the double-differential inclusive jet cross section in proton-proton collisions at sqrt(s)=13 TeV -
CMS

— Measurement of the inclusive-jet cross section in proton-proton collisions at 13 TeV centre-of-mass energy with
the ATLAS detector

— Measurement of the anqular coefficients in Z-boson events using electron and muon pairs from data taken at
sart(s)=8 TeV with the ATLAS detector

— Measurements of ¢ differential cross sections for Drell-Yan events in pp collisions at sqrt(s)=8 TeV - CMS

— Measurement of W* and Z-boson production cross sections in pp collisions at sgrt(s)=13 TeV with the ATLAS
detector

— Measurement of the transverse momentum spectra of weak vector bosons produced in proton-proton collisions
at sqrt(s)=8 TeV — CMS

— Measurements of inclusive and differential Z boson production cross sections in pp collisions at sgrt(s)=13 TeV
- CMS

— Measurement of the double-differential high-mass Drell-Yan cross section in pp collisions at sqrt(s)=8 TeV with
the ATLAS detector

— Measurement of the differential cross section of Z boson production in association with jets in proton-proton
collisions at sqrt(s)=13 TeV — CMS

— Measurement of the Production Cross Sections of a Z boson Boson in Association with Jets in collisions at
sart(s)=13 TeV with the ATLAS Detector

— Measurement of the Inelastic Proton-Proton Cross Section at sgrt(s)=13 TeV with the ATLAS Detector at the
LHC
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» Electroweak Physics

— Evidence of electroweak production of WWijj in pp collisions at sgrt(s)=8 TeV with
the ATLAS detector

— Evidence for exclusive yy—W*W- production and constraints on anomalous
quartic gauge couplings in pp collisions at sgrt(s)=7 and sqart(s)=8 TeV - CMS

— Measurement of the WZ boson pair-production cross section in pp collisions at
sgrt(s)=13 TeV with the ATLAS Detector

— Measurement of the W*W- cross section in pp collisions at sgrt(s)=13 TeV —
CMS

— Measurement of the ZZ production cross section and Z—#£"{' branching fraction
in pp collisions at sgrt(s)=13 TeV - CMS

— Measurements of Zy and Zyy production in pp collisions at sqgrt(s)=8 TeV with the
ATLAS detector

— Measurements of the pp—W=yy and pp—Zyy cross sections and limits on
dimension-8 effective anomalous gauge couplings at sqrt(s)=8 TeV — CMS

— A search for electroweak-induced production of Wy with two jets and constraints
on anomalous quartic gauge couplings in pp collisions at sqrt(s)=8 TeV - CMS
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9 pp Inelastic Cross Section
s arxiv:1606.02625
 Measurement probes non- E 123— : :&:ggrf:;)—:;*g:fm
: o 90 v TOTEM --- QGSJET-Il E
perturbative QCD o o s :
— Predicted to grow with center- 7058 T ppinonLHO) =
of-mass energy, not faster than 60y, ° PP E
2 50 E
In(s) af %
* Fiducial region identified by 300 yabat E
mass of dissociated proton 20F ATLAS L . E
10 102 10° 10°*

— Measurement extrapolated to
total inelastic cross section
« Results compared to several
MC generators

— Best agreement with Pythia-8
and EPOS LHC
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* V+jets measurements
Important testing tools

— Perturbative and non-perturbative
QCD:; constraint to PDF

— Backgrounds to search analyses
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* Impressive amount of results
already with 13TeV samples

predictions

corrections
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— General agreement with NLO

— Precision enough to test NNLO
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