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» A snapshot of the field
at a unique moment...

* Unprecedented media interest
and public engaement
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The CMS (pictured) was one of two experiments that saw a potential new particle late last year.



WHY? DATA, AND LOTS OF IT!

ICHEP 2016 DATASET
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The unprecedented dataset led to a unique sense of excitement and
expectation among experimentalists and theorists alike...
but remember, this is still only 1% of the final LHC dataset
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TODAY’S TALK

A selective take on the highlights —
Trying to cover both DESY-centric and less familiar topics

* 1. New physies observations from LHCb -
« CP violation in the baryon/charm sectors

« 2. Top physics
* Cross sections and mass
* New ideas in top quark phenomenology
«  Top-philic Z', EFT at NLO
BSM-sensitive top quark measurements
« Calibration of Monte-Carlo top mass

3. The latest on future HEP facilities
« CEPC, ILC, FCC-ee...

T2K, see the presentation here. LINK

For interesting results on neutrino oscillations af

| Augusts Chicago 7
Joint Beyond the Standard Model & Higes Physics
Chair: Kiwoon Choi, Stefania Gori, Kirill Prokofie

65:00 Search for a high mass diphoton resonance using the ATLAS detector (15' +
Bmm Lenzi

09:20  Searches for BSM physics in diphoton final state at CMS (15' + 5')
Chiara llaria Rovelli
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09:55  Dark sector shining through 750 GeV da rk Higgs boson at the LHC (12 +3)
Pyungwon Ko

10:10  The NMSSM lives - with the 750 GeV diphoton excess (12'+3)
Krzysztof Rolbiecki

10:25 Measuring the diphoton coupling of a 750 GeV resonat ce at the LHC (12" +

3)
Christophe Royon 0 s 154
i Dowron o Do Resaibias v ance (12 +3)
Qaisar Sha

10:55 Higgs-radion Interpretation of the 750 GeV di-photon excess at
e thelHC (12 +3)
Jack Gunion
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CP VIOLATION
MEAUSREMENTS FROM LHCb



CP VIOLATION IN N decays H

« Initial discovery of CPV was in neutral K° decays
« Recently it has been observed in BO B+, and BYs decays,
-> but _never observed in the decays of any baryon

In the SM, decays of the A\, (bud) baryons to hadrons predicted to CP
asymmetries as large as 20% for certain three-body decay modes

LHCb measures the asymmetries w.r.t of the 4-body decay
c N, pt—m+T—

The asymmetries are CP-odd, thus a non-zero result implies
CP-violation.



CP VIOLATION IN N decays H
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CP VIOLATION IN CHARM DECAYS

e CP violation in charm sector expected to be

very small in SM
 But can be enhanced by new physics

A (K K)%]

N(D° > f) - N(D’ - F)
N(D® ) + NA(BO_ ~F)

with F=K'K
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LHCb-PAPER-2016-035 in preparation

« Combining with a previous result (B—DpuX decays), the most precise
CP violation measurement in charm meson decay from a single

experiment is obtained -

Acp(K~K™) = (0.04 +0.12 (stat) = 0

Still consistent with no CPV -> no hint of new physics.

.10 (syst))%




TOP PHYSICS



o [pb]

TOP PHYSICS - THE STATE OF THE ART

« The Standard Model extremely successful in predicting the cross
sections of processes with top quarks: tt, t , tW, ttZ, ttW, tty...

Standard Model Production Cross Section Measurements

Status: August 2016

CMS Preliminary

June 2016
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Experimental precision now ~ theory (NNLO+NNLL) precision:

Deep probe of pQCD

Extraction of fundamental parameters (M,, o, PDFs)
Check for hints of new physics, constrain background for searches
Huge stats allow new corners of the phase space to be explored...
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tt Production
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Single and double b-tagged
tt—bevbpv events allow to measure
tt cross-section and b-tagging
efficiency simultaneously

Precision +(3.9-4.4)% (7-13 Tev) betters
NNLO+NNLL predictions (~5%)

High tt statistics — detailed studies
of production properties

Low top pr High top pr =

7
/

, resolved

boosted
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2D differential o

CMS-TOP-14-013

Double-differential tt cross sections at 8 TeV

 first measurement of this type
* bin tt events in two variables e.g., Pt,,, — Yiop s My — Yy

* M, -y, especially sensitive to PDFs
« 2D distributions provide stronger PDFs constraints than 1D

CMS Preliminary 19.7 b (8 TeV)
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TOPS AND DARK MATTER

= novel collider phenomenology (JHEP 1606 (2016) 110 [1512.00471])

-> Slight deviation in combined ATLAS+CMS ttH signal strength:

U =0/0g, =23 _ . (driven by CMS same-sign dilepton channel)

« Attempt to explain excess with Top-philic Z model

q/9 t
9 t
TNy
Z' [N
) T ———
q/9 t g t

Potentially interesting signature(s)...
e.g. Boosted ttbar + resolved ttbar?

13



TOPS AND DARK MATTER

= novel collider phenomenology (JHEP 1606 (2016) 110 [1512.00471])

 Observables based on tttt, Zh, DM relic density, Galactic 7 excess, sensitive
to Z’ model parameters

* Apply constraints and deduce best fit Z' mass and Z’-top coupling

S

N
: : ./ N

o [pb]

S~
-~ -

001~ Tm———

&7 In

200 250 300 350 400 450
0.0
150 200 250 300 350 400 450

mz

Seems to deserve a dedicated LHC search 14



TOPS AND DARK MATTER

= novel collider phenomenology (JHEP 1606 (2016) 110 [1512.00471])

Observables based on tttt, Zh, DM relic density, Galactic 7 excess, sensitive
to Z’ model parameters

* Apply constraints and deduce best fit Z' mass and Z’-top coupling
ATLAS-CONF-2016-068

——— S e
7 : ATLAS Preliminary 1s=13 TeV, 13.2-13.3 fo
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-“;4’--‘ O DS e bbbl L L hbhiaddaaaae P PP T L R L e L e L LR L LT
ftH combination | 2015+ e - - +04 +06
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0.0 +0.8 +05 +0.7
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Hint of deviation remg INS at 134TeV



or 3 or 4 leptons (TT2)

TT + ZW AT 13 TEV

Select event with 2 SameSign leptons(TTW)

Events

0<BDT <06 BDT>06

o (ttZ)
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tttt

CMS-TOP-16-016 -

Search for SM four top production

« Extremely rare SM process o~ 9 fb

« Sensitive to new physics

« Combining single- and dilepton channels
« Fit to multivariate discriminator in (b)jet categories

2.6fb" (13 TeV)

CMS limits on o, 2.6fb" (13 TeV)
Preliminary —e— observed © = . .
[ expected = 10 — - CMS Single Lepton: n 9+ Jets 4+ b-tags
expected =2 o (@) B .
Sm — 10° Preliminary —+— Data
Dilepton 4‘2 E - tttx
S ol ttt (X 20)
> 10 E ME Scale Uncertainty
Single Lepton o8 C
10
Combined =
........ il INEITETN EFRNPEF PRI EFUNNIT U B i
0 10 20 30 40 50 60 70 80 90 1 E
95 % CL limiton u= 0, / 0g, =
_ 1-1000 fb™' (13 TeV) 1 -
30 - CMS combined limit (expected) N 1 0 E_
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25 o s -04 0.2 0 . . . 0.8 1
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20 BDT

* Obs. (exp.) limits 10 (11) x SM 0,
» Sensitivity limited by statistics
* Factor of 2 increase in sensitivity wrt 8 TeV
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THE EFFECTIVE FIELD THEORY
APPROACH - an agnostic approach to

finding new physics in the top quark sector

* Precision top quark observables are sensitive to new physics.

« If new physics scale A is very large wrt to LHC scale new physics
manifest as virtual effects only.

* In this case, an effective field theory is a sufficient description

Nothing new -
Recall the classic effective Fermi theory
of Beta decay.

Proton

Neutron

18



THE EFFECTIVE FIELD THEORY
APPROACH - an agnostic approach to

finding new physics in the top quark sector

* Precision top quark observables are sensitive to new physics.

« If new physics scale A is very large wrt to LHC scale new physics
manifest as virtual effects only.

* In this case, an effective field theory is a sufficient description

Nothing new -
Recall the classic effective Fermi theory
of Beta decay.
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EFT PARADIGM IN THE TOP SECTOR
- SMEFT

@ The Standard Model Effective Field Theory (SMEFT) is a model-independent
approach to SM deviations.

c;” 0

Les = Lsm + Z Az 4+ 0N A = NP scale
i
Top fit: LHC8+Tevatron [A. Buckley et al.]
@ In the top quark sector, deviations from | | T

the SM are parametrized by adding
top-quark operators, e.g. for tbW:

0(32: =i Dur')(@r'¥#Q) Oy = i(@TDu)(y*b)

OIW = (ba’“uTlt)éWLy ObW - ((-)a“"'rlb);pWLu

@ Global fit can be performed with —
SMEFT by including all available '. ;, '
measurements. et

20



EFT PARADIGM IN THE TOP SECTOR
- SMEFT

@ Electroweak operators:

» For testing tbW /ttZ/tty couplings. _
» Key processes: single top, pp — tt+ V,and e"e~ — tt.

[CZ] [Bylund, Maltoni, Tsinikos, Vryonidou, CZ]
for ttZ see also: [R. Rontsch and M. Schulze] [R. Rontsch and M. Schulze]

@ Top-Higgs operators:

» For testing 1tH/gtt(gttH) /ggH couplings.
» Key processes: pp — tt, pp — tt + H, and loop-induced
ag — H, Hj, HZ ] HH, ©oe [D. Franzosi and CZ] [Maltoni, Vryonidou, CZ]

@ FCNC operators:

» For testing gig/qtZ /gt~ /qtH couplings.
» Keyprocesses: q+g—t,q+g—t+2Z/y/H,ande" e —

[Degrande, Maltoni, Wang, CZ] [Durieux, Maltoni, CZ]

21



LATEST PROGRESS - EFT @ NLO

@ SM Effective Field Theory in the top sector promoted to NLO in
QCD with parton shower. Relevant processes automated with
MADGRAPH5_AMC@NLO and can be directly used in experimental
analyses.

Status:

@ Three classes of operators are now available

» Top-EW
» Higgs-top
» Top-FCNC

22



LATEST PROGRESS - EFT @ NLO
pp — tt: Osg
Top chromo-dipole moment Oy in tt production:

@ Cross sections

Oy cross sections (Cig/A° = 1/TeV?) Decayed top: spin correlation
3 LO lpb TeV? NLO [pb TeV? K factor 05 .
Tevatron| 1.61°5% | “ore) 181005 (480 1 112 " pp-tt at LHC13
LHCS | s07*i3 ":ff | T262°%7%, e | 143 [ (N)LO+HERWIG6
LHCI3 161.6° 5% A'j: | 3305058 (#1518 IR °“5—C_,I.\:-1 Tev”’
LHCI4 191.3°5 3 PR o0 [ 230ty T | 148 .
v

. ~ SM(NLO)+O n(NLO) _I_'

“~ SM(NLO)

Limits on Cyg/A?

(1/0)d(i°d|A 4l
;

'LO [TeV~?]|NLO [TeV~?]|

Tevatron| [-0.33, 0.75) | [-0.32, 0.73] | i Q

LHCS | [-0.56, 0.41]| [-0.42, 0.30] | o= §

LHC14 |[-0.56, 0.61] | [-0.39, 0.43] | " z

‘ onf g

@ Distributions - ;

— 2 8

E.g. Arg = 0.095 + Cyg x 0.021(TeV/A) T T g
@ Spin correlation taken into account by 1A 1) )
MADSPIN. e

@ Future plans: four-fermion operators, CP-odd operators, complex
mass scheme, dynamic EFT scale, ... oo 53



TOP QUARK MASS CALIBRATION FOR MONTE-
CARLO EVENT GENERATORS (M.PREISSER)

Persistent question in determination of top mass:
“What do really measure when we measure M,”

24



TOP QUARK MASS CALIBRATION FOR MONTE-
CARLO EVENT GENERATORS (M.PREISSER)

« Persistent question in top physics:
“What do really measure when we measure M,?"

« The top quark’s ultra short lifetime means
standard measurements extract M, from
kinematic reconstruction of decay

* Not trivial to interpret this M, as a fundamental
parameter of the SM

s‘ - TrJrYrrvo | W h ) T r)
o - 68°% and 5% CL contours gyl -
g’ ao.sL B ftwoM_ andm messurements 7% Go¥ —
g - it wo M_, m and M_messunements ™ oow G 7
- 00 direct M_ and m, measurements .
8045 -
204 |- ] WHAT | TALK
: : / ABOUT WHEN | TALK
: — - TOP QUARK MASS "
803 I - -
oand 3 ’ [fteT]
140 1;0 A1;OA - AI;O 180 1;‘ '
m, [GeV]
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TOP QUARK MASS CALIBRATION FOR MONTE-
CARLO EVENT GENERATORS (M.PREISSER)

« Persistent question in top physics:
“What do really measure when we measure M,?"

» The top quark’s ultra short lifetime means
standard measurements extract M, from
kinematic reconstruction of decay

» Not trivial to interpret this M, .. a fundamental

parameter of the SM

tas

* Need to convert Mt to a less model-dependent
short-distance mass scheme, e.g. MSR,MS

v E

cut ~ lGeV

26



TOP QUARK MASS CALIBRATION FOR MONTE-
CARLO EVENT GENERATORS (M.PREISSER)

e Strategy: compare quark mass-sensitive hadron level QCD calculations with sample data
from some MC

» ook into observables with strong kinematic mass sensitivity

» get accurate hadron level QCD predictions (>NLO/NLL) with full control over quark mass scheme
dependence

» fit QCD masses to different values of mM% — for now we use PYTHIA

mMC

mMSR(R ~ 1GeV) + AMSR (R ~ 1GeV)

mMC = mP® + AP | A me > O(1GeV)

Uncertainties we address in our et e~ study Additional
pp systematics
> perturbative > strong coupling o
uncertainty [> non-perturbative > PS4+ UE
[> scale uncertainties parameters > color reconnection
> electroweak effects > intrinsic uncertainty

27



TOP QUARK MASS CALIBRATION FOR MONTE-
CARLO EVENT GENERATORS (M.PREISSER)

Final Results

e All investigated MC top mass values

show consistent picture

e MC top quark mass is indeed
closely related to MSR mass

within uncertainties:
mMC ~ mMSR(1GeV)

mMC = 173GeV (757 ¢7)

mass order central perturb. incompatibility total
mP8.v NLL 17280 0.26 0.14 0.29
mM8 v N2LL 17282 0.19 0.11 0.22
mP*  NLL 17210 0.34 0.16 0.38
mP'*  N2LL 17243 0.8 0.22 0.28

For now just e+e- investigated...

175

174:' p ;
| NNLL, T, = 1.4GeV

173

172

171

170

0.2
0.0
-0. 2

“5“(1 GcV)[GcVI

Cahbratlon ( e )
L PyTHIA 8.205, tune 7

E_ (m' ISR(I GeV) 1C

MC ) GeV] -

T[I

PR P PRRPI B

| l i
of |

N
_I...,h

70 172 173 174178
mMC[GeV)]
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FUTURE FACILITIES - ILC

« 500 GeV linear e+e- collider primarily for
extremely precise Higgs physics "

&:’ | Damping Ring 3

e+ Main Liinac

C.M. Energy 500 GeV
Length 31 km

pre-acceler ator Luminosity 1.8 x10%* ¢m2s?

few GeV 3 .
= = () source Repetition 5 Hz
Nano-beam Technology
/ \ Beam Pulse Period 0.73 ms
damping |

Beam Current 5.8mA

few ¢ SRF Accelerating Technology
————— [ 'y Beam size (y) at FF 5.9 nm

SRF Cavity G. 31.5 MV/m
Q, Q, =1x10 1

Inal foous

e International Linear Collider (ILC) being prepared for an
energy frontier e+e- collider at C.E. 500 GeV, extendable to

1 TeV.

= Nano-Beam and SRF technologies adyanced particularly Nice synergy with

well integrated at ATF, and & European XFEL. XFEL at DESY

* The ILC key accelerator technologies being ready for the
project realization.
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FUTURE HEP FACILITIES
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FUTURE FACILITES

 CEPC-SPPC
* Ambitious Chinese project for an initial 240 GeV e+e- and subsequent 70 TeV

pp colliders in the same 50k circular tunnel.
+ Initially a Higgs,Z factory for precision, then an all-out discovery machine
» http://cepc.ihep.ac.cn/preCDR/volume.html

High Energy Booster(7. 2Km)
Li
BI( Medium Energy Booster(4. ﬁl\m) e(;wm)nc \
Proton Linac

Low E y Booster(0.4Km

P4 (100m) 1P3
Booster(50; @Iostono: 13" Five Year PI@
_ ) CEPC
CEPC Colge, Ring(Sokm) — 1P2 B & & 3 2
L m
& & & & &
SPpC Copig R&D
der
or Rln,_.(gm\-"” Pre-studies Engineering Design Construction Data taking
(2013-2015) (2016-2020) (2021-2027) (2028-2035)

1% Milestone: Pre-CDR (by the end of 2014) — R&D funding request to Chinese government in 2015
(China’s 13" Five-Year Plan 2016-2020)

SPPC
g g e

R&D Engineering Design Construction
(2014-2030) (2030-2035) (2035-2042)
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FUTURE FACILITES

 CEPC-SPPC
* Ambitious Chinese project for an initial 240 GeV e+e- and subsequent 70 TeV

pp colliders in the same 50k circular tunnel.
+ Initially a Higgs,Z factory for precision, then an all-out discovery machine
» http://cepc.ihep.ac.cn/preCDR/volume.html

An aggressive timeline is envisaged...

* Pre-CDR completed
* No show-stoppers
* Technical challenges identified =» R&D issues
* Preliminary cost estimate
* R&D issues identified and funding request underway
* Seed money from IHEP available: 12 M RMB/3 years
* MOST: ~ 80 M RMB / 5yr, 36M RMB has been proved in June 2016

* Onters topical issue funds from NSFC, CAS and the Science and
Technoogy Bureau of Beijing Municipal: “9M RMB

* Working towards CDR, Accelerator by 2016 and Detector by
2017
* A working machine on paper solving the problems left by Pre-CDR
* Site selections

* Internationalization & organization
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FUTURE FACILITIES - FCC-ee

» High-luminosity ee circular collider
proposed in new 80-100 km tunnel
near CERN

» Flexible centre-of-mass-energy
from 90 to 400 GeV

» Schedule (and physics)
complementary and in synergy with
FCC-hh (pp @ 100 TeV)

* Explore energy scales to at least10 TeV

—  With precision measurements, 20-50 fold improvement on many SM
parameters such as
* m, my, m,, sin?6,*" Rg, agep 0g, top and Higgs couplings
* Potential to directly or indirectly discover BSM physics
« Understand BSM through quantum effects in loops

« DM as invisible decay of H as Higgs factory
* FCNC in Z and ttbar, flavour physics

.
:. ~—— .
s Schematic of an
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FUTURE FACILITIES - FCC-ee
merit of My, threshold scan

7| arXiv:1604.08122 > 5
//
— o
3« J ,/—/ o 3
| 7
s f '
f
/O
/ [ ' Al lepton colliders, measurement of photons from
By T ISR can be used to scan cross section vs centre-
e | oSREIeON of-mass

33 0 o O

+ FCC-ee will fﬁl(é;sure a, with unprecedented precision at Z
pole and WW threshold

» Cross section shape depends strongly on top quark mass and
width, a, and Y,

« Top mass and width can be measured directly with an accurate
top cross section threshold scan

» Improved a, drastically improves correlations m,, I, and Y,
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DIVERSITY + INCLUSION

* First ever ICHEP session on this topic

 Interesting, stimulation talks with a

great variety of topics

« Staggering statistics on the
underrepresentation of minorities in
physics, especially from PhD level
onwards...

* Many programs at national and
experiment level to address this.

About 0.5% of CERN users
are African Nationals

10

Distribution of All CERN Users by Nationality on 14 January 2014

00

12:00

Fri05/08 | Sat 06/08 | All days

P o | Futsoeen —Deegviow i

Introductory Remarks Zeblon Vilakazi
Huron 09:00 - 09:05
Rules and Gui Brian Nord
Huron 09:05 - 09:08
Project Juno: Advancing Gender Equality In Physics Careers In Marcella Bona

HitfR8r Education In The UK 09:08 - 09:10
A New US-CERN gram on ATLAS Experi of gsheng Gao et al.
LHC at CERN for California State University System

The early career, gender, and diversity actions within the Barbara Sciascia et al.

OB Collaboration 09:12 - 09:14
Composition of the ATLAS Collaboration Joleen Pater et al.
Huron 09:14 - 09:26
Creating ive Work Envi - to break culture- Tuva Ora Herenui Richert
Hlathg 09:26 - 09:38
ing diversity in sci Maria isabel Pedraza Morales
Huron 09:38 - 09:50
Benefits of di and ip y ion for HEP - a Daniefl Dobos
bhbdcase 09:50 - 10:02
Bridge Prog as an app to improving diversity in physi Brian (fe
Huron 10:02 - 10:14
Panel Discussion fusivity in our vork envi
Huron 10:14 - 10:50
ion of ional O h and Capacity Ketevi Adikle Assamagan
mm 11:10- 11:22
Promoting Women in Physics in South Africa Karte Shaw et al.
Huron 11:22-11:34
The early career, gender, and diversity actions within the  Jonas Rademacker et al.
£HER Collaboration BT
The M: lass of icle physics and scientific careers from the  Sandra Leone

point of view of male and female students

The Davis-Bacall Scholars Program Margaret Norns
Huron 11:57 - 12:08

Pre-College Science and Engineering for Inner-City Middle School  Kevin Pitts et al.
Sigents

12:08 - 12:19
The Cevale2ve case Arturo Sanchez
Huron 12:19 - 12:30
Panel Discussion Providing access to science
Huron 12:30 - 13:00
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DIVERSITY + INCLUSION

« APS Bridge program T
underway to equalise the T o
numbers of black and o o
hispanic students at o /f__jEWS e
Bachelor and PhD levels = T

ox

1995 2000 2005 2010 2015

Americans who earned physics doctorates in the US from 1973-2012
Women M

B 2,48¢ | 2:
| 625 M 2,4
. ! 61

Bridge Programs in Physics

Bridge Program -

® An approach to addressing the underrepresentation of some groups in physics

® Aim to provide opportunities for students to be successful that may not have had such
chances by traditional means

APS Bridge Program - National effort to increase the number of PhD earned by
underrepresented students in physics.



SUMMARY

ICHEP 2016 was a unique gathering of the HEP community

» Excitement due to enormous dataset was palpable.

« Disappointment due to null result mitigated by the realisation that
this enormous dataset set is still only ~1%

Yet at least one (somewhat) surprising, beautiful result —

«  CP violation in the baryon sector

Null results stimulated the imaginations of phenomenologists

*  Top-phillic Z
- EFT @ NLO

Exciting plans for future colliders becoming more concrete
« CEPC-SppS, ILC, FCC



SEARCHES FOR SUPERSYMMETRY

ATLAS SUSY Searches* - 95% CL Lower Limits

EXPERIMENT
ATLAS Preliminary

@ATLAS

Status: August 2016 Vi=7,8,13TeV
Model €Ty Jets ET [Laam™) Mass limit yi=7.8Tev [WF=iaTev] Reference
MSLGRACMSSM 03 W‘ 27 210 /36 Yes 203 185 TeV rridi=miz) 1507.05825
450 26t Yes 133 ] $<200 Gel. m|1¥ gen gzmi2™ gen.q) ATLAS-CONF-2016-078
% 33 .’_,_,(‘5 compressed) mon:r]el 1- SFB Yes 32 mmmu.pse.v 180407773
FEN 0 26t Yes 133 ATLAS-CONF-2016-078
Fr g-..ni.l-.‘”w‘if [} 26pt Yes 133 ATLAS-CONF-2016-078
2, Emaa( ek 3ep djets o 13.2 ATLAS-CONF-2016-087
Wzt 201(SS) 03l Yas 132 ATLAS-CONF.2016-087
§4§B TIINLSFH 1-274+0-1¢ 02l Yag 3z 1807.05979
GGM [bino NLSP) 2y B Yas 3.2 160509150
GGM [Hggsino-bino NLSP) Y 16 Yas 203 1507.05493
= oM g:gwm::gglsm Y o :': zes 13.3 m,;‘ L;Spm%.u\g. c;'m_sp,f,u Trmen, 0 ATLAS-CONF-2016-066
GGM (Higgsino 2eplz I fas 203 i) |54 1508.03290
Graviino LSP 0 monorjet Yes 203 mG)>13 % 104 @V, m{g)=mif)=15TaV 1502 01518
E i 2 i 0 36 Yes 148 ATLAS.CONF.2016.062
22, gty 01 e Ik Yes 148 ATLAS-CONF-2016-062
E 2z ik 01 e st Ik Yes 201 14070800
bRy B —hE) 0 2k Yes 3.2 rii})<100 el 1806.03772
i Eyby, Byt 2e,(SS) 16 Yas 132 ri)<150CaV, mi¥] )= miA7]+100 GaV ATLAS-CONF.2016-087
020 126 Yes 47133 rii}] = 2mPA7), midS)=55 CaV 1209.2102, ATLAS-CONF-2016.077
Q. ,._.m,(‘,’qr i) 02 02 iels"!-zb Yas 47133 i1 Ca¥ 1506 08518, ATLAS-CONF-201 8077
06, 6=k o monojet Yas 32 rify)erdd)5 GaV 1804.07773
i i (natural GMSB) 2epl?) 16 Yas 203 rii 32150 CaV 1408 5222
;' Iafs, 2=y + Z 3eplz) 16 Yes 13.3 i it )2 300 CaV ATLAS-CONF.2015-088
Rafa, 2=y th lep GjEts+2b Yas 203 |i: 320-020 GeV rrii})-0GaV 150802518
fxlis., -t 2ep 0 Yes 203 |I 90-335GeV rii =0 GV 1408 5204
TEL b =B 2ep 0 Yas 203 |i} 140475 GeV it )20 Ca¥, mif, #)=0 Srid § |omikTT) 1400 5294
(TP T hmisstad] 2r - Yas 203 | &) 355 GeV rii =0 Ga¥, m|#. $1=0.5[mii ; m|$s 1) 1407 0250
= ° BB a6 L) 3ep 0 Yes 203 ﬁe-'. 715 GeV i emiE), b 1=0, mil 910 5(mik ] i) 14027020
u,.E i ~—~w€ % 23ep 02k Yes 203 [&43 e} |zmii5), mid? =0, £ cecoupled 14035204, 14027029
o (‘fe—.wf h fé kbR WW/ Ty SHY 02b Yas 203 ?.ﬁi 270 GeV rrid} |=mikS), mATI=0, 2 cecoupled 1501.07110
(‘!' Koy —-(" dep 0 Yes 203 k’u 035 GeV miE=m AT miET)=0. mi #=0 SimiaZ emiiT)) 1406 5068
GGM [wino NLSP| weak prod. Teptsy - Yes 203 |w 115270 GeV ereimm 150705403
GGM [bino NLSP) weak prod. 2y Yas 20.3 w 530 GeV creimm 1507.05403
Direct £1¥; prod., long-lived £]  Disapp.trk 1 jet Yes 203 |&] 270 GeV rii3|-miAT] 180 MaV, =53 3=02 ra 13103575
Direct £1F, prod., long-lived £ dEdxrk : Yes  1B4 i.‘ GeV ré3].mAT] -180 MaV, =43 )<15 na 1506.05332
E g:x ﬂmds R-hadron oh 15pkts Yes 279 |& 850 GeV i }1=100 Ga¥, 10 pm <)< 1000 = 13105584
i ron r - - a2 1808.05129
Metastable ¢ R-hadron dE/dx trk 32 rii§)=100 Ca¥, r>10na 1804.04520
GMSB, stable 1, -G, e ie. ) 124 ) 18.1 10tang<50 1411 5705
~ GJSB 19, longived 7 2y Yas 203 12#(£7)<3 ra, SPE3 medel 1400 5542
iz, i'_""l"’" Sy displ. ewfuge/pize - 20.3 7 <erliy)< 74D rren, mi)=1.3 Ta¥ 1504.05182
GGM 23, £)—2C displ. vtx + pts 203 & <crft})< 420 rmm, m(E)=1.1 Ta¥ 1504.05182
LFV pp—%s + X, Py ler/pr wjboT T B 32 20y=011, A1 ze=0.07 1607.02079
Bilinear RPV CMSSM 2e,(S8) 03b Yes 203 rii=mid). wizr<t mm 1404 2500
6E. il‘—.wfz, l—wev ey $ep - Yas 133 Y4000V, Ayl k= 1.2) ATLAS-CONF.2016-075
E G0 B =W By, e, 3epeT \ Yas 203 rE )0 2xri ), dyeerD 1406 5086
i § 0 45lageRjets - 148 BA[(=BRM=BERI|<0% ATLAS-CONF-2016-057
@ 0 45lageR s - 148 i )=200 Ga¥ ATLAE-CONF-2016-067
200(S8) 03h Yes 132 rify)<TS0CaV ATLAS-CONF-2016-087
o 25+ 2b - 154 ATLAS.CONF 2016.022, ATLAS- DONF-2018-034
R, bt 2ep 2¢ 203 BA[; b /)20 ATLAS-CONF-2015-015
Other Scalar charm, 2=} 0 2 Yes 203 |& 510 GeV' m‘l',)t_a)oo.v 1501.01325
*Only a selection of the available mass imits on new 0!
states or phenomena is shown. Mass scale [TeV]

ThIS plot says it all..
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TOP QUARK PHYSICS

* Inclusive ttbar cross section

8
5
'g 10°
¢
2 102
[72]
=]
2
10

T

T lllllll

| |

v Tevatron combined 1.96 ToV (L = 8.81b")
® CMSou'502TeV(L=26pp)

m ATLAS o7 ToV(L=4.G M)

o CMSou7TeV(L=5)

w ATLAS ou B8 ToV (L=2031b")

o CMSouBTeV(L=10.71b") .
v LHC combined 0 8 ToV (L= 5.3-20.31b )
w ATLASou 13TeV(L=321b)

v CMSou' 13TeV(L=221b)

a ATLAS 0e/pp* 13 ToV (L=85pb )
0 ATLAS I+jets* 13 TeV (L= 85pb’)
& CMS I+jots® 13 ToV\}L =231
O CMS ali-jots* 13 TeV (L = 2.63

* Prebminary

g NNLO4+NNLL (pp)
S NNLO4NNLL (pp)

|
AT

LHCtopWG

900r

8001

700

LAS+CMS Preliminary

Aug 2016

A

1 IlllllI

1:'3 ‘ﬁ ["l'eV] _

100000000

Events

10000000

1000000

100000

10000

Ratio

- Czakon, Fiedler, Mitov, PRL 110 (2013) 2520 .
- NNPDF3.0, m,, = 172.5 GeV, ul(M7) =0.118 = 0.001 -
I~ l L L 1 I " " " I 1 1 4 L L L I " " " ]
2 4 6 8 10 12 14

Vs [TeV]

CMS Preliminary 2.3 pb™ (13 TeV) ® Daa B8 B

[ muttivoson Cw Jov

(L [ mutiets (data)

ETT R T T R T S AR 3.0t

45,0t

4,1t 4,2t
Event category

-2 A In(L)

7 . .
- CMS preliminary [---]shape (exp.)
L 237 (13 TeV) [-Jcount (exp.)
6~ ] shape (obs.) }

] count (obs.) /

A\ 95% CL
3
iy NS BB 0L
T U rr v
u=o/c
th
« Total uncertainty 3.9 %

Most precise 13 TeV
CMS measurement so far

=
S
2
o
-3
3
=
s
S
3




f cross section [pb]

Incl. o, measurements
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Incl. o, measurements 2 | oS preliminary Eoere o)
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measuring o differentially

Top quark definitions

Parton-level:
top quark after radiation but before decay
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measuring o differentially

Top quark definitions

O
2 Q0QQQQQ g Q
. 7 Q

A9

Q

£ N

W
So

Particle-level:
top quark proxy reconstructed from decay
products after hadronisation
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differential o

TOP-14-018, TOP-12-028, TOP-15-011
(arXiv:1509.06076, arXiv:1505.04480 )

e Differential cross sections at 8 TeV

« Comparisons to NLO MC generators
and NNLO QCD predictions

* Miss-modelling of top Pt spectrum
observed in all decay channels.

TOP-16-007

» Differential cross sections in the ey
channel at particle-level at 13 TeV

« Miss-modelling of top Pt spectrum re-
confirmed at particle-level

« Similar results at 13 TeV parton-level
(TOP-16-008, TOP-16-011)
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(arXiv:1509.06076, arXiv:1505.04480 )
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« Comparisons to NLO MC generators
and NNLO QCD predictions
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* Miss-modelling of top Pt spectrum
observed in all decay channels.
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Low top pt High top pr

differential o (boosted)

Boosted reconstruction

W boost
—_—

-> hadronic top decay reconstructed in one jet b
-> jet substructure techniques used to tag tops 19.71" (8 TeV)
310-”;' " CMSpwimnay -
— - ¢+ Data p
TOP-14-012 (arXiv:1605.00116) g [ e
Parton and particle level at 8 TeV 30 ssoos | 3
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* Pt mis-modelling observed again 10° 3
-
g o
=

%00 500 600 700 800 900 1000 1100 1200
Particle-level top P, (GeV)

TOP-16-013
Boosted & resolved reconstruction at 13 TeV
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differential o

TOP-14-013
Double-differential tt cross sections at 8 TeV

 first measurement of this type at the LHC

* bin tt events in two variables e.g., Pt,,, — Yiop » My— Yy

* M, -y, especially sensitive to PDFs

« 2D distributions provide stronger PDFs constraints than 1D

CMS Preliminary 19.7 fb™ (8 TeV)
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differential o

TOP-14-013

Double-differential tt cross sections at 8 TeV

first measurement of this type at the LHC
bin tt events in two variables e.g., Pt,,, — Vio, » My— Yy
M, — vy especially sensitive to PDFs
2D distributions provide stronger PDFs constraints than 1D

CMS Preliminary 19.7 b (8 TeV)
— 1 1 1 | | | LA L
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tt+jets, tt+bb g
Q 10
Jets, 8
52
TOP-15-006,TOP-15-011
 Measurement of tt+jets, tt+jj cross sections at 8TeV .
« Jet multiplicity well modelled by most generators
 tt+]j cross section in agreement with prediction o2
(JHEP 07 (2014) 135)
Category do/dNiets [pb] ~ Stat. Exp. Theor. Total 10°
tt — ¢ +4jets 4.15 1.0% 62% 53%  8.6%
tF — £+ 5jets 1.88 13% 74% 7.0% 10.6% gg 2
tt — ( + 6 jets 0.615 2.6% 87%  85% 12.7% Qe
tt — 0 + 7 jets 0.156 59% 13.6% 11.7% 19.1% 0.5
tt — ¢ + 8 jets 0.0352 13.4% 19.1% 19.3% 30.4%
tt — ¢ +9jets 0.0116 16.7% 24.3% 33.3% 44.6%
tt — ¢+ >10jets 0.00413 18.7% 27.9% 4 34.6% 48.3%

TOP-16-010

« tt+bb, tt+jj at particle level
in visible region at 13TeV

* Probes QCD, constrains bkd for tt +Higgs

« Results consistent with POWHEG MC prediction

Phase Space Tqup [PP] ;i [pbl ebb / Tt
Measurement

Visible 0.085 + 0.012 +0.029 3.5+ 0.1 +£0.7 0.024 + 0.003 + 0.007
Full 39+06+13 176 £ 54+ 33  0.022 + 0.003 + 0.006
Simulation (POWHEG)

Visible 0.070 + 0.009 51405 0.014 £ 0.001
Full 32+04 257 + 26 0.012 4+ 0.001

CMS Preliminary 19.7 fb" (8 TeV)
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T T T T T T T
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b g

-------
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— [] stat. + syst. -
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tt+jets, tt+bb

TOP-15-006,TOP-15-011
Measurement of tt+jets, tt+jj cross sections at 8TeV

1/0-ViS dUViS/dI\]jets

[y
o|
=

|

.............

CMS data 19.7fb~1(8 TeV)
arXiv:1510.03072

Data Uncertainty

POWHEG+PYTHIA8 CUETP8M1 |
&g

™R = 0.115

‘\H H\tu\‘\“

2 3 4

5

6

Niets [pr > 30 GeV]

L] [ [ 10_2
Jet multiplicity well modelled by most generators
tt+jj cross section in agreement with prediction
(JHEP 07 (2014) 135) 10
Category do/dNjets [pb]  Stat.  Exp. Theor. Total gs 1.2
tt — ¢ +4jets 4.15 1.0% 62% 53% 8.6% 5 1
tt — ¢ + 5jets 1.88 1.3% 74% 7.0% 10.6% g 0.8
tt — ( + 6 jets 0.615 26% 87% 85% 12.7% T 46
tF— £+ 7 jets 0.156 59% 13.6% 11.7% 19.1%
tF — £ + 8 jets 0.0352 134% 19.1% 19.3%  30.4%
tt — ¢ +9jets 0.0116 16.7% 24.3% 33.3% 44.6%
tt — ¢+ >10jets 0.00413 18.7% 27.9% 4 34.6% 48.3%
TOP-16-010
tt+bb, tt+jj at particle level

in visible region at 13TeV

* Probes QCD, constrains bkd for tt +Higgs

« Results consistent with POWHEG MC prediction
Phase Space Oipp LPP] oy [pb] Titvb / Ot
Measurement
Visible 0.085 4+ 0.012 £ 0.029 354+0.1+£0.7 0.024 + 0.003 £ 0.007
Full 39+06+1.3 176 £54+33 0.022 £ 0.003 + 0.006
Simulation (POWHEG)
Visible 0.070 + 0.009 51+05 0.014 + 0.001
Full 32+04 257 + 26 0.012 + 0.001

W tibb WtLF WSingle t
[ttbj [Itt others PDYJets
[ttcc @ttv + Data
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Number of b-tagged_jet%
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tttt

TOP-16-016 —

Search for SM four top production
Extremely rare SM process o, ~ 9 fb

Sensitive to new physics

g\

Combining single- and dilepton channels
Fit to multivariate discriminator in (b)jet categories

2.6fb" (13 TeV)
CMS limits on o,
. —e— Observed
Preliminary

[ expected = 10
expected +2 o
sm

Dilepton

Single Lepton

Combined

I I
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* Obs. (exp.) limits 10 (11) x SM o
» Sensitivity limited by statistics
» Factor of 2 increase in sensitivity

wrt 8 TeV results

54



tttt

TOP-16-016 —

Search for SM four top production
Extremely rare SM process o, ~ 9 fb

Sensitive to new physics

Combining single- and dilepton channels
Fit to multivariate discriminator in (b)jet categories

2.6fb" (13 TeV)

limits on o,
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CMS

Preliminary
sm

Dilepton

Combined

Single Lepton

I I
0 10 20 30 40 50 60 70 80

90

95 % CL limitonu=0__/ oq,

1-1000 fo' (13 TeV)

w
o

- CMS
[ Simulation Preliminary

— SMitt

N
(8]

,,,,,,, 2015 integrated lumi

combined limit (expected) N

N
o
I

—_
o
L L

95 % CL Limit on ... (0, / Ogy)
2]

5
0 7\ L | L L 7777777777777 PO W o e e e
1 10 102 10°

Integrated Luminosity (fo™")

Events/ 0.10

gsW

10°

10?

10

T IIIII|T| T IIIIIII|

—_
Q
IIIIII|

|
o
Sl

CMS

Preliminary

o2

2.6 o' (13 TeV)
Single Lepton: u 9+ Jets 4+ b-tags
—+— Data
X
tttt (X 20)

V] ME Scale Uncertainty

1 1 1 I 1 1 1
0 0.2 0.4 0.6 0.8

1

BDT

* Obs. (exp.) limits 10 (11) x SM o
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» Factor of 2 increase in sensitivity
wrt 8 TeV results
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CONCLUSIONS AND OUTLOOK

Broad range of tt cross section measurements from CMS:

Incl. tt - results consistent with SM
« Constraints on light stops, PDFs and m,

1D differential - top Pt spectrum mis-modelled
* NNLO predictions describe the data better

2D differential - deeper probe of modelling
« 2D measurements constrain PDFs at high-x

tt+jets,tt+bb - particle-level measurements
* tune MC prediction and constrain ttbb background for ttH

tttt - combined search in single and dilepton channels
« world’s tightest limit on SM tttt production
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TOP QUARK PHYSICS

Testing the Standard Model

» Unprecedented levels of precision in
measurements of o, and M,

Self-consistency of the SM

= : T ]
a I 68% and 95% CL contours ":":“_f_"":“"' 1
= 805 — Il ftwoM_andm measurements o =078 Gev .
g fit wio M__ m and M_ measurements o=l a0, Cev 3
i direct M_ and m, measurements 3

80.45 - 1
80.4 &

F M, workd comd. : b
80.35 - m, « 20305 + 0.015 Gev

803 |
80.25 |
- >
e ttttttt ettt At bttt
Baak et al 2014 m, [GeV]



DIFFERENTIAL MEASUREMENTS

Cross section
definition
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DIFFERENTIAL MEASUREMENTS

Cross section
definition




DIFFERENTIAL MEASUREMENTS

c
O
©
c
» O
=)
=
°%
OT
\S
aot™
205 Absolute vs. Normalised measurements
» Absolute measurements reveal maximal information

 Normalised measurements allow more precise probes
of distribution shapes

XO — cancellations of th. and exp. uncertainties
a
\C
\e°‘°‘ 76,0
o Qs 9,
Q’?}, REIA
7. %
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DIFFERENTIAL MEASUREMENTS

c
9O
3]
c
» O
wied
=
°%
O o
\S
ot
N : : :
\uie Fiducial phase space, particle-level measurements
205° « Reduce modelling uncertainty

* Probe parton shower and hadronisation models
Constrain new physics
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measuring tt differentially

Top quark definitions

Full phase space:

Covers all possible tt kinematics. 63



measuring tt differentially

Top quark definitions

Visible phase space:
Kinematic region accessed by CMS detector ¢4



. [pb]

TOP-13-004

5.0 fb™ (7 TeV)
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Incl. o, measurements

TOP-13-004 —
tt cross sections in the ey channel at 7 and 8 TeV

2 b-tagged jets  19.7 fb™' (8 TeV)
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