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€ success of the exped
crucially on areliable Map
and the best possible tools ..!

(including a magnet)



The Standard Model
o Map

u The preferred choice of particle explorers !

u Incredibly successful at describing all known
elementary particles and forces

u Thoroughly reviewed, updated and completed during
the LHC Run 1 oexpeditiono



Success of the Standard Model in Run 1:

IR 120 Standard Model and CMS Preliminary
- Top physics publications in
CMS Run 1 so

¢ 7 TeV CMS measurement (L < 5.0 fb™)
$ 8 TeV CMS measurement (L < 19.6 fb™)
— 7 TeV Theory prediction

— 8 TeV Theory prediction

Z CMS 95%CL limit
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Last word about Run 1
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has not yet been said:
high quality data, many
analyses still ongoing

Production Cross Section, o [pb]
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All results at: http://cern.ch/go/pNj7 Wk, Zsl, l-en Th. Agy, in exp. Ao



Focus on recent highlights: 6

u CMS LOGBOOK from our First Expedition (Run 1)
u Strong Force (QCD, jets, alpha_s, pdfs, MC Tools)
u Electroweak Precision Measurements

u More about Top quarks, Anomalous Couplings, Rare decays

u Preparations for the Second Expedition (Run 2)

u A very first look




CMS detector

(Compact Muon Solenoid)

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes
Overall diameter :15.0m

Overall length .7 m

Magnetic field

SILICON TRACKERS
Pixel (100x150 pm) ~16m* ~66M channels
Microstrips (80x180 ym) ~200m? ~9.6M channels

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

e s e e E, !\
R B N R NS Sl &
FORWARD CALORIMETER - \ p - 2P o “5
Steel + Quartz fibres ~2,000 Channels

Itaipu dam

ELECTROMAGNETIC ' p ) N B (I g U a.(;u y B raZ I I)
CALORIMETER (ECAL) 4 b b

~76,000 scintillating PBWO crystals

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

height x length: 15X 29 m 200 x 7900 m

max energy stored: 2.5 GJ == 0.2 s of Itaipu production
Steel used: 380 x BF




CMS-PASESQ12-031

PI’ECISIOH QCD CMS-PASSMP-12-012 3

CMS Preliminary

u State -of-the -art theory + MC models:  NEli=.. apor: =58 o fow B e

filled: L, = 10.71 fo™" (high PU runs)

i

u NNLO calculations > e : ':Z — NNPDF 2.1 NLO NP
u NLO + Parton Shower A MC tools
u NLO QCD + EWK corrections

——0.0 <Jy|< 0.5 ( x 10°)

u Precise measurements of Jets, WH+jets, B oS deno(x10)
Z+jets, ttbar + jets, di-bosons, ttV, L eze s

) ——25<Jy|< 3.0 ( x 10")
I O P, e —— 3.2 <ly]<4.7 ( x 107

-5
10751730 20 1000 2000
Jet P, [GeVic]

singl e

NNLO calculations important at least for the following cases:

1) Benchmark processes 2) Processes with large 3) Important backgrounds ]
measured with hlgh accuracy NLO corrections for nggg and NP searches Th IS al IOWS to:

ere =3 jets pp—H PP=YY u Constrain PDFs
PP %W 7 \ even N3LO known now pp*w“.’, ZY

B u Tune MC parameters
pp—=WW
NNLO reduces tensior

sy ©  Measure alpha_s
" + CMS I3
(&) pp —2 jets pp—~HH pp—ZZ

pp —tt ¥ pp—H-jet

u Model backgrounds for
Higgs and BSM physics

X pp—=WZ

towards co mp letion

Grazzini, EPS HEP 2015 pp—>W(Z)jet


http://cds.cern.ch/record/1564932?ln=en
https://cdsweb.cern.ch/record/1547589

(8 TeV)
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Inclusive Jets

Fixed-order NLO prediction folded with
non -perturbative corrections agrees

with data over 2 decades in energy and
13 orders of magnitude in cross section !

Will improve q, g PDFs athigh x

New: same analysis at 2.76 TeV (5/pb)

Exp. (jet energy scale, luminosity) and
theory uncertainties reduced in ratio:

pb’ (2.76 TeV)

¢ Data

Theo. Prediction

CT10 NLO® NP
ly] <0.5

[l
300 400 500
Jet P, (GeV)

——0.0 <Jy|< 0.5 ( x 10°)
——05<|y|< 1.0 ( x 10
——1.0<ly|<1.5( x 10%
= 15<y|<2.0( x 10%)
—~—20<ly]<2.5( x 10"
4—25<M<3n(x10?
—~—3.2 <ly|<4.7 ( x 107

ECT10 NLO® NP
[ Exp. Uncertainty

"~ 780 90100

CMS Preliminary

open:L =58 pb™ (low PU runs)
filled: L, = 10.71 fo™" (high PU runs)

— NNPDF 2.1 NLO ®NP

1000 2000
Jet P, [GeVic]

400 500
Jet P, (GeV)



http://cds.cern.ch/record/1564932?ln=en
https://cdsweb.cern.ch/record/1547589
https://cds.cern.ch/record/2033773?ln=en
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Drell-Yan Cross Section 10

Cross section vs. dilepton mass
now measured at 8 TeV, from
15-2000 GeV in mass

Compared to NNLO QCD
+ NLO EWK corrections
(+ including A Ay 1717)

19.7 fb™' ee and pu (8 TeV)

do/dm [pb/GeV]
333232 .334
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1000 2000

Differential double ratios
(1/R2)(dR/dm) 8TeV /
(1/R2)(dR/dm) 7TeV
measured for the first time

19.7 fb™ ee and p. (8 TeV)

48" ee, 4.5 uu (7 TeV)

500 1000
m [GeV]


http://arxiv.org/abs/arXiv:1412.1115

Strong coupling: overview

u Hadron collider data agrees with the PDG world average
note: most precise hadron collider result from  ttbar &€ !

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

H1+ZEUS (NC, CC, jets)
H1-prelim-11-034, ZEUS-prel-11-001 (2011)
ZEUS incl. jets in y'p

NPB 864:1 (2012)

H1 multijets at high Q?
arXiv 1406.4709 (2014)

CDF incl. jets
PRL 88:042001 (2002)

DO incl. jets
PRD 80:111107 (2009)

DO anq. correl.
PLB 718:56 (2012)

Malaescu & Starovoitov (ATLAS incl. jets)
EPJC 72:2041 (2012)

ATLAS N,
ATLAS-CONF-2013-041 (2013)

CMSR,,

EPJC 73:2604 (2013)
CMS tt cross section
PLB 728:496 (2014)
CMS 3-Jet mass

EPJC 75:288 (2015)

CMS incl. jets
EPJC 75:186 (2015)

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




CMS incl. jets : ag(M)) = 0.1 185?&?[?4&23
+  CMSR,

CMS tt cross section

CMS inclusive jets

CMS 3-Jet mass

=

inclusive jets

DO inclusive jets
DO angular correlation
H1

ZEUS ttbar  3-jet mass

> 0O o B

102 107
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Top pair cross section

u Most precise results from di - u Allowed first extraction of a ; at hadron
lepton decay channel collider with NNLO precision -- agrees

u In agreement with with PDG at 3x worse error (CMS 7 TeV)

NNLO+NNLL QCD predictions u Experimental and theoretical  (scale,

for my,, ~172.5 GeV pdf) uncertainties similar in size (3 -5%)
CzakonFiedlemMitovPRL 11(2013) 252004

watron combined® 1.98 TeV [L=8.8 i5") .. \s =7 TeV; mf®° = 173.2 GeV
¥ Tevatron combined® 1.96 TeV [L=8.8 5" ATLAS+CMS PrEIImInaW May 2015 i

—— CMS,L=23fb"
TOPLHCWG

- Top++ 2.0, ABM11
Top++ 2.0, CT10

.. Top++ 2.0, HERAPDF1.5

- Top++ 2.0, MSTW2008
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= NMLO+MNMLL {pp)
—— NMNLO+NHLL (gm)
Czakon, Fiedler, Mitov, PRL 110 {2013) 252004

mlnp =172.5 GeV, PDF& o uncertainties according 1o POF4LHGC

0.1 0112 0114 0.116 0.12
otg(m_ )

PLB 728 (2014) 496-517
[Corrigendum: PLB 738 (2014) 526-528]



http://www.sciencedirect.com/science/article/pii/S0370269314006078
http://www.sciencedirect.com/science/article/pii/S0370269314006078

Differential ttbar o
productionat8 TeV

u  Full Run 1data; distributions vs prand E of (b -)jets, leptons, top and  tt
u Generally good agreement with (N)LO ME+PS predictions, except:

u pr(top) is softer in data than in LO and NLO predictions; will be
interesting to compare to future differential NNLO+NNLL calculations

= important uncertainty for top measurements, and ttH background

CMS, 19.7 fb'at (s =8 TeV . CMS,19.7 fb"at s =8 TeV CMS, 5.0/19.7 fb"at Vs = 7/8 TeV

® Daia Bz +ets
Wl i Signal [ 1ti+zZwWiy
i Other [ Diboson
Il Single t Uncertainty
I W+Jets

e/n + Jets + Data Data or theory / MadGraph+Pythia6
— MadGraph+Pythia e e/p+Jets (8 TeV)
- IE’ACC%NL%H'[-thWgIgS A e/ +Jets (7 TaV)
--- Fowneg-+Fylhia : m Dilepton (8 TeV
—. ° pton (8 TeV)
Powheg +Herwige v Dilepton (7 TeV)

o
Ty

0 50 100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
p." [GeV] p [GeV]

Top quarks / 20 GeV
N w b 0 3 ~ O W
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Heavy flavor production -

u  Production of extra jets, in particular also

heavy flavor (c or b), extremely important CMS-PASTOP-13-016
u Background for Higgs and BSM physics @ Wiother ff i diboson
: gs_ug) MC -siné:jle top =%+%\I
u [ Not covered here: many results on  V+jets, Vb, —w) Poets Mt

Vbb , Wc, tt+jets ] Wii+qq Zijets  Mtt+bb

u  New CMS 8 TeV: tt+bb in I+jets channel ( pT jets
> 40 GeV, E<2.5)

u  Multivariate analysis, template fit

—_

u Result provided with corrections to level before
[ after parton shower:

R () (D)o (50
hardB:

this analysis 271fb £+ 40% | 23.1pb + 16% 0.012 £ 34% —

Xiv:1403.2046 +18% +15% +39% i i
theory NLO{erXw ) 229 fb T18% | 21.0pb T15¢ 0.011 F39% consistent with NLO

MADGRAPH+PYTHIA 174fb £+ 28% | 24.3pb £ 20% | 0.007 + 10% 1.5 d 2x MG+Pythia

hadronB: +30% from gluon A4 bb
this analysis 348fb +38% | 23.1pb £+ 16% | 0.015+ 32% v

CMS dilepton (@ X 1411.5621) | 36 £, 1 36% | 16.1pb £ 14% | 0.022 £ 29% ~consistent with
MADGRAPH-+PYTHIA 216 fb =+ 35% | 24.3pb+20% | 0.009 + 14% di-lepton channel

Data/MC
(S S

o

b-tagged jet multiplicity



https://cdsweb.cern.ch/record/1547589

Charge Asymmetry

u 8 TeV d muon channel

[ | HERAIDIS + CMS A,
u W charge asymmetry with 8 TeV data HERA | DIS
(more up than down in proton A expect
more W+ than W -)

u Provides additional constraints for PDFs in
range ~ 0.001 <x<0.1

x10° CMS preliminary, L =18.8 b at \s =8 TeV
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Data / MC
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https://cdsweb.cern.ch/record/1547589

Charge Asymmetry in ttbar

ISR/FSR interference, LO-NLO .
interference induces small SM N\‘-‘N'

asymmetry in production rapidity 19.71b" (8 TeV)
L CMS t Data

Enhanced at NNL O, see OReE Ijefs, fLii P5 —— QCD (NLO), K&R

z —— QCD (NLQ), B&S
the Tevatron top quark A (zpuz zl e o (ML)
Czakon , Fiedler, Mitov , PRL 115, 052001 (2015

New CMS 8 TeV:
A. = +0.001 + 0.0068 (stat) + 0.0037 (sys?)

(NLO QCD: 0.010 - 0.011)

= |ye| — |wgl

Also differentially in 19.7 10" (8 Tev)
+ Data

CMS
Y(tt)’ pT(tt)1 and m( tt) <[ Itjets, full PS —— EAG (1.5 TeV)
— EAG (2.0 TeV)
— QCD (NLO), B&S

Exotic tt interactions
would modify A . vs.

mass: 1.5 TeV effective
axial -vector gluon

coupling excluded N(Aly| > 0) — N(Aly| < 0)

Ac= — "7 ——
° 7 N@ly| > 0)+ N(Aly[ <0)



http://arxiv.org/abs/1507.03119

Electroweak Top Production

u 3 production modes (at LO)

observed observed

ATLAS + CMS Preliminary TOPLHCWG *
100 Single top-quark production Jan 2015
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ATLAS t-channel
PRD90(2014) 112006, ATLAS-CONF-2014-007

W CMS t-channel

JHEP12(2012) 035, JHEPO&{2014) 090

ATLAS Wt production

PLB716({2012) 142, ATLAS-CONF-2013-100
CMS Wt production

PRL110(2013) 022003, PRL112(2014) 231802
LHC combination, Wt production
ATLAS-CONF-2014-052, CMS-PAS-TOP-14-009

ATLAS s—channel
ATLAS-CONF-20

CMS s-channel, 9!
CMS-PAS-TOP-13-0¢

- = NLO+NNLL PRD&3 (2011)091508,

PRDS82 (2010)054018, PRD 81(2010) 054028

All exp. results are w.rt. m_= 172 5GeV +

u t-channel single top:
abundant and fairly pure

«10° CMS,\s=8TeV,L=19.7 tb“, muon, 2-jet 1-tag

# Data
1 [l t-channel
[T, tw, s-channel
0.8 ; B W/Z4+jets, dibosons
& [CJQCD multijet
% Syst. uncertainty

Events/10 GeV

u Suitable for top quark

property measurements:
polarization, W helicity, V.,
anomalous couplings,
charge asymmetr
(more in Run 2)



Charge Asymmetry and V,,

In Single Top

anti-top

u t-channel: as for W, expect charge
asymmetry with 2x more u than d in PDF

CMS, {5 =8 TeV,L=15.7 fb”

CMS
1.85 = 0.10 (stat) = 0.19 (syst)

ABM11
CT10
CT10w
HERAFDF
MSTW2008

MMPDF 2.3

ol
1.2

u

19

Directly measure Vtb coupling:

ATLAS+CMS Preliminary TOPLHCWG May 2015

|V | = 't':“ from single top quark production

—  theoretical un in
- NLO+NNLL MsTw2008nnio fhearebeal uncertainty
PRD83 (2011) 091503, PRDBZ (2010) 054018 — — — total uncertainty

AGy.: : scale ® PDF
My, = 172.5 GeV |Vm|i (meas.) + (theo.)

t-channel:

ATLAS 7 TeV' o 1.02 £ 0.06 £ 0.02
PRD 90 (2014) 112006 (4.59 fo™")

ATLAS 8 TeV Y 0.97 £0.09 £ 0.02
ATLAS-CONF-2014-007 (20.3 fb™')

CMS 7 TeV 1.020 £ 0.046 £ 0.017
JHEP 12 (2012) 035 (1.17-1.561b ")

CMS 8 TeV 0.979 £ 0.045 £ 0.016
JHEP 06 (2014) 090 (19.7 ib™")

CMS combined 7+8 TeV 0.998 + 0.038 +0.016
JHEP 06 (2014) 090

Wt production:

ATLAS 7 TeV : . 1.037315+0.03
PLB 716 (2012) 142-159 (2.051b™")

theo

+0.16 +0.03
CMS 7 TeV 1017913 Tooa

PRL 110 (2013) 022003 (4.9b™")

ATLAS 8 TeV ; 1.10+0.12 £ 0.03
ATLAS-CONF-2013-100 (20.3fb™")

CMS 8 TeV' 1.03+0.12 £ 0.04
PRL 112 (2014) 231802 (12.21b™")

LHC combined 8 TeV'"* 1.06 + 0.11 + 0.03

ATLAS-CONF-2014-052,
CMS-PAS-TOP-14-009 " including top-quark mass uncertainty
2 including beam energy uncertainty

| 1 1 |

0.4 0.6 . . 1.4 1.6



http://dx.doi.org/10.1007/JHEP06(2014)090

Top Is special

1fmt < 1/Ft < 1/AQCD <

Production time < Lifetime < Hadronization time < Spin decorrelation time
\ J \ )
| |
Production & Decay can be Al |l ows study of obare ¢
factorized (to good approx.) in particular spin information

u Heaviest known elementary particle (Y, ~1)
u Decays before it hadronizes or can form bound states
u Couples to all known forces..!

u Unique laboratory for precision QCD, quark EWK properties, EWK
symmetry breaking, flavor studies, window to New Physics ?



Top spin correlations

new

u Measurementin T +jetschannelat8 TeV

u Matrix Element method full 4 -vector information of top quark
decay products for improved statistical precision

u SM correlation preferred over uncorrelated hypothesis
u oo = 72 £ 9(stat) 1> ;5 (Syst) %
u Most precise result in lepton+jets channel S1405 by

Mt (signal)
tT (other)
[ Single Top
BW + jets
[ Ziy* + jets

19.7 o' (8 TeV)

19.7 fo™' (8 TeV)

W
o

p+jets
EM.S. — CMS Data
reliminary

—— corr. (SM) (stat + syst)
uncorr. (stat + syst)
72% SM + 28% uncorr.
(stat + syst)

arbitrary units
B N

—_
&)

See also:
7 TeV dilepton channel

PRL 112 (2014) 182001 11900
-2In

sample


https://cds.cern.ch/record/1709826

W helicity in ttbar

u New: di -lepton channel, 8 TeV
u Most precise in di -lepton channel

u In agreement with SM expectation

CMS prel. ti (ee)
TOP-14-017

CMS prel. tt (up)
TOP-14-017

CMS prel. ti (en)
TOP-14-017

CMS prel. ti (dilepton)
TOP-14-017

CMS single-t signature
JHEP 01 (2015) 053

CMS prel. ti (I+jets)
TOP-13-008

ATLAS ff (I+jets, dilepton)
JHEP 06 {2012) 088

19.7 o™ (8 TeV)

—e— Data
I i Signal (pT-reweighted)
I it Other
I Single Top
W
[ DY+dJets
B W+Jets

Diboson

Uncertainty


https://cds.cern.ch/record/1709826

ATLAS+CMS Preliminary my,, summary, \s=7-8 TeV TOPLHCWG

World Comb. Mar 2014, [7]

stat®JSF@&bJSF
total uncertainty

ATLAS, |+ets (*)

ATLAS, dilepton (*)

CMS, l+jets

CMS, dilepton

CMS, all jets

LHC comb. (Sep 2013)
World comb. (Mar 2014)
ATLAS, l+jets

ATLAS, dilepton

ATLAS, all jets

ATLAS, singletop  p——i—e-—
ATLAS comb. (1212000
CMS, |+jets

CMS, dilepton e —_—
CMS, all jets = e
CMS comb. (Sep 2014)

May 2015

(*) Superseded by results
shown below the line

— stat®JSF@bJSF
= = = f{otal uncertainty
My = tot. (Stat@JSF@bJSF = syst) s Ref.
172.31+ 1.55 (0.75 £ 1.35) 77Tev [1]
173.09 = 1.63 (0.64 = 1.50) 77Tev [2]
173.49 + 1.06 (0.43+ 0.97) 7Tev [3]
172.50 + 1.52 (0.43 = 1.46) 77TeV [4]
173.49 + 1.41 (0.69+ 1.23) 7Tev [5]
173.29 + 0.95 (0.35 + 0.88) 7Tev [g]
173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [7]
172.33 +1.27 (0.75 £ 1.02) 7Tev [g]
173.79 + 1.41 (0.54 = 1.30) 77Tev [8]

et 1751 1.8 (1.4 £ 1.2) 7 TeV [9]

172.2 2.1 (0.7 £ 2.0) 8 TeV [10]
172.99 = 0.91 (0.48 + 0.78) 77ev [
172.04 + 0.75 (0.18 = 0.74) 8 TeV [11]
172.47 + 1.41 (0.17 = 1.40) &Tev [12]
172.08 + 0.89 (0.37 = 0.80) 8 TeV [11]
172.38 = 0.65 (0.14 + 0.64) 7+87Tev [11]

[1] ATLAS-CONF-2013-046
[2] ATLAS-CONF-2013-077

[7] arXiv:1403.4427
It
[3] JHEP 12 (2012) 105 [
[
[
[

7

8] arXiv:1503.05427

9] Eur.Phys.J.C75 (2015) 158
10] ATLAS-CONF-2014-055
11] CMS PAS TOP-14-015
12] CMS PAS TOP-14-010

[4] Eur.Phys.J.C72 (2012) 2202
[5] Eur.Phys.J.C74 (2014) 2758
[6] ATLAS-CONF-2013-102

1
]
]
1
]
]

u

Overall consistency
observed between
experiments, channels
and collider energies

Some tension for latest
combinations:

Tevatron 174.34 + 0.64 GeV
CMS: 172.38 + 0.65 GeV
ATLAS 172.99 + 0.91 GeV

Sub-GeV precision, even
for some single results

MC mass parameter
extracted & no formal
link with proper QFT
renormalized my,,!



Top Mass (other observables)

PLB 728 (2014) 496-517
[Corrigendum: PLB 738 (2014) 526-528]

\s = 7 TeV;aqlmsh = 0.1184

—— CMS,L=23fb"
-==- Top++ 2.0, ABM11
- Top++ 2.0, CT10
Top++ 2.0, HERAPDF1.5
Top++ 2.0, MSTW2008
Top++ 2.0, NNPDF2.3

19.7 "' (& TeV)

Pole mass from cross -section
(a.fixed to PDG value) A first
result at NNLO precision

mPole =176.7*30 , o GeVv

M, spectrum A to allow well
defined top mass extraction
from theory prediction

Lxy method A B hadron
decay length (tracking only)

Lepton kinematic endpoints
A mass defined purely from
kinematic formula (no MC,
no QCD)

WAVl C\MS-PAS-TOP-14-014



http://www.sciencedirect.com/science/article/pii/S0370269314006078
http://www.sciencedirect.com/science/article/pii/S0370269314006078

Electroweak Fit

EWK fit at NNLO:

mm Global EW fit
Bl Indirect determination
-+ Measurement

- V8ma(l + Ar)

CrM2

0
0.hm:l

RH

tep | |

u  With mH, all parameters of SM EWK sector

o measured precisely

A(LEP) | |
A(SLD)| |

ooy | | | u Overconstrained : consistency check of the
TR Standard Model + search for hints of BSM

A, | |

wel | e u Overall very good fit

A 0,b

FB

u Main experimental uncertainty is from mwW

u New EWK (+Higgs) measurements from LHC
(and beyond) will allow more precise tests

EPJC 74 (2014) 3046



http://arxiv.org/abs/1407.3792

u

u

u

M top pole (GeV)

Vacuum Stability

Evolution of Higgs quartic coupling 1 , and of the corresponding Higgs
potential depends strongly on top mass through radiative corrections
€ main uncertainty 1 s from top miss

Surprise fact from Run 1: with current Higgs and Top
mass, EWK vacuum is surprisingly stable : on

0.10
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TGC QGC

Single Top, and (EWK) di -boson / tri -boson production at LHC Run 1
allow detailed study of top and Vector Boson couplings

Effect of New Physics at a scale | can be described with higher -
dimensional operators in effective field theory:

Dimension 6 and 8 operators are the most relevant

Equivalence to description in terms of anomalous TGCs and QGCs
See eg C. Degrande et al Annals Phys. 335 (2013) 21-32

So far: no evidence of any deviations from the Standard Model



http://arxiv.org/abs/1205.4231

Di-bosons 28

u Di-boson events at LHC Run 1: bread and butter of EWK physics
u Studied in many production and decay channels
u Allows to probe Gauge couplings (TGCs) with great precision

u Previously: tension between observed WW cross section and NLO
prediction (~20% effect ~ 2 sigma in ATLAS and CMS)

CMS, 8 TeV, L=3.5fb™
——&———  ATLAS, 8 TeV, L=20.3 fb"

CMS, 7 TeV, L=4.9 fb™

o0 = 49.04% pb

7 TeV
+2.2%
GMNLO 50 84°22% ph

8 TeV

arXiv:1408.5243 ATLAS, 7 TeV, L=4.9 fb"

WW production cross section



D| bosons (WW at NNLO)

Di-boson events at LHC Run 1: bread and butter of EWK physics

Studied in many production and decay channels
Allows to probe Gauge couplings (TGCs) with great precision

Previously: tension between observed WW cross section and NLO
prediction (~20% effect ~ 2 sigma in ATLAS and CMS)

NNLO reduced
tension

wew

arXiv 1507.03268

u

New: CMS (8 TeV)
consistent with
NNLO prediction

——&——— CMS, 8TeV,L=351fb"

New CMS: 60.1 + 4.8 pb
——&———  ATLAS, 8 TeV, L=20.3 fb"

CMS, 7 TeV, L=4.9 fb™

o0 = 49.04'71* pb

7 TeV
oL - 59.84'22% pb

8 TeV

arXiv:1408.5243 ATLAS, 7 TeV, L=49 fb!

WW production cross section


http://arxiv.org/abs/1507.03268

Di-bosons (WW at NNLO)

u Di-boson events at LHC Run 1: bread and butter of EWK physics
u Studied in many production and decay channels

u Allows to probe Gauge couplings (TGCs) with great precision

u Previously: tension between observed WW cross section and NLO

prediction Mar. 2015 CMS Preliminary
CMS measurements 7 TeV CMS measurement (stat,stat+sys) +——+——o—+—
u  NNLO reduced vs. NLO (NNLO) theory 8 TeV CMS measurement (stat,stat+sys) o+
tension YYs (NNLO th,) —o——— 1.06 £0.01+£0.12 5.0fb"
Wy S 1.16 £0.03£0.13 5.0fb"
wewt Zy o 0.98+0.01£0.05 5.01b’
Zy i 0.98+0.01+0.05 19.5fb"
WW+WZ : 1.05+0.13+0.15 4.9fb"
arXiv 1507.03268 Ww , 1.11+£0.04 £0.10 4.9 fb"
: WW, (NNLO th.) 1.01£0.02+£0.08 19.4fb"
- NeW.. CMS (,8 Tev) Wz - 117 £0.07 £0.07 4.9fb"
consistent V_V'th wz 1.12+£0.03£0.07 19.6fb"
NNLO prediction 77 0.99+0.14+0.07 4.9 fb"

: : }
u No discrepancies 77 1.00+0.06 £0.08 19.6fb

> 2R (iInCMS) 05 Allresults at:

http://cern.ch/go/pNj7

2

/ Gtheo

1.5
Production Cross Section Ratio: o

exp



http://arxiv.org/abs/1507.03268

new!

Anomalous TG CS arxiv 157.03268

10*
________________ - —— Observed 68% CL 4 Best Fit
— - Observed 95% CL  {) Standard Model

.WZ"ZZ/VVV W+jetS —— Expected 68% CL
—c I’Az _ 20 Tev,z — - Expected 95% CL
w A= o

2 -2 -
- = CWWV:",A =20 TeV . //—?h\\\
=~ " Cy/A"=55 TeVv?

u  WW: no sign of
anomalous effects in
high -mass tail m;,

u LHC limits competitive in —
charged TGC couplings s

-4.3e-02 - 4.3e-02
-6.0e-02 - 4.6e-02

-9.0e-02 - 1.0e-01
-4.3e-02 - 3.3e-02

u The WV final state is 62005 -2 ou 05
slightly more sensitive 24602 -2 40.02

-4.66-02 - 4.7e-02

than WW A -3.9e-02 - 4.06-02
-3.8e-02 - 3.0e-02

DO Combined  -3.6e-02 - 4.4e-02

LEP Combined -5.9e-02 - 1.7e-02

-3.9¢-02 - 5.2e-02

u  For more info on neutral e 0s. 25000
-5.7e-02 - 9.3e-02
aTGC and aQGCs see: 5.56-02 - 7.16-02

D0 Combined  -3.4e-02 - 8.4e-02
http://cern.ch/qo/kMP8 LEP Combined



http://cern.ch/go/kMP8
http://arxiv.org/abs/1507.03268
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wyaots CMS Prellmmary

¢ 7 TeV CMS measurement (L < 5.0 fbo™)
$ 8 TeV CMS measurement (L < 19.6 fo™)
— 7 TeV Theory prediction

— 8 TeV Theory prediction

Z CMS 95%CL limit
| tt +
Jets
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Triple-boson and EWK di -boson
production

u

+ other diagrams

EWKqgW , agrees

with NLO prediction

CMS-PASSMP-13-012
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I EWK W+2Jets]
B Wolv + Jets
Il Top
B 2y ST+ Je
Il Dibosons

¢ data

11000 1500 2000 2500 3000
i

VV scattering

EPJC 75 (2015) 66

PRD 90 (2014) 032008

Triple-boson production
Limit: 3.4 x SM prediction

First constraints on 8 -dim
operator, and aQGCs

First studies of vector
boson scattering

See talk by Dilson de Jesus
Damiao this afternoon



ttZ, ttw ne

3/ + >4 jets + b-tags 19.5 fb™' (8 TeV)
Non-prompt llwz | zz Other
e : : M M w [ tiz = Data
Combining signatureswith2 ,3 or4 cms

leptons and b -jets

ttW significance 4.8 R (3.5 R expected)
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ttZ significance 6.4 R (5.7 R expected)

Measured cross -sections allow to put
constraints on 5 anomalous dimension -
6 operators:

-0.07 and 0.07 {0.11,0.11} {-0.14,0.14}
0.12 {-0.07,0.18} {-0.33,-0.24} and {-0.02, 0.23}
-0.09and 0.41 | {-0.22,0.08} and {0.24, 0.54} {-0.31,0.63}

ttZ cross section [fb]

-0.47and 0.13 | {-0.60,-0.23} and {-0.11, 0.26} {-0.71,0.37}
-0.28and 0.28 | {-0.36,-0.18} and {0.18, 0.36} {-0.43,0.43}

100 7 200 300 400
ttW cross section [fb]




u SM: FCNC decays expected to be
extremely rare Br ~O(10 -19)

A Any observation == New Physics !!

u tA Zc : Br<0.05%

u tA Hc (lepton channels):
Br < 0.93 % observed
0.89% expected

u tA Hc(u) withH A AA
Br <0.47 (0.42) % observed
0.71 (0.65) % expected
[ at 95% CL |

Events / bin
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‘?00 110

I Non-prompt
B wz-3w
I Rare

—t— Hc (BR=3%)
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M,, [GeV]



http://dx.doi.org/10.1103/PhysRevLett.112.171802
http://www.sciencedirect.com/science/article/pii/S0370269312012981

Summary Run 1 Expedition

u

u

u

u

Tera-scale production of jets, vector bosons, top

Standard Model Map  verified, updated, completed
A accurate and possibly stable up to high scales'!

New processes (besides Higgs): tw, ttV, EWK
production of Z and W, first signs of WW scattering

Testing beyond NLO QCD: NLO+PS, NNLO, NLO

E WK éArray of new tools

ready for Run 2 !!




Hrstlook at 13 TeV:

20 pb™ (13 TeV)

Trigger paths

CMS

Preliminary

Events

GMS Preliminary, V5= 13 TeV

J.L d=213p6"

I low mass double muon + track
double muon inclusive

Events / GeV
L) |IIIII|
1 1 IIIIII|

Y(15,25,35)

CMS Preliminary {s=13TeV,L =43 pb’

-@-Data
[CJov
jTr
Evv

10° 10°
dielectron mass (GeVicY)

5.6 pb'at 13 TeV

CMS

Preliminary

A
Pl
=2

30

25

20

Events / 20 MeV

2 10

‘H.\..‘.mH.Fﬁ.um.‘.u‘u 10

70 80 90 100 _110 120
m(uy) [GeV] | s
0 n ] |
0 20 40 60 80 100 120 140 160 180 200
m,,, [GeV]

| | V \ i |
105 11
utu invariant mass [GeV]




A di-boson candidate: 38

Run 251244 Event 204117665

A VS =13 TeV
\\.‘

pr= 58.7 GeV )

n=18

pp — ZZ — 2e2p
m,,= 91.1 GeV
m,, = 88.2 GeV

m,, = 208.9 GeV

H2
pr= 36.1 GeV 7

n=0.98 '

€
pr=63.3 GeV
n=12

pr=25.5GeV
n=0.20



41 pb™ (13 TeV) 41 pb™ (13 TeV)
¢ data ¢ data
I Wiets I Wiets

IV VvV
I tW/EwW i I tWAW

Il ttbg B tibg

I DY Em DY

B it [ L

77 MC syst+stat 7ZIMC syst+stat

15 2 25 3 35
b jet multiplicity

Distribution of the number of hadronic jets with p 30 GeV, | —{<2.4 (left) and jets passing
the tight threshold on the b -tagging discriminant (right) for events containing one isolated
muon (p > 20 GeV, | —<2.4, passing tight identification criteria) and one isolated electron
(p 20 GeV, | —<2.4, excluding barrel -endcap gap, passing medium identification criteria)
with opposite charge, forming an invariant mass greater than 50 GeV



Boosted ttbar (m,=2.49 TeV) 40

Subjet 2,
et =49 GeV

Subjet 1, eta = 1.64 Subjet 3,
et = 275 GeV phi = 1.64 et = 203 GeV

eta =2.08 eta =237
¢ phi = 1.94 phi = 1.48
A ) |
CMS Experiment at LHC, CERN 7 ;
Data recorded: Sun Jul 12 07:25:11 2015 CEST ) T‘;{’f‘t‘é’grgg{fte !
/ e/

Run/Event: 251562 / 111132974

Lumi section: 122
Orbit/Crossing: 31722792 / 2253

eta =2.22
PN phi = 1.74

mass = 176 GeV
8/
V/4 4

Top jet candidate 2,
pt =613 GeV
Subjet 4, / eta =-0.70
‘ phi = -1.46

et =133 GeV
mass = 177 GeV

eta =-0.47
phi = -1.56

Subjet 6,
et=73 GeV
eta=-0.18
phi =-1.30

Subjet 5,

et =402 GeV
eta = -0.86
phi=-1.44

m(topjetl)=177 GeV, pt(topjetl )=0.61 TeV 6 subjets,
m(topjet2)=176 GeV, pT(topjet2 )=0.49 TeV 1 b-tagged subjet
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Voltzberg) Bump Hunt/ Surinam; 1981

~ Ready for a

New Adventure !







