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The top quark

* is the SU(2)L partner of the bottom quark charm
* is the heaviest known fundamental particle 00l oxs
down strangé O 5.0

my = ytv/\/§ ~ 173 GeV

* is the only fermion with “natural” coupling to

the Higgs field

= Y1

* plays a special role in electroweak physics,

flavour physics and Higgs physics
* decays almost exclusively to bW
* decays before it has time to hadronise
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40 times heavier than the b quark

top quark first discovered “virtually”
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proton - (anti)proton cross sections
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do / dM [pb/GeV)
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Tevatron (1.96 TeV)
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quark annihilation
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85% of the cross section
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In the SM the top quark decays exclusively into a W boson and a b quark

B(t — Wb) ~ 100%

Top Pair Decay Channels

therefore the branching
fractions of the t-tbar final

states depend on the W
boson branching fractions

Top Pair Branching Fractions

electron+jets
muon+jets
tau+jets

tau+jets
muon+jets
electron+jets

"dileptons”

"alljets” 46%

t+jets 15%

utjets 15%

e+jets 15% .
"lepton+jets”



Pair Event Classification

The classification of top pair events relies on the number of leptons in the final state

Y veT
b-jet \4
//' . b-jet

\l
e, u

b-je

je jet

Dilepton
e 2 isolated
OS leptons (e or )
* 2 b-jets
e large Exmiss

Lepton+t]ets

* | isolated lepton (e or M)
* 2 b-jets

e 2 light-quark jets

e moderate EyMiss

All Hadronic

* no lepton

e 2 b-jets

* 4 light-quark jets
* no ETmiss

Hadronic Tau

* 2 channels: Thadte/H, Thadtjets

* 3 channels ee, Ml and el

* BR=4.7% (1+1+2)

* very low backgrounds,
mostly Drell-Yan

* 2 channels etjets and p+jets

* BR =29.2% (I1+1)

* moderate background, mostly
W+jets (charge asymmetric)

* BR =45.7%
e large QCD-multijet
background

* BR=4.7% + 14.6%



hadronic side

leptonic side
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Golden mode at the LHC

e High rate: 30% of top pairs

e Low backgrounds:S/B>1|

* W reconstructed in hadronic channel
in situ constraint of jet energy scale

e full reconstruction of the top quark on
the hadronic side
direct mass measurement

But

* |large combinatorics
reduced by efficient b-tagging
and good di-jet mass resolution

CDF Il Preliminary
e Data (8.7 fb')

[] Signal+Bkgd
(771 Bkgd only DO and CDF signals
All with full statistics

350 ~2,500 events

250 30

ﬁ'“ (GeV/c")



CMS Experiment at LHC, CERN

Top quark pair candidate event

Data recorded: Mon May 2 10:44:23 2011 CEST * h|gh prQbabmty to be tf event

Run/Event: 163817 / 685608658
jet
\pT=31 GeV/c
o

* 2 b-tagged jets
* top candidate in forward direction
* antitop candidate centrally produced

JHEP 12 (2012) 105

pT=52 GeV/c

* Y 4 pT=65 GeV/c TOP-14-001
&= pt+
N

pT=47 GeV/c

-

pT=91 GeV/c N

Typical event selection

* trigger lepton + jets
* exactly one lepton pt > 30 GeV
and and |n| < 2.1
* > 4 jets with pt > 30 GeV and |n| <24
* 2 b-tagged jets among the 4 leading jets



pton+Iets

30 000 events in 20 fb"!' @8 TeV

CMS Prellmlnary 19.7fb ", s = 8TeV I+|ets CMS Prellmlnary 19.7fb ™", (s =8 TeV, I+]ets
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* t-tbar purity: 94% P 16000;,Dﬁ,unmatcheq,,,_},,,,, -Dati v E ‘°°°°§"'D'ﬁ'uhmat¢h'ea""f’" -Dtg P g
"% 14000F— R —mra | i
E 12000 = - .
Kinematical fit with constraints a 12222 - : S000F """Pg’of > 0.2 1
- 1 4000 | -
* mw = 80.4 GeV 6000~ E 1
4000 —ivg 4 2000 1
¢ Mtbar - M¢ 2000 E
o 1.5—rT T T T T T T 1.5 T T
= I i : LY, hat bl
IS 11" 0yhpa00"ontagaapasSemouttoysoytutagt ot octesnyet, tayss% o 1= ’“p‘”d“wﬁ* ++++++ + ]
Jet Energy Scale Factor (JSF) S I S T Lt LAl
. . . . . . ) 100 200 300 400 100 TOP ﬁﬁOOOI 300 | 400
* in situ calibration using invariant e [GeV] ! [GeV]
mass of light-jet pair
- ettt
2 1000 ATLAS . dltﬂ |+]8'tl -
CMS g_ {s=7 TeV, 4.6 i - :z ::: background ATLAS
_ § 800 ¢ Uncertainty 7
me = 172.04 GeV W ¢ m. = 172.33 GeV
600/ A ~
. . L 2N . .
Uncertainties wl ] Uncertainties
o stat+]SF = 190 MeV \ * stat+(b)JSF = 480 MeV
200} ~ _
o syst = 750 MeV e syst = |.0 GeV
0 — ]
60 70 80 90 100 110 —

JSF = 1.007 + 0.012

bJSF = 1.003 + 0.027



Main Sources of Systematics

Systematic uncertainties for lepton+jet measurements
* jet energy scale

* light jets, detector response [0.2-0.7 GeV]

e bjets [0.1-0.6 GeV]

CMS,L=5.0fb"'at\s=7TeV

* modelling of gluon radiation [0.3-0.5 GeV] S ®F ™ Dilepton Combined 3
. . — 1~
e modelling of underlying event [0.1-0.2 GeV] S, ok :
* modelling of color reconnection [0.2-0.5 GeV] S o E
e modelling of pile-up [0.1-0.3 GeV] ©o.esi . oute E
e hadronisation, b-fragmentation [0.3-0.6 GeV] 0.81- Syst+Stat error E
e parton densities functions [0.1-0.2 GeV] e - —— MadGraph+Pythia E
. 0.7 R : —]
* b-tagging [0.1-0.8 GeV] 5 POWHEG+Pythia .
0.65 -e= MC@NLO+Herwig E
0.6 -
LED '.1—54eeee%#ee#{eec#%##ee%=¢¢¢%¢e¢¢%e -
Data is used to constrain T P —
U
. (= 0.9, . . PP PP PP M [ -
the various sources of 50 100 150 200 250 300 350 400

1 additional jet p_[GeV]
uncertainties, e.g., gluon radiation

from Roberto Tenchini
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Other Chawnnels

Dilepton

All hadronic
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Summary of Mass Measurements

ATLAS+CMS Preliminary LHCIOpWG m,, summary, s = 7-8 TeV Sep 2015
"""" World Comb. Mar 2014, [7]
stat ey
total uncertainty total stat
My, =173.34 £0.76 (0.36 * 0.6) GeV m,, + total (statt syst) 5 Ref
ATLAS, I+jets () = 172.3141.55 (0.75¢1.35) 7 7ev (1)
ATLAS, dilepton (*) + 173.09+ 1.63 (0.64+ 1.50) 7 TeV (2}
CMS, l+jets 173.491 1.06 (0.43t0.97) 7 TeV 3]
CMS, dilepton 172.50+ 1.52 (0.43+ 1.46) 7 TeV [4)
CMS, all jets 173.494 1.41 (0.69+1.23) 7 TeV [5)
LHC comb. (Sep 2013) 173.29+ 0.95 (0.35+ 0.88) 7 TeV (6]
World comb. (Mar 2014) 173.34+ 0.76 (0.36+ 0.67) 1.96.7 TeV (7]
ATLAS, l+jets 172.33+1.27 (0.75+ 1.02) 7TeV (8]
ATLAS, dilepton 173.79+ 1.41 (0.54+ 1.30) 7TeV [8)
ATLAS, all jets 175.1£1.8(1.411.2) 7 TeV [9)
ATLAS, single top 172.2+2.1 (0.7 2.0) 8 TeV [10]
ATLAS comb.(.":}‘.';f’;:. 172.99+ 0.91 (0.48+ 0.78) 7 TeV (8]
CMS, l+jets 172.35+0.51 (0.16+0.48) 8 TeV [11)
CMS, dilepton 172.82+1.23 (0.19+1.22) 8 TeV [11)
CMS, all jets 172.321 0.64 (0.25+0.59) 8 TeV [11)
CMS comb. (Sep 2015) 172.44+0.48 (0.13+:0.47) 748 TeV [11]
[1] ATLAS-CONF.2013.046 [7] arXiv:1403 4427
[2] ATLAS-CONF-2013-077 [#) Evr Phys J.C (2015) 75330
[3) JHEP 12 (2012) 108 (9) Ewr.Phys.J CT5 (2018) 150
(*) Superseded by results (4] Eur Phys.J.C72 (2012) 2202 [16) ATLAS-CONF-2014-055
shown below the line (5] Eur Phys.J.C74 (2014) 2750 [11) CMS PAS TOP-14-022
I 1 | | I | | 1 1 1 1 | | |

|
175
my,, [GeV]

| | |
165 170 180

[
185

World-14: m:=173.3 £ 0.8 GeV

ATLAS: 173.0 £ 0.9 GeV

3
1l

CMS: 172.4 £ 0.5 GeV

3
I

* excellent agreement
between ATLAS and CMS
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What Mass for the EW £it?

The definition of the mass of the

top quark is ill-defined

the mass measured from bW
decay products is assumed to be
close from pole mpole

problem: myole for a coloured
particle cannot be determined
with accuracy better than Aqcp
(= 0.2 GeV)

the top quark decays before
hadronising but still the b quark
has to hadronise

Importance of measuring the mass

using alternate techniques

* mass and end point of b¥ spectrum
e decay length (boost) of B hadrons

Which final state particles to assign to the original top quark?

Mtop

extra radiation and
color reconnection

e
determination of mtop from the
reconstruction of any kinematical

Hadronization effects “pollute™ th
e
property of top decay products.

Michelangelo Mangano

theoretically a good approach is to
extract the mass from
measurements of the cross section

|3



Cross-section [pb]

Mass from Cross Section

\s = 7 TeV: mP™ = 173.2 GeV
e

* use the best x-section measurement g [T T
. 220 Yy ' :
. = _ ~«p - Top++ 2.0, ABM11 il
(dllepton) © - @~ Top++2.0,CT10 I
. 2001 .- Top++ 2.0, HERAPDF1.5 =

e use most recent NNLO calculations of o Tones 28 METWZ00S i theo.7 TeV

. . 180/ == Top++ 2.0, NNPDF2.3 | . Jilaesmiass=
top pair x-section to extract m [ |
. 60— exp. /TeV
* also provide a measurement of the [ = : ; ]
140 Rt : -
ine constantatm., == & —'."' ] P oy 7
strong coupling constant at m; 2 o 2z ]
120y (= P TP
0.108 0.1 0.112 0114 0.116 0118 0.12 0.122

g(m,)

’]YYVIYV']YYY
-

350 o e MSTW 2008 NNLO ]
ATLAS e e MSTW 2008 NNLO uncertainty _|
\ e CT10 NNLO }
------ CT10 NNLO uncertainty -
300~ S T NNPDF23 NNLO uncertainty —
C 8Tev T \ O \s=7Tev,46m" },,,,,, i
3 ™~ \\o \s=8TeV, 203" ¢t ]
250 | P~ -
A ¢— 1 exp.8TeV
200+ <= theo.8TeV
- 6—= exp.7TeV
150 : .
"111:1111\\1\ theo. 7 TeV
164 166 168 170 172 174 176 178 180 182

m :’°"’ [GeV]

From cross section:

ATLAS (7+8 TeV): m,

CMS (7 TeV): m,

Direct:
World-14: m,

172.9 £ 2.6 GeV

176.7 + 3.0 GeV

173.3 + 0.8 GeV

Limitation: PDFs and uncertainty on luminosity (2-5%)

| 4



mass
mass difference
lifetime, width
polarisation

t

_|_
q W
\J

04010,010,0
Q

£

* spin correlations
4] * charge asymmetry

* production cross section
e production kinematics
* resonances, new particles

Uy

* W helicity
ﬁ—
q

—/

q

b * BR(tWb)/BR(tWq)
* new decays
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EW production of a top quark £10° CMS, 15 = 8 TeV, L = 19.7 b, muon, 2-jet 1-tag
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WATLAS

A EXPERIMENT

Run Number: 179739, Event Number: 10617167
Date: 2011-04-16 01:19:41 CEST
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Summary of SM Measurements

~ 70 billion inelastic collisions

July 2015 CMS Preliminary

WandZ = @ % 7 TeV CMS measurement (L < 5.0 fb™)
S A P $ 8 TeV CMS measurement (L < 19.6 ib™)
: : : : : : : : - 7 TeV Theory prediction
e | : : 1 H 1 1
anje® i G . — 8 TeV Theory prediction
Cnjets) L L Z. CMS 95%CL limit
e E : ; E

o= :

-
o
o

-
o
B

Seven orders

nb

-

o
w

al

dibosons

of magnitude

o
:
;

| lllllll] | IIllIllI | lllll||| | |||||||]llllllllIlIll

Production Cross Section, o [pb]
2,
4@

107" -
top

[V =0 A O
b

-3
1 O W 2 Wy y WW | W2 zZ
All results at: hitp://cern.ch/go/pN;j7

Wyng‘,Mxmﬂwany-lqvgiwm

-t

-, Z-ll, l=au Th. Ao, in exp. Ao
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Hiqgqs Physics

_ = = T TS
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Production of the Higqs Boson

g
H —— . —
! 86% < 10F =
ty H TR
t g 1 ~
gluon-gluon Fusion T -
VBF @ q ; R \
4 7% 10°F E
W)z - | | bbH/ttH -
----- H 80 100 200 300 400 500 1000
W/Z M [GeV]
~ Vector Boson Fusion
q _
a,q’ bbH/ttH
LH 5% <2%
“Higgsstrahlung” D=====-- H

Vector Boson associated

W /Z

quark pair associated
t
20



Production of the Higqs Boson

t 86% 310 ggH
_____ I
t t
t | g 1 N
gluon-gluon Fusion 5 E VBF
g 10™ i
. 102 VH
Cross sections bbH/ttH
* Tevatron 1.96 TeV 80 100 200 300 400 500 1000

|.2 pb

e | HC 8 TeV
23 pb

e LHC 13 TeV
51 pb

M, [GeV]

Typical theory uncertainties
e goH 15%
* VBF 5%
e VH 5%
e ttH 15%
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C}‘f Fhe HE«SSS ROsSONn

Decays to fermions Decays to EWV vector bosons
b, C 7_—7 ,u_ W/Z
H ------ < H -—----- < H -
b,c THou”t W /Z
Deca | 5 < 1 :
y to gluons S g
t |5
H ------ =
IS
kS
+
Decay to photons 5 %10'2
g gl T

Y
s 4
W 4 10
H ------ H------ N
107 90 200 300 400 500 1000
M, [GeV]
R i
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I, BR,(HSM — X) (arb.units)

DPecaus ok wy = 125 eV

Branching ratios

: Decay Fractions as predicted
: for a 125 GeV Higgs boson mass
1L H — bb 58%
H - WW* 21%
H - t+t- 6.4%
H - Z7* 2.7%
H— vy 0.2%

200

M, [GeV] .
Nature has be kind to us
an>=1249+ 02Gev U
o(m )= 60+ 0.1 GeV %
>
/ndl = 163.1 /169 8
8.
S
z only about | 1% of
. al |
/ S Higgs bosons decays
3
3 are unobservable

|
-

80 100 120 140 160 180
m, (GeV)

product of decay fractions
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Hiqqs Searches at the Tevatrown

Log-Likelihood Ratio

(S | Tevatron Run I, L <10 fb”
3800 142 b-Tagged Jets
&
<600 —4— Data — Bkgd
2 B wz
2400 Cz
— I Higgs Signal
m,=125 GeV/c®
200
0 +:#-+—¢-0-o—o=_—o-
0 50

30

20

PO U S SV U S U ST U TN SN A TN U ST NN U S U U U U WY
100 150 200 250 300 350 400
Dijet Mass (GeV/c?)

PRD 88 (2013) 052014

. JJLLR, +1sd. Tevatron Run I, L <10 fb’
= LLR, +2s.d. SM Higgs Combination
- aee LLR, e LRy,

— === LLRg,p - LLRm_,nszovrc’

-
Se
-~
e

-~
b
- ~ ,
-
-
-

1

L 1160L .

=~ -
......

PR "
180
mH(GeV/cz)

1 l A ' ' l J ' s ' 1 '
100 120 140

200

The Tevatron is sensitive to the signal in
e the WW channel (for my around 160 GeV)
¢ the VH(—bb) channel

The combined CDF+DO0 analysis shows an

excess with local significance of 30" at 125 GeV

e consistent with the LHC discovery

H- vy
H- WW
H—o t't

VH— Vbb

Tevatron Runll, L, <10 fb"
m, =125 GeV/c®
I Combined (68% C.L.)
~- Single channel

|25 GeV

L1 1
0O 1 2 3 4 5

L
7 8 9 10
X

6
Best Fit (G x Br)/SM
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Direct Searches before LHC

95% CL Limit/SM

Tevatron Run || Preliminary, L<8.6fb" July 20| ]

e R [
LEP Exclusuon Tevatron
10 [EEE. T i Exclusion
_...........I;ZIZZZIfﬁf sanss Expected 3'""Iﬁﬁffff'_' - ﬁﬁfﬁﬁ;[ff B
=== Observed e I ¢
M [ t1cExpected . . SRS S 5 !
— | [ ] *2cExpected . SRR S :

L e——Te slon gy raon

100 110 120 130 140 150 160 170 180 190 200
m,(GeV/c?)

To combine several channels, define the signal strength
= o(limit@95%C'L) /osm

all channels multiplied by the same factor

(this introduces some level of model dependence)

95% CL exclusions
e |LEP

myg > 114 GeV

e Tevatron
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Hiqqs Searches at the LHC

95% CL limit on 6/c,,

At the end of 201 | (CERN Jamboree)

CMS: exclusion: mny > 127 GeV

) CMS Prellmlnar\;:\é -7TeV | —e— Observed 3 >
Combined, L = 4.6-4.7 fo Bl Expeciedt 1o 8
077 R R o Expected t 20 —
10 &= 7% [ LEP excluded N ~~
SN 5’:A Tevatron excluded "g
N o CMS excluded o
S >
e w
'y
1
10~1 P R TN | AT VR
100 200 300 400 500 600
Higgs boson mass (GeV/c?)

- 10— ——T o
s L ATLAS Prellmlnary 2011 Data | =
© i — Observed 1 : p
5 . .- Expected Ldt=1.0-49 fb 4 o
g I Mo \s =7 TeV | §
- -
O
6\0 1 il SRR & Sttt e LR L 1
0
D N ]

CLs Limits
10-1 L g RS SN T S ST TN W TN S N SN SN RN 1 P Y
100 200 300 400 500 600
M, [GeV)

about 5 fb-! / exp.
First hints of signal in ATLAS

800

- e pree e
200 * ATLAS Prehmmary _+_ Oata

600 - MC m, =130 GeV, 1xSM

Total background (Fit)

500

400

H-yy
300

200

5 IR T T | - PR R --
110 120 130 140 150 160
m,, [GeV]
R N o . e
’ ATLAS Preliminary 2011 Data _;1
10" ]
.................................................................. 1 26
102 1
Y T T LT T T W Sy N : 3G
10 - Observed ﬂ51
10 .- Expected .
.................................................................... - 4c
5
10 det: 1.0-4.9 b E
10°F  \s=7TeV L
.................................................................... 4 50

70
10 110 115 120 125 130 135 140 145 150
M, [GeV]
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The Discovery

CNS \s=7TeV,L=511b" s=8TeV,L=53M"
> T R o At S e S A
0] BN ATLAS 4 DataS/B Weighted E 8 16k ¢ Data > o A
o - — Sig+Bkg Fit (m =126.5GeV) 1 o I o g sf ° :
%) ~ N - s ]
.‘g 80:— -------- Bkg (4th order polynomial) _: ~ 14 Czy. 2z E 4%- -
'g - N "2 12: [ |m=125 GeV < af . .
o 60— = o f @ 2f || .
- e ] Ll>..| 10-_ ! 1E- -l . s ¢
40 = ' o° 120 140 160 E
- 1s=7 TeV, [ Ldt=4.8fb" s s T m,, (GeV) 1
201 |58 TeV, [Lt=5.91b" H-yy e oF E
o 8 ] E oe
x b—
@ 4 41
2 4
= -8 " A 2 N . 0 R |
100 110 120 130 140 150 160 80 100 120 140 160 180
PLB 716 (2012) 1 my, [GeV] PLB 716 (2012) 30 m,, (GeV)
my = 126.0 £ 0.4 (stat) £ 0.4 (syst) GeV my = 125.3 + 0.4 (stat) £ 0.5 (syst) GeV
Combined significance: 5.90 Combined significance: 5.00

Five decay modes analysed but no

Three decay mode WW, ZZ and YY significance signal in H = TT and bb
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Producktion and Decar

Not an exhaustive table!

HOTT HOWW H—ZZ H-YY H—inv.

* * *
* * * :
o
2
DA A w >
(a R
o
YA YA A 7
o
o(my,) o(m..) O(myw) O(my;) a(m,,)
~20% 10-20% ~16% 1-2% 1-2%

Expected number of decays for Run-|

before selection cuts (mH = 125 GeV)
e 9000 H - WW?%* - Pyfy

e 900 H vy

e 60 H > ZZ* > 48
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Two-Photon Final State

CMS

A Two-Photon Candidate ’ photon

photon




Two-Photon Decan

g PRD 90 (2014) 112015 1OI;:PJC 74 (2014) 3076 19.7 b (8 TeV) + 5.1 fb™ (7 TeV)
[T T | T T T T | T T T T | T T T T | T T T T | T T T I_ x
> C
o 180 fLdt=451"Vs=7TeV ATLAS — % - CMS
> - _ A e ] il S/(S+B) weighted sum
L2 e [Ldt=203fb" {s=8TeV % Data = G 35¢ H = yy
oy > S/B weighted sum _ ] =~ » ¢ Data
039 ) ) — Signal+background | (2} 3 . _
140 Signal strength categories —] 'E C —— S+B fits (weighted sum)
N - -~ Background . o R X Y PP B component
- . ] 25F P
120:— — Signal E q>) - B 10
100/ \ m,, =125.4 GeV = 8 ) ;_ ------ +20
- ] = =
80— " - o 1.5
S 7] 033 -
60— — 1
= . = E no=1.14792°
40— —] + 0.5 m,=124.70 = 0.34 GeV
o a %)) -
20— — :’ O_I | | | | I|IIII|IIII|IIII
: : U) IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
> OF et - 200 - .
g = ' ' = | B component subtracted
o] - 3
3 °F E 100
= 5 = - {
® 0
IS 0
¢ | ¥
=5 -100 s
W IIIIIIIIIIIIIIIIIIIIIIIIIII IIII|IIII|III|IIII|IIII|IIII|IIII|IIII
110 120 130 140 150 160 110 115 120 125 130 135 140 145 150
m,, [GeV] m.. (GeV)
Significance Significance
e observed:5.2 O e observed:5.7 O
* expected: 4.60 * expected: 5.20

my = 126.02 + 0.43 (stat) = 0.27 (syst) GeV my = 124.70 £ 0.31] (stat) £ 0.15 (syst) GeV

Background interpolation in the region of the signal

reducible y+jet and jet+jet background at the level of 25%
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Two-Photon: Cateqorisation

Categorisation to increase the overall
sensitivity and the sensitivity to different
production modes

llllllllllllll'lllllllllllllllllll'llllllllllllll

BogF TVBF BWH [DZH {TH bbH tH —
ATLAS Simulation H -y \1s=8TeV |

I1TH leptonic

1tH hadronic
VH dilepton

VH one lepton
VH ET*

VH hadronic
VBF tight |

VBF loose |
Forward - highp_ '

Forward - low p_ '
Central - high Py '

Central - low P '

0 01 02 03 0.4 05 0.6 07 0.8 0.9 1
Fraction of each signal process per category

CMS H - vy 19.7 fb™ (8 TeV) + 5.1 fb™ (7 TeV)
+0.37 ~ +0.26
ggH | 11275 B onbineg = 114 %
VBF | 1.58 (¢
_0.16 *11 I combined £ 10
- -0.79
VH
—e— per-process £t 1o
ttH| 269 %7 .

Individual production modes are
consistent with SM expectations
* ggH established

* strong evidence for VBF
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Differential Cross Sections

JHEP 09 (2014) 112

First tentatives to look at pT spectrum and rapidity distribution

; 171Y"ITVYYTYY.I'YYI"'Y[TYY[YYTIYY']YY' 3 - 'T"'Y‘[Y'Y‘[Y"-]YYY]YYVIYYYI" I'Y YI‘IYY]"K'YI‘IVY_4
2 ATLAS ~¢- data ~ syst. unc. . 0o~ ATLAS 4-data - syst.unc.
S _+_ 77} gg-+H (HRes) + XH > - H-yy, s=8TeV 777} gg—+H (HRes) + XH .
g i Z ~ = - | -
1: _+_ (K ggr = 1.15) 3 — 50 _[Ldt=20.3 fo’ (K ggr = 1.15) -
L b - e - - B
_8. 7 ==+ XH = VBF + VH + ttH ] = 3 ==+« XH = VBF + VH + ttH 7
-~ H-yy, s=8TeV ) '8 40F .
o V77 ' - -
g idpn ‘ T JLat-203m" ] - :
-1 v N - ]
10| = @za | _ F 1
...... 3 ]
| LT T e S — L ,,,,,,,,,,,,,,,,, 7 :
L o mEmes Wik :
] ] —
’ '
' '
2F=1="  leeecececccclkccccccaa= —
107 3
L. ] 1 1 | B | | | | 7
C 6 LA B T LA I LA r LIRS I T 1T 7 I T 1T 7 I Ll ] T ] T ] T C
o o
o 4} o
5 + S
o . o
a 2 1 a |
S— CITTIITS Godad N BN HEEL L T TTTTTTER ETTTTEEL T TTTETETETEETE T +'_'_'. '''''''''''''''''''' S~ . —
© . © |
"&s‘ O N ' BT | Lo o1 | | | | P o] |
© o

o I (| TP P P IS -1 PP P P P Y PP P e
80 100 120 140 160 180 200 0 02040608 1 12141618 2 22 24
Py [GeV] |

Yy

0 20 40 6

Obviously, not enough data yet ... but very promising
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pton Decan

PRD 89 (2014) 092007

15

PRD 91 (2015) 012006 CMS \s=7TeV,L=5.1f";(s=8TeV,L=19.7b"

> AYTTI]TTYI’]’TTT» YTI1TT:YT]’TTT-‘IYTTTTA‘TITTTT. > | | | | | | | | | | | | | | .l |D| | T T T
"Q E H — ZZ. — 4] :’ Signal (m = 125GeV p = 1.51) 5 1) 30 . Z+X _:
8 30 [ \s=7TeV ILdt -45Mm" - Baciground Z2° ] 2 7 . 77 N
) " , - Background Z+jets, ff . c v ]
E‘ - \s=8TeV de!=203'b ” - o 25 _]
) 25 — /////é Systematic uncartainty ] > mH=126 GeV |
N B | :
20 .

10

.J_‘_I_I_.lllll|IIII|IIII|IIII|IIII|IIII|I

0
80 90 100 110120 130 140 150 160 170 80 100 120 140 160 180
m,, [GeV] my, (GeV)

my = 124.51 £ 0.52 (stat) = 0.04 (syst) GeV my = 125.59 + 0.45 (stat) = 0.17 (syst) GeV

Both experiments observe signals with > 60
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Mass of the Higqs Boson

ATLAS Hoyy p———— = Total
Stat.
CMS H—- —=—
" 1 Syst.
ATLAS H—-2ZZ -4l } . {
CMS H—-2Z -4l ————q
................................. ATLAS and CMS
ATLAS+CMS yy+4l = LHC Run 1
AA LA l 111111111 l 11111111 l lllllllll J lllllllll
124 125 126 127 128
m, [GeV]

Combined fit to ATLAS and CMS data
in YY and ZZ—4¥ channels

* consistency between experiments
* consistency between channels

Mg — 125.09 = 0.24 GeV
125.09 £ 0.21 (stat) £0.11 (syst) GeV

2%o0 accuracy on the Higgs boson mass!

PHYSICAL
REVIEW
LLETTERS.

T . s ot s iy | S MAY 2015

Ceamas v N
American Piysical Sockety, 9" ot Yolume 114, Number 19

PRL 114 (2015) 191803
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CMS
FHoyy+H-> Z2Z
: M, 1

-2A1InL

T

Combined

= QObserved

«  Expected
H-yy tagged

= Observed

==+ Expected
H—ZZ tagged

- QObserved

+  Expected

’
’
’
’
¢ -
’ r
’
’ ’ ’
’ ’ ’,
’ ’ L4
, ’
’ ’
’ ’
v

19.7 o' (8 TeV) + 5.1 fb' (7 TeV)
I T T 14 I Y 14 T N

—

—_ NN W s, OO NN 0O © O

|

|

I

2

4

Higgs boson width (GeV)
[H < 1.7 GeV (95%CL)

EPJC 75 (2015) 212

6

Width of the Hiqqs Boson

Upper limits on the width can be obtained from the mass
peaks (at the level of the experimental resolution )

The width of the SM Higgs boson
is expected of the order of 4MeV

Iy [GeV]

CMS limit

-

-

ﬁh
1>-
=
-

2|
sm 107¢

—

10°%¢

10":_

LAl

200 300

500 1000
M, [GeV]

LHC HIGGS XS WG 2010



Off-Shell Higqs Bosown

LI l I 1 1 I
4-lepton production, CMS cuts, Vs=8 TeV

A 47 a9

lllll

» 4leptons

_’
g gg ZZ Z g Z H gg » h - 4leptons
- gg -+ 4leptons(cont)
107 T g + 4leptons(total
alse: ¢ ) Ut $ 10 | T = X80 .
E — | qq — 40 3
3 107 =
g Z g 7 8 99 — H — 46 "
2 2 107 off-shell \ =
doggsHm—2z2 99qu9HZ 7 3
> 3 22 2 12 10° onsshell A
dm3z 4 (mz, —my)? +myly 99 — 45\ ’
1077 1111’— | 1 1 I R S |
g2 Hg%—[ZZ 100 200 [GeV) 500 1000 2000
on-shell (mzz ~my) o0, ~ =22 = ‘
mpl g L :
destructive interference at high mass
2 2
€ <hall on-shell 99qu91 227 * as expected! Higgs tail has to be here to
ofr-shell (mzz > m ~ i
(mzz H) - Ogg—H—22 (2mz)? cancel the bad E? energy behaviour of
O.off—shell tt— ZZ continuum diagrams
gg—H —~Z 7 T " 7
Y
on-shell H
g9g—H—=>Z7Z + ~F2
CMS/ATLAS set 95%CL upper limits on ['H around 22 MeV! ¢ 7

(Fsm~ 4 MeV)

very fundamental! Higgs at work
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WW Decays a

H - WW?* - evuv candidate and no jets

Longitudinal view Transverse view

Run 189483, Ev. no. 90659667
Sep. 19, 2011, 10:11:20 CEST

S b
http://atlas.ch
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Events / 10 GeV

Events / 10 GeV

800

600

400

200

150 |
100

50 |

(b) Background-subtracted
¢ Obs - Bkg
- Bkg+syst
B Higgs

.’lillllllllllll

=

. —.*-'-00-‘.0.0'

-4

- .
lllllllllllllllllllllllll

50 100 150 200 250
m; [GeV]

Clear evidence of
VBF production

PRD 92 (2015) 012006

R TR I R
ATLASH—-WW?#*.
\s=8TeV, 20.3fb" 7]
\s=7TeV, 4.5fb™ 1

(@) n;<1, ep+ee/up |

¢ Obs+stat
Bkg+syst

Phys. Rev. D 92, 012006 (2015)

Very significant
H — WW signals for
both ATLAS (6.10)
and CMS (4.50)

Mass consistent with

|25 GeV

S/(S+B) weighted events / bin

4917'(7 TeV) + 19.4 1" (8 TeV)

T

O,
o
I

o
» .

-e- data - backgrounds
— HWW

‘, bkg uncertainty

T

—{

m, =125 GeV
ep 0/1-jet

]
1 e I
s a2 o o 7% | T ST ST W N S S SN
50 100 150 200 250
mg [GeV]

JHEP 01 (2014) 096
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'D@.cav to taw L@.[a&;}ms

Run: 214021
Event: 269834309

2012-11-05 09:48:46 UTC

Event in the electron-jet VBF category with BDT=0.99 (5/B=1.0)



* One of the most

important results in 2014

* First evidence of Higgs

coupling to fermions

dN/dm_. [1/GeV]

._6 10 - — Dau _'::

=~ “ ]

7)) " D Background (u=1.4) 1

-—

- o) | essess Background (u=0)
D A3

g 10°E B f25) 00 (u=1.4)

— H(125)-» 1t (u=1) -

10%E E

1 O - H-1t 4

- ATLAS # 5

| 1s=8TeV,203f" [ ; [

1E \s=7TeV, 451" E

I J W : L 1 L.l ) -} | | L 1 Lo d ' l 1 1:

4. 3 <2 <4 0 1

JHEP 04 (2015) 117

ngS/B)

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
04
0.2
0.0

CMS, 19.7 fb™ at 8 TeV

Events

CMS, 4.9 fb™ at 7 TeV, 19.7 fb™' at 8 TeV

L] I L] L] L] L] I L] L] — .
...... SM H(125 GeV)—tr % [ ! a0k 2 SMH(125 GeV)>rr ]
e— Observed L M‘[Zh, €T, T, T, eu 1 —— Data ;:z:rtga:::nd

CJz-w g 2800 20 g [0 Y
=y = -
[ Electroweak EP 2000 k-
E QCD 'c : 20k
777 Bkg. uncertainty >
we g 1500 [~ 40
h 2 L E
Loose VBF tag c SMH(125 GeV)>rr |
9 1000 - —@— Observed —
(] CJdzom ]
= — ]
—_ B [ Electroweak 1
e 500 = ] acp -
) [ ]
~ oe .
200 300 (/)] 0 100 200 300
m_, [GeV] m.. [GeV]
T
10¢ CMS; 4.9 fb' at 7 TeV, 19.7 fb” at 8 TeV
——T—TT — —— 71—
] ! SM H(125 GeV)—>tt |
7 SM H(125 GeV)—rtt —e— Data - background 1
10 —e- Observed 20 Bkg. uncertainty |
0-jet I+l 2
10° : " 10k
1-jet H+LL'
5 VBF tag
10 O Z
—— Y e s
4 =l o—1—o—
10 —o— -1 0.5 0
. —— log(S/(S+B))
1 0 e
> e
10

10 i

10-1 L L L L | 1 1 1 1 | L 1
-3 -2 -1 0
log(S/(S+B))

JHEP 05 (2014) 104
NP 10 (2014) 557-560
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Decay to b Quarks

Weighted events after subtraction / 20.0 GeV

JHEP 01 (2015) 069

-
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-

I 1 I ] ] 1 I l I 1 1] l

N
|

| I |

1 T ]

ATLAS
\s =8 TeV [Ldt =203 1b"

1 I ¥ 1 l I LI | 1 I ]

" 0+1+2 lep., 2+3 jets, 2 tags

Weighted by Higgs S/B

1 1 ] [ | 1 | | I | | 1 | I |

| 1 1 ] 1 1 ]

-eo- Data 2012

B VH(bb) (1=1.0)
o Diboson
Uncertainty

—
-
-
-

—e
—
-
-

—
—
—
-

—
-
ot
-

—
-
-
-

//////
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S/(S+B) weighted entries

PRD 89 (2014) 012003

i 1 1 1] 1] I 1 1 | 1] I 1 1 1] 1] I 1 1 1] 1] I 1 1 1 ] 1] I_<
80+ CMS e Data _
- \s=T7TeV,L=5.010" pugvuH -
- - -1 4
: \S= BJSV,HL-:)S.Q fb [:]VV
60 pp = ¥ H= —— Sub. MC uncert. .
- —— VH + VV MC uncert.
40} -
4P -t | ]
| _ —
0 et o —
i [ | | i
C L A ' L 1 A 1 i A 1 A ' ) L l 1 1 ) | L 1 A 1 L A 1—<
0 50 100 150 209 250
m(jj) [GeV]

No contradiction with the SM but the signal is not yet significant in this mode
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Stghal Skrengths

Legacy Run |
main five decay channels
ATLAS m, = 125.36 GeV CMS m,, = 125.00 GeV
| | I | | I | | I | | | | I | | I
e+  1.17 £+ 0.27 He— 112024 | H - yy
H-e—i 1.44 + 0.33 —o— 1.00+029 | H—> ZZ — 47
e 1.14 = 0.21 o 0.83 = 0.21 H- WW
H—e— 1.43 = 0.37 o 091028 | H—- 1T
—eo— 0.50 + 0.40 —e— 084+044| H— bb
o 1.18 £ 0.15 HH 1.00 £ 0.14 | Combinaison
[} I [} I [} I [} [} I [} I
o 1 2 3 o 1 2 3
Signal strength Signal strength

> 50 observation in di-boson channels

> 30 evidence in di-tau channel
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Couplings of the Higqs Boson

Gauge sector

, Mixed
sector

19.7 67 (8 TeV) + 5.1 o' (7 TeV)

CMS % 68% CL

Down type oy = 0.92°0 : _-._ — 95% CL
ewe| L

= 0877515 -
. —099+g1g ................................................ .........................................................................
e .........................................................................
o osgon| e
=114 e

BRBSM<O.14T.ITIlllllilulllllllull

0 0.5 1 1.5 2 2.5

] , Parameter value
Courtesy André David



f
VBF+VH

il

Production and Couplings

- ATLAS and CMS H— 1y

SFLHC Run 1 (Hozz
" H—- WW
H—o 1t
2r . |H—bb -

_1— -

| —68% CL + Bestfit x SM expected |
[ . : 1 : : L L | N . : : | . L L : i
0 1 2 3

f
uggF+ltH

Individual production modes are
consistent with SM expectations
e ggH established

* very strong evidence for VBF

. ATLAS and CMS
' LHC Run 1
2.5

. [J Combined
- [CJH-yy
2 [H-2Z22Z
: [CJH-WW
. [CJH-1t
- [ JH—bb
1.5

C — 68%CL ~95%CL 4 Bestfit % SM expected -
0 0.5 1 1.5 2

f
Ky

Couplings to bosons and to fermions are
consistent with SM predictions and the
new particle behaves as |=0" as predicted
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Couplings Versus Mass

Ratio to SM

107%¢

- ATLAS and CMS
- LHC Run 1

¢ ATLAS+CMS
------- SM Higgs boson
— [M, €] fit

[ 68% CL

95% CL

ll! 1 L 1 llllll L L  — - l

sl

10 1 10 10

Particle mass [GeV]

Over three order of magnitude
In mass

* the boson couples differently to
particles

* the couplings depend on mass



Searches for Other Higqs Bosons

gg 10°
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Example in the di-photon decay mode PRL 113 (2015) 17180

' I ' L ) ' I

ATLAS

.
S
—_—
—
—
—
—

L L Lt

100

— Observed
- == Expected

R ERE S0

+20

H(125)

1!

llllllllllll

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

o)
o

\s =8 TeV, [Ldt = 20.3 fb"

IIIIHW IR

A l | l 1 1 A L l 1 1 1 | l L | A L l 1 1 1 | l
100 200 300 400 500 600

No sign of other Higgs bosons...

49



Events / 20 GeV

Data - fitted background

4
10 rrrrJjrry>y

| QL T T T T | B
ATLAS e Data E %
10° i O
— ) it = -]
Background-only fit = 102
. . - ~
10° Spin-0 Selection -~ ®
Vs=13TeV, 3.21b" = QC)
10 " ! *$+ = u>J 10
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1 : =
| ; i
107" =
—— —— f —— ~:
15 =
108 E b% 2
Sf E =
0 - : £ 0
108 ’ = o -2
? L 3

200 400 600 800 1000 1200 1400 1600 1800 2000

m,, [GeV]

ATLAS, excess in the diphoton spectrum

arXiv:1606.03833

around 750 GeV:
3.90 (I''m = 6%)

27t (13 TeV, 3.8 T)

LA L S S S S S S |

¢ Data
EBEB —— Fit model

et 1 s.d.
+ 2 s.d.

1 Illllll

1 lllllll

1 Illllll

-‘lll

-
) -

400 600 800 1000 1200 1400 1600

m,, (GeV)

CMS, excess in the diphoton spectrum

around 750 GeV :
3.00 (I''m = 1.4%)

arXiv:1606.04093
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Revolution or Fluctuation?




Revolution or Fluctuakion?

The experimentalist
point of view:

KEEP
CALM

AND

COLLECT
ORE DATA




Revolution or Fluctuation?

The theorist
point of view:

The experimentalist
point of view:

X
KEEP
CALM

AND

COLLECT
ORE DATA

(from Alex Pomarol’s Moriond EW 2016 summary talk)



Revolution or Fluctuation?

© ""S94| CMS Experiment at the LHC, CERN | 7/
Data recorded: 2015-Nov-02 21:34:00.662277 GMT

Run / Event / LS: 260627 / 854678036 / 477

/ Answer in a couple of weeks



This Kesumnes

July 2015 CMS Preliminary

WandZ = = % 7 TeV CMS measurement (L < 5.0 fb™)
Z N N P $ 8 TeV CMS measurement (L < 19.6 ib™)
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All results at: http://cern.ch/go/pN;j7
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New Physics!
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Thanks for your attention

ON A
DECOUVERT DE
Gauol EST FAIT

QUAND P'?[:MC l{).‘
QUELQUE

Gontier Hamel de Moncberandt



