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The top quark

* is the SU(2)L partner of the bottom quark

* is the heaviest known fundamental particle

my = ytv/\/§ ~ 173 GeV

¢ is the only fermion with “natural”
Y

the Higgs field

= Uy =1

* plays a special role in electroweak physics,

flavour physics and Higgs physics

* decays almost exclusively to bW

* decays before it has time to hadronise

Lt — W) ~ 16

~ 1.5 GeV (> /\QCD)
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40 times heavier than the b quark

top quark first discovered “virtually”

Illlllllllllll’lll]|llIlllIlI

T T I T T T

| | l | | |

e —
——
——
— 00—

T l T T

| l | |

s | e
—(—

Measurements
¢ Tevatron
¢ Tevatron + LHC

T I T T T

r

| I | | | |

Illlllll[l%l\llllllllll

Results of the EW fit
LEPEWWG

= Gfitter, incl. M,
(searches or meas.)

| | | | | I

|

|

1995

2000

2005

typical top decay time: 5 0% s

typical hadronisation time: 2 10-2* s

2010 2015
Year



3 _I 1 1 1 I 1 1 1 I I I l I 1 I 1 1 1 1 I I I I 1 1 1 1 1 I 1 ATLAS
Qo | —NLO QCD (pp) ¥ Single-lepton 179+ 12 pb _
proton - (anti)proton cross sections " - [Avprox NNLO (pp) A Dilepton 173 7,/ pb
--NLO QCD (pp) O All-hadronic 167 + 81 pb
109 F T T LI B B B B T T UL L T T 3 109 102 :_[]Approx. NNLO (pﬁ) ® Combined 177 _+1101 pb "‘,—" _:
: : I ] — WCDF .
8 8 L —
107 F ot , . 310 - ¢ DO i
7 T ! : : E 7 B .
10 F Tevatron LHC: 310 - -
10° | : : : 4 10° 10 -
F ] . 1.'!" ]
10° | J10° ™ - * i
: 1 L Y 4 i
o [ 11at | ATLAS Preliminary . . ]
10 110" £ 68 7 72
3 B 7] 3 m tl 1 1 l 1 1 1 1 I 1 1 L 1 I 1 1 1 1 I 1 1 1 1 l 1 L 1 1 I 1 1 1 1
10°F 710 11 > 3 4 5 6 7 8
10° | 1102 7 s [TeV
~10F 310 \s [TeV]
g 10' F J10r S10°F CMS
F ] o 8 [ o CMS prelim. combined 8 TeV (2.8 ft)
b 10° L 410" G = [ # LHC prelim. combined 7 TeV (0.7-1.1 ft5")
i i ) % [ e CMSdilepton 7 TeV (2.3 fb’)
10" = = 107 9 ¢ Tevatron prelim. combined (up to 8.8 fb")
i ’ ; [ o CDF prelim. combined (up to 8.8 fb)
107 | 1102 &= 0 DO combined (5.4 fb™) )
- . & 102
3 [ ] -3 G>J -
10 3 E 10 o -
10" E 4 10* !
- / : ——— Approx. NNLO QCD (pp)
5 [ - X . . B Scale uncertainty
10° 3 MH_125 GeV X E 10° 8 Scale ® PDF uncertainty
. [ ; i . 10~ 7/ 7 0 - Approx. NNLO QCD (pp)
10 : < 10 - Scale uncertainty
[ Wus2012 : ] B I Scale ® PDF uncertainty
1(')7 1 P T A f I R I 1 10'7 — 4 Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
0.1 1 10 -/ MSTW 2008 NNLO PDF, 90% C.L. uncertainty
l/: | N, CA T N | I 111 I 111 I 111 I 111 I L1 11 I 111 1
Vs (TeV) 1 2 3 4 5 6 7 8 9

Vs (TeV)
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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

electron+jets

muon+jets
tau+jets

tautjets

muon+jets
electron+jets

hq therefore the branching

v, q’ fractions of the t-tbar final
states depend on the W

b boson branching fractions

Top Pair Branching Fractions

“alljets” 46%

TtHjets 15Y%

utiets 15%

c+iets 15% _
"dileptons™ "lepton+jets™



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

€1 Dilepton
e 2 isolated e 3 channels ee, UU and el
OS leptons (e or ) e BR=4.7% (1+1+2)
* 2 b-jets * very low backgrounds,
e large Ex™iss mostly Drell-Yan
Lepton+t]ets
* | isolated lepton (e or M) * 2 channels etjets and P+jets
* 2 b-jets e BR =29.2% (I1+1)
e 2 light-quark jets * moderate background, mostly
 moderate ET™Mss W+jets (charge asymmetric)
jet jet All Hadronic
* no lepton * BR =45.7%
boic b-jet e 2 b-jets ¢ large QCD-multijet
* 4 light-quark jets background
* no ETmiss

jet jet
Hadronic Tau
e 2 channels: Thadte/H, Thadtjets * BR=4.7% + 14.6%



hadronic side

b-Jet

leptonic side

Golden mode at the LHC

But

2 [(a) D@ 9.7 fb"

O i ; l+jets - Data

o 400 it

- - Other bgs
a B W+hf

= i Wlf

E 200" I Multijet

Ratio

CDF Il Preliminary
e Data (8.7 o)
__|Signal+Bkgd

1 Bkgd only

All

= ; 00 .
mi*°° (GeV/c")

* High rate: 30% of top pairs
* Low backgrounds: S/B>1|

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

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

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

DO and CDF signals
with full statistics

~2,500 events



CMS Experiment at LHC, CERN c
Data recorded: Mon May 2 10:44:23 2011 CEST * high probability to be tt event

Run/Event: 163817 / 685608658

jet

Top quark pair candidate event

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

b jet JHEP 12 (2012) 105
pT=65 GeV/c TOP-14-001
M+
pT=52 GeV/c
Y g
b jet T
pT=91 GeV/c

pT=47 GeV/c

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| < 2.4
* 2 b-tagged jets among the 4 leading jets



30 000 events in 20 fb"' @8 TeV 3
* t-tbar purity: 94% E
Kinematical fit with constraints :
e mw = 80.4 GeV
® Mtbar = Mt
Each permutation weighted by )
o Pgor=exp(-1/2 X?)

&
Jet Energy Scale Factor (JSF)
* in situ calibration using invariant

mass of light-jet pair

ldeogram method
* event likelihood as the convolution of

the signal with a resolution function
with wrong-pairing and backgrounds

CMS Preliminary, 19.7 fb To\s= 8TeV l+jets
—
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CMS Preliminary, 19.7 fb™, {s = 8 TeV, l+jets
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CMS Preliminary, 19.7 fb- 7, (s=8TeV, l+jets

12000_ ..... - tt"b‘é‘rréct'““"““""‘3""““‘ ........ =.Z+Je o —

L : Widets _
oo, Ewers e
0000 L Ij tt unmatched . Data B
8000; """ ~E
6000} """ ~E
T -
2000 .

e il M
[ et
T R R - E—T

TOP-14-001 m{" [GeV]

= 172.04 GeV

Uncertainties

e stat+|SF = 190 MeV
e syst = 750 MeV

JSF=1.007 £ 0.012



I
ATLA
fmion s 71ev [Ime=10756v1  Template method

22 000 events in 20 fb'@8 TeV
* t-tbar purity: 81%

[(Jmy,=17756ev] fit observables with
MC distributions
generated assuming

II|I[II|IIII|IIII|IIII

Normalised events / GeV

3D-Template method
* mt, JSF b-to-light JSF (bJSF)
* m¢, mw , Rog, mip distributions

varying values of the

IIIII|IIII|III]|I

top quark mass

'

| | | | o
140 160 180 200 220
iz [GeV]

aer 1503. 05427

E 600~ ar1as e datalsjets | E 1000—ATLAS  °* datalsjets  _ me = 172.33 GeV
g _ A e Best fit background ~ _ A e f555%= Best fit background
2 500l '5=7 TeV, 4.6 fb S 2 (s=7 TeV, 4.6 fb” O
L% 200 ; Uncertainty L% 800~ J Uncertainty 7] Uncel‘talntles

o 600 e stat+(b)JSF = 480 MeV

- 400 e syst = .02 GeV

200
o JSF=1.019 £ 0.027
30 140 150 160 170 180 180 200 210 220 0= 70 8 9 100 110 bJSF = 1.003 + 0.027
eco [GeV] miy>*° [GeV]
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Main Sources of Systematics

Systematic uncertainties for lepton+jet measurements
* jet energy scale

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

* bjets [0.1-0.6 GeV]

CMS L= 50fb at\s 7 TeV

* modelling of gluon radiation [0.3-0.5 GeV] §"%F E
* modelling of underlying event [0.1-0.2 GeV] go . E
e modelling of color reconnection [0.2-0.5 GeV] o . E
. : Q) -

* modelling of pile-up [0.1-0.3 GeV] 0.85 e Data E
* hadronisation, b-fragmentation [0.3-0.6 GeV] 0.8 Syst+Stat error E
e parton densities functions [0.1-0.2 GeV] “E —— MadGraph+Pythia E
* b-tagging [0.1-0.8 GeV] > —— POWHEG+Pythia E
0.65% ==~ MC@NLO+Herwig E

0.6

1.1

Data is used to constrain

Data/MC

the various sources of "0 100 150 200 250 800 850 _ 400
1* additional jet p, [GeV]
uncertainties, e.g., gluon radiation

from Roberto Tenchini



Other Chawnnels

(illustration plots — not final — not comparable)

ATLAS CMS

CMS 2011,5.0fb'at \s = 7 TeV
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SUMYVAT

of Mass Measurements

CMS Preliminary

arXiv:1503.05427 CMS-TOP-14-001
I | I I I I | I [ I I | I I I I | I I
foni 1 -1
ATLAS Preliminary m,,, summary - Mar. 2015, L =35 pb™ - 20.3 fb
in PN
Mg, + fot. (stat.tJSF+bJSF syst) CMS 2010, dilepton B 175.5 = 4.6 = 4.6 GeV
. JHEP 07 (2011) 049, 36 pb (value = stat = syst)
l+jets* fOZFS‘:(:)L‘_;m [ = o S 4 169.3 * 6.3 (40 +49 ) °
_ : CMS 2010, lepton+jets 173.1= 2.1+ 2.6 GeV
Eur. Phys. J. C72 (2012) 2046 ’
l+jets iy |_E.|.13._|_| 1745 + 24 (06 04 +23 ) PAS TOP-10-009, 36 pb’ (value = stat + syst)
all jets™ PONF 2012930 P e $ 7 4 1749 + 4.3 (21 +38 ) P
' )'("_'__14;39 a2 ' CMS 2011, dilepton 1725+ 0.4 = 1.4 GeV
all jets e I il 1751 £ 1.8 (14 t12) EPJC 72 (2012) 2202, 5.0 fb™ (value = stat + syst)
1
single top* CONF-2014-055 | | 1722 £ 21 (o7 +20 ) i
Ly =203 1o E CMS 2011, lepton+jets 173.5 = 0.4 = 1.0 GeV
— l+jets irXi::lioiES‘m? | -:-l 172.33 £ 1.27 (0.23+0.25+0.67+ 1.02) JHEP 12 (2012) 105, 5.0 fb" (value = stat = syst)
H arXiv:1503.05427 X +
— dilepton 20 T i 173792 1.41 (054 =180) CMS 2011, all-hadronic SR 173.5+ 0.7 = 1.2 GeV
. arXiv:1307.4617, 3.5 fb’ (value = stat + syst)
= n B 78 —Q—
o(th) |+JetSICONF-2011-054, L, =35pb" v o 1664 * 75 CMS 2012, lepton+jets 172.0+ 0.2 = 0.8 GeV
- ! 14 1 . .
() dilepton B P . 074 014) 5109 ] o . 172.9 + 25 PAS TOP-14-001, 19.7 fb (value = stat = syst)
iy H * % - ! . . . .
o(tt+1-jet)” PO et i 1737 +33 CMS combination 172.2+ 0.1+ 0.7 GeV
" . March 2014 (value = stat = syst)
i+ 1505.05427) R T T World Comb.+ 16 T TR r——
AT&’ZSQSTZ%M% 2015 @150 0542 I—.-:—I stat. uncertainty Tevatron combination 173.2+ 0.6 = 0.8 GeV
World Comb. Mar. 2014 iarxiv-1403.4427) ' stat. ® JSF ® bJSF uncertainty Phys. Rev. D86 (2012) 092003 (value = stat + syst)
173.541 0.76 | — total uncertainty —
Tevatron Comb. Jul. 2014 (arxiv:1407.2682) 1 . o World combination 2014 173.3+ 0.3 = 0.7 GeV
174.34+ 0.64 | =04 Preliminary, —Input to ATLAS comb. ATLAS. CDE. CMS. DO (Vall..le_*- Stat « s.yst)
I I P | I A R
160 165 170 175 180 185 190 '16' L '17'0' e '17' L |1£|30| |
My, [GEV] 5 5

ATLAS: m;=173.0 £ 0.9 GeV

CMS: m¢=172.2 %

* excellent agreement between ATLAS and CMS

m, [GeV]

0.7 GeV
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What Mass for the EW £it?

The definition of the mass of the
tOp quark is ill-defined Which final state particles to assign to the original top quark?
¢ the mass measured from bW n

decay products is assumed to be

close from pole mpole

extra radiation and
color reconnection

Hadronization effects “pollute” the
determination of mtop from the
e

* problem: mpole for a coloured

particle cannot be determined

reconstruction of any kinematical
property of top decay products.

with accuracy better than Aqcp
(= 0.2 GeV) "
* the top quark decays before a ‘

Michelangelo Mangano

hadronising but still the b quark
has to hadronise

e Importance of measuring the mass theoretically a good approach is to

using alternate techniques extract the mass from

e mass and end point of b# spectrum measurements of the cross section

e decay length (boost) of B hadrons

| 4



Mass from Cross Section

Cross-section [pb]

e use the best x-section measurement

(dilepton)

o,; (Pb)

e use most recent NNLO calculations of

top pair x-section to extract mg

* also provide a measurement of the

strong coupling constant at m

I | I T | T I | I T | T I I I I | I T | I I I | LI | T I
N — MS (o] ]
350 N ATLAS —_— %S;w Zggg xxto uncertainty _|
1 \ CT10 NNLO -
------ CT10 NNLO uncertainty -
300 B L —_— xnggg xxtg uncertainty |
- 8Tev O \s=7TeV, 46 fb"_1} vsm
B \s=8TeV, 20.3 b -
250 e .
~ _
- hd N o
150/ -
B s
~——

B 1 | 111 | 111 | 111 | i N | 111 . 111 | 11 1 | 11 1 | I.-I-I..-

164 166 168 170 172 1724 176 178 180 182
m f°'e [GeV]

exp. 8TeV

theo. 8 TeV
exp. /TeV

theo. 7 TeV

\s =7 TeV; mP® = 173.2 GeV
T T T I T T T | T T T [ T

1
- —— CMS,L=23fb" .
220[~ _.4o.- Top++ 2.0, ABM11 .
~ --@- Top++2.0,CT10 N
200 — % Top++ 2.0, HERAPDF1.5 . “—_
- ---m-- Top++ 2.0, MSTW2008 e wels theo. 7 TeV
180 == Top++ 2.0, NNPDF2.3 ez —
160 e e = exp./TeV
140 __,‘.--““ ““““““““““““““““““ I —
R A | 0] o\ 7]
L T ' £ i
120—_‘—‘—‘—‘7“| 1 1 1 I 1 1 1 l 1 1 II l 1 1 1 I EI 1 1 I 1 1 I_
0.108 0.11 0.112 0.114 0.116 0.118 0.12 0.122
og(m.)
I T T T T I T T T T I T T T T I I
Top quark pole mass from cross-section
ATLAS b atiaticpote me
compared to direct measurement
+5.9
DO approx NNLO: MSTWO08, 1.96 TeV 2009 ¥ 169.1 51
DO approx NNLO: MSTWO8, 1.96 TeV 2011 ¥ 167.5_+i'i
CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013 —_— 176.7?2'2
ATLAS NNLO+NNLL: PDF4LHC, 7 TeV 2014 1714 = 2.6
ATLAS NNLO+NNLL: PDF4LHC, 8 TeV 2014 1741 = 2.6
ATLAS NNLO+NNLL: PDF4LHC, 7-8 TeV 2014 172.9?2’2
Direct reconstruction LHC+Tevatron 2014 V- 173.3 + 0.8
1 1 l 1 1 1 1 | 1 1 1 1 l 1 1 1 1 I 1 1 1 I 1 1 1 1
140 150 160 170 180 190
pole
m [GeV]

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

mass difference
lifetime, width
polarisation

t

_|_
q |14
\’

04010,010,0
Q

£

* spin correlations
0] * charge asymmetry

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

Uy

* W helicity
/A
q

—/

q

* BR(tWb)/BR(tWq)
* new decays

b
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Associaked Production kY

Recent observation in multileptonic channels CM>-TOP-14-021

3/ + >4 jets + b-tags 19.5 o (8 TeV) 3/ +>3jets + tags + BDT  19.5fb" (8 TeV)

* expected cross sections: 0.2 pb ! g0 Non-prompt Fwz "zz - Other | g2 Non-prompt JWZ |2z Other
G [ Hed Bitw [z «Data o [ Wen Ntiw [tiz +Data

- Post-fit CMS Preliminary 20 :_Pre-ﬁt CMS

20—

. o

T 2 - . S . R kel 2_””‘/'//. I — — . — .
§ — ! & L
8,0 T - | , , |
ey 05 0 05 1 @ 85 90 95 100
ttz BDT Z mass
. . 3/ +>3jets +tags + BDT  19.5fb™ (8 TeV) . 1
Direct access to top-Z couplings R 3 +23jets +tags + BDT__ 195 (6 TeV)
P P g §25__ .Non-prompt :WZ ZZ Other % Non-prompt [IWZ | 'zZ Other
.. . w - W tiw | tiz *Data A T Bew Bz +Data
® sensiti New Physi - ot 15~ WH tw ez
sensitive to ew YSICS o Pro-it CMS prot CMS
600 , e — 15| 101
CMS pPreliminary 80 i .
% best fit - i
500 70 “F / i /
— B 7 5/ /
O C o - /42 <
Yo 5_ . i P %
~ g g
c 400 - — S em L
kS P oo g OO, i SO
0 § 2 T ' - 5 2
8 300 < 1_—%-H o
© . . ‘ ® . . .
& SR 50 100 150 Q ?00 150 200 250 300
8 200 Mass of W — ¢ matched to ttZ Mass of t — bgq matched to ttZ
N
|
e
100 . . o
First observation of ttZ and strong evidence for ttW

0 100 200 300 400

ttW cross section [fb]

500
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LHC 64 (42+22) pb
TeV 2.3 pb b

g

LHC 4.5 (3.2+1.4) pb

TeV 1.00 pb

q

ol

t-channel Cross Section [pb]

g

W+Jets, NN Discriminant CDF Il Preliminary 7.5 fb”'

| ® CDF Data
[ SM prediction: B 68.3% CL
4F arXiv:0909.0037v1 1 95.5% CL
: 99.7% CL
i Il SM(NNNLO)
2
i
[ L L L " PR Y
c0 1 2 3 4 5

s-channel Cross Section [pb]

LHC 16 pb

TeV 0.3 pb

g
tW

s-channel -

103 CMS, \s = 8 TeV, L = 19.7 fb”, muon, 2-jet 1-tag

> B
&
= U
R
S 08
>
wor
0.6
0.4
0.2F

LI T T T T T T T T T T T 1T | I B | | I B |
| I I I I I

150 200

¢ Data
[ t-channel
[ti, tw, s-channel
B W/Z+jets, dibosons—|
(] QCD multijet
Syst. uncertainty

IIIII

lllIIlllIlllIl

250 300 350 400
m,, (GeV)

—
o
(=]

80—

60—

=

Total inclusive cross-section [pb]

— 40—

20_—_4__*_______

t-channel

= Wt prod.

Leae S-Channel
1 1 1

~ ATLAS + CMS Preliminary TOPLHCWG
| Single top-quark production

]
Jan 2015

B ATLAS t-channel -
PRD90(2014) 112006, ATLAS-CONF-2014-007

CMS t-channel ]
JHEP12(2012) 035, JHEP06 (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, 95%C.L. =
ATLAS-CONF-2011-118, arXiv:1410.0647
CMS s-channel, 95%C.L. =
CMS-PAS-TOP-13-009

4 <d % e o

== NNLO arXiv:1404.7116 —
m,,,= 173.2 GeV, MSTW2008nnlo

scale uncertainty

== NLO+NNLL PRD&3(2011)091503,
PRD 82 (2010)054018, PRD 81(2010) 054028 —]

m,.,= 172.5GeV, MSTW2008nnlo

Wt production: tt contribution removed —

scale ® PDF @ a, uncertainty,

= NLO arXiv:1007.3492, 1406.4403 -
M= 1725GeV, W= Ho= Mg,
CT10nlo, MSTW2008nlo, NNPDF2.3nlo (PDFALHC)™]

Wt production: p: veto for tt removal= 60 GeV

and n=65 GeV

- scale uncertainty

<
a
scale ® PDF @ o, uncertainty + o
8

All exp. results are w.rt. m.= 172.5GeV

/s [TeV]

allows direct measurements of Vi
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Summary of SM Measurements

Seven orders

of magnitude

Production Cross Section, o [pb]

~ 70 billion inelastic collisions

July 2015 CMS Preliminary

‘WandZ | i % 7 TeV CMS measurement (L < 5.0 fb™)
S~ S S R S A A $ 8 TeV CMS measurement (L < 19.6 tb™)

R % R R S R T B N — 7 TeV Theory prediction
Eémetg's‘? — 8 TeV Theory prediction
S = CINE S S S Z CMS 95%CL limit

.
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proton - (anti)proton cross sections

109 ] ] ] ] LELELIL I J ] ] ] ] : ] I ' 1 109
8 I : 8
10 5. . . . 10
7 ' : : 7
10 Tevatron .LHC: 10

-1

33 -2
events/secfor=10"cm" s
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o
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0.1 1 10
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F is Englert® 4
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Production of the Higqs Boson

g
H — ! ———3;
; 86% < 10g =
ty H TR
t g ~
gluon-gluon Fusion 5 -
VBF Qq ; R \
1 7% 10°E E
L - | | bbH/ttH -
----- H 80 100 200 300 400 500 1000
W/Z M [GeV]
~ Vector Boson Fusion
q _
a,q’ bbH/ttH
g
LH 5% <2%
“Higgsstrahlung”  D=====-- H

Vector Boson associated quark pair associated

W /Z £
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Production of the Higqs Boson

]

5
2
t 86% X 10 goH ¢
t _____ I
| -
[ . g 1 N
gluon-gluon Fusion = %s VBF
ID
S 10" :
: 1072 VH
Cross sections .
* Tevatron .96 TeV 80 100 200 300 400 500 1000

1.2 pb

e |HC 8TeV
23 pb

¢ LHC I3 TeV
51 pb

M, [GeV]

Typical theory uncertainties
e ooH 5%
e VBF 5%
e VH 5%
o ttH 15%
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Decays of the Higgs Boson

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 I 5 < ] s
y to gluons S :
t |5
H ------ =
©
kS
+
Decay to photons 5 %10'2
g gl T

/

- ./'
3
W y 10
H ------ H------
10 g9 200 300 400 500 1000
M, [GeV]
Y Y
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Decaus ok my = 128 GreV

S — . Decay Fractions as predicted
8 ' : Y P
T : for a 125 GeV Higgs boson mass
o g
£ H — bb 58%
2 .
(] 10 = * o
0 H—-> WW 21%
H— t+t- 6.4%
-2
107 H - zz* 2.7%
H- vy 0.2%
-3 !
10 200
2 Ve o Nature has be kind to us
%’ j= . <mp>=1249+02Gev | U
2 10_? o(m)=60+0.1GeV | = ' ]
5; 10-2? ¥2/ndf = 163.1 /169 g
X 10° - 3,
T§10'4 ;:*
s \ g only about | 1% of
o = i
m -6 N .
=" { \ S Higgs bosons decays
107¢ / \ 2
10 \ b are unobservable
of / mi® = 1254 + 0.5 GeV \
w7 | \
10-107 L / i A AN T A T TR NN SRR N 1 \\ Lo
80 100 120 140 160 180

m,, (GeV)

product of decay fractions s



Hiqqs Searches at the Tevatrown

(20 GeV/c?)
(0}
o
o

— 600

30

20

Log-Likelihood Ratio

1+2 b-Tagged Jets

|||||II|I[I|III|III

Tevatron Run I, L <10 fb!

—+— Data — Bkgd
B Wz
[ ]zz

I | Higgs Signal
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I L1 1

I L1 1 1 l L1l I | -

11 | I I )
50 100 150

PRD 88 (2013) 052014

1 1 1 I Ll Ll
200 250 300 350 400
Dijet Mass (GeV/c?)

u LLR, +1 s.d.
’— LLR, +2s.d.
— b

- LLR, == LLRg,,
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'IIIII
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———————

m,=125 GeV/c?
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SM Higgs Combination

-
gonn
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)
~~~
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~
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L I 1 L 1 I L 1 1 I 1 1 1 1 1 I 1 1 1
100 120 140 160 180 200

m,(GeV/c?)

The Tevatron is sensitive to the signal in
* 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—o WW
H—o t't

VH— Vbb

Tevatron Run Il, L, <10 fb™
m,,=125 GeV/c?
| Combined (68% C.L.)

—fl}- Single channel
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Direct Searches before LHC

95% CL Limit/SM

Tevatron Run i Preliminary, L<8.6fb" July 20| |
RN R A BEEEE

: LEP Exclusmn Tevatron

10 ~L/ ------------------------------------------ 5 -------------- e EXClUSIOI‘-l
........... -..._.+1o Expected ..... ............. .............. ............ i
........... [ 1 #2c Expected ............. .............. ............ _

o A e WETTED.  RT
100 110 120 130 140 150 160 170 180 190 200
m(GeV/c?)

To combine several channels, define the signal strength
= o(limit@Q95%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

mpy ¢ (156,177) GeV
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\ ‘CMS Prellmlnary,\s - 7TeV

—
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N Observed

Hiqqs Searches at the LHC

At the end of 201 | (CERN Jamboree)
CMS: exclusion: my > I27 GeV

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

S Combined, L = 4.6-4.7 fb™ 59 Expected + 1o
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The Discovery

CMS \s=7TeV,L=51f" ys=8TeV,L=531"
% - L L B L L ': > :1 [T T T ] T T T ] l'-l.ll!-l':'l'! II'I' L t
O oA ATLAS 4} DataS/B Weighted E 8 (6 ¢ Data N | A
d - — Sig+Bkg Fit (m =1265GeV) - o | Ezx O st ° ;
£ Y| Bkg (4th order polynomial) _ —~ 14 zy. zz & 4F -
(@) - _ -~ I
¥ — 7] w - [ ]m=125 GeV < af . 7
= — . C 12 >, -
AT e —] g) - L1l 2§ rr' -
: : LLI 10‘_ 1:- [T ) L ] :
401 ] - .l 0=="120 140 160 -
- (s=7 TeV, [Ldt=4.8fb" _ sl lo m,, (GeV) -
20 :_ Is=8 TeV, det=5.9f|o'1 H—yy _: 6 2 E
o gk T | | = : o
i 3 A4 44 )/n\u Ay A A 3 N
g (E_H*** N AR S A % :
.% -4
= g , | . , | 0 L
“ 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, 2Z and Yy significance signal in H = TT and bb
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“Science” Breakthrough of the Year, 2012
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Breakthrough of the Year, 2012

Every year, crowning one scientific achievement as Breakthrough of the Year is no
easy task, and 2012 was no exception. The year saw leaps and bounds in physics,
along with significant advances in genetics, engineering, and many other areas. In
keeping with tradition, Science’s editors and staff have selected a winner and nine
runners-up, as well as highlighting the year’s top news stories and areas to watch
in 2013.

FREE ACCESS

The Discovery of the Higgs

Boson
A. Cho

Exotic particles made headlines again and again in
2012, making it no surprise that the breakthrough of
the year is a big physics finding: confirmation of the
existence of the Higgs boson. Hypothesized more
than 40 years ago, the elusive particle completes the
standard model of physics, and is arguably the key to
the explanation of how other fundamental particles
obtain mass. The only mystery that remains is
whether its discovery marks a new dawn for particle
physics or the final stretch of a field that has run its
course.

Read more about the Higgs boson from the research teams at CERN.

Runners-Up

This year's runners-up for Breakthrough of the Year underscore feats in
engineering, genetics, and other fields that promise to change the course of
science.
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Majorana Fermons Eggs from Stem Cells




Production and Decan

Not an exhaustive table!

gf::: H-bb  H-TT H-OWW H-ZZ H-oYYy H-inv.
ggH *
*
o z
Q.
3
#r ¥ 0
2
O(m,,) O(m,) O(myw) O(m,,) g(m,,)
~20% 10-20% ~16% 1-2% 1-2%

Expected number of decays for Run-|
before selection cuts (mn = 125 GeV)
e 9,000 H > WW?* - fvfy

e 900 H - vyy

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

CMS

A Two-Photon Candidate ' photon

photon



Two-Photon Decav

PRD 90 (2014) 112015 EPJC 74 (2014) 3076 19.7 b7 (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 I_ x10 C
(O]
o 180 — fLdt=451"Vs=7TeV ATLAS — % - CMS
~ = _ P . ol S/(S+B) weighted sum
2 e [Ldt=203fb" {s=8TeV 4 Data ] G 35¢ H = yy
k= y S/B weighted sum _ ] =~ " ¢ Data
GBJ ) . — Signal+background (7)] 3¢ _ _
140 Signal strength categories —] 'E C —— S+B fits (weighted sum)
N n === Background n o Sy B component
~ _ — S 25
120:— — Signal —: O - B -1
100/ \ m,, =125.4 GeV = 8 ) ;_ ------ +20
- ] = n
80— A - o 15F
R . g -
60— — 1
- . = i no=1.14722°
40— —] + 0.5 m,=124.70 = 0.34 GeV
o a %)) -
20— p— :’ O_I | | | | I|IIII|IIII|IIII
: : U) LI | LI | LI | UL | UL | UL | UL | UL
N et - 200 - .
g = ' ' = | B component subtracted
o] : 3
g % E 100
= 5 = i {
® 0
IS 0
2 | f
= 5 -100 ~
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 £ 0.3 (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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Unweighted Distributions

19.7 6" (8 TeV) + 5.1 fb™ (7 TeV)

Events / GeV
LI AL RN BN I

+0.26
'14—0.23

n =1
m, = 124.70 = 0.34 GeV

Sum over all classes
¢ Data

—— S+B fits (sum)
------ B component

- 110

------ +20

Events / GeV

o

B component subtracted

Events / GeV

data - fitted bkg

110 120

130

140 150 160 170 180

m,. (GeV)

fLdt=45 b, Va=7TeV

Unweighted sum =

e L L L

Ldt=203fb", {s=8TeV
/

e e e e
ATLAS

-4 Data

— Signal+background
===+ Background

— Signal

o
WH““‘“““““““““

T T T
e
—o—

IR R

L
130

L L
140 150

guhm‘\m wlodd 11
o

m,, [GeV]

2 weights / GeV

fLdt=45f" Vs=7TeV ATLAS
fLdt=20.3fb" Vs=8TeV % Data
S/B weighted sum .
. ) — Signal+background
Signal strength categories
===+ Background
— Signal

m,, = 125.4 GeV

E weights - fitted bkg

S/(S+B) weighted events / GeV

200

0

-100
110

130 140 150 160

it
E M

110
m,, [GeV]
- 19.7 b (8 TeV) + 5.1 fb™ (7 TeV)
X F
35 & CMS S/(S+B) weighted sum
TF Heowy
- ¢ Data
3P

—— S+B fits (weighted sum)
------ B component

R 210

...... +20

114792
124.70 = 0.34 Ge

100

L. 8 ...

dotted lines
at 125 GeV

T T P D DR B
2

5 130 135 140 145 150
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115 120 1
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Two-Photon: Cateqorisation

Categorisation to increase the overall

sensitivity and the sensitivity to different 7 leptonic T
. ttH hadronic
production modes v dilepton
VH one lepton
VH ET'e
for example: VH hadronic
VBF tight |
VBF = two jets with VBF loose I
o ) Forward - highp_ -
large m;j and rapidity separation (Ay) Forward - low .
. . Central - high P,
loose and tight settings Central - low p_

0O 01 02 03 04 05 06 0.7 0.8 09 1

Fraction of each signal process per category
19.7 b (8 TeV .

o 10°E— 5)1 > -
o - ¢ Data - . . .
S L | CMS Zwcessans 1 | Event classifier (MVA) which compiles
; 105§ | —— H> vy (m =125 GeV) —§104§ . . . . o
€ F —f 7 o all the information into a discriminant
Q L [ WHizH .43
> 10 = ] tH §10 =1 . .
o 1 % High score to events with
© . 3L |12 ©
10°E =10 : , , , :
°7E - S * signal-like kinematics (pt and y of the YY pair)

—
o

e good diphoton mass resolution
1 * high photon reconstruction quality

e L 5 “untagged” categories + VBF +VH + ttH

Transformed diphoton BDT classifier score
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Two-Phobton: Produckion Modes

CMS H - yy 19.7 o' (8 TeV) + 5.1 fb (7 TeV)
| L | | L ' | L I | L | L | | L | T 11 I | L | | L
n_ | —— H @ — ] 0. " N
tH —_ E TOtaI _— ggH 112 _8'22 combined =1.14 _g:g
R — Stat. )
lvLZH B I. T H . B
- E — Syst. -
C : y ) VBF | 1.58 ¢
uWH - ] }.::: I -
uVBF - = | 4 ATLAS . . _0.16 j):;g I combined £ 16
- : [Ldt=451" 1s=7TeV - — e per-process 16
| ' -1 _
Mogr | e |Ldt =20.3 o™, \s=8TeV u
u E H"|| H — yy, m,=125.4 GeV E ttH | 2.69 "¢ °
IIlllllllilIIIIIIlllllll|Il|||IIIIIIIIIlIIII |||||||||||I| |||||||||||||||||||III|IIII
-1 0 1 2 3 4 5 6 7 8 2 -1 0 i 2 3 4 5 6 7
Signal strength M

Individual production modes are
consistent with SM expectations
* goH is established

* there is strong evidence for VBF
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erenbial and Fiductal

;‘ _Illlllllllllllll I Illllll Illllllll_ — _II|III|II|III|II|III| |III|III|I|I| I -
8 | ATLAS —4- data syst.unc. | =, 60 ATLAS —4- data syst.unc.
IS + 99—H (HRes) + XH ~ [ Hoyy, s=8TeV 7] gg—H (HRes) + XH ]
= 1 + (Kogr =1.19) E 2 50F [Ldt=2031" (Ko = 1.15) .
% ZZZZZ/Z@ === XH = VBF + VH + ttH : bg : === XH = VBF + VH + ttH :
— i H-yy, \s=8TeV ] S 40-_ N
©
) - [Ldt=203" 1 5 ]
107E 22 - 30f —— .
N v, . C —— ]
i e ] 20707 -
- .V : : =" ]
; : 10F .
10217 memmmmeemeeeleeeeees -3 g
— ' —_— : ' L] I R AR i I e S Bt ST MR RSN PO
_5 6 ! ! ! ' ! ! ! ! ! S Q T | T T [N DL IR I RN U
o 4} B
'o —_—
} °
~ AR 7. 7 f* o %ﬁ_"_x 7. 7% 7
% o PRSP RS ARSI SRRSO SO I Ot I| | |_‘| | | | | | | [
© 0O 20 40 60 80 100 120 140 160 180 200 3 00204060811214161822224
Py’ [GeV] v,
144
T T T LI ||| T T T T T TTT T T T T T TTT i
Diphoton baseline ATLAS{ -—0—
fl—)y}/, 1s=8TeV * )
L dt=20.3fb" =
Nigs > 1 A e
—e— data syst. unc. * i
N 22 v —e—
*
N 23 v ——
Bl XH = VBF + VH + ttH |
W LHC-XS + XH
VBF-enhanced N—e— B HRes 2.2 + XH
% STWZ + XH 7
Nleptons 21 I I & JetVHeto + XH
* BLPTW + XH i
miss | & MIiNLO HJ+PY8 + XH
EY™ >80 GeV —H ! M MINLO HJJ+PY8 + XH
1 1 1 11 1 III 1 1 1 L1 | lll 1 1 1 L1 | lll ]
107 2x10™ 1 2 345 10 2030 102

JHEP 09 (2014) 112

Gy [fo]
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pton Decan

PRD 89 (2014) 092007

20
15

15

PRD 91 (2015) 012006 CMS (s=7TeV,L=5.1fb";(s=8TeV,L=19.7fb"
> _I T | TTTT | L | 1T | TTTT I TTTT | 7T TTTT TTTT > T | T T T | T T T | T T T | T T T | T T T
& 35 ATLAS ¢ oa S Data E
LO_ E H SN ZZ* - 4[ |:| Signal (mH =125GeV u = 1.51) 1) 30 . Z+X _:
g 30 L \s=7TeV det =451 - Background 2Z* 2 [ ] Zy * 77 §
n 6 Tov J.Ld 203 1" - Background Z+jets, tt GC) ’ i
= \s=8Te t = 20. _ _
qc) 25 % Systematic uncertainty Lﬁ 25 mH=1 26 GeV .
> | _
L 20 =

10 10

IIII|IIII|IIII|IIII|IIII|IIII|II

I|IIII|III]|IIII|IIII|III

_.—
_‘—

..I_‘_I_I_.lllll|IIII|IIII|IIII|IIII|IIII|I

80 100 120 140 160 180

80 90 100110120130 140150 160 170
my, (GeV)

m,, [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

. 3III|IIII|IIIIIIIII Illllllllllll TrTT T T TTTTTTTTT lIIIIIIIIIIIIIIIIIIIIIIIIIII
3 - ATLAS and CMS A Y ] ATLAS H—yy F—==—— e Total
;8). 5 5:_ LHC Runt . CMS H—yy _:
L T Rlcomomed 1 Stat.
EE K X Best fit i CMS H—yy === 1 Syst
%) ol — 68%CL —
\Z N — .
i B T, T § ATLAS H—ZZ 4 —
w 1.5 S
- X 4 .
1l — —_,/' i CMS H—ZZ —4l ———+
E e L o [ SO o S ATLAS and CMS
081245 725 1255 126 1265 127  ATLAS+CMS yys4i o LHC Run 1
m Gev |I|||||||||||l||||||I||I|||I|||||I|||||||||
note the scale! v [oeV) 124 125 126 127 128
m,, [GeV]
Combined fit to ATLAS and CMS data
in YY and ZZ—4£ channels PHYSICAL
. . REVIEW
* consistency between experiments ETTERS.
* consistency between channels e o
mpyg = 125.09 £ 0.24 GeV
= 125.09 + 0.21 (stat) £0.11 (syst) GeV
2%o0 accuracy on the Higgs boson mass! st (e

R

PRL 114 (2015) 191803
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Width of the Hiqqs Boson

Upper limits on the width can be obtained from the mass

peaks (at the level of the experimental resolution )

19.7 fo' (8 TeV) + 5.1 fb" (7 TeV)

_I 1 O : | T T l | T T l | T :
(- - Combined ]
- 9 - C MS = QObserved B
< C H % YY + H % ZZ . Expected .
A 8f m,, 1 H—yy tagged ;
! C —— Observed .
/ - |=--+ Expected B
- ',' H—ZZ tagged ]
6 :— R —— Observed —:
5 = '/ --=-. Expected E
4 / =
3" -
2 -
1t :
O - ! 1 1 | 1 1 1 .

0 2 4 6

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

EPJC 75 (2015) 212

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

CMS limit
—>
10"

107
SM

T ' ! TR

;

100 200 300 500 1000
M, [GeV]
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Off-Shell Higqs Bosown

Main continuum 4€ production: qqg — 4 T — T
4—lepton production, CMS cuts, Vs=8 TeV 3
q - 4leptons
g g8 = £L Z g gg_’H_’ZZ Z z H 27 §:+h541eptons =
- gg — 4leptons(cont) _
e gg - 4leptons(total) =
also: ) Qb o 2 107 | 4 XS =
S F ] 40 3
i S
g A 7 5 F g9 — H — 40 E
2 2 3 off-shell =
doggsbu—22 99909072 S onlshell :
dm? ~ (m?%, —m%)2 + m?31T% 3 Ny
77 A4 H H'H : 99 = 40N g 3
B | |- | ’7 | | | | | | 11 | b
92 Hg%_[ZZ 100 200 [GeV) 500 1000 2000
on-shell (mzz ~ mn) gggj}ﬁizz ~ 299 < my[Ge
mpol g . . .
destructive interference at high mass
2 2
off-shell (mzz » m) on-shell N 99qu91 227 * as expected! Higgs tail has to be here to
99— H=22 (2mz)? cancel the bad E? energy behaviour of
off-shell tt— ZZ continuum diagrams
Ugg—)H—)ZZ T " 7
Y
on-shell H
gg—H—~Z 7 +  ~F2
CMS/ATLAS set 95%CL upper limits on ['H around 22 MeV! ¢ 7

(F'sm~ 4 MeV)

very fundamental! Higgs at work
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W De&avs -

H—->WW?* - evuv candidate and no jets

Longitudinal view Transverse view

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

SUATLAS

A EXPERIMENT
http://atlas.ch
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Events/ 10 GeV

Events /10 GeV

800 \s=8TeV, 20.3fb™

\s=7TeV, 4.5t
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¢ Obs+stat
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B ww
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[ Top
B DY
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400

200

III|III|III|III|II

(b) Background-subtracted
¢ Obs - Bkg
— Bkgtsyst
M Higgs

150

100

50

IIIIIIIIIIIIII|I[I

ATLASH—->WW*

50 100 150 200 250
m+ [GeV]

Clear evidence of
VBF production

PRD 92 (2015) 012006

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

l’LVBF

ATLAS
H—o>WW*—[vlv
\s=7TeV,4.5fb"

{s=8TeV,20.3fb

+ Obs(1.0,1.3)
FHObst1c
[*]Obs+2c
: }]Obs+36
i o ExpSM(1,1)
{ G ExpSM+1,2,36

0 1 2 3 4
l’ngF

6/Cgy,

S/(S+B) weighted events / bin

CMS

w

—

OM%"— |

491fb" (7 TeV) + 19.4 b (8 TeV)

+ Observed
—— 68% CL Observed
---- 95% CL Observed

120

CMS

140 160

m,, [GeV]

490" (7 TeV) + 19.4 fo' (8 TeV)

T T T T

(6)
o
[

T T T T T T T T T T
—e— data - backgrounds

— HWW |
bkg uncertainty

m, =125GeV |
eu 0/1-jet

L

o

)|
/ ;'U |
A ——

50

200 250
mg [GeV]

JHEP 01 (2014) 096
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Decay to tau Leptons

Run: 214021 O1211.08 09-48:48 UTC — \
Event: 269834309

\’ //.
},\

| 72
N\ !//‘ / : :

& | /
—_— =) — \ ! )77 7
e . N 2

— ——— N
- = Y
!_—.:—‘.f ——

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



T T T T T L L ]
E B ATLASI | I. Data ] 00 EMS, 19.7 fo at 8 TeV CMS, 4.9 fb" at 7 TeV, 19.7 fb” at 8 TeV
- — — . T T T T | T T T T | T T T T | T T [p— T T T T | T T T T SNI””ZSGE‘I;" j
€ 80 H— 1t VBF+Boosted — H(125) (u=1.0) ] % s SM H(125 GeV)—1r % L ur, en, T, en 40F Zom iz sen
~ B . | o [£Z7] Bkg. uncertainty
£ C \s=7TeV,451b" = ét_h>e:: i S E' gii:rved g 2500 20 T
, — b -
"'; - L 77, Uncert. 1 e 14 5 Electroweak % 2000 |- 11 _
B QcD [ 20F
o 400 - S 12 7] Bkg. taint 2 - -l-
% B 1 < . / 9. tincerialnty © 1500 [ 40 00 500 300" —
+ - 1 C 10 ut © - M [GeV] -
£ 20_ __ " 2 : 7 eV)—1t ]
R ] 0.8 Loose VBF tag £ ool e
o= 0.6 g - :ID " i
— 20_ T T T T T L 0.4 =~ 500 [ [ Electroweak ]
2 Y H(125) (u=1.0) RE ] : 0 : 3 aco ]
ﬂcg [ e H(110) (u=1.0) ] 0.2 2 ' ]
g 10[ - HO50) (u=1.0) B NN -
o ] 0.0 n 0 100 200 300
g § s 1 100 200 300
2 o 2 | ° m,, [GeV]
s L. .., e 0 m,, [GeV]
=z 50 100 150 200
mMMC [GeV]
s CMS, 4.9 fb™ at 7 TeV, 19.7 fb™ at 8 TeV .
E 1 04 [T 1T T T 1T LA L Y B L Y B |_ -g', 10 T T T I | I ! 22 SM H(125 GeV) ore
._Q —e— Data g c . SM H(125 GeV)—tt 20 Data-backgl:ound 1
= [ Background (=tt) One of the most S 10 BT L v
-'CIC_J' ------ Background (u=0) | . I . L 10° 0-jet L,
1-jet II+LL'
Lﬁ 1 03 z B H125) 500 u=1.9) E ImPO rtant results In - x VIlaFtag
C H(125)—1t (u=1) 3 | o
10°E E m
= =y . 10°
: t | : : 107
{ok How } First evidence of
= ATLAS == E " ' 10
[ \s=8TeV,203f0" | 5 ] 1Iggs coupling to 1
1E \s=7TeV, 450" E : GE
'i:_ | I | | I e W J | I e | J |y W | l [ | I | I: fermlons 10 _3 _2 _1 0
-4 -3 -2 -1 0 1 log(S/(S+B))
JHEP 05 (2014) 104 9(S/
log, (S/B) NP 10 (2014) 557-560
JHEP 04 (2015) 117
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Decay to b Quarks

JHEP 01 (2015) 069

PRD 89 (2014) 012003

B A TLAS o Data 01 2 | T T T T l T T T T I T T T T I T T T T I T T T T I
10~ . mm VH(bb) (1=1.0) gol- CMS e Data

- 1s=8TeV [Ldt=20.31b mm Diboson »

C 0+1+2 lep., 2+3 jets, 2 tags Uncertainty - \s= 7TeV,L=5.010" vH

8 " Weighted by Higgs S/B - \s= 8TeV,L=18.9 fb" T

60 ; PP — VH; H— bb —— Sub. MC uncert.

—— VH + VV MC uncert.

S/(S+B) weighted entries

| | | | | 1 I 1 | 1 I 1 | | l |

6/- : %
i 40+ n
4 i
i i .

4~
%

0 0 i0-==|:"__tl | | I ﬁ

oo b e e e b e Cooovov v by vy b v by by 9

50 100 150 200 250 0 50 100 150 209 250
m,, [GeV] m(jj) [GeV]

Weighted events after subtraction / 20.0 GeV

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

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— 1.44 + 0.33 —o— 1.00£029 | H— ZZ — 4¢
e 1.14 = 0.21 e 0.83 = 0.21 H—- WW
H—e— 1.43 = 0.37 e 091028 | H- 1T
—e—i 0.50 = 0.40 —e—— 084+044| H— bb
o 1.18 £ 0.15 Ho- 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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Roson

Couplings of the Higqs

Gauge sector

Down type ~0. 92+o 14

}\' 0.12

+0.07
v=1.01,,7

0.14
=0. 87+0 13

0.19
Dy, = 0.99701%

0.23
Mg = 1.03705

0.11
Ky =0. 89710

0.12
K, =1. '|4+013

Mixed
sector

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

CMS

il 68% CL
== 95% CL

BRggy < 0.14m=— : | |

0

Courtesy André David

0.5 1 2
Parameter value



Couplings, Spin and Parike

CMS

19.7 b (8 TeV) + 5.1 b (7 TeV)

-+ Observedé
% | ¢ SMHiggs|

Normalised coupling to fermions

Normalised coupling to vector bosons

Couplings to bosons

and to fermions are

consistent with SM predictions and the
new particle behaves as |=0" as predicted

EPJC 75 (2015) 212

SM prediction 0+ tested against
alternate spin hypotheses

ATLAS
H— yy e Data
\s=8TeV [Ldt=20.7 fb"

v CL, expected
H— 272" -4l assuming J"=0"*
\s=7TeV [Ldt=461b" M+io

\s=8TeV [Ldt=20.7 fb"

H —-> WW* — evuv/uvev
\s=8TeV [Ldt=20.7 fb!

PLB 726 (2013) 120

Landau-Yang Theorem (1948)
A particle of spin | cannot decay into two photons
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Couplings Versus Mass

19.7 o (8 TeV) + 5.1 16" (7 TeV)

Fit modifiers as a function of M and € q R
) | te e~ - CMS ¢
e fermions Kf = Umf/M Q> 3 -
e 1+2€ S ¢ i
e bosons Rv = UMy, M = - | === 68% CL -
o
107 F | — E
S : 95% CL =
_ - |---SM Higgs Z
Standard Model: (M, €) = (v,0) - 2 -
| 10%F E
no dependance with mass: € = —1 : :
..u . _
19.7 16" (8 TeV) + 5.1 fb" (7 TeV) 103 F (M, g) fit =
w 0.3 T T : =68%CL | 3
- CMS ] g e -
0_2__ ____________________ _| — 95% CL -
T T i 10‘4 Lo vl Lol Lol [
N E 0.1 1 10 100
N/ TNl Particle mass (GeV)
Ve N N\ 4 . .
e 7 Over three order of magnitude in mass
0.1 T e : :
| E erved ;  the boson couples differently to particles
0.2 TR =  the couplings depend on mass
L |{ SM Higgs _
_0'3_||111|| I N

12601 280 | 1300
M (GeV)

200 220 240

EPJC 75 (2015) 212
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Searches for Other Higqs Bosons

o ” H(125)

+20

Example in the di-photon decay mode PRL 113 (2015) 17180
10° = —— T
— : ATLAS : 13
= ! 100 Z 7
- | — Observed | 17
10° | - - - Expected : -

L L il

—_
o

—

o
o

R

95% CL limit on o, - BR [fb]

\s =8 TeV, |Ldt = 20.3 b

1 I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
100 200 300 400 500 600

No sign of other Higgs bosons...
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Search for FCNC

arXiv:1502.07400

1
direct search for 1 CMS LA R0

lepton-flavour- —
. .
violating decays >-

H—TU

obtain best limit

BR(H =T ) < 1.5% (95%CL)
S 211 21 10°°

L CMS I:I LFV Hospt signal (B=0.84%)-]
8- | .
— uncertain -

ATLAS H— 1t

6 — e Data-Bkgd

S/(S+B) Weighted Events / 20 GeV

;

1
o~

4 o 1(|)0 L 2(|)0 '\I/I(w,t) [Ge\;im 10—4 _4 | | I||1|lI -3 ' _2 _1
10 10 10 10 1
Small excess (2.40) = signal? ‘Y ‘
Too soon to tell! Run-Il at |13 TeV will provide the answer Ht

55


http://arxiv.org/abs/1502.07400

This Kesumes

July 2015 CMS Preliminary
‘WandZ | | i i ¢ 7 TeV CMS measurement (L < 5.0 fb™)
5L : i i iob b ¢ 8 TeV CMS measurement (L < 19.6 fb™)
10°~™ -

A P R A A — 7 TeV Theory prediction
2njets). S D == 8 TeV Theory prediction

41 o ! . . ! . . . .
107" oo 0 00 Z. CMS 95%CL limit

nb

10° ? ‘dib;osc;ms;

Il e I I R -

S e Tk

A NS S S S SN U SR S ol S S S S S S
éf%é“‘*%%ééﬁéﬂ%.
T EWepred. B T b
e R T DR R~
1“@}-‘?
I s A A
TC) S0 T O O O S

- e
10°2 Al R T SN T S N T S N R N

w il z W727wwwzzz§q}¥v§‘§”2"ww"§wwwwvayn t. tthmanZQQHXE:VHtH
All results at: http://cern.ch/go/pNj7 Wiy, Z- L Eap . &5y, 2 £ A5

pb

Production Cross Section, o [pb]

Next stop

| IIIIIII1 | IIIIIIII | IIIIIII1 | IIIIIII[ | IIIIIII] | IIIIIII[ | IIIIIIII | IIIIIII[ L1

New Physics!
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