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The Electroweak Fit

Internal consistency of the Standard Model through quantum corrections
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The Top Quark

/
Mass in GeV/c?
The tOP quark 1GeV/ic2=1.8-102%" kg
e is the SU(2)L partner of the bottom quark w
. ) . ¢ 0.005 ‘r £
* is the heaviest known fundamental particle c00l @ o1s
down strangé O >0
my = ytv/\/§ ~ 173 GeV \_ bottom _/

: . e . . 40 times heavier than the b quark
* is the only fermion with “natural” coupling to

the Higgs field top quark first discovered “virtually”
~ 200 , . , :
= Y1 S |
3 190; . 0
© t !
E “‘.I.'.
* plays a special role in electroweak physics, g0} { + | } e
. . ° ‘ o e
flavour physics and Higgs physics 170 + ppgettvowe \
* decays almost exclusively to bW s .
. . . 1% Measurements Results of the EW fit
* decays before it has time to hadronise | $ Tevatron LEPEWWG
150 | ¢ Tevatron + LHC &= Gfitter, incl. M,, i
m 3 b (searches or meas.) -
F(t — bW ) 140 1995 2000 2005 2010 2015
16 mW Year

~1.5 GeV (> Aocp) typical top decay time: 5 0% s
| . typical hadronisation time: 2 1024 s



Top Quark Physics

proton - (anti)proton cross sections
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Czakon, Fledler, Mitov, PRL 110 (2013) 252004
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Top Quark QCD Production

Tevatron (1.96 TeV) LHC (7/8 TeV)
OTtev = 7 pb OLHc = 220 pb
quark annihilation gluon fusion
q t g t 8 g, t
A
85% of the cross section 80% of the cross section
0.06 — ‘ 16 e AL MMM MMt LA MRS
14 | /,/_f_'_:__.“- o
0.05 [ gt !
Tevatron 12 | /’/ o 1 LHC:
3 0.04 ten t-tbar pair 3 : , one t-tbar pair
% - per day % s | B octt 1 per second
- < 06 : -
8 o002 | Tevation Vs = 1.96 TeV 8 color-singlet ‘
04
0.01 " .
color-singlet 02 LHC VS = 10 TeV p
O35 340 345 350 355 360 365 370 375 380 %35 340 345 350 355 360 365 370 375 380
M(tt) [GeV] M(tt) [GeV]
near threshold in a 3S; state in a 'Sp state, not so close from threshold
parallel spins, 100% correlation anti-parallel spins, not 100% correlation



Top Pair Decay Channels

In the SM the top quark decays exclusively into a W boson and a b quark

hq the branching fractions of
o v, q’ the t-tbar final states
B(t — Wb) ~100% { depend on the W boson
b branching fractions
Top Pair Decay Channels Top Pair Branching Fractions

"alljets” 46%

muon+jets
tau+jets

t+jets 15%

electron+jets

tau+jets
muon+jets 2% @
electron+jets A u+jets 15%
\)\'{W‘n’ ‘\fO o
e e+jets 15%
"dileptons” "lepton+jets”




Lep’ron+Je’rs

hadronic side

b-Jet

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")



Lepton+Jets Event Selection

CMS Experiment at LHC, CERN Top quark pair candidate event
Data recorded: Mon May 2 10:44:23 2011 CEST * high probability to be tt event
Run/Event: 163817 / 685608658 * 2 b-tagged jets
J‘et_ * top candidate in forward direction
v Lo PT=31Gevic * antitop candidate centrally produced
8¢

JHEP 12 (2012) 105

* Y 4 pT=65 GeV/c TOP-14-001
R pt+
N pT=52 GeV/c
\ V

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| <24
* 2 b-tagged jets among the 4 leading jets



Lep’ron+Je’rs

CMS All-jets, 18.2 fb™" (8 TeV)
i I %) 1000»—1 . oo . ’DBacL ;'ound 4
30 000 events in 20 fb"'@8 TeV 5 - Il ttcorrect 9 4
* t-tbar purity: 94% w800 [t wrong * Data :
2 . After P_  selection :
§ 6005 . -
Kinematical fit with constraints T 1
e mw = 80.4 GeV
® Mtbar = M¢ 200; | ﬁ
. . . . . . v g,? Y' 1 | T T T | T | T _ —-
* energy calibration using invariant 3 1 %WW%W"W%%
. iy . © 1 e [T M. .8
mass of light-jet pair 8 0555 500 500 200
m{" [GeV]
s [T
& 1000~ ATLAS ’ -
CMS P \s=7 TeV, 4.6 fb” e round ATLAS
—_ § 800} Uncertainty 7
me = 172.04 GeV g ¢ m: = 172.33 GeV

Uncertainties

e stat = 480 MeV
e syst = |.0 GeV

Uncertainties

e stat = |90 MeV
e syst = 750 MeV

60 70 80 90 100 110
miy™ [GeV]



Other Channels

Dilepton

All hadronic

Events / 16 GeV

Entries / 5 GeV

Data/(MC+BG)

MEIARn an Sn o Sn on Sn S an Sn Sn Sn Sh Sh Sn Sn Sh Sh SR on Sh on SR on S Sn S SRan Ao o o o o o

- ; T TrTT |
2500 ATLAS Preliminary -
" Ldt=2031", 1s=8Tev |
20001 ey 2 jots « Data e
s — Total bkg. -
1500 Clii i
C [CJother bkg. =
N B Z+jets 1
1000~ =1
500
. O , . .
B 1zf reas TH |
8 1 R e +4 + + ]
@ 1
Cos q
0 50 100 150 200 250 300 350 400
m(ll) [GeV]
900 T
800! Ldt=461fb e Data
; [t m_=1725GeV
700 ATLAS B Mumiet background

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

] + 4 ”0” 3/ $ L
++++ $atee TR

140 160 180 200 220 240 260 280
m, [GeV]

Events / 10 GeV

(illustration plots — not final — not comparable)

CMS

CMS 2011, 5.0 fb'at \s = 7 TeV
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Summary of Mass Measurements

(*) Superseded by results
shown below the line

[ 40 [

|

ATLAS+CMS Preliminary LHCIOpWG m,, summary, s = 7-8 TeV Sep 2015
"""" World Comb. Mar 2014, [7]

stat i ——rt {

total uncertainty total stat

My, =173.34 £0.76 (0.36 * 0.6) GeV m., + total (statt syst) 5 Ref
ATLAS, l+jets (%) * 172.31+1.55 (0.75+ 1.35) TeV [1)
ATLAS, dilepton (*) : 173.09+ 1.63 (0.64+ 1.50) 7 TeV [2}
CMS, I+jets 173.491 1.06 (0.43+0.97) TeV [3]
CMS, dilepton 172.50+ 1.52 (0.43+ 1.46) rev [4)
CMS, all jets 173.49+ 1.41 (0.69+ 1.23)  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) 1967 TeV |
ATLAS, l+jets 172.33+ 1.27 (0.75+ 1.02)  TeV (8}
ATLAS, dilepton 173.79+ 1.41 (0.54+1.30) TeV (8]
ATLAS, all jets 176.1£1.8 (1.4£1.2) 7TeV (9]
ATLAS, single top 172.2t2.1 (0.7£ 2.0) 8 TeV [10]
ATLAS comb. (j15 20 172.99+0.91 (0.48+ 0.78) eV (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 172.32+ 0.64 (0.25+0.59) 8 TeV [11)
CMS comb. (Sep 2015) 172.44+0.48 (0.13+:0.47) 748 TeV [11]

World-14: m:=173.3 £ 0.8 GeV

ATLAS: m,

173.0 + 0.9 GeV

172.4 £ 0.5 GeV

[1] ATLAS-CONF-2013.046

[2] ATLAS-CONF-2013077

[3) JHEP 12 (2012) 108

[4) Eur.Phys J.C72 (2012) 2202

[%) Eur Phys J.C74 (20174) 2750

[7) arXiv:1403.4427

&) Evr Phys JC(

[9) Evr Phys ) C7S

> (2019) 158

«013) 75330

[10) ATLAS-CONF-2014-055

[11) CMS PAS TOP-14.022
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* excellent agreement
between ATLAS and CMS



What Mass for the EW fit?

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

: Mtop
decay products is assumed to be

close from pole mpyo|
P pole extra radiation and

color reconnection

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

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 t

Michelangelo Mangano

hadronising but still the b quark
has to hadronise

* 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

* decay length (boost) of B hadrons

12



Mass from Cross Section

* use the best x-section measurement (dilepton)
* use most recent NNLO calculations of top pair x-section to extract m
* also provide a measurement of the strong coupling constant at me

— eyttt
S - T ]
8 3501 ATLAS —_— Zﬁm%xxfgummﬁ
- A \ s CT10 NNLO ~
2 . S CT10 NNLO uncertainty .
O = - -
3 300 B — x:zgg;xx:g uncertainty ]
& ~ 8TeV O \s=7TeV, 461 }vsm N
g : \. \SIBTOV 2031 :
© 250/ : % 1 exp.8TeV
~ -
200 —=| theo.8TeV
|9 &l exp.7TeV
150 ! -
s I ' !
i 1 1 v 1 \T\ theo. 7 TeV
164 166 168 170 172 174 176 178 180 182
" [GeV]
From cross section: Direct:
ATLAS (7+8 TeV): m¢= 1729 £ 2.6 GeV World-14: m:=173.3 £ 0.8 GeV

Limitation: PDFs and uncertainty on luminosity (2-5%)
|3



Top Quark Properties

Vy
g ® Mmass
* mass difference
e |ifetime, width ..
* polarisation * W helicity

g a
\J

04010,010,0
Q

> — q
T W

* spin correlations

4] * charge asymmetry /
_ q
* production cross section b
e production kinematics * BR(tWb)/BR(tWq)
* resonances, new particles * new decays

| 4



Electroweak Production: Single Top

EW production of a top quark
/

q

q_ / t-channel

|44
LHC 64 (42+22) pb
.

«10° CMS, \s = 8 TeV, L = 19.7 fb”', muon, 2-jet 1-tag

t measured 2 I ' | o
TeV 2.3 pb - ¥ [Daka i
e P b g 1~ B t-channel o
@ i [, tw, s-channel |
g ‘qt':; 0.8 B W/Z+jets, dibosons
- > i []QCD multijet 3
b LHC 16 pb w 0.6 []Syst. uncertainty |
¢ TeV 0.3 pb i, i
g g t 04f .
b [ 1
0.2 y -
tW 1 :
0
g 150 200 250 300 350 400
W g W M, (GeV)
b N
b  seen
—/
q t
LHC 4.5 (3.2+1.4) pb W s—channel allows direct measurements of Vg
TeV 1.00 pb
q b

not seen yet

|5



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™)
S S S R P — 7 TeV Theory prediction
o ] : 1 1 H 1 1
anje® i G . — 8 TeV Theory prediction
anjeds) | L Z. CMS 95%CL limit
2 : ; ; :

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

|6



Higgs Physics

9 proton - (anti)proton cross sections 9 @z %}j%
B SR A IR R Leprons . qumng )\
10° — o, —;108 / ) Ve - U, d> \
10" Tevatron  ILHC: 410 fop- »Vu ¥, s /B
10° | : ' - Jao / 2Ny L, b

BoSoNs DE JAUGE

10°F 410° 7,
Al
10° ¢ 4 10° (E;
10° | 7108
bt
- 10° | 3 10? ]
QO [
S 10 E 1 10" j
b 10° jet 10° L
= 6. (E > 100 GeV) O
: jet* T D
10-1 = 10'1 n
C ; ~—
102 2
X - 5
wa & :

' > q : 30>
A A 10° 3

- 7 | 10*

-~ ggH

5 Ge Oy 1 10°

-4 10°

7 WJS2012 i

10- 1 [ | | 10-

0.1 1 10
A “7
Vs (TeV) Francois Englert?;

Peter Higgs
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Production of the Higgs Boson

& ggH - | —— EE
) - \'s= 8 TeV 1
! 86% < 10F =
ty o H TR
L , g 1 E
gluon-gluon Fusion G -
VBF @ q ; R \
q 79, 10'22— E
W)z - | | o
----- H 80 100 200 300 400 500 1000
W/Z M [GeV]
~ Vector Boson Fusion
q —
d,9q ttH )
g
LH 5% <2%
“Higgsstrahlung” D=====-- H

Vector Boson associated quark pair associated

W /Z £

|18



Production of the Higgs Boson

ggH _ EI :
' 86% ¥ 10 ggH
ty >----- H f
S 1 N
! gluon-gluon Fusion ] E VBF
S 00|
2 VH
Cross sections 10 .
* Tevatron |.96 TeV 80 100 200 300 400 500 1000
|.2 pb M, [GeV]
o |[HC 8TeV
23 pb Typical theory uncertainties
e goH 15%
e LHC I3TeV * VBF 5%
51 pb * VH 5%

e ttH 15%

19



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 Tt W/Z
Deca | 5 < 1 :
y to gluons S g
H ------ =
©
kS
+
Decay to photons 5 %10'2
g gl T

Y
s 4
W 4 10
H ------ H------ N
107 90 B 200 300 400 500 1000
M, [GeV]
R i

20




I, BR,(HSM — X) (arb.units)

Decays at m, = 125 GeV

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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Direct Searches before LHC

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

= - T
7 LEP Exclusuon Tevatron o .

S E E"Pe°'e° ] @ | FP

- —?1b:g<v::cted - N ——

- ... [ ] *2cExpected ... | myg > 114 GeV
o 5 t ' ' i ‘ %

f‘\: * Tevatron

»

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)
22



Higgs Searches at the LHC

about 5 fb-! / exp.

At the end of 201 | (CERN Jamboree) First hints of signal in ATLAS

%3oo+,,.,1,,,_,,.,,,,I,.”].,,.[r,.,
S 200 ATLAS Preliminary _+_ Oata
= [CMs Preimmay s T TV et 3 ool I 4 130 G x5
L Combined, L. =4.6-4.7 fb™ Bl Expected o o - '
@) i !/ £ e Expected t 20 w 5005 ++ Total background (Fit)
g 10 ; \ o ST LEP excluded N 400EF-
— AN RO Tevatron excluded |- = H-yy
- N : | CMS excluded N = +
= Al ey 300 YY vH
0 | 200} s
o\° 100:__Data 2011 \s = 7TeV.ILdt =49fb"
To) 1 = :
O) s 2 2 s 0 ¢+ 2 2 4 | e S | s b 2 4 4
P00 " Ti0 120 130 140 150 160
m,, [GeV]
o ., st i .
, , R TLAS Preliminary 2011 Data
10-‘ A 1 1 3 1~L I‘JL_L‘ Lol '1“1',1.iL'A‘11‘A.1 >‘..U E ?
100 200 300 400 500 600 & 40k |
Higgs boson mass (GeV/c?) e 120
S10% - o
) SRR W A e 1 36
10 " — Observed E
[ ) : .4 [ seee “ ]
CMS: region non-excluded 10ty ~-Expected A - 1.
s 1 '
|14 < mp < 127 GeV 107 J.Ldt=1.0-4.9fb L
10° |s=7TeV T
e e eeiciciscscsesscscnetstattstattetatattetatatsatassttatatastasanannn 4 50
10-7 saad s o sa el g e ea el e laaaalany
110 115 120 125 130 135 140 145 150
M, [GeV]
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CERN 4 July 2012
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The Discovery

CMB Is=7TeV.L=51b" \s=8TeV,L=53f"
> R e o T o e S prrr
G 100“_ ATLAS 4 DataS/B Weighted - 8 jb ¢ Data B of k205 1 -
B : — Sig+Bkg Fit (m =126.5GeV) 1 o [ Ezix Ot ]
%) ~ N - s ]
.‘g 80— L e Bkg (4th order polynomial) _ — 14 Jzy. zz E af .
o - . b2/ 12; [Jm,=125GeV € af . .

[~ = - — ; -
o 60— - o f @ 2f || -
- . ] > - ! 1k . . o od -
- - L 10 i .
40— —_ - ¢ 120 140 160 ’
- 1s=7 TeV, [ Ldt=4.8fb" s s T m,, (GeV) 1
201 \s=8 TeV, [Ldt=5.91b" Hoyy = . 4 p
o 8 — E LJLS
x b—
@ 4 41
2 4
= -8 A : A : . 0 e
I 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)
mu = 126.0 = 0.4 (stat) + 0.4 (syst) GeV mu = 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

25
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LHC: Production and Decay

Not an exhaustive table!

*n ”
= Hobb HOTT H-WW H—ZZ H-YY H-inv. H-pp
% “tried”
ggH * *
* * 5
2
X
A A >
oo
3.
ot yAS g
2
O(m,,) O(m_;) O(myw) O(m,,) g(m,,)
~20% 10-20% ~16% 1-2% 1-2%

Run-1 (25 fb-! at 7 and 8 TeV):

Approximate number of Higgs boson decays
before selection cuts (mn = 125 GeV)

e 9,000 H -»WW?* - fvfv

e 900 H - vyy

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

CMS

A Two-Photon Candidate ’ photon

photon




Two-Photon Decay

ATLAS

PRD 90 (2014) 112015
T T | T T T T | T T T T

T | T T T T | T T T T | T T
fL dt=45f" Vs=7TeV

fLdt=203 fb', Vs=8TeV
S/B weighted sum

180 ATLAS

-¢- Data

— Signal+background

160

E weights / GeV

140 Signal strength categories

=== Background
120 — Signal

m,, =125.4 GeV
100

80

‘e
«
~
e
N

60

40

20

E weights - fitted bkg
o

Significance
* observed:5.2 O
* expected: 4.60

my = 126.02 + 0.43 (stat) = 0.27 (syst) GeV

S/(S+B) weighted events / GeV

-100 - } -

CMS

EPJC 74 (2014) 3076 19.7 b (8 TeV) + 5.1 fb (7 TeV)

x10
3.5 CMS S/(S+B) weighted sum
“E H—=yy
¢ Data
ey X

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

- 210

------ +20

2.5

2
1.5
1 ~ +0.26
w =1.14"y5
0.5 m,=124.70 = 0.34 GeV
O 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1
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200 -

B component subtracted
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Significance
* observed:5.7 0O
* expected: 5.20

my = 124.70 £ 0.31 (stat) £ 0.15 (syst) GeV
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Y weights / GeV

Y weights - fitted bkg

Two-Photon Decay: Run-2

ATLAS

: 1 I' L L] L L] l 1 L ] L L] I L L] L] L ] I L] L L . 1] 'l L] L L] L :

700(— —e— Data ATLAS Preliminary  —
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CMS
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CMS Preliminary 35.9fb (13 TeV)
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© - _ §
(914000‘_&__7275 4GeV. G=1.16 All categories —
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212000 -
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0
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Two-Photon: Categorisation

Categorisation to increase the overall

sensitivity and the sensitivity to different CMS Howry 1078 B TeV)+ 61177 Tow
production modes . .
ggH | 112755 B o mbines = 114 “023
lIllllllllllllllllllllll[llllllllllllllllllllllll g
BogF BvBF BWH WBZH [ fiH | bbH tH — VBF | 1.58 '35
ATLAS Simulation H—yy \s=8TeV =
1TH leptonic T -0.16 379 I ¢ombined £ 10
VH
tTH hadronic —@— per-process + 1o
VH dilepton -
VH one lepton
VH ET' ttH | 269 75 .
VH hadronic |
VBF tight | 2 1 0 1 2 3 4 5 6

VBF loose |
Forward - highp_ '
Forward - low p_. ‘

. bl Individual production modes are
entral - high Py, | |

contal-lowry, | A consistent with SM expectations
0O 0102 03 04 05 06 0.7 0.8 09 1 e ooH established
Fraction of each signal process per category g8 establishe
* evidence for VBF
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Four-Lep’ron Decay

PRD 91 (2015) 012006 CMS \s=7TeV,L=5.1f";Vs=8TeV,L=19.7 fo
> }_I LI ] T I |BR R B ] T 1T 11 ] 1B l ISR I |BR BB I T1 177 ] | B B T_‘ > B | | | | | | | | | | | | | | .l [ [ | [ [ [
& 35F ATLAS $ o 1 8 % S
LO. E H N ZZ* N 4[ Signal (m, =125 GeV u = 1.51) E o B .Z+X ]
S 30 [ \ou7rev _[Ldt ~45M" Bl soco000 22 - N 30 - " i
wn - - Background Z+jets, tf a E B ZY ’ZZ 7]
= [ \s=8Tev JLdt-m.afb" P ' 4 O oL _
o) 25 — T systematic uncenainty - Lﬁ - m, =126 GeV .
> - - - ]
L 5 : - I 5

20 |- = 20E | E
15 i 151 E
10F - - =
5F i
0 080 100 120 140 160 180
80 90 100110120 130 140 150 160 170
m,, [GeV] m,, (GeV)

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

Both experiments observe signals with > 60
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Four-Lepton Decay: Run-2

CMS 35.9 b (13 TeV)
> T1TT‘[11II]ITTTI‘IT11]I1IIIITTTIT71T]IIITI'TTTT > 70 11II1IITIIIY1IIYIIITIIT]IIT1]IYIIIYIIT]IITI]IYII
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~ 13 TeV, 36.1fb B Background Z+jets, ft §2) L] q9-2Z,Zy
»n 40 1 Uncertainty S B 99-22,Zy*

c > 50 » B Z+X
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80 90 100110120 130 140 150 160 170 9’0 80 90 100 110 120 130 140 150 160 170
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4|

my = 125.26 + 0.20 (stat) £ 0.08 (syst) GeV
Full 2016 dataset at |3 TeV

HIG-16-041 Submitted to JHEP
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Mass of the Higgs Boson

IIIIIIIIIII]III lIIIIIII[TII1IIIIIIIIIIIIIIT

ATLAS H-yy ————— |4 Total
Stat.
CMS H e
o 1 Syst.
ATLAS H—2ZZ -4l | & |
PHYSICAL
REVIEW
CMS H—2ZZ -4l ——— LLETTERS
_________________________________ ATLAS and CMS . s | Amcmpattet st 15 MAY 2015
ATLAS+CMS yy+4l = LHC Run 1
llllllllllljlll llll111111111111111111111111
124 125 126 127 128

m,, [GeV]
Combined fit to ATLAS and CMS data
in YY and ZZ—4¢ channels

Pohtaed -

American Physkcal Sockety, m Volume 114, Namber 19

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

PRL 114 (2015) 191803

2%o0 accuracy on the Higgs boson mass!
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Width of the Higgs Boson

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

Width of the Higgs boson

LHC HIGGS XS WG 2010

[ < 1.7 GeV (95%CL) CMS limit E

The width of the SM Higgs boson ¢, 10‘2;~ -
is of the order of 4MeV > | e

100 200 300 500 1000
M, [GeV]

EPJC 75 (2015) 212
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“Indirect”
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Events / 3 GeV
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Measurement of the Width

CMS Preliminary 51t (7 TeV) +19.7fb" (8 TeV) + 38.6 fb™' (13 TeV)
1 1

1 | I 1 1 I 1 | I

— —d

e Data
4 H(125)

| Z qq/99 — ZZ, Zy*
_ ] Z+X

P ]H zz :Ii

to constrain the
Higgs width
look here!
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Off -Shell Higgs Boson

ZZ production =qq —» ZZ 0 gT T | J T T T T 1]
4—lepton production, CMS cuts, Vs=8 TeV

but also 107! A 7 77 qq - 4leptons
gg - h - 4leptons
q gg Y74 7 —|I— gg - 4leptons(cont)
107% r_‘_LL‘—‘__r——H__ gg - 4leptons(total)
3 ™
% 107° _:I T
3 I 7 — 40
g Z § 107 E — o
s g gg — H — 4/
and 10°L- off-shell
- H - ZZ - N
9 z on4shell AN
107 \ ‘
= gg — 40NN
H E i o
-------- 10771 1 | | ! ] T S W ? NS
100 200 500 1000 2000
my[GeV]
9 Z destructive interference
off-shell By studying the high mass ZZ region
Ogg—>H—>ZZ Y ying 8 g
on—shell ~ FH CMS and ATLAS are able to set indirect limits on ['H
O99—H—ZZ in the 20-30 MeV range!
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W VW Decay

Events / 10 GeV

Events / 10 GeV
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PRD 92 (2015) 012006

H — WW signals for

Phys. Rev. D 92, 012006 (2015)

O,
o

Very significant

both ATLAS (6.10)
and CMS (4.50)

S/(S+B) weighted events / bin

50

Clear evidence of
VBF production

491" (7 TeV) + 19.4 1" (8 TeV)

| ' |
-e- data - backgrounds
— HWW

7N 2

{/] bkg uncertainty

m“ = 125 GOV
ep 0/1-jet

100

M S T S S
200 250
mg (GeV]

150

Mass consistent with

125 GeV

JHEP 01 (2014) 096
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Decay to tau Lep’rons

CMS, 19.7 b at 8 TeV

—_ 2.0 —T —r—T —
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Recent Evidence for VH(bb) in ATLAS

Full ATLAS 2016 dataset at |3 TeV

/T 1 ] LI L l T L L | I | ] L | I | I L ] I
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0 . i
° [ ]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-041/

Signal Strengths

main five decay channels

ATLAS m, = 125.36 GeV CMS m,, = 125.00 GeV
| | I I | | I | | | | I | | I
o 1.17 = 0.27 He— 1.12 £ 0.24
H—e— 1.44 + 0.33 —o—i 1.00 £ 0.29
o 1.14 + 0.21 e 0.83 = 0.21
H—— 143 + 0.37 o 0.91+0.28

—e1— 0.84 + 0.44

o 1.00 = 0.14

—e— 0.50 = 0.40
4 1.18+0.15

N | | N |

0 1 2 3

Signal strength

0 1 2 3
Signal strength

> 50 observation in di-boson channels

> 30 evidence in di-tau channel

Legacy Run |

H— yy
H— ZZ - 4¢
H-> WW
H—- 1T

H — bb

Combinaison
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Couplings of the Higgs Boson

Yukawa
sector G

Down type °

Gauge sector

Mixed
sector

@

Loops (Y, g) are

v sensitive to BSM

contributions.
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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

* 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

107%¢

- ATLAS and CMS
- LHC Run 1

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

[ 68% CL

95% CL

sl

Over three order of magnitude
In mass

* the boson couples differently to
particles

* the couplings depend on mass

Ratio to SM

O ll! 1 L lllllll L L  — -~ l

107 1 10 10°
Particle mass [GeV]
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Resumes our Journey in SM Land

July 2015 CMS Preliminary

WandZ = = % 7 TeV CMS measurement (L < 5.0 fb™)
ok~ | | i i P $ 8 TeV CMS measurement (L <19.6 b™)
1 ' ' . _as

JUPC NN R L — 7 TeV Theory prediction
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107" Next stop
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Thanks for your attention
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