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Performance of the LHC

Delivered Luminosity [fb]
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The LHC has been working remarkably well

Both experiments are now on course to exceed the data weM




Outline

Presentation of results mainly with the 2015416 dataset, inclu\&iﬂg -

@ Cross-section measurements
@ Mass measurement
@ Anomalous couplings

@ High mass search

Dr. Marc Bret Cano
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.
Introduction: H — ZZ* — 4/: the golden channel

1

\ b} _ T
Many useful features: iy
o Large signal to background ratio (~ 2/1)
@ Excellent mass resolution (~ 1 — 2%)

@
S

Events/2.5 GeV
]
5 3

@ The nearby Z-peak is a good “candle” 200
for the validity of the results 10

@ Main draw-back is the small branching 8" [N
ratio (~ 0.02%) — limited statistics

Analysis strategy:

@ Non-resonant bac
@ ATLAS uses invariant mass of the 77 (redu

four-lepton system (my;) as your

Leptons from the Z
observable @ Leptons from the

prone to background tamin t|o
o CMS analysis uses a 2D fit (my vs.

) ) o Fake background estimated in Co
kinematic discriminant)
regions
Higgs to four leptons
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%ATLAS
EXPERIMENT

http://atlas.ch

Run: 203602
Event: 82614360
Date: 2012-05-18
Time: 20:28:11 CEST
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Introduction: Higgs Production Mechanisms

(arXiv:1610.07922v2)

ggF  VBF WH ZH bbH ttH 8
8Tev | 21.4 | 1.60 | 0.70 | 0.42 | 0.20 | 0.13
13 48.6 | 3.78 | 1.37 | 0.88 | 0.49 | 0.51
TeV
ratio 2.3 2.4 2.0 2.1 2.5 3.9 \

@ Largely dominated by gluon-gluon fusion

@ Vector boson fusion is distinguished by
the presence of widely separated jets in
the event, but statistics are very limited

@ Rest of production mechanisms have an
expectation below one event

o Jet topology is used to discriminate

events into different categories

Dr. Marc Bret Cano

gg Fusion 87%

tt Fusion
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Event Selection

@ Events with four well-isolated
leptons fulfilling quality cuts, with
the leading lepton pr > 20 GeV

@ One of the same-flavour pairs has
to be within the Z boson mass
range

@ Z-mass constraint on the leading
lepton pair

@ Precise measurement of electron
and muon momentum leptons is
key

o Categorize events depending on
the leptonic composition

Dr. Marc Bret Cano

\}’\_ ‘\-__.

o Further categorlze events to epr0|t kinematic,
discriminants (using both decay and “productloh,,_

informations) and jet multiplicity:

¥

359 fb™ (13 TeV)

CMs
Untagged [ENNAZSTEGEREELIS
VBF-Tjet [ expected events
tagged
VBF-Zjet 4.24 expected events
tagged
VH{QSS;%"'C 2.08 expected events
VH-leptonic
tagged 0.38 expected events
miss
VHE; 0.11 expected evel
tagged

LGRECI Il 0.51 expecte

I ggH
B VBF
Bl WH, WX
B WH, Woiv )
ZH, Z-X
B ZH, Z-21
tiH, tt—0/+X
B ttH, T 14X
W tTH, 204X

i -
|

0 01 02 03 04 05 06 07 08 09 1
signal fraction

Higgs to four leptons
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Muon calibrations

L L
@ Track reconstructed combining — 3} N h
information from Inner Detector (Silicon "

10°
Tracker for CMS) and muon chamber 3 2T ATLAS Préliminary +Data 1w
hits © L {s=13TeV, 36.1 0" —MC ]
. ~ 1.5_—2_)““ Syst. uncert. ]
@ Correct Momentum resolution and scale g T .
in simulation to account for differences e T ]
with data: E El
e Misalignements in the detector C ]
e Simulation of the traversed material 0'5:_ B P
o Magnetic field C .
. o= , i
@ Very precise knowledge of the muon o 145 3 b
momentum resolution and scale in the S PP S eesee®
; S E “eeee
Higgs mass range 8 oof E
o Approximately 2% (1%) muon 80 85 90 95 o 1\5510
. m,, |&e
momentum resolution for ATLAS (CMS) = IR A: oo
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Electron corrections

@ ATLAS corrects the response at reco
cluster in the simulation with an MVA
and corrections from Z/J /1 analysis

o Correct simulation for energy loss in

inactive materials

g 002prrrrrr e
0.0155  [Caibration uncertaity ATLAS Preliminary 3
: +J/y—ee measurement 3
Lt Heo
0.005 + -
i e S 3
~0.005—4— ——
001 E!
~0.015F E|
V5=13TeV, 071"
" TP T T PP T U P I
-2 15 -1 05 0 05 1 15

2

"

x10°

1200

5GeV

Events /0
co
o
o

600

L ATLAS

1000/ ¥s=13 TeV, 36.1 fb™
Z—ee

B
Preliminary

LIS L B B
+-Calibrated data
—Corrected MC

Scale factor uncert

I‘Il\i

@ CMS corrects electrons in bins of lepton

7 and pr using tag-and-probe

S P A S W S S

11E e
(&) E

= 1.05p E

; 1§ "-.-"’F.'“M WSS — E

. © 0.95F RSSO S _
o E
80 82 84 8 88 90 92 94 96 98 100
me, [GeV]
I 5
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Electron/Muon Lepton Momentum Scale

A A T

CMS 35.9 b (13 Tev) CMS 35.9 b (13 Tev)
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/.
Electron and muon scales are measured better than 0.2% MSMivel}?i
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Measurement of the Higgs boson mass!

@ Combination of the results from the 4¢ —

o
=
I
El

T
® Data
L Haze)
40~ [Ha-zzzr
[ gg-zz.Zr
Lz

and v final states (ATLAS)

@ The Powheg-Box v2 MC event generator
is used for ggF and VBF production
signal simulation

Events / 4 GeV

[ 118em, <130 Gev

@
S
P

@ Cross-section times branching ratio are
profiled

@ The continuum ZZ* background is
simulated using Sherpa 2.2 (ATLAS) and "
Powheg (CMS) o Expect mz

e Contribution from fake background 4 \around the Z-boso

estimated from data ° Whlle mg, should peak around 35 ' eV

'ATLAS-CONF-2017-046 & arXiv:1706.09936 : %*\-7- —k

Dr. Marc Bret Cano Higgs to four leptons
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Higgs boson mass: Event selection

Select events with four leptons and
categorize them according to the lepton
composition (4u, 4e, 2u2e and 2e2u, )
Use events only in the range 110 < myy
< 135 GeV (ATLAS) & 118 < myy <
130 GeV (CMS)

@ A kinematic fit is performed to
constraint the invariant mass of the
leading lepton pair to the Z pole mass

Find generally good agreement within
uncertainties from an SM Higgs with a
mass of 125 GeV

Dr. Marc Bret Cano

Events/ 2.5 GeV

%

—

T T T T
ATLAS Preliminary ~*Pata
500 1s=13TeV,36.1 o —Fit
H—2Z"— 41 [ Background
40F 3
30
20~
10f
L | | |
Plo 115 120 125 130 135

m, [GeV]

° ATLAS”‘Y}_,ﬂL:aIds 110"

Events /2 GeV

s
k=3

", Final state _Signal (125 GeV) 22", Z
4p 206 £1.7 15.9+ 18
2 146+ 1.1 11.2+0.
2p2e 11.24+1.0 74+£07
4e mi1.1+1.1 71+£0.7
Total 57+5 41.6 £3.2

<

35915 (13 ToV)
T

@
3

@
g

% 80 90 100 110 120 130 140 150 160 1

m, (GeV)

bt
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|
Higgs boson mass: per-event method (ATLAS)

@ my, signal distribution modelled as the > 24T ‘F”‘ —_— “% — )
convolution of the intrinsic Higgs boson & oof ATLAS Preliminary -e-Data
lineshape and a four lepton invariant N o0k Ys=13TeV, 36.1 fb" — Fit
mass response function % 18 £ 4

@ The response function gives the i 161
probability of measuring a value m;}** 141
for a truth mass mj}' SRS

o Validate the method by testing it with 105
the Z boson 85_

Category | myz in simulation [GeV] | myz in data [GeV] 6:_

ap 91.19+34 91464042 4+

e 91.1917:02 91751198 oF

2u2e 911811 91.31+152 O: TR BT \

2e2p 91.19%9:99 92491091 80 85 90 95 100
Combined 91.1979:34 91.62+9:32 m,, [GeV]

A,
Dr. Marc Bret Cano Higgs to four leptons November 6, 2017 14 / 44



Higgs boson mass: per-event method & kinematic discriminant (CMS)

@ Uncertainty in the momentum
measurement obtained for each lepton

@ The full covariance matrix is obtained
from the muon track fit (the directional
uncertainties neglected)

@ Electron momentum uncertainty is
estimated from the combination of the
ECAL and tracker measurements

@ Uncertainty then propagated to the
four-lepton candidate mass

@ To obtain the result a 3D fit is used
(my4¢, Kinematic Discriminant and the
per-event mass uncertainty)

Dr. Marc Bret Cano
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CMS 35.9fo" (13 TeV)
¢ VH-hadr. tagged
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® 2e2u - VBF-2jtagged 4 ttH tagged

o
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Higgs boson mass: Results

) L
2 ST . CMs 359107 (13 TeV)
= r — —Combmed - © HNE
Systematic effect Uncertainty on m%? [MeV] ﬁ r ctﬁ':f;;ilf?:aw ::u 1 i . T 1
Muon momentum scale 40 % Ho 2281 zzZe ? o e
Electron energy scale 20 [ L —2e2u ] 6F T M Dlnas D5 ;
Background modelling 10 47 ] 50 My Dip, O st o)
Simulation statistics 8 o 1 f ;
@ The expected systematic A+ ]
uncertainties are small compared i El
to the statistical uncertainty f ]
EET TR 27 e
@ The addition of ka in the . (GoV]

CMS measurement |mproves
precision by 11%

No m(Z,) constraint 3D: L£(m4s, Dmasss Dity)  2D: L(ar, Dinass)  1D: L£mag) C M S ZZ*
Expected iy uncertainty change +81% +11% +21%
Observed myy (GeV) 125.28+0.22 125.36+0.24 125.39+0.25

With m(Z,) constraint
Expected riy; uncertainty change — 132% 1%
Observed my; (GeV) 125.26:021 125304021 125344023

3D L1y, Dy D) 2D: L (1t Dipe) _1D: £(1)

Dr. Marc Bret Cano
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ATLAS: m&?" =

o Good agreement betwee
experiments (CM bette

.88 =
= 125.26 £+ 0.
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Higgs boson mass: ATLAS Summary
A Y L\

ATLAS Preliminar
Vs =13TeV, 36.1 ?b‘1 —— Total | | Stat. [ Syst

Total  Stat. Syst.

LHC Run 1 125.09 £ 0.24 (£ 0.21£0.11) GeV

HoZZ >4l | 124.88 +0.37 (+ 0.37 £ 0.05) GeV

H-yy [ — 125.11£0.42 ( £ 0.21+ 0.36) GeV
Combined ; e ! 124.98 +0.28 ( +0.19 + 0.21) GeV
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
124 124.5 125 125.5 126 126.5
my, [GeV]

L A
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Measurement of the Higgs boson coupling properties?

O S T

> 60F T T T L 52 T T D oat T
. 5 2 ATLAS Preliminary ,*, 0™ S ATLAS Preliminary «% o E
S iggs (m, = o [ = g
@ Aim to study the Higgs boson o oz = e L = h
. & 50 45 rev,36.1 17 _-ejis g 13TeV,36.1 16" - E
couplings to Standard Model 2 W sy 18 <me < 12800 Show
5 Inclusive 7, Uncertainty
fir

Particles

@ Cross sections measured for
different production modes in
several regions of phase space to

test SM compatibility 80 100 120 140 160 o 1 2 3 4 b
@ Probe of admixtures of CP-even iG] -
and CP-odd interactions in
BSM theories @ Look at \be myy spectrum in
range

2ATLAS-CONF-2017-043 & arXiv:1706.09936 ) & %

Dr. Marc Bret Cano Higgs to four leptons November 6, 2017
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Higgs boson couplings: Simplified template xsec

\ :
@ Aim to maximise the sensitivity of —
measurements and reduce its ’ \

3

dependence on theoretical
calculations \

@ All decay channels are combined

o Cross-sections are measured \
directly instead of signal strengths

@ Results obtained for a given [iowsy |
production mode —\ g [=o0jet |
——»{ high py
@ No need to normalise to a theory < e
very high p}

xsec which can change over time

[c@bH)| | o(tH) |

*https://arxiv.org/abs/1610.07922 B -
Higgs to four leptons Novemberrﬁ. 2017
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https://arxiv.org/abs/1610.07922

Higgs boson couplings: phase space regions

Production bins Reduced
Stage 1
R

60<py*<120 GeV.

py"> 120 GoV.

Reconstructed event categories

N,=0
0
5,4 <60 GV
1jp-Low
60<p <120 Gov| =1
1ip,-Medium
P >120Gov|
1ipyHigh

p/<200GeV.
VBF-onriched p,-Low

Hadronic V decay

p/<200GeV
VBF-p, Low

[ | />200Gev :

- VBF-p, Hon |

ATLAS
Preliminary

m, <120 GeV.
VH-Had enriched

m, > 120 GeV.
b/>200GeV. N=2

ke

tH-enriched

e o i, > 150 G sn

%
1

{ =B
i S S, U

CMS 35.9 b (13 TeV)
Untagged [RIVZESIEIEEEENIS = 395}:-
V‘E;;;ejzt 9.69 expected events = w:’ a:;i
ZH,Z-X
VtBa;:ejg‘ 4.24 expected events !‘ tzf:Y tZ{::gLX
VH;SS;;%NC 2.08 expected events = gn: g:;’,i))((
Vl-:-algg:jnic 0.38 expected events
Y;:E:s 0.11 expected evel '

07 08 09 1
signal fraction

01 02 03 04 05 06

Dr. Marc Bret Cano
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|
Higgs boson couplings: signal-background discriminants (ATLAS)

Events

18H 5 222 > 41
16 13 TeV.36.1 10"
F 118<m, <129 GeV

14 o
121 ggF vs ZZ
10

@ BDT discriminants introduced to discriminate-lsitween signal g 'd 7% back
and ggF and VBF where statistics allow & ke - J

Dr. Marc Bret Cano

201 - ATLAS Preliminary —ggF

-VH
- ttH

7z
tt+V, VWV

— Z+jets, t

27 Uncertainty

0.5

LA

E 2] LA T v. .Da;a T ] b
1§ 14 ATLASPreliminary .°. ver .
= > H o ggF J
B 1] FH—> ZZ" > 41 1 X}:i ]
3 12 13 TeV, 361 1" = B
] [ 118 <m, <129 GeV ey, VY 1
B 10 [ p}-Low % Uﬁgef{ainw N
] 8 - 7
_: F VBF vs ggF,ZZ ]
E 6F ]
E 4 ]
E 2F =
] ot ]
1 -1 -0.5 0 0.5 1
BDT 1+ p ' Low

oo BDTVBF
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Higgs boson couplings: phase space composition (ATLAS)
R Y

; : e [T ggF-0j I VBF-p_ Low
ATLAS Simulation Preliminary g oo 10" Low B8 VBF-p] High
R VH-Had
H—ZzZ" - 4l I gF-19) Med = Vires
13 TeV, 36.1 1b" I goF-1ip7 High g 14
I ooF-2) I bbH

0j
1 p:‘-Low
1j p:'-Med

Reconstructed category

1j p-High
VBF-enriched p! -Low
VBF-enriched p‘T -High
VH-Had enriched
VH-Lep enriched

ttH-enriched

0 01 02 03 04 05 06 07 08 09 1

Expected Composition

o O
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|
Higgs boson couplings: ATLAS STXS Stage-0 Results

T

@ Uncertainties on Stage-0 I I L

production cross-sections: ATLAS Preliminary — S
H— ZZ* — 4l [ observed: stat + Sys
13 TeV, 36.1 b

SM Predicti
Stage 0 - \yH| <25 recietion

Experimental uncertainties %]
Production | Lumi e, i, w Higgs Reducible
bin pileup ging  mass backgr

backgr. PDF  QCD scale  Shower [ _
Inclusive cross section I
3 2
L L 9oF oBR=131°2[pb]  (oBR), =1.18°% [pb]
ggF 4 3 1 1 1 2 1 2 -
‘%F 3 3 10 1 <1 2 <'l 11 5 [ |
VH 3 3 11 2 2 2 12
1tH 4 3 19 <1 2 2 3 8 2 .
VBE 6BR = o.37§:j [pb]  (oBR), = 92. 8722 [fo]
+
. . o-BR < 0.20 [pb] 26
@ Signal theory uncertainty VH @s% oL) (0BR)y, = 528753 [fb]

SRRV
o o

includes only acceptance effects
and no uncertainty on predicted tH
cross sections

6BR <0.12 [pb] (BR), = 15.4'11 [i]
(95% CL)

GBR/ O'BR

Dr. Marc Bret Cano Higgs to four leptons November 6, 2017 23 /44



Higgs boson couplings: CMS STXS Stage-0 Results

Event category
Untagged VBF-lj VBF-2j VH-hadr VH-lept. VH-Ef™ tiH Inclusive
@ 7Z 1918 200 025 030 027 001 001 2201
88 77 167 031 005 002 0.04 001 <00 209
Z+X 1079 088 078 031 017 030 027 1352
Sum of 3164 318 108 063 049 032 028 3762
gg > H 3878 831 204 141 0.08 002 010 5074
VBF 108 114 209 0.09 002 <001 002 444
WH 043 014 005 030 021 003 002 118
zH 041 011 004 024 0.04 007 002 093
ttH 008 <001 002 003 002 <001 035 050
Signal 4077 969 424 208 038 011 051 5779
Total expected 7241 1288 532 271 0.86 043 079 9541
Observed 73 13 1 2 1 it 0 9

@ Dominant theoretical uncertainty is

the category migration for ggF

@ Cross-section is measured in a
fiducial volume of Yy < 2.5

@ Analysis has negligible acceptance

outside this volume

@ Kinematic discriminant used in

mass measurement also used for

the STXS islide 15;
Dr. Marc Bret Cano

GggH/ Oneo = 1 ZOﬁ gg
Oyer Xy Oiheo = 0. 04:‘) gi
GVHhad/ theo =0. 00+§ gg
_GVHIep meo =0. oofs gg
O Opeo = 0-00'550

Higgs to four leptons

CMs

35. 9 b (13 TeV)

TT T T T

T

stage-0 subprocesses

H—>ZZ*— 4
Iyl <2.5

m,, = 125.09 GeV
[l SM prediction

0 05

1

1.5
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|
Higgs boson couplings: ATLAS STXS Stage-1 & CMS 2-D Fit

CMS

ggF-0J F oBR=0.88"02! [pb]
ggF—1J—p;‘ Low __. GBR=0.08""% [pb]
ggF»1J»p;‘ Medium | ap— GBR=0.16 "2 [pb]
ggF-1J-p'T‘ High _— GBR-0.03"% [pb]
ggF-2J % .— oBR=0.20"1 [pb]
verpllow [ . - BR=026"pb]
VBF-p‘T High _ - - % oBR=0.06"% pb]
vt [ o
VH-Lep s oERS e Pl
tH X ...|...|..‘5\:’?S°Z°(L?"|[7b]..
0 2 4 8
Dr. Marc Bret Cano

H—ZZ* > 4
— 13TeV,36.1 fb"
Reduced Stage 1-1y, | <25

ATLAS Prellmmary

% Expected SM —
JE1 Observed: Stat + Sys
SM Prediction

(oBR),, =0. 73‘§[ph] \ 2

(eBR), =0.17 33 [pb]
(0BR),, = 0127932 [pb]

1aER)SM:23.7:§[Ib] I '\

(0BR),, =0.14 00 [pb]

(GBR),, = 886727 [fb] 1.

(0BR),, = 4.24 53 [fb]

(0BR),, =36 2733()

(oBR),, = 16.6°7% [fb] —\
(6BR),, =154 [fb] O

10 12 14

(S'BR/(O'*BR)SM

Higgs to four leptons

35.9 fb™ (13 TeV)

N
L L L L L L L L B BRI
-

R B

[
|
|
L [e
|
|
|

B R T BRI AR

H - zz* - 4
= 125.09 GeV

— 68% CL

—- 95% CL

4 Best fit

¢ sSM

\
\
\

OO

0.5

|
1

e
-

15

2 2.5

w

ggH,ttH

W
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Constraints on anomalous Higgs boson couplings*

\
I\'.

@ Still room for anomalous
interactions of the Higgs boson

@ Studying the kinematics of
leptons from H— ZZ allows for
such measurements

@ Anomalous interactions under
spin-1 and 2 hypothesis already
ruled out already by Run-1 data

@ Constraints were set on
anomalous couplings

@ Run-2 data allows for more
precise test of spin-0 hypothesis

4arXiv:1707.00541 & ATLAS-CONF-2017-043
Higgs to four leptons



Constraints on anomalous Higgs boson couplings: phenomenology (CMS)

o Ful kinematic informétion from

—o;ﬁch event. is ext d using

Summary of the three production categories in the the matrix ent c tion#
analysis: g the MELA package

Category VBF-jet VH-jet Untagged (] alt 1S @ discrirﬁilna nt con

Target  qq'VV = qqH = (j)@0)  q — VH — (j)(40) Ho 40 all information to separate.
Selection  DYBF or DYEFPM > 05 Dy or Dy ™M or not VBF-jet \ h};w%ﬁeSiS
DY or DYFAM > 05 not VH-jet  hypothesis

frsobs.  Dixg, DyPFdee, DYEF Doig Dy- ", Dis Ding, DY, DES o fi, & f;

faobs. Do Dy DY Dy DT DN D DI, DE  Parameter

fanobs. iy DYIFHes, DYfiidee Dy DY DIy Dk D o Avalue 0 woul

A7 Obs. Dy DAT™, DY D, DRIV, DY Do, DG, Dl indicate CP' ion, with a

ossibl ixture of scala
udoscalar states

Dr. Marc Bret Cano Higgs to four leptons November 6, 2017
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Constraints on anomalous Higgs boson couplings: CMS results

5.1 b7 (7 TeV) + 19.7 fb" (8 TeV) + 38.6 fb" (13 TeV) 5.1 fb (7 TeV) + 19.7 fb" (8 TeV) + 38.6 fb' (13 TeV) \}

0 Fcms @3 1°Fcms CE 7
—— Observed —— Observed 4

----- Expected ----- Expected

—— Observed, 13 TeV —— Observed, 13 TeV

rrrrr Expected, 13 TeV -~ Expected, 13 TeV _

@ Improve on the full Run-1 2"°F ERrh3
< <
datasets by nearly an Y oo i
order of magnitude s BRIk ;
@ All parameters consistent o o o o5 ([,(/) R
. s 23 COS (045, 20 COS(0,5)
Wlth Zero Wlthln 5.1Qb‘(7TP;V)+|S.7R)'(BTEV)+33.S‘R}'(|3Tev 5.1?(7Tev)f19.7lb‘(ETeV)438.6!b‘1{3TeV
. 102 10°F E
uncertainties S e e ¢
»»»»» Expected ----- Expected
—— Observed, 13 TeV —— Observed, 13 TeV
rrrrr Expected, 13 TeV - Expected, 13 TeV.
Parameter Observed Expected

fazcos(das)  0.007225 [—0.38,0.46] 0.0007 3910 [—0.25,0.25]

frzcos(gr) 0017312 [—0.04,043]  0.000739% [—0.06,0.19] P 4‘95‘,/ o -
farcos(@ar)  0.02°9% [—0.49,0.18]  0.000*2%%3 [—0.60,0.12] " 3"
Z: Z 0.30 0.019 E| E
fai cos(¢x1) 0261032 [—0.40,0.79] 0.0001303 [—0.37,0.71] g% CL 2 s oL
——————— — 1
o o A
] 05 0 05 1 ] 05 1

0 0.5
5,005(0,.) fzfyi ggs(¢ziyi) .
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@ Select events with four leptons (results
combined with ¢lvv)

@ Invariant mass is used as a discriminant
@ Event categorisation:

e gluon-gluon fusion, further sub-divided

L WARNING
e STRANGE PHYSICS

e Vector boson fusion, by requiring:

@ two or more jets with pr > 30 GeV
o An >33
e mj > 400 GeV

o Very few events expected for VBF

e Large continuos background qq — ZZ

AHEAD

SATLAS-CONF-2017-058 ]

Higgs to four leptons



High mass analysis: BSM Higgs & Signal Modelling (ATLAS)

Signél distribution is pa_r%netrised 'hmany \
Two Higgs Doublet models (2HDM) Models: ~ Value of mpi.

o Introduces four Higgs masses, tan /3 o Narrow Width Appr%nma__tlon b
(ratio of vev) and mixing between the two @ Large Width Approximation (1, 5 and
neutral CP states h (SM Higgs) and H 10%) - \

o Four different model types . S

Type | : one doublet couples to bosons only, é E famrayor Y

the other to fermions £ qop e Pumvercsion
Type Il : one doublet couples to up-like quarks, < F e ]
the other to down-like F :
Type Ill : same couplings to leptons as in type I 10*e '.
and to leptons as in type Il » i i
Type IV : reverse couplings from type Il 107;_ Vo
yoit
° Focus on Type I and II mOdeIS 200 ‘3(;’5 “166' 560 :6’(‘50: : 730 }'80‘2 960 ‘1000

m,, [GeV]
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High mass analysis: Signal acceptance & systematics

Mass Production mode

VBF-cnriched category
. B 1%

300 Gev =F e
sev s 64% 56% as% 3%

000 Gev VBF 36% 34% 52% 26%

@ Low acceptance for VBF process due to
the stringent requirements (two jets with
pt > 30 GeV, mj; > 400 geV & on >
3.3)

@ Any event not classified as VBF enters
the ggF category
@ The contribution from final states with 7

leptons decaying to electrons or muons is
found to be negligible

Higgs to four leptons

- o
o The uncertainty on the integrated
luminosity enters both in the
normalisation of the fitted nu
signal eve}\’ﬁs well as in the bac

_expectation from simulation
4 Y

W A
T production
Systematic source Impact [%]

VBF production
Systematic source Impact (%)

mu = 300 GeV
Luminosity 4 | Parton showering 9
Z-tjets modeling (£ 67 vp) 3.3 | Jet energy scale 4
Parton showering 32 | Luminosity 4
ey statistical uncertainty €' € v# 3.2 | qf - ZZ QCD scale (VBF-cariched category) 1
mu = 600 GeV
Luminosity 6 | Parton showering 6
Pilenp reweighting 5 | Pileup rewcighting 6
Z+jets modeling (€7¢"vp) 4| Jet energy scale 6
QCD scale of q7 — 22 3.1 | Luminosity 1
mys = 1000 GV
Luminosity 4 | Parton showering 6
QCD scale of gg — 27 233 | Jet energy seale 5
Jet vertex tagger 1.9 | Z+jets modeling (£ ¢~ w) 4
Z+jets modeling (¢' ¢ vD) 1.8 | Luminosity 1
S Fa
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High mass analysis: myy

> 5 T T T T T >
8 10° = ATLAS Preliminary ¢ Data 8
S L 4F Vs=13Tev,36.1 10" l zz s
N 10 o zz T C v, vwv s
Ny A4 <
@, 3[_ 9gF-enriched Il Z+jets, tt @
= 10 Bl ZZ EW) =
Lﬁ Uncertainty Lﬁ

Data
Prediction

o — N W
%

T |
‘s
AN
Data
Prediction _,

200 400 800 1000 1200
m,, [GeV]
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10?

3
s

o -
[S )]

ATLAS I‘Dreliminalry
Vs=13TeV, 36.11b"
H—ZZ > T'TT
VBF-enriched

L3

T T
@ Data
Il zz
Il zZ EW)
[ ft+v, vwv
B Z+jets, tT
Uncertainty

L

-

ol vl vl vl ol

T % i
N \\\\\g\ =

400

600

800 1000 1200
m,, [GeV]
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High mass analysis: p-value

A~ D

— — , ° excess:}ound and 705
VAR e Ge Y.
] i : ’ : 1° @ The excess at 705 GeV ly

o° BT — ]
< xa] =
[6] i h 3
¢} u E
- (Y ]
£ 1 E
, N 3. due to an excess in the 4e category,
1072 F:' N Global significance for .
E :: . ' largest excess (I'/''I'): 2.2 3
1073 i;: """"""""""""""""""" I:fl' """"""""""""""""" {30
o n 3
[ ! ATLAS Preliminary * N
107 (5-13Tev,36.1 0" e T 5
Frmrmm e s - 4
L HoZZS I e FIv 1
10 ? NWA —— Combined E
10—5_ A DR R R R
200 400 600 800 1000 1200
my, [GeV] C
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-
High mass analysis: 95% CL

——— 10— —

ATLAS Preliminary E F ATLAS Preliminary B

Vs=13TeV, 36.11b" —e— Observed CLg limit ] £ Vs=13TeV, 36.1 fb" —e— Observed CL limit J

HoZZ S I+ vy ™ Expected CLg limit ] L Hozz S P+ vy Expected CLg limit ]
; ggF production [ Expected + 1 \ . VBF production [ Expected £ 1o

l:l Expected + 26
= = = Expected CLg limit (I'/'I'T)
i Expected CLg limit (/*1'vV)

\:l Expected + 26
= = = Expected CLg limit (I'/'I'T)

T

Ll
ol

""""""" Expected CLg limit (' vv)

N R R - _\_
600 800 1000 1200
m,; [GeV]
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1072

™

L A T S S AN S SN S NN SRS ' n
200 400 600 800 1000 1200
m,; [GeV]

95% C.L. limit on 6(gg — H) x BR(H — ZZ) [pb]
95% C.L. limit on 6(qq — H) x BR(H — ZZ) [pb]

i
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|
2HDM exclusion contour tan(S) vs cos(5 — a) my=200 GeV

AN B D

[} (=}

8 ATLAS Preliminary —Observed [+ band K ATLAS Preliminary —Observed [+ band .
Vs=13TeV, 36.1 fb" - Expected []+20 band Vs=13TeV, 36.1 fb" - Expected []+2c band
H—ZZ > I'Irr [MExcluded H— ZZ = I'I1r X Excluded

0 2HDM Type I, m,, = 200 GeV A 10 2HDM Type II, m,, = 200 GeV

oy | 1 |
-0.8 -06-04-02 0

cos(B-o)
Higgs to four leptons
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2HDM Type | Exclusion Contour tan(f) vs my cos(5 — a)=-0.1

™

tanB

Vs=13TeV, 36.1 fb' - Expected
H— ZZ = I'[I*T + I'[vw

ATLAS Preliminary — Observed [[l+1c band

2HDM Type I, cos(p-a) = -0.1

tanp

[+20 band
X Excluded

10E

IR

SRRIERHLRS
RRLIIIERIRLRELRS
SERIRRLRIIKS

& %
RRRRRRHIAILLIIK
SRS

SRR
SRIRERKS

. <>

3RS : X

SRR TR Ry
OSSOSO S SEIIINITINITITO
RIS

55
LRLRLRLERLS

RS,

LRERLRLRLEKEY

<
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10

ATLAS Preliminary —Observed [+ band
Vs=13TeV, 36.1 fb" - Expected []+2c band
H—>ZZ > I'IF + I'lw [HExcluded

2HDM Type II, cos(B-o) = -0.1

R

'\

m,, [GeV]
November 6, 2017
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|
High mass analysis (CMS): Results

>

CMS Preliminary 12.91b™ (13 Tev) CMS Preliminary 129803 70v) CMS Prefiminary 129803 70v)
> I B B B B LA B R g 1 = i e 352t
S 80? e Data E é ro2Gev é re2ev :

& _F [ H(125) ] 1 e 1
% 70F 0 9922, Zy* 1 2 1!
g L W 992227y g L
L%’ 60; W Z+X _;
50 =N ; s

E ] my [GeV]

F ] y

40 = ? ’

30f 3 o Limits ext d ass

a0k E values

108 E ° ignificant exce

o i o Still awaiting for an update on this s

200 300 400 500 600 700 800
m,, (GeV) *CMS- S-HIG—“ ‘ i* Va
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]
Conclusions

»

™

@ Various measurements of the Higgs boson in the 4/ chan@esﬁed

o Still fairly limited by statistics...

@ But we are having week after week of glorious

ollecti
. . . by 3 ,
@ So far all compatible with SM expectation but some interesting areas s
updates soon

@ As usual, stay tuned!

Dr. Marc Bret Cano Higgs to four leptons
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Summary of publications

-

CMS Collaboration: »" &

o HIG-16-041 accepted for publication in J. High Energy Phys. (arXiv:1706.09936

@ HIG-17-011 accepted for publication in Phys. Lett. B (_&Xiv:1707.00541)\\

o HIG-PAS-16-033 — "
ATLAS Collaboration:

o ATLAS-CONF-2017-043

o ATLAS-CONF-2017-046 _\_\
o ATLAS-CONF-2017-058 h— .

Ay &, L1
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Constraints on anomalous Higgs boson couplings: ATLAS

Interactions of the Higgs boson with SM
particles are described in terms of the effective
Lagrangian:

Ly = lKSM [%gHZZZpZ'u +§HWWW;W_“I
-1 [KHSR-?HRRG“ G*M + tanwkage 8age Gy Gu"w]
-ix [xgzzZva!“' lﬂl’lﬂl(,.\zzzw.z"" ]

11 —
1 [Krrw Wi, W 4+ tan iy Wi, W] }X[,_

@ Assume no BSM particles below 1 TeV

@ kv & kayy describe the CP-even
(scalar) and CP-odd (pseudo-scalar)
BSM interaction with vector boson

Dr. Marc Bret Cano

-0

—\_*t\ L

i i ] Observed | Best-fit Best-fit De\'iatiolL
KRSM configuration limit limit ARsM Rsm from SM

KAgg

BSM coupling Tit Expected
[-0.47, 047] [0.68, 0.68] | +0.43 B 1.80

KHvv 0.8, 4. a] 2.9 B 230
KITVY. . 2.2 12 Lio
Ravy +2.9 - ldo
Favy L 10, 10]

Lo | +15 1.2 0.50

@ Measured only in

Higgs to four leptons

@ The ESM\c;&ngs are

@ Value o set to
the CP-odd ¢

{ﬁ:A\/vtan(a) — KAV

&

Y
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Constraints on anomalous Higgs boson couplings: ATLAS results

R

;14"'I"'I"'I"‘\"‘I"‘l ;14"-\--‘|‘v-w-'|'v-"'1
T B I B
< b ATLAS Preliminary o ri E & b ATLAS Preliminary o ri E
CH—ZZ" — 4l — Observed 95% CL | [H—ZZ - 4l — Observed 95% CL |
10[-13TeV, 36.1 o' * SM - 10{-13TeV, 36.1 b * SM -

C ==== SM expected 95% CL C === SM expected 95% CL ]

of oG D B R B

[ Observed: [y, | = 0.5, Ky, = 2.9 ] | [ Observed: [k, | = 0.3, Ky, = 2.1, kg = 1.7 7
6—Expected: Ky, = 0.0, Ky, = 0.0 - —\ 6| Expected: K, = 0.0, Ky, = 0.0, Ky = 1.0 —
4 = 4 3
2 = 2r 3
o 3 o 3
-2 1 R - :
_al- 3 r _‘
| PR NN IR BN R B PN RN IR I R B
-6 - = -6 -4 -2 6

Kaw —_— Kaw
Best fit values compatible with SM WO’D u’ f‘
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-
Higgs boson couplings: Likelihood scan (ATLAS)

As a function of o - BR(H — ZZ*) \”‘@Of the aaswe 5|gn3I-9trength\!'
7 e I N B N N &
I ATLAS Preliminary ™~ Observed-Stat. only /

L L L L B B L B

< 14 . Observed-Stat. onl 1 =
c - ATLAS Preliminary ™~ served:Stat.only c
N r —— Observed - a —— Observed
! 12’_ HoZzzZ" >4 - Expected-Stat. only | vy 2_ HoZZ"—>41 Expected-Stat. only
[ 13TeV,36.1fb" — Expected 1 % [ 13TeV,36.1 b —— Expected
10 . | ! s

P B R BT IR RN |

ol \NAJ/ Ll 1 “.‘.IM%.IH.'
1 12 14 16 1.8 2 22 24 . . . .

BR [pb] i
: T - .
Dr. Marc Bret Cano Higgs to four leptons November 6, 2017

43 / 44



|
Higgs boson couplings: CMS signal strength Results

CMS 35910 (13 TeV) CMS 35.91b (13 TeV) }
T I T T R
W= 1_203:? . H—2Z7Z* > 4 untagged = 117’_’2: . H—2ZZ" >4
agH - m, = 125.09 GeV m, = 125.09 GeV
VBF-1jet _ 0.41
~1.051¢ tagged H= 0'97:0,32 -+ ~1.05%1°
I u _0.17 I u _0.17
o= 0.0593 ‘comb. . comb. ; .
VBF -0.05 VBF-2jet 065 | u] 7
tagged H=009 00
_ +2.82 VH-hadronic | _ +0.78 |
Mo = 900000 tagged M =076 4| M
aggen . n=00072
p. = 000725 :
VHiep :
VH‘E¢iss +8.75 :
tagged M7 125
_ 000710 {
M -0.00 ttH tagged p = 0.00tg’zﬁ —
L1 v by by by A SRS SN ST TS NS SR S NS S S Y
0 1 2 3 4 5 0 2 4 6 8 10
i m

r = =
T - TEER S
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