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Introduction

Rich phenomenology of Higgs sector
Higgs coupling=f(particles)

-Gauge bosons ; -Higgs bosons :
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. nggséfermlons most : low resolution :
H->Dbb (jets), H>tt (jets, MET)
H->puu : long term (~HL-LHC)

1 see: Higgs boson parameters and fermionic decays Michal Bluj

« Higgs—>bosons :

~channels with high mass resolution :
H->vyy : S/B : few %, probe loops
H->ZZ">4l : low bkg ; S/B >1
H->WW=1vlv : worst resolution
H->Zy : rare, probe loops (in backup)

Significance (Z) : 3 o : evidence
5 o : observation
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Searches involving observed Higgs boson pp—2>HH, X2>H+Y

or similar final state rare decays, etc. (including X->HH)

Experimental conditions : LHC : ATLAS, CMS

Run 1, 2011, Vs=7 TeV, L=4.5-5.1 fb-, 2012, Vs=8 TeV, L=20.3-19.7 fb-1

Run 2, 2015, Vs=13 TeV, L=3.2-2.8 fb
See more details : Status / highlights of LHC Run 2

Gigi Rolandi



The channels, Run 1 _

« H->vyy
-2 high-p; photons

SRS ARG

« H>ZZ >4l

-2 high-p+ leptons pairs i:

-discriminant var :
separate H>ZZ" ; ZZ" bkg

« HOWW 2Ivlv 1
-2 high-p; leptons, MET
-topology leptons :

m,,, spin correlation, etc.
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Run 2 : 2015

ATLAS my=125.09 GeV (fixed) CMS

CMS Preliminary 271" (13 TeV)
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Not as competitive as Run 1, yet



Higgs mass and width

Good resolution of dibosons channels : H>yy, H>ZZ->4l
« Mass my, : first step for combination of other quantities (eg couplings)
ATLAS-CMS : m,=125.09 GeV £ 240 MeV (stat : + 210 MeV ; syst : = 110 MeV)

uncert. : ~statistics syst . ~scales
* WidthT'y, (SM=4 MeV)
* Direct: T & Lexp * Indirect: -H->ZZ" etc. : opening phase space above 2 x m,
: : ratio o off-shell<on-shell
dominated by detector resolution .
of f—peak 2 2 on—peak 99H9HZ Z
ga—sH—s272 ™~ Yequ 90272 Tgg-H—-22 ™ — Ty

-H->vyy : interference gg2>H->vy &gg-2>yy
prospectives studies only (ATLAS)

Limitson ',

* Direct ATLAS CMS
H->yy <5.0GeV at 95 % CL <2.4 GeV at 95 % CL
H->ZZ">4l <2.6 GeV at 95 % CL <3.4 GeV at 95 % CL

_ comb : <1.7 GeV

* Indirect <227MeVat95%CL <13 MeV at 95 O
H>ZZ">4l+... | <13 MeVat95% CL
ATL : llvw+H>WW*evpy >3.5x10° MeV at 95 % CL
CMS : HOWW* > Ivlv (H>ZZ >4l only)

- 1st cstrt on ¢ty 0

see The profile of the H(125) fromRun1  Tatjana Lenz -




Decay channels Prod. modes

ATLAS and CMS Preliminary - ATLAS ATLAS and CMS Preliminary —ATLAS
LHC Run 1 - CMS ZObS (Zexp) \ LHC Run 1 +2¥I§AS+CMS
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See also Higgs boson parameters and fermionic decays Michal Bluj

Higgs boson production (o, do/dX) of the H(125) from Runl  Mauro Donega



Combination : Higags couplings

Initial state ii

eg : gg2>H->vyy

9

intermediate state X (H)

—>final state ff (yy)

K : scale factor Htt 21 HWW -,
<> signal strength Hbb-> 1, S f Hbb>1,
(wrt SM) ggH>1c,=f(x;, ;) vy =21, =F(ic;, 1<, Ky €,) Hrt i,
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- Cross-section measurements

Good agreement with expectations
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See also Higgs boson production (o, do/dX) of the H(125) from Runl  Mauro Donega

Ofig» Otor IN VVArious channels : H>yy, H>ZZ">41 , HOWW"~




do/dX

various observables : #objects, p;, E+, angles, etc.

various objects : photon, lepton, jet, MET, topology objects

various channels : H>vyy, H>ZZ">4l, H>WW™>I|v lv
Examples :

H>vyy + H>ZZ" >4l H>WW0®>ev pv
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See also Higgs boson production (o, do/dX) of the H(125) from Runl  Mauro Donega



 Spin and parity J°=0* tested alternative models (spin-0 and spin 2)

ATLAS CMS
H->vy, ZZ>4l, WW”™>evuyv H->vy, ZZ>4l, WW>Ivlv, Zy" > 4l, vy >4l

Variables : angular distributions (flat for spin 0), kinematics, etc.
>99 % CL exclusion tested alternative models to SM

Studies on anomalous couplings in EFT
CP violation : no deviation, but only large CP mixing excluded (above 30 %)

see also : The profile of the H(125) from Run 1 Tatjana Lenz
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BSM

Dedicated presentations on BSM, in particular :

-generic * Results on BSM Higgs bosons searches at ATLAS (Run 1 and Run 2) Maddalena Giulini

-signatu '€ . Search for diphoton resonances with the ATLAS experiment Simone Michele Mazza
» Search for supersymmetry at ATLAS and CMS Andrew James Whitbeck
-SUSY —
» SUSY searches at 13 TeV at ATLAS Isabel Trigger
_ » Searches for exotics at ATLAS and CMS Claire Lee
-EXOtICS< * Exotics searches at ATLAS Ruggero Turra
» Dark Matter searches at ATLAS Giuliano Gustavino

Will restrict only to two selected topics

12
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« ATLAS combination Run 1 Limits : m,=260 GeV :2.1pb 43
h(bb)h(zt), h(yy)h(WW"), h(yy)h(bb), h(bb)h(bb) m,=1000 GeV : 0.011 pb



Search for high mass resonances

vy final state

Events / 20 GeV

Data - fitted background
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Search for high mass resonances

vy final state ATLAS CMS

* significance ;

my~750 GeV, my~760 GeV, I'y/my=1.4x104,
spin 0 : 3.9 5, [',=45 GeV scalar : 2.85 ¢
spin 2 : 3.8 &, k/Mp=0.23 RS:29c

Compatib. w/ 8 TeV data : 1.2 (spin 0) . Comb.w/Vs=8TeV:34oc

CMS Preliminary 3.3 (13 TeV)
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« Search for new resonances made systematically for all possible final states
—>No excess observed so far, apart in yy final state, at a mass <750 GeV
See more details :  Search for diphoton resonances with the ATLAS experiment ~ Simone Michele Mazza
Searches for exotics at ATLAS and CMS Claire Lee

15
Exotics searches at ATLAS Ruggero Turra



Conclusion

* Run1:important legacy in Higgs sector from Boson decays :
H>yy, H2>ZZ" 241, H>OWW->Ivlv, H>Zy

« measurement of mass, width, spin, ¢, do/dX, production modes, couplings

 Early analyses w/ Run 2 with 2015 data, but not competitive for SM

« Decay to bosons : tool to probe New Physics
(HH resonant, high mass resonances, etc.)

« 2016 data-taking may bring answers and surprises

16



Backup

ATL-COM-PHYS-2016-536
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https://cds.cern.ch/record/2152741

References : SM individual channels

« H->vyy

ATLAS, Run 1, Vs=7 TeV + 8 TeV, L=4.5 fb1+20.3 fb1, mass : PRD 90, 052004 (2014)
couplings : PRD 90, 112015 (2014)

CMS, Run 1, Vs=7 TeV + 8 TeV, L=5.1 fb-1+19.7 fb-l, EPJ C74, 3076 (2014)

ATLAS, Run 2, Vs=13 TeV, L=3.2 b1, ATLAS-CONF-2015-060

CMS, Run 2, Vs=13 TeV, L=2.7 fbl, CMS-PAS-HIG-15-005

highmass:  ATLAS, Run2,2015,Vs=13 TeV, L=3.2 fb}, ATLAS-CONF-2016-018
CMS, Run 2, 2015, Vs=13 TeV, L=3.3 fb'}, CMS-PAS-EX0-16-018

e H>ZZ"->4l

ATLAS, Run 1, Vs=7 TeV +8 TeV, L=4.5 fo1+20.3 fbl, PRD 91, 012006 (2015)
CMS, Run 1, Vs=7 TeV + 8 TeV, L=5.1 fb-1+19.7 fb'l, PRD 89, 092007 (2014)
ATLAS, Run 2, Vs=13 TeV, L=3.2 fb-l ATLAS-CONF-2015-059

CMS, Run 2, Vs=13 TeV, L=2.8 fb'l CMS-PAS-HIG-15-004

e H->WW>Ilvlv
ATLAS, Run 1, Vs=7 TeV + 8 TeV, L=4.5 fbl + 20.3 fb'l, PRD 92, 012006 (2015)
CMS, Run 1, Vs=7 TeV + 8 TeV, L=4.9 fol + 19.4 fbL, JHEP 01, 096 (2014)

« H->Z(ll)y
ATLAS, Run 1, Vs=7 TeV +8 TeV, L=4.5 b1 + 20.3 fol, PLB 732C, 8 (2014)
CMS, Run 1, \s=7 TeV +8 TeV, L=5.0 fbl + 19.6 b1, PLB 726, 587 (2013)

o H>v"y2>lly
CMS, Run 1, Vs=8 TeV, L=19.7 fbt, PLB 753, 341 (2016)
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References : some properties

 Mass my

o H>yy+H>ZZ->4
ATLAS, Run 1, Vs=7 TeV + 8 TeV, L=4.5 fb-1+ 20.3 fb-1, PRD 90, 052004 (2014)
CMS, Run 1, Vs=7 TeV + 8 TeV, L=5.1 fbt + 19.7 fbl, EPJC 75, 212 (2015)
ATLAS-CMS, Run 1, Vs=7 TeV + 8 TeV, PRL 114, 191803 (2015)
. Width T,
* Direct
ATLAS, Run 1, Vs=7 TeV + 8 TeV, L=4.5 fb-1+ 20.3 fb-1, PRD 90, 052004 (2014)

CMS, Run 1, Vs=7 TeV + 8 TeV, L<5.1 b1 +<19.7 fbl, EPJC 75, 212 (2015)
* Interference

e H>ZZ->4letal.
ATLAS, Run 1, Vs=8 TeV, L=20.3 fb-1, EPJC 75, 335 (2015)
CMS, Run 1, Vs=7 TeV + 8 TeV, L=5.1 fb1 + 19.7 fb-}, PRD 92, 072010 (2015)
* H2yy
Shift m, : improved estimation : ATLAS, ATL-PHYS-PUB-2016-009
Prospectives : ATLAS, ATL-PHYS-PUB-2013-014
« Spin
ATLAS, Run 1, Vs=7 TeV + Vs=8 TeV, L=4.5 fb-1 + 20.3 fbl, EPJC 75, 476 (2015)
CMS, Run 1, Vs=7 TeV, L=5.1 fb'l + Vs=8 TeV, L=19.7 fb-l, PRD 92 (2015) 012004
« Couplings
ATLAS, Run 1, Vs=7 TeV + 8 TeV , L<4.7 fb'l + <20.3 fb'l, EPJC 76, 6 (2016)
CMS, Run 1, Vs=7 TeV + 8 TeV, L<5.1 fb'1 + <19.7 fb1, EPJC 75, 212 (2015)
ATLAS+CMS : ATLAS-CONF-2015-044
CMS-PAS-HIG-15-002
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References : o, d o/dX

m,=125.4 GeV
my=125.09 GeV
ATLAS CMS m,=125 GeV
H>yy c \s=7 TeV, L=4.5 fbl, ATLAS-CONF-2015-060

o, do/dX vs=8 TeV, L=20.3 fb%, JHEP 09, 112 (2014) \s=8 TeV, L=19.7 fbl, EPJC 76, 13 (2016) o, do/dX

\s=8 TeV, L=20.3 fb-l, ATLAS-CONF-2015-060

\s=13 TeV, L=3.2 fb-l, ATLAS-CONF-2015-060
H>ZZ*>4l c \s=7 TeV, L=4.5 fbl, ATLAS-CONF-2015-059  +s=7 TeV, L=5.1 fbl, JHEP 04, 005 (2016) o, do/dX
o, do/dX Vs=8 TeV, L=20.3 fb', PLB 738 234 (2014) Vs=8 TeV, L=19.7 fb-1, JHEP 04, 005 (2016)c, do/dX

Vs=8 TeV, L=20.3 fb'l, ATLAS-CONF-2015-059  vs=13 TeV, L=2.8 fb'l, CMS-PAS-HIG-15-004 ©
Vs=13 TeV, L=3.2 fb'l, ATLAS-CONF-2015-059

H>vy o, do/dX Vs=8 TeV, L=20.3 fb%, PRL 115, 091801 (2015)
+ G \s=7 TeV, L=4.5 fbl, ATLAS-CONF-2015-069
H->ZZ">4l \s=8 TeV, L=20.3 fb-1, ATLAS-CONF-2015-069

\s=13 TeV. L=3.2 fb'l, ATLAS-CONF-2015-069

H>WW* Ivlv o s=8TeV, L=20.3 fbl, PRD 92, 012006 (2015)

eviv o, do/dXVs=8 TeV, L=20.3 fb-l : CERN-EP-2016-019 Vs=8 TeV, L=19.4 fbL, CMS—PAS—HIG—lS—Ole dx
o

BSM, EFT, w/ do/dX, H>yy
ATLAS, Run 1, Vs=8 TeV, L=20.3 b1, PLB 753, 69 (2016) 20



References non-resonant HH

Non resonant

H(yy)H(bb)
ATLAS, Run 1, Vs=8 TeV, L=20 fbl, PRL 114, 081802 (2015)
ATLAS, Run 2, Vs=13 TeV, L=3.2 fb'L, ATLAS-CONF-2016-004
CMS, Run 1, Vs=8 TeV, L=19.7 fbL, CERN-EP-2016-050

H(bb)H(t7)
ATLAS, Run 1, Vs=8 TeV, L=20.3 b1, PRD 92, 092004 (2015)
CMS, Run 2, Vs=13 TeV. L=2.7 b1, CMS-PAS-HIG-16-013

H(yy)H(WW)
ATLAS, Run 1, Vs=8 TeV, L=20.3 fb, PRD 92, 092004 (2015)

H(bb)H(bb)
ATLAS, Run 1, Vs=13 TeV, L=19.5 fb-1 EPJC 75, 412 (2015)
ATLAS, Run 2, Vs=13 TeV, L=3.2 fb'l, ATLAS-CONF-2016-017

HH combination
h(bb)h(zt), h(yy)h(WW™), h(yy)h(bb), h(bb)h(bb)
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High mass resonances

7Y
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-2 high-p; photons

Selection

-categorization : sensitivity + prod. modes

Z

obs

Results
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Mass systematics dominated by energy scale
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= H>ZZ"->4l ' Run 1

Z

 Selection

-2 high-p leptons pairs

-categorization : sensitivity + prod. modes

BDT : separate H>ZZ" ; ZZ* bkg<>Matrix Element Likelihood Discriminant

* Results ATLAS CMS
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Systematics ~e/pL scales
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. H>WW > vl

 Selection

-2 high-p; leptons, MET

-topology of leptons : m,;, spin correlation, etc.
-categorization : sensitivity + prod. modes

 Results ATLAS CMS
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RIRGEG A

Probe loop in alternative way to H->vyy g g
« Selection

OS same flavour leptons ; v ; Separation AR(l ; y)>thr (suppr. FSR Z=>1ly) —»
my>thr (suppr. FSR Z=>1ly, H=>yy w/ conversion) ; my, ~m;

* Limits : m=125 GeV
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Combination : couplings + misc

+ many other benchmarks /studies : ratio of ¢’s, of BR’s, asym fermions (u/d, 1/q),
Couplings Fermions vs Vector bosons, Probing loops, Scaling couplings w/ mass, etc.
Two examples

* Couplings Fermions (gys~Mm;)

 Scaling couplings w/ mass

vs Vector bosons (gHW mvz)
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solve degeneracy Ry = Ugmze




ATL-PHYS-PUB-2014-016
Prospective couplings

ATLAS Simulation Preliminary
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do/dX : overview

various observables : #objects, p;, E+, angles, etc.
various objects : photon, lepton, jet, MET, topology objects
varlous channels Héyy, H>ZZ >4, HOWW >Ilv v
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H%yy + H%ZZ >4
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 Spin and parity J°=0* tested alternative models (spin-0 and spin 2)

30F 0

s=8TeV, 203 fb' 20 i r l_

ATLAS CMS
H->vyy, ZZ>4l, WW”™>evuyv H->vy, ZZ>4l, WW>Ivlv, Zy" > 4l, vy >4l
Variables : angular distributions (flat for spin 0), kinematics, etc.
120 CMS _X-oZZsWW 19'.7fb’?(8T(.aV)+.5.1 fp“(?TeV)
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f L) 9
p,<300GeV <1z Gev p,<300GeV  p <125 GeV

>99 % CL exclusion alternative models
Spin tensor structure studied : consistent w/ JP¢=0**
(also : studies on anomalous couplings in EFT

CP violation : no deviation, but only large CP mixing excluded (above 30 %))
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seealso:  The profile of the H(125) from Run 1 Tatjana Lenz



Non-resonant HH, w/ bosons decays
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Search for high mass resonances

vy final state ATLAS
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Search for high mass resonances

vy final state ATLAS CMS
* significance 5
My =750 GeV,  My=760 GeV, I'y/my=1.4x104,
spin 0 : 3.9 o, ['y =45 GeV | scalar: 2.85¢c
spin 2 : 3.6 o, k/M;=0.21 § RS:29c
Compatib. w/ 8 TeV data : 1.2 (spin 0) . Comb.w/Vs=8TeV:34oc
- 2.7c(spin2)
¢ leltS —  10*e— ,HIHr_”_H?,(W,Pw”w)”w: __ CMS Preliminary 331" (13 TeV)
E’ -~ — Observed CL, lmit  ATLAS Preliminary ] ! :-% 185_ L_14x10% J-0
R I Expected CL, limit  \s=13TeV, 321" ] % 16 - -~ Expeoted limit
2 - [ Expected = 10 Iy/m,=1% 3 w 14F tlo
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E F el 2 10p
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« Search for new resonances made systematically for all possible final states
—>No excess observed so far, apart in yy final state, at a mass <750 GeV
See more details :  Search for diphoton resonances with the ATLAS experiment ~ Simone Michele Mazza
Searches for exotics at ATLAS and CMS Claire Lee

35
Exotics searches at ATLAS Ruggero Turra



Search for high masses resonances

vy final state

ATLAS

CMS

CMS Preliminary

3.3 (13 TeV)
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Compatib. w/ 8 TeV data : 1.2 (spin 0)
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Search for diphoton resonances with the ATLAS experiment Simone Michele Mazza

See more details :

 Search for new resonances made systematically for all possible final states
(in particular ZZ->4l, Zy, more generally VVV, etc.) 36
—>No excess observed so far, apart in yy final state, at a mass =750 GeV



Angular distribution, for 750 GeV analysis
(too lack of stat to conclude)
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