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Bt g el Summary of results
/\ N «Combination of ATLAS &
i CMS data
* New results from the 13

TeV CMS data
» Searches for BSM Higgses

« Summary/Outlook

Jet 2,
pt = 3.38 TeV

ela =-0.56
phi = -2.49

New ATLAS results in
workshop talk later th



2012: A Milestone in Pz

Observation of a Higgs Particle at the LHC, after about 40 years
of experimental searches to find it

-

Events / 3 GeV

The Higgs particle was the last missing particle in the Standard Model
and possibly our portal to physics Beyond the Standard Model



" The Theorist and Exper

. The party in 2012!  Not everybody at the party
A. Pomarol ICHEP2012 eg higgsless models...

SR X

Dilaton
But careful about resurrections, Higgs imposters...




A Higgs @ 125 Ge

my = 125.0 +/- 0.2 GeV

A malicious choice!

MSSM at the weak scale “III
|
|

Strumia
80 90 100 110 120 T 130 140

The Higgs:
so simple yet so unnatural

: : Stockholm Nobel Symposium
Guido Altarell May 2013

1941-2015

“We do not understand why the mass of the Higgs is 125 GeV
It most likely tells us something on what is Beyond the Standard Model”



Higgs Production &

QO UA00 t
t

t
g g fusion

---------

PP — H+X) [pb]

WW, ZZ fusion 9

Numbers taken from the
LHC Higgs Cross Section WG

See yellow reports:

YR1: Inclusive cross sections

YR2: Differential cross sections
YR3: Properties (to appear)

YR4: Deciphering the nature of the
Higgs sector
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Processes
*Gluon fusion
e\/ector Boson Fusion
*W/Z associated prod.
*Top associated prod
*B-quark associated prod?
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2012: A Milestone in Part

Observation of a Higgs Particle at the LHC, after

NAT

about 40 years of experimental searches to find it 2013 F st
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2015: Higgs Boson
well established.

15F

All accessible
channels studied

I Results released

In progress

H-> gamgam
H-> ZZ
H->WW
H-> bb
H-> tau tau
H-> Zgamma
H-> mumu

H-> invisible |




Most cited LHC paper so fa

Special Physics Letters B edition
with the ATLAS and CMS papers
on the Higgs Discovery

Eevierm —

BREAKTHROUGH & =
fthe YEAR

Almost than 5000 times
cited...




CMS Higgs Analyses-

°In summer 2012 we called it a “Higgs-like” particle
In spring 2013 (with 3x more data) we called it a Higgs particle
Spin/parity 0* favored, couplings roughly as in SM for Bosons
What happened Next?

More detailed analyses of the 125 GeV particle, in particular the
search for direct decays into fermions, ttH channel,...

More precise measurements of the “signal strength o/og,,” and

of the mass of the particle, and the spin.

« Searches for Higgs like particles at higher masses

« Searches for exotic, non-SM decays (none found so far)

« Searches for di-Higgs events (in BSM scenarios, none found so far)
« More detailed analyses of the properties (mass, spin, couplings...)
 Differential distributions + fiducial volume cross sections

* First data combination of ATLAS and CMS in 2015/16




Results Summary @ 125 GeV -

Individual Run-I Legacy papers -

ATLAS CMS c Mass Signal
Channel Lumi Lumi Specialty Obs. (GeV] strength JP=0*
[fb-1] [fb-1] (exp.) 1
mass, 5.2 (4.6) oA 1.17£0.27
H->yy 4.8+20.7 | 5.1+19.6 | discovery,
. 124.7 1.14+ 0.26-
couplings 5.7(3.3) 0.23
mass, 8.1 (6.0) 124.7 1.44+0.4
H>Z77->41 4.6+20.7 | 5.1+19.7 | discovery,
. 125.6 0.93 +0.29-
couplings 6.8 (6.7) 15
Compatible
CrOSS 6.1 (5.8) with 125GeV 1.09 +023-0.21
H>WW-212v | 4.6+20.7 | 4.9+194 section, 125.5+3.6—
. 0.72 +0.20-
couplings 4.3 (5-8) 3.8 0.18
(=1 '

4.5+20.3

5.1+18.9

couplings
to fermions

1.4 (2.6)

0.52 +0.40- 0.27

2.1 2.1)

Compatible
with 125GeV

1.0+ 0.5

49+19.4

couplings
to fermions

4.5 (3.4)

Compatible
with 125GeV

1.43 +0.43-0.37

3.23.7)

122 £7 GeV

0.78 = 0.27




The Decay Higgs to F

g PR Bl e H-> bb
o 10 ] SM H(125 GeV)—tt 20 == Data - background | E | h:l- 7TeV, L= 5.0 qu-m | . .
N et PP | 3 [oeime mw | Associated production
o ¥ wwewmewe | channels: ZH and WH
10* g 4 £
o I ] H-> tau tau
| Inclusive and with jets
; ———=3  All tau decay modes used

1 | 1a TR B R ST
10 0 50 100 150 200 _ 250

2 2 -1 0 mjj) [GeV]
H—1t ogsassBy - - H—=bb - - - A (mild) excess seen in
CMS H-stt, 4.9 b7 at 7 TeV, 19.7 fb' at 8 TeV r_-.E CMS Prafiminary I R
B Gt T T ] F mermuiesew  Toime 40 both channels
3 35) e et b i ool Iuti
c £ ~ wemme- 11 POOF mass resolution
- j 4 ]
E 0 arXiv1401.5041
3 % arxiv1310.3687
32
wn
> g CMS @ 125 GeV
& H—1t 3.20 (obs) 3.70 (exp)
T = 0.78+0.27_
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Higgs — Fermions Co

*The combined H(tt) and H(bb) result establishes a strong evidence for

coupling of the Higgs boson to down-type third generation fermions
Indirect and direct results on ttH coupling also evident for a coupling to
up-type fermions

_ Channel " Significance () Best-fit
arXiv:1401.6527 and (my = 125GeV) [ Expected | Observed u
Nature Physics 10 (2014) VH — bb 23 21 10+£05

H 17 3.7 32 | 0.78£027
Combined 14 38 | 0.83+0.24
E-TWLL-EITEI:E-STE“'L“MTH-‘ I:“B ﬁ=?TB'IJ'.L=5ﬂ'.'I'1:fE:ETEU.L:'I‘D-EﬂHfI

Sy VH — bb - (exp.) = (obs.)

m,; =125 GeV g ¢ VH - (exp.) - (obs.)
—— VH — bb S 1g H - vz (non-VH) - (exp.) -« (obs.)
— Ho T g Combined -a- (exp.) -=-(obs.)
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Higgs — Fermions Combin

PHYS {$40RG R R e e Higgs boson decays differently
. Decay into guarks and leptons supports the standard model of

Pimics = Manctscheclogy Earth MAsfronomy & Speca Charminéry Blssegy Tachnoiogp (ther SoarcEs Mamicine & Huakh * I_J a rtil:lE |:| h}'EiCS

sove » Previn » Dy Pregiay + e 12 34
z (1 i £ T Confirmation for the HiGs: Physiciss have Tor thie Nirse tme demonstrated thi
Eg.lg?nca found for the Higgs boson direct decay into fermions Sioiail Bastiiteil oy th Sahind Madut dicay Wi Foiea Rosos: i dets it
the CMS sgperiment at the Large Hadron Collider (LHC), they discovarad an
axgess of bogtom quarks and tau leptons, This shows that the HIgEs can not anly
decompose e other farce partiches, But also al mamer, accerding va the
rEsRarchors in the journal “Naturas Physics”

(0 o il MUTRE DESTIKATACY

Searie proaucson mla Migge eeeel n ATLAS =age et CERN

Faor the first e, resoorofers: at CERM have found evidonoe for the direct dooay of ha

Higege beomam min Tarmicne—serthr sty ndiclion thal the parfee dammans Lak 3 T 12
2012 bahaves in tha woy the sandard modet ol paricky physics prodcis. Rescanchors
23 pogrn 2014 k
- - " HEp IS O & HEl F TaOrEDd W7 3 e ol T BRI,
Nuove conferme per il bosone di Higgs cus st
La particella scoperta presso il Large Hadron Collider del CERN - [RE0giN 3 v .,?T
di Ginevra si comporta proprio come il bosone di Higgs ( L.Eu"'LB. COUNTRY e |
- previsto dal modello standard della fisica delle particelle. La "-_~.l l }: NC ]: —
. conferma viene da una nuova analisi dei dati raccolti con wJ WLl N
I.EEPEijfnlu {:MS L'hﬂ ha moctrato fhE “ h[]EuH‘E‘ d‘r I‘HEEL‘ p';.lf:'l Homa Wideo Blog Rasssrc # Tepics Politics World Markets Pelicy Enargy Tech HWistory Bl

decadere anche in una coppia di fermioni, @ non solo di bosoni | June 23, 2014

W T AT T i b T L W

http://www.altmetric.com/details.php?citation id=2456622

Conssia Collaborazions CMIMZERN

Nuevas medidas

Higgs Altametric considers citations in blogs and social media.
LoEQ The paper is actually the highest ranked Nature Physics paper (2014)
B aescubrimiento del bosen ce Higes o 1U'S @CtUally the highest scoring article in this journal that we've seen so far.

portadores de fuerzas en la naturaleza.

encontrado evidencias e 1a desintegracie [£'S N the top 5% of all articles (2,789,380) ever tracked by Altmetric

materia, y con una tasa gue se ajusta al mog




Spin/Parity Stud-

Combined study of H—-ZZ and H—->WW

*Tested using all diboson channels
CMS-PAS-HIG-14-014  *Hypotheses comparison O*/other states

CMS (preliminary) 19.7 o (8 TeV) + 5.1 i (7 TeV)

f @ CMSdam - --Nedan expected A A D T
J’mo_— Wo':slc  MS:t0 e L
S ol WOa2 Wi L
g | 0% e 1 Similar results
';l H H H H H ' H H H H H H H

i from ATLAS

) —

. I % O* hypothesis is

always favoured
in the comparisor

ﬁlﬁlﬁ:t‘fﬁ:r‘\?:E:w:#:w:ﬁ:ﬁ:ﬁ:ﬁ:ﬁ:t}:
LoLoLoLLT 1

mmmmmmmmm g

All “exotic” scenarios excluded scenarios excluded with 99.9% CL

Also CP studies of J=0 state — Results consistent with SM



The Total Width of t

*Study Higgs — ZZ in the 4 charged lepton and 2 charged lepton + 2v decay
eCompare the off-shell and on-shell production
*Use a kinematic discriminant and m; distributions to reduce ZZ continuum

7 » Reminder : SM predicts :
 [y=4.2MeV

« 95% C.L.Limitson Ny :

« Expected : 33MeV
« Observed : 22MeV

= 5.4 o[SM

! on—peak gégng HZZ off —peak 82 )
Ugg—H—zZ & Iy Ooo sH—77 X 8ggHEHZZ |

« Compatibility between the . .
observed results and the SM lelt on the
hypothesis lead to a width form

p-value of 0.24 77 is 22 MeV




Total Width Study Incl

W
arXiv:1604.02329
H(H?)
T Recent update
1%%
14 CMS 18.7 b7 (8 TeV) + 5.1 b7 (7 TeV) 14.EMS 19.7 1t (8 TeV) + 5.1 6" {7 TeV)
— H—WW [obsarwad) @ - H — WW [expactad) ; — H — W% (observed) seeemee H -3 WW (pacted)
12] —— - 22 (owseneay e W 22 (expecied) E 12| —— H-s ZZ (observed) mee H s ZZ {expecied)
—— H s ZZyWW (obsarved)  ------ H - ZZ+WW [expecied) o

——— H-s ZZoWW [cbserved] e-oees H— ZZ+WW (expected)

Combined with the ZZ channel this leads to a total width limit of
13 MeV (26 MeV) for the ggF (VBF) process






Mass of the

T

*The first combined result from & [ amasanacms | — Ay ]
CMS and ATLAS < 80 LHCRun1 — Gomned st
4:~|,| 5:_ s Stat.nl:il','umerL

*Combine the H->ZZ and H->yy L N
channels (most precise channels) | L S/ &
eMass precision ~ 0.2% 3 o\ 1V
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CMS+ATLAS Mass F

First common paper CMS+ATLAS!!

For the record =&

Physics paper sets record with

I more than 5,000 authors

Detector teams at the Large Hadron Collider

D 5 ] 53 authors, collaborated for a more precise estimate of the size of
the Higgs boson.
00 One duplicate, 2X 104 effect. Dwvkde Coeivessh
o Found that there are two: i

1 Archana Sharma
(both CMS)

1 Andrea Bocci
(one CMS, one ATLAS)
1 Muhammad Ahmad
(ditto)
o F. M. Giorgi et et

(ditto)

A physics paper with 5,154 authors has — as far as anyone
knows — broken the record for the largest number of



Coupling Measur

Assume the observed signal stems from one narrow resonance.

r Yukawa o Gauge sector
(0-BR) (ii » H— ff) = 221 @
F“ N ° Mixed
Parametrize deviations w.r.t. the SM in production and decay. This implies precise . s |t
knowledge of the SM Higgs. Not considered are BSM acceptance effects. ono -° eepa e

® one common scale factor
® scale vector and fermion coupling
e custodial symmetry

® new physics in loops
K2 K e Z wi BlsulT =+ X) = e BSM Higgs decays

(¢-BR)(gg =+ H = yy) = osm(gg — H) BRsm(H — vy) - 1— BRpax
Decay tag fincl.(ggH) VBF tag|VH tag [ttH tag *Overall combinations from
H—ZZ v v ATLAS and from CMS
H—yy v v v v
H—=WW v v v v CMS arXiv:1412.8662
H=tr v v v v .
HhE 7 = = ATLAS arXiv:1507.04548
H—=Zy v v
:::‘:; - j % Combination of ATLAS & CMS

: arXiv:1606.02266

v Used in the NEW combination




Combined Fit of ATLA

Overview of the decay channels included in the analysis

Channel References for Signal strength [4]  Signal significance [o7]
individual publications from results in this paper (Section 5.2)
ATLAS CMS  ATLAS CMS  ATLAS CMS
H— yy [91] [92] 114730 L1173 5.0 5.6
039 W) @6 (5.1)
H—Z7Z [93] 94] 1527050 1047932 76 70
7)) (8%) 66 (6.8)
H— WW [95,96] 971 12273 09073 6.8 4.8
) ($%) 68 66
H- 11 [98] [99] 141930 088903 44 3.4
S3) (W) 6y 6
H — bb [100] [101] 0627937 081794 1.7 20
o) (88 en @)
H — pp [102] [103] -06%3%  09%3%
(58 (5)
tH production  [77,104,105] [107]  19*9%  29+0 2.7 3.6
) (8) 08 a3

Values for a common mass My, of 125.09 GeV



Combined Fit Re

Results for cross section x BR Results normalized to o(gg->H->Z2)

LHE FII.II‘I 1 o Th. uncert, LHC Run 1 = ATLAS
T ¥ B : o
| =l

T + olgg—~H—22) b S —
g wWw | 4 - : W Th. uncert.

| 4 Oype/ O —:_I:_
W el o = :
S Tl

T i i . : -

'8 —— oA % ':I -
L ww| e i .:
g 1T I —_—— ﬂlHjuugF = ws =

bb - B

14 i BB = T =
ﬁ WW | e — —

TT . B’TBR _H_¥|

bb | - -

o e S I~
T W i —_—— = :
= el .

g - BB s, S
hh-.-la- I||-I_|Jhuuuluunluuull.. l-lIlIlIlI IIIIII-IIIllIlIlIIIIlIIII
-5 4 -2 0 2 4 5] B8 10 -1 0 1 2 3 4 5 B
o - B norm. to SM prediction Parameter value norm. to SM prediction

B = (i) (B
o B =olgg - H — Z7) (ﬂ_ﬁF] (Bﬂ)’

T



Ratios of Higgs Coupli

I Coupling Maodifiers

G=coM | & =Tl

Ratios
Kz = Kg - Kz[Kpy

Azg = xz/kg

Aig = ki [Kg Al
Awz = xw/xz ¥z
Ayz = ky/xz |
Arz = krfkz

Apz = kpfxz |l.b2|

Hatched area: indicates
we assume these
parameters to be positive

ATLAS and CMS

LHC Run 1

-8 ATLAS+CMS
—»— ATLAS

—i— CMS

— o interval
—— 20 interval

3

-2 -1 0 1 2 3

Parameter value




Production/Decay Sig

o= : f
g = = Signal strength yf = B
(oi)sm (B )sm
ATLAS and CMS - ATLAS+CMS ATLAS and CMS - ATLAS+CMS
= CMS M
B . — =0 — ' =
agF T~ e — .o
i =
n ——— =
VBF p——— 77 :
- : el
il i - :
WH =i H
i ooy
ZH " — B :
& : e .
u ; - -
tH — : s
- W o ——
H _L+_ ..,
IIIIII-Iilllll'llllII|IIIIIIIIIIIII1!IIIII|I-IIIIIII WETANUSNLENETE TRET NI SUUTE TR S FRURS FER Tl A
A-Ds 0 08 1 18 % 95 9 95 4 -1 =05 0 05 1 156 2 25 3 35 4

Parameter value Parameter value




Global Signal St

Results for ATLAS & CMS and for the combined data set

Best fit u Uncertainty
Expt Thbgd Thsig

0.11 | +007 +004  +0.03 0.07
ATLAS + CMS (measured) 1.09 010 | S007 004 003 006

ATLAS + CMS (expected) o | 0y By BE  Bf

+0.04 +(.08
-0.14 -0.10 -0.06 —-0.04 -0.07

+0.04 +0.07
-0.04 -0.06

0.04 0.07
CMS (measured) 0.97 013 | 2009 005 -003  —006

+0.14 | +0.09 +005  +0.04  +0.08
CMS (expected) ~0.13 | -009 -005 -003  -0.06

ATLAS (measured) 1.20
ATLAS (expected)

u = 1.097q 10 = 1.09%5,7 (stat) *g 54 (expt) “gg5 (thbed) g6 (thsig),




BSM Searc

Search for effects in loops

in 2-photon decays and ggF e

o LIS B NN B SN (RN N S JER I LI I NN PN B [ < r ' ! I ' I I 7
* 15 ATLAS and CMS [CJatLassoms | e [ ATLAS and CMS  [x,, xy k, Ko, Ky, Ko Ky Boend
1 LHC Run 1 DﬁTLﬁE D’i.l B:_ LHC Run1 1
: ' - 7F ;
] r —— Observed o
6f - SM expected E
| sf >
ab- 3
3t ]
of E
0.6/ i) - i3 %
I -FE% EL |m-mq‘- - E.?tm - Elh'lmtpuﬂ:rd | - JeRREC R i i i i | | i .
56 08 1 12 14 18 %005 01 015 02 025 03 035 04 045 05

K

Basm

Data shows no deviation of SM!

Assuming Bggy=0



Results as Function ¢

- LHC Run 1

107°¢

1074 E

1F ATLAS and CMS

¢ ATLAS+CMS

------ SM Higgs boson _
—— [M, g] fit :
[ ]68%CL
95% CL
1 — S E
10 1 10 10°

Particle mass [GeV]




Testing u/d fermion/ lep

o
Up- and down-type fermion coupling ratios  Lepton and quark coupling ratios

ATLAS and CMS -®- ATLAS+CMS
LHC Run 1
L ¥~ ATLAS
: - CMS :rm 'Wﬂuﬁ‘f CMS & ATLASHCMS
<o o —lointeral - : =
}\, : . : = GMS
du ——— —— — 2o interval 5
—— sl I, | ———— =
- :  ——
A -
Vu e A ——
d— Vg -
i —ie——
" ———— « -
uu - qq —
: e —p——
: i I_i | gl J_
PN S N RO NN T T TR W NN T N N N TN TN T T N TN T ST N TN N A u ﬂ_ﬁ 1 ts E‘ Eﬁ 3
-2 -1 0 1 2 3 4 Pararmeler vale

Parameter value




Fermion and Vector E
Modifie

Results for the individual channels and the overall combination

w L T T 7 T T T
* | ATLAS and CMS
2ILHC Run 1

T

" [Jcombined [ JH-yy
ol [Hezz  [JHoww
jl]H—r:n: DH—-bF

~— 0 05 1 15




Fermion and Vector Bos
Modifiers

Results for the individual channels and the overall combination

Zooming in on the interesting region...

w 1.6

T T | T T ¥ | T T T | T T T “-u 3 . . i . 1 : T - - | T - |
* [ATLASand CMS .. 1% "l ATLAS and CMS

 LHC Run 1 ;.a” L“u_h_. A “LHC Run 1 ]
1.4 - - % ] s 5L N

| [ ]ATLAS«CMS _ Dy gombines

— ! =)
V2 [Jaras | 2 Otz

[ [ Joms [ Ot

- H-=bb

1 =\ 1.5 N -
0.8} A i
06} : 0.5-

[ OO%CL— PO CL & Bosft % S epeoed | [ TSN CL - 0EKCL # Bedtik ok SMorponed |
0408 1 12 14 % 05 1 15 2

f
Ky Ky




Higgs: ATLAS+CMS Co

" Production process  Measured significance (o) Expected significance () The Ru n - 1 H ig g S Legacy I

VBF 5.4 4.6

28 23 29 Vector Boson Fusion production

i p v mechanism and H-> tau tau decays
e channel o5 ‘0 established with 50 significance in
ot 26 7 combination  arxiv:1606.02266

E:? ' ATLAS and CMS

5
¢p o
]

5

r , .I_IJ.LI_-J.LI.-_I.LIJ_-J-I.I.I_LIJJJ_IJJJJ_IJJJ.I_IJJ.I—IJJ.
Paramater va) -1 0. 15 2 28 3 38 4 Particle mass [Ge
rarmelar L Fara : .'r-l

Signal strength/SM: | p = 1.097)1y = 1.097077 (stat) *001 (expt) *003 (thbgd)*D 0! (thsig),




Brief Higgs Summary

We know already a lot on this Brand New Higgs Particle!!

":I T T T I = I |.. T T T T
E ATLAS and CME H=ry ] ATLAS and CMS
=i — Hldrii 2FLHC Aun 1 1 25 ATLAS —Data -
E LML Fun 1 — Combired ppel QN ___| H—=ZI" 4l —fFer
Ly —_—-a g eTTAV ke asn =0
f 1 7% fmeaTov Lk -27e Fa0
] # Dem i S Tm—
PR o A5 JI
af o Sl Y
TN e | 01 PLLAITY
2 _ = - ]
: (| BRI
| o | i1 : .:: 11L1
Desntrwa [Jo—n | | I | )
o o sy ] o1 A b H‘“«-._
124 Qe e A % 0 & 0 5 10 15
0 a5 1 15

o log(LUP =01/ LU =07)

Width
< 24 MeV
(95%CL)

Mass = CMS+ATLAS
125.09 £0.21(stat)
+0.11(syst) GeV

Couplings are Spin =
within ~20% of 0+() preferred
the SM values over 01,2

SM-like behaviour for most properties, but continue to look for anomalies,
i.e. unexpected decay modes or couplings, multi-Higgs production...




3 TeV Resu




Run-ll: From 8 Te

Min. bias fE N . - .
T —2 ~ Predicted cross-section ratios
Single t (s-ch.) f .
Single t (tch.)
tWw

tt

ggH
VBF

VH

ttH

(0.7 TeV)
t (0.9 TeV)
(1.0 TeV)
g9 (1.5TeV)

gg (2.5 TeV
Z w (2.0 TeV

G* (30 TeV)
HSCP § (2.0 TeV)
W sth (2.0 TeV)
XgoXes (1.0 TeV)
xﬂ: (1.5 TeV)

(G L)

13 TeV (G'L)a TeV

13 TeV with 2.2 fb?!
- potentially more sensitive
than 8 TeV (19.8 fb)

lﬂiﬂm

| 10 10° 10° 10*

ICHEP dataset G413 Tev! O Tov




13 TeV Higgs Results

e nary 12,9 0" (13 TeV)
Eﬁmﬂ Mo T AR
H—ry - All celegaorias

g m=126.0 GeV. u=0.85 g, By weighted ]
Eml} H Dala ]
E — S4B .
e B component
3 B o ]
E‘am [+ o ]
gim

7:

R I P R T R TR TR
m,, (GeV)

el

j|‘L;|gH.'Iﬂ-'l

1 <1
100 e e 1T B B ToV) + 120 851 (13 ToV)

2016 data
Observed 5.60
Expected 6.20
u= 0.91

8 8 8 8§

g8 & 8

%

H)IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_I
8 E] 0 11 12 13 14
s (Tev)
CMS Py 12916 (13 TeV)
G0 HI B T L T L Y
Hry BB combined = 1o
—B= Per category + o
= e |
o e =
L Hnﬂﬂ:ﬂn m:ﬂ
K my, Prafiled 7
B | 181 - Moy =1
L LK) R
i SRR S S S S W F—
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13 TeV Higgs Result
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The Hunt for ttH @ _

We saw a small an unexpected excess in run-I in the multi-lepton channel
Is this real? Is it in fact ttH or something else (we do not constrain the Higgs)

ATLAS and CMS -2 ATLAS+CMS
LAHC Aun 1 - ATLAS
== CMES
B . — =1
H —+— —H‘.EU
agF e
H
n i
VEF ——
i
Mo —
H :
ZH i e
i .
unH ; - =
u porl
il
ART1FETT] FTTT] FRNTE SNRE1 AR NNH ANERY FTET1 PRTTS FRAm

-1-050 05 1 156 2 25 3 356 4
Parameter value

> Combination of all Higgs analysis channels
> pyy dominated bv: ttH(vv). ttH(multileoton). ttH(bb)

ATLAS 1.9 +0.8 -0.7
CMS 29 +1.0 -0.9
Combined 2.3 +0.7 -0.6

Observed (expected) significance
4.40 (2.00)

The ttH cross section
increases with a
factor ~4 @ 13 TeV

2015 data
ttH(vy)

ttH(multilepton)

No significant
excess in the
new data.

=385

fig =061

ttH(bb)

fi =-2073| But more data

~will referee




The Hunt for the t

Measurements with the 13 TeV data in 2015

23-27h" (13 TeV) m,, = 125 GeV 2327 (13 TeV)
- I 20F
IS ttH combination = - CMS
- HIG-15-005 H-syy E_ 18 o
o HIG-15-008 H—~laptors = - Preliminary
. HIG-16-004 H—=bb ‘e 16}
= - ttH production limits
@ 14 e Observed
(=N L
o
=1
I
o
o]
S
(=]
P R T D
3 Combined H-=leptons H-—=bb H—syy
I HIG-15-008 HIG-16-004 HIG-15-005

No upward fluctuation as in 8 TeV. So far ttH not clearly established yet




The Hunt for the tt

CMS Preliminary 12.91b" {13 TeV
P TS P T Sy TE Y [ ST T Cr T 4 | TR TP ST PR

% E . ek =
Update with 2016 data! ~ CMS-PAS-HIG-16-022 @ * BDT classifier &= -
12.9 fb! of data j outputs EE E

[CiFakes

Search for associated
production of Higgs
bosons and top
quarks in multilepton
final states

4 45 5 55
BOT (ttH, 11V bin

Category Obs. limit Exp. limit £10 | Best fit y +1c

Same-sign dileptons 4.6
Trileptons 3.7

Combined categories 3.9
Combined with 2015 data 3.4







Searches for BSM

MSSM neutral Higgs searches
Charged Higgses (single, double...
Associated production

Double Higgs production

2HDM searches

FCNC tests

Unusual decays (LFV, others...)

N

No significant signal reported so far.




Invisible Higgs Decay

Search for invisible Higgs decays using
Z+H > 2 leptons + missing E;
VBF H = 2 jets + missing E;

Possible decay in Dark Matter particles

(if M<M,/2): Higgs Portal Models

Combined result from the three channels
BR(H—invisible)<58%(44% exp) at 95% CL.
for a Higgs with a mass of 125 GeV

o T_n

P2

= 2 .
o [ CMS 95% CL limits o arXivli404.1344
= 18 = T T,
- Combination of VBF and —— o . Comeisaton ol VEF and
z F on G Observed limit 5 Cometeaton o CMS
= 16 ZH, H—invisible Expected limit 'E_:F 10 ¥ = B0 TEV. L= 169197 10" (VEF+2H)
:E - Ys=8TeV (VBF + ZH) - & 107 = TOTEV L= 430 [ZHy B i D7 8 OO
H 14— L=189-197 0! - Expecte'd limit (10) E ‘"T"
X 4o Y5 =7 TeV (Z(I)H only) Expected limit (25) E 10°
° b L=a9m S 100k
{)_ﬁ:_ E ]ﬂ' J—
- 107 e
06— § 10 "E"""""'"_F_..--"'; ot
0af ERRL =il o B
- .= “]'1? m—— R e
0.2_—| | L | L | | E .“]-13 il I I o311 raal _-IJIF,‘JI-“IIIII
115 120 125 130 135 140 = 10 107 100

1 1 1 1 145
my [GeV] DM Mass M, [GeV]



Invisible Channels Co

Combination of all channels including also the
mono-jet channel gives for a 125 GeV Higgs a limit
of 24% (23% expected) at 95% CL

q q g Vv
g g
wy/z
_ >__H ~>__ H
g
q q q N\ H
CMS-HIG-16-016

49" 7 TeV)+ =197 (B TeV) + 23" (13 TeV)

490" (7 TeV) « <19.7 & ' B Tel) + 20 m" {13 Tel)

- CMS

qJ I'.}.1.. p2 03 04 05 06 0.7 08 09 .1

BiH = inv,
Dark Matter interpretation -

49" (7 TeV) +=18.7 i (8 TeV) + 2.3 fb" (13 TeV)
T T ) LILAL T T T LINLEL) I'I 1 ¥ T T T
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| / : f 3
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Search for LFV Deca

arXiv:1502.07400

* Previous best limits on B(H—pt) <~ 10% from reinterpretation
of LHC H— 1t searches and from T—py amwaz0s.1397
— Can do better with first dedicated search

* Consider hadronic (t,) and electron (t.) tau decays

* Same basic event selection and jet categories as SM H— 1t
analysis (0-jet, 1-jet, VBF-tag)

* Differences in kinematics

— Harder muon p; spectrum  "had Thad
1 1
— Ad¢ between p, 7, /T, - J
missing energy veclor

127 16" (B TeV}
I T 1 T

® Datm, ur_ =
[ onpe umeertaiey ]
B 5™ peggs =
:|z-.-: -|
. oot 1
T -ut.t =

Events / 10 GeV

MB@?I
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1
:
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i
:

Events /10 GeV
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. Search for LFV Deca

Comparable sensitivity CMS 19.7 16 (8 TeV)

ut_, 0 Jets L R |
from all channels ooy . P

2.04% (obs.) % Expected
ur,, 1 Jet [ Expected - 1o

* B(H — ]«lT) < 1.51% at 95% ;ﬂiﬁiﬁ - [ Expected = 20

ut,, 2 Jets

3,84% (obs.)

M, 0 Jets
2.34% (exp.)

* Large improvement of 2/61% (obs.)
T, 1 Jet

e
previous limits 27 (oxp) .
= -

2.22% (obs.)

uT, 2 Jets
2.31% (exp.)

« Background-only 3.68% (obs)
p-value of 0.010 (2.4 o) | . @
- Best fit [ PP R P S

\ o 0 2 4 6 8 I1D
B(H — pt) = (0.8415%)%.

95% CL limit on B(H—>ux), %

Mild excess giving a 2.40 effect... To be watched!!!



et O-Jdels
1.63% (exp.)
1.82% (obs.)
et,, 1-Jet
1.54% (mxp.)
0.94% (obs.)
et 2-lels
1.5%% (axp.)
1.4%% (obs.)
er,, O-Jels
2.71% (Bxp.)
3.92% (obs.)
er,, 1-Jat
2.76% (exp.)
3.007% (obs.)
ar,, 2-Jais
3.55% (exp.)
2.88%: (obs.)
H—ex
0.75% (axp.)

0.69% (obs.) .
]

*All measurements are in agreement with expectation
«13 TeV (2.3 fb'1) H-> pt channel is less sensitive than 8 TeV (20 fbl) one

=> Jury still out. Full 2016 data set will be the referee

Other Channels/Ne

arXiv:1607.03561

H-> et 8TeV

CMS

10.7 o (8 TeV)
IIIIIIIII
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*  Expected ]
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ue, 1 Jet
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H->put 13TeV

CMS rraiminary 237 (13 TeV)
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§ - [ = 1 std deviation
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BB B Ta¥ [Phys. Lell. B 748 {2015} 337].
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High Mass Se

CMS-PAS-HIG-16-025 CMS-PAS-HIG-16-033 CMS-PAS-HIG-16-023

H->Z7Z (4 lepton)

CMS Preliminary 120113 Tav)
g , Expected  Cbsarvad, §5% €L
= HF =l X2E — .
al r=p 1 - H->WW (full leptonic)
N =G 5 1 ESFbI{‘ISTw]
2.69 ﬂ;'-l ':ED1E:I T =10 Ge¥ Lo — 1 =3 'I_—1 SRR R RS EEEBEEDaEEn -
a M % - b, 95% CL upper limits b FedDOaY o — ! o - CMS 2 Pl
CMS 10k 1 I
— 107 Preliminary — RS graviton, #=0.1 T = 3 & | Fiofiminery " Expacted
: — BT | g bl R
T B 1 st deviation (spin-0) 'E [ 1 T I IRETTL I
Fad +2 std. deviation (spin-0) " 4 g
= —e— Observed (spin-2) |
” - Expacted (spin-2) 1k = | T i
o o10: - E__ E
C <] i
L E | 8
o i
E1o';
- F
(] i
T: ﬁ i-,,,.l,...l .......................
r o 200 300 ﬂﬁﬂﬂﬁﬂﬂ?ﬂﬂﬂmgﬂﬂmﬂﬂ

B I T R i F R M, [GeV]

Not al channels analysed yet, but no signal so far



Vioolvi Neulrdl niggs

Update of the published MSSM results with new HIG-14-029

tau finder. Reanalysis of the 2011/12 data.

MVA hadronic tau analysis, b-quark categories and Huge gain ~70%!

hadronic tau p; categories... i.e. like 3x the lumi
CMSFreliminml'y pom 1Ig.?lm“‘ (8 TeV) New update

E 10° Observed _4 ~ 60 CMS pretiminary, hH,A—vr, 19.7 fi (8 TeV) + 4.9 167 (7 Tev)
e E =

— . ]
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IVIDDIVI Neutral nigg

Study of the Neutral
Higgs h/H/A to tau tau
eInclude channels with
associated b-quark
production

*No excess found so far
—> exclusions (95% CL)

200 400 B0 B0 1000
m, [GeV]

()
CMS Protminery, A3, 107050 T 4817 T 30 EMS Prtmeen nigom o7 o0 ow' g0 ), MAX SCENQTO;

: : mhm0d+ and mhmod+
- : 3= & scenarios

' ‘ F with modified

stop mixing

Light stop scenario




MSSM Higgs Boson i

T, #8T, FRILT T, 235015 TaV)
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HIG-16-006

13 TeV data
analysis

No signal yet



Run-1 High Mass BSM Hi

Constraints on 2HDM models

Fud L A
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1|_

S Type-1 95% CL

— Observed 955 CL |
02r 2HDM Type | — Expocted GE% CL |
--5M  JBest fit
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Y
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Indirect constraints from couplings from the Higgs
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Type-II
— Oibserved 35% CL
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Run-1 High Mass BSM Higg

Constraints on 2HDM models

Type-I cms Prelimina TYPE-I1 1 1ev) . <1871 8 Tov)
A - !
CMS Pl"b'm:mrﬂly =511 (7 TeV) +=19.7 17" (8 TaV) 2HDM Type I, cos(f-at)=0.1, m, =m, =m,+ 100 GeV
2HDOM Type |, cos{f-aj=0.1, m, = m. = m, + 100 GeV = 13 . 7 —
T 13 - m gt : B Observed exclusion 95% CL |«
5 Bt I Oteerved exciusion 95% CL 7k s Expected exclusion 95% CL
i Expected axchision 85% GL 6 [ 1 h(125) (HIG-15-002) i
6 H—s WW/ZZ [arkiv:1504.00936) |1 5 ' H-» WW/ZZ (arXiv:1504.00936) |
5 | [ ] AMHh-s o (HIG-14-029) ' [ 1 AHh— tt (HIG-14-029)
. . 4 I | A—ZH—slltt (arXiv:1603.02091) |-
4t E— : iH::'T |ar=::e..11ms.m911:- : [ A—sZHslibb (arXiv:1603.02891
] A bl (arkhv: 1603.02591) 3 flon pstiirbatiie Teai0n _
3l Mon-parturbative region :
N
0.5 ‘ e

Data includes from Run-1:
Indirect constraints from couplings from the Higgs
eConstraints from direct searches: A/H-> 11, A/H->puy,, AH->bb, charged
Higgs, H->hh, A->ZH, H->WW/ZZ high mass search channels




Run-1 High Mass BSM

Constraints on MSSM model

MSSM M, (mod+) hMSSM

<5.11b"(7 TeV) +<19.7 fo' (8 TeV)

CM Prelimina <5.1 o' (7 TeV) +<19.7 fo'(8 TeV) e 60

: 4 i mads
G i .~ MSSM m, A
: = o =

8 E ) g~ A o
30 ) % T A my=126 Ge

- o My=125 GV : _ e : )

1E : rlnl 10‘ e e e i i : ___________________
CTTEERTTS mptGey [ ] Observed exciusion 85% CL
o ensng ﬁjgg E:ﬁ e Experted exclusion 55% CL

£~} Model not strictly applicable

| hi125) (HIG-15-002)
AH — bl (arkiv:1 506.08324)
AHR — pp (arkiv: 1508 01437)

[ ] observed exciusion 85% GL
s Expected exclusion 85% CL
| s o (arxive1508.077T)

LW 4
L fa N

AH — b qarkiv:1 506 08320)
AHIR = pp farki:1508.01437)

[ ] A — o (HIG-14-029)
f H — WWIZZ (arXiv:1504.00956)
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m, [GeV]
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AHM — tr [HIG-14-028)
[:l H — hh {ebrs) £ A = Zh (i)
[arXiv:1310.01181)

| H—+hh {boryy) (HIG-13-032)

H— WWEE {arkKiv:1504.00936)




Charged Higgs S

H™ = Ty,

CMS-PAS-HIG-14-020

Both low and high mass, using full hadronic final states

eLimits now down
to 0.16% for the
low mass (95%CL)
*Cross section limits
0.38-0.026 pb
at high mass
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Heavy Charged

Ht — tb

gg — HTtb

H™ = tHv

Final states with two leptons or
one lepton plus hadronic decaying tau

. - -1
CMS Preliminary, |s8 TeV. L = 19.7f07 CMS-PAS-HIG-13-026

[ ]
o

'y
& o, o

m{'d+ scenario, tanfi=30

-
%]

ox( B(H*— tb)+B(H*—1v)) [pb]
o

No excess observed

o N B o o




Charged Higgs to WZ

1800
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o x BR(H — W*2) [fb]
g

CMS-PAS-HIG-16-027

High mass search with leptonic W,Z decays
-> 3 leptons + 2 or more jets

15.21b" (13 TeV)
T T | T T T
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e
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15.2 fb™ (13 TeV)
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Search for Charc

CMS-PAS-HIG-16-030 H+*—cb in lepton+jets channel using top
quark pair events

19.7 b (8 TeV)

— 0.05 :I I I L I T 1T 1TT I L I L | I | L | T |:
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Search for non-Reson

CMS-PAS-HIG-16-026 2b2y channel CMS-PAS-HIG-16-032
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95% CL on the cross section

95% CL on ox BR{hh— bbrr) [fb]




- oQedrcn resondant vi-nigc

CMS-PAS-HIG-16-032

bbtt channel CMS-PAS-HIG-16-029
129707 (13 TeV)
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Summary -

* In 2012 we discovered a new particle around 125 GeV. The
data analysis in the last 3 years has shown that this particle
has the properties of a Higgs Boson related to the EW-
symmetry breaking.

 The mass is ~125 GeV with a precision of order ~0.2%.

« The legacy data of run-1, including a combined fit of
ATLAS+CMS has been released. The particle has properties
of a SM Higgs within present precision.

e This new particle could be the key to our ‘contact” with the
new physics side. Detailed study is imperative.

e No (clear) sign yet of other Higgses or exotic decays...

e Run-II data will bring a new level of precision (~ 5-10%)
and access to new channels. And hopefully surprises...

It may just take ONE deviation to show us the way...
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Many questions are still unanswered:
*What explain a Higgs mass ~ 125 GeV?
*What explains the particle mass pattern?
eConnection with Dark Matter?
*Where is the antimatter in the Universe?
®
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e
o =&

hidden
sector

The Future: Studying the Hig-

Higher Energy in 2015!
LHC lumi upgrade !
Experiment upgrades!!
(Other/new machines?)
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