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p.s. Top quark mass masurements

I I 1 1 1 1 |
Septembér 2015

CMS 2010, dilepton
JHEP 07 (2011) 049, 36 pb’

CMS 2011, dilepton
EPJC 72 (2012) 2202, 5.0 b

CMS 2011, all-jets
EPJC 74 (2014) 2758, 3.5 fb’"

CMS 2011, lepton+jets
JHEP 12 (2012) 105, 5.0 b’

CMS 2012, dilepton
This analysis, 19.7 fb"

CMS 2012, all-jets
This analysis, 18.2 fb™

CMS 2012, lepton+jets
This analysis, 19.7 fb*

¢ 175.50 + 4.60 = 4.60 GeV
(value = stat + syst)

172.50 + 0.43 + 1.43 GeV
(value = stat + syst)
173.49 + 0.69 = 1.21 GeV
(value = stat + syst)
173.49 + 0.43 + 0.98 GeV
(value = stat + syst)
172.82 + 0.19 = 1.22 GeV
(value = stat + syst)
172.32 + 0.25 = 0.59 GeV
(value = stat + syst)
. 172.35 + 0.16 = 0.48 GeV
(value =+ stat = syst)
...............................................................

CMS combination

Tevatron combination (2014)
arXiv:1407.2682

World combination 2014
ATLAS, CDF, CMS, DO
arXiv:1403.4427

172.44 + 0.13 = 0.47 GeV
(value = stat + syst)

174.34 + 0.37 = 0.52 GeV
(value = stat = syst)

173.34 = 0.27 = 0.71 GeV

(value = stat = syst)

CMS Preliminary

May 2017

165 170

175 180
m, [GeV]
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b hadron lifetime

e @——— 173.50 = 1.50 = 2.91 GeV
TOP-12-030 (2013)

Kinematic endpoints o 173.90 + 0.90 +1.70 GeV
EPJC 73 (2013) 2494 e -2.10

b-jet energy peak

TOP-15-002 (2015)

Lepton+J/¥

e @———e 173.50 + 3.00 = 0.90 GeV
JHEP 12 (2016) 123

Lepton+SecVix +1.58
—O— 173.68 = 0.20 GeV
PRD 93 (2016) 092006 -0.97

Dilepton kinematics o 171.70 « 1.10 +2.68 GeV
TOP-16-002 (2016) -3.09

Single top enriched o

, 172.60 = 0.77 *097 | o0 GeV
arXiv:1703.02530 (2017) :

CMS tt+j shape, 8 TeV _g 169.90 = 1.10 +4:38 _ o Gev
TOP-13-006 (2016) -3.49

oftt) 7+8 TeV
JHEP 08 (2016) 029

CMS 7+8 TeV (2015) PN 172.44 = 0.13 = 0.47 GeV
PRD 93 072004 (2016)

—@— 17380 *170 _ o Gev

World combination
ATLAS, CDF, CMS, DO @
arXiv:1403.4427 (2014)

173.34 = 0.27 = 0.71 GeV

160 170 180 190
m, [GeV]



The Standard Model...

Building blocks: matter (fermions), forces (bosons)
| I

Quarks

@ v

Force Carriers

Leptons

« Electroweak theory is based on underlying symmetry between
the two interactions

« Simple Lagrangian formalism describes this very well but only
for massless particles....

M. Gallinaro - "The Higgs boson and beyond" - May 18, 2017 3



...and the Higgs boson

How do particles acquire their masses?

* Hand inserted mass terms destroy gauge invariance (local)
* Need gauge invariant mechanism to generate mass terms
* Higgs mechanism is simplest way to do it

The Higgs mechanism

* Introduce additional scalar field

« Additional terms with mass appear
* Vacuum expectation value #0
 Particles move through field which gives them mass

massive
“what makes everything sotid’

Bruce Springsteen

M. Gallinaro - "The Higgs boson and beyond" - May 18, 2017 4



Testing the SM

* Measured to incredible precision
 Largest deviations to 3%

 After LEP: scale of the “missing piece” accurately predicte M
« SM is a predictive theory

6 March 2008 m, .., = 160 GeV
5 _ 1
5 Aahad - _
. i —0.02758+0.00035
3 % - 0.02749:0.00012 I
4 - % =+ incl. low Q° data —
3 — -]
2 - -
14 _ -
0 Excluded 5, /. Preliminary
30 100 300

m,, [GeV]

A (LEP)
A(SLD)

lept

sin®e_, Q)

0,c
AFB

A%P

FB

Ac
Ab
R?
Ry

c

3 3

b

m,

(5) 2
Acy (MP)
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The Higgs

* Higgs mass is not predicted in the SM H
 But it can be related directly or via loops to the w o N w
. /\/‘W\/\
mass of known particles and other observables w
 Before the top quark was found > ——— cre—
. . . . . xperimen W V]
Including the top, precision measurements yielded |7 o
Mg =897%2 GeV| | — |
A %—’— 3 414 ‘
1000 I, 0.4 R R, (10) LI B LT ' '/ dof = 49/41
-------- Z pole asymmetries (10) o ] LEP "é‘ ® 80.376 + 0.033
500 — — —. M, (10) : : -
ao0| T g 3;“") | %0 Measurements
200 I precision data (90%) : :
%‘ oot
S, 100 -
= f 8 o
o 3 P
30 . . . linearty added to
20—_."".' // M.-L’IA'?H‘-OV
g , :
10|....|..../|....1|.. RN e ) " 002 80.4 sos | Prediction as
150 155 160 165 170 175 180 185 M, (GeV] N a function of mH
m, [Ge
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Higgs “self-coupling”

Drives the stability of the Higgs potential

* Knowing the Higgs mass, and VEV we * Alternatively, test if SM is consistent at
know it higher scales
* We can measure it from rare =Depending on the top mass, Universe
processes h—hh may be unstable
g
t.b h ,’
— ’ 180 T T T T T v 'y T v T T - v ’ ¥
o P i ,,,-'107 . 101
t,b "\ > Instability = _ — ==~ .- Meta=stability - -]
] 8 | ’,//
G g spE=
[ o E 1'”:2’3}"
W Y7 g RGP
R «— 7 3 10— Stability
e 7 - 1
165 1 1 1 1 1 1 L 1 1 1 1 1 I I 1 L 1 1 '
115 120 125 130 135
7 1 Higgs mass M, in GeV

¢’ Y’
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LEP: Hunting for the Higgs boson

Electron-positron collider up to s'2= 209 GeV
Integrated luminosity: ~700 pb-"!

Shutdown: September 2000

‘.

P - -
R

S
Bt s

DELPHI-

e
o
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Higgs production at LEP

WW-Fusion
e S . 0" mmmgqeesecscsesscaanas V
W
WL e Hges E
Strahlung '.‘
o W
H o’
] O e L V

2 | WW-Fusion

1
Ui w189 GeV
e 200 GeV
. T
10 e 208 GeV

I.JA e 1 S I lo--‘ 1 |
80 % 100 110 120 80 % 100 110 120

m, (GeV) my, (GeV)
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Z—qq

Hesbb > Z—wW

H-t't \< Z—qq

i\

H»b§ > Z—oﬁza

M. Gallinaro - "

4-jets

missing
energy

T-channel

T-channel

lepton
channel

51%

15%

2.4%

5.1%

4.9%

WW » qqaq
ZZ » Qqaq
QCD 4-jets

WW -+ qqtVv
ZZ » borT
ZZ » oqTT
QCD low mult. jets

ZZ » bbee
ZZ ~ bbuy

The Higgs boson and beyond" - May 18, 2017

At LEP: look for 3@ generation decays
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LEP H—bb candidate

Displaced decay from
a B hadron candidate

(T~1.6 ps)

M. Gallinaro - "The Higgs boson and beyond" - May 18, 2017 11



Summary of LEP candidates

* [Invariant mass of all candidates

0 Vs = 200-210 GeV
e
D20 b gronnd *
. t mmm hZ Sl;n:l("\
 Total of 17 candidates selected " o

—15.8 bkg expected &b

Vi = 200-210 GeV

2]
5|
u>J |

i 4 LEP medium

 Expectations for m ,=115GeV = background
| e Gev)
8.4 evts - m I~
b bttt A it
. o [ Vs = 200-210 GeV
» Corresponding excess not observed E (L
T [ vacagronnd
4 L mmm BZ Signal
(m =115 GeV)
« Set limits: 2 itﬂ ) ’
=>mH>1 14 .4 GeV @95%CL o % T e so 100 120

Reconstructed Mass m+ [GeV]
M. Gallinaro - "The Higgs boson and beyond" - May 18, 2017 12



Searches at the Tevatron

Chicaco

-

M. Gallinaro - "The Higgs boson and beyond" - May 18, 2017



Higgs production at Tevatron

q

W.Z W,z

VH Ho

Associated production

HO

WW, ZZ fusion >4

t
t

g g fusion

t T fusion

103}
o [fb]

— \
g8,qq — tth \
R T ~—— \ ’
TeVALHC Higgs worki 0 -
1 Ll TLnl 1 llggl | tnlgfrnupn PR T W T TN N T N S A ;—I“f‘mgn 1l
100 120 140 160 180 200
m, [GeV]

. Gallinaro - "The Higgs boson and beyond" - May 18, 2017
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Look for all possible decays

* Window of maximum opportunity (most “democratic”) at ~125 GeV

« Couplings to gluons and photons available through top and W loops
100 . . '

10-1 ¢

10-2 }

BR

1073 }

104 }

105 - ' ' ' =4 =
100 200 300 400 500
MH [GeV]
M. Gallinaro - "The Higgs boson and beyond" - May 18, 2017 15



Most sensitive channel at the Tevatron

120 140 160 I_?S) _2()()
m. (Gev/c™)

100

« At low mass, use h—Dbb final state » At high mass, use H—-WW final state
— Associated production with W or Z — Benefit from high gluon-gluon cross section
— Challenging b-tagging, jet resolution — Challenging lepton acceptance, MET
— Backgrounds: top, W/Z+heavy flavor, VV — Backgrounds: top, VV

M. Gallinaro - "The Higgs boson and beyond" - May 18, 2017 16



WW channel

_CDF Run Il Preliminary [L=07"
- Decay products from resonance 3 95 - 160 covi
—2v take one degree of freedom 3 =
s — «-Data
—Cannot reconstruct full mass @ 00
—Use transverse mass (jacobian peak) 1505
100
MTWW - \/(E'I T+ E'I}—i— )2 - (Z-}:I};*[— +ﬁ'l’)2 50;_
oC T

* Helicity conservation after H decay
—N helicity is pre-determined (massless)
—Dileptons recoils against 2v preferentially

[~ 4+
ke
V- W= V]

M. Gallinaro - "The Higgs boson and beyond" - May 18, 2017 17



The H—-WW discriminator

CDF Run Il Prelimi CDF Run Il Preliminary rL=9.7 [
n Il Preliminal L=971b"
u iminary f 3 800F OS 0 Jets . -w:ms
S 200 M, = 160 GeV/c' mi
~ mzz
oy
£ 600 Oww
s —HWW x
> -e-Data
O 500
400
300
200
100
) | 1
0 500 600
Hy (GeV)

CDF Run Il Preliminary [L=07m"

Look for

background here :
signal here

CDF Run Il Preliminary J'L=947fb" ™. C
% [osodJets Wi °'1 800 - 0S 0 Jets Wijets
3 350 . = 160 GeV/c? = g - 5 Wy
® 300 } uz 916m - M, =160 GeV/c (I
vg 2505 10 - N WZ
i 200F - ! -SZY
150 — Oww
: = — HWW x 10
100 -
E | -»-Data
50 C
Oy O 1000 Look for

CDF Run Il Preliminary ,"|.=9.7m'I

~

400F 0s 0 Jets wiits
M, = 160 GeV/c? B 600

| / 200 —TT_\__‘

o : | IR ! ¢ 1
A 0 01 02 03 04 05 06 07 08 09 1

g
N
l'i

g
1

8

o

Events /8 GeV/c

5 8
_+_
\

+

g

- . . —

|

.....

2

20 40 60 80 100 120 140 160 180
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More complex multivariate analyses

Generalize MVA concept
 Signal and control regions

» Address specific experimental effects: improve resolution, energy scale, identification criteria
» Reject specific backgrounds

« Keep everything in the analysis: if there is any problem it will appear in the control region

CDF Run Il Preliminary 9.45/fb
All-SubChannels * data

200 Z+If

+ Z+bb

B Z+ce 1

150 .i tt 1
T <05 A 1 zz

= “’ 1

a8 ooz 05 | o7 | 100 F 1 o el :

Final Discriminant

\) If+charm expert ‘ i fake Z
network output <05 50 + ) zn 120)x 50
, 4

<0.5

Events/Bin

(/

Events \

’ >0.5 :
>0.5 diboson expert ; 0

< 0 0.5 1
. ZH (120 GeV) Discriminant
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Limits, measurements, etc.

How much “space” is statistically allowed for the signal?
* Free parameters is signal strength u=0,,s/0yeory
« Compare data with expectations using max likelihood

L(data | s, 0) = Poisson ( data | u - s(6) + b(8) ) - p(6]6)

signal / background nuisance parameters
expected expected affecting rates or
shapes

Nuisance parameters quantify uncertainty in the rates

M. Gallinaro - "The Higgs boson and beyond" - May 18, 2017 20



Limit settings

» Use pseudo-experiments and obtain distribution of test statistics

« Background-only case u=0 sighal+background case u=1

» Best values for the nuisances fit to data in each case must be used coherently
* What is the probability that each case exceeds the observed value

(__)r 1.4 — Tevatron Runll Preliminary === 1-CL, Observed
T - .1 «sss 1-CL,; Expected
10 L<10.0fb [ Expected +1 s.d.
u [ ] Expected +2 s.d.
1k Combination points to
- something incompatible
0.8 with background-only
06 - hypothesis at 3o level
0.4
0.2F

100 110 120 130 140 150 160 170 180 190 200

June 2012 Higgs Boson Mass (GeV/c )
M. Gallinaro - "The Higgs boson and beyond" - May 18, 2017 21



Quantifying the excess at the Tevatron

Tevatron Run |l Preliminary Tevatron Run Il Preliminary
u L <10.0fb" L <10.0fb"
_ M= 125 SeVie’  Scan the mass looking for
P WW [ Combined (66 compatibility of different
-~ Single Channel
~ channels
Hoyy - ] =
'mH =120 GeV/c?
H->bb - [ Combined (68%) * At m;=125 GeV
.-I- Single Channel =>M=1 410 7
| 1 ! 1 1 1 1 1
3 4 5 6 7 0 3 4 5 6 7
’mH = 130 GeV/c? lm,, = 135 GeV/c? . .
s W — Wi Consistent between |
-~ Single Channel -~ Single Channel dlffe rent .Ch_an nels and Wlth
Hos vy - - |nd|r_ec?t limits from
precision measurement
H-bb -
! | 1 | | l | | 1
0 3 4 5 6 0 1 2 3 4 5
June 2012 Best Fito/og,, o2 Best Fit o/o,,
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When to claim discovery?

Signal significance:

Ng
G —
vVNs + Np

S>5: Signal Ng=N,-Ng is 5 times
larger than statistical uncertainty
on Ng+Ng

Congratulations,\ 4
i€ only took you i
65299 seconds £

¢
Y

OF
H »
Q :
7 (\
f
e - ‘

FA -
@ //%
A

Gaussian probability upward
fluctuation by more than 5o is
observed...

P, =107

N

sy jolyon.co.uk

=discovery
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Situation

80.5
Very precise measurement of
My, = 80.390 + 0.016 GeV, 80.45
driven mainly by the Tevatron. —
S 804
©)
=
Much of the SM Higgs = 80.35
range had been ruled out
by 2011 LHC running. 80.3
’

Excess of events in the
low mass region seen in
ATLAS and CMS

in early 2012

March 2012
B T I T T T T I T T T T I T T T T | T T T T I T T T T I T T T T I T T T i
| O LEPEWWG (2011) 68% CL (excluding MW, mtop & direct Higgs exclusion) _
: @ 68% CL (by area) MW (2012), Moo \(i\ 6@ :
- p . —_
— \e\ p—
L - -
\ ,\,\6 —
I Q p—
B P _
— L p—
u Q)QQ N
— 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1
5 160 165 170 175 180 185 190 195

My, (GEV)

Exclusions of M:

- LEP <114 GeV (arXiv:0602042v1)

- Tevatron [156,177] GeV ( arXiv:1107.5518)

- LHC [~127, 600] GeV arXiv:1202.1408 (ATLAS)
arXiv:1202.1488 (CMS)

M. Gallinaro - "The Higgs boson and beyond" - May 18, 2017
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87%

7.1%

4.9%

0.6%

Higgs production

g t HO

W.Z W,z

. VH HO

t T fusion

M. Gallinaro -

1y5l II 1 I | 1 1 1 1 'Eg
2 - \s=8 TeV 53
Sf i '§
£ 100 Eh
t ) ]
Q B |
Q
K 1:_ =
107 E
10-2E_I II : 1 1 1 1 1 1 l—E
80 100 200 300 400 1000

M, [GeV]
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Higgs decays

5 decay modes studied: 8 T b/ | 15
— High mass: WW, ZZ § | :
— Low mass: bb, tr, WW, ZZ, vy g Sl 2
— Low mass region is very challenging @

— Very good mass resolution ~1% (yy, 4l)

1021/
Decay Production No. of my range Int. Lum. (fb )
mode tagging subchannels (GeV) 7TeV  8TeV
ta d 4 -3 A A A "

Ty diet CeBF) Loy 110150 51 53 10 300 500 1000
ZZ untagged 3 110-600 5.1 5.3 M, [GeV]

untagged 4
WW dijet (VBF) lor?2 110-600 4.9 5.1

untagged 16 .
TT dijet (VBE) 4 110-145 4.9 5.1
bb lepton, EF"sS (VH) 10 110-135 5.0 5.1

M. Gallinaro - "The Higgs boson and beyond" - May 18, 2017 26



- Search for a narrow mass peak
with two isolated photons.on a

smoothly falling distik

g
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H—vyy: analysis strategy

Two inclusive analyses:

 MVA: photons selected with BDT
» Cut-based: photons selected with cuts

» Analysis optimized by categorizing
events by y ID

— MVA analysis for y-ID and event
classification

— Divide events into non-overlapping
samples

— Cross-check with cut-based analysis
— MVA gives ~15% better sensitivity

M. Gallinaro - "The Higgs boson and beyond

[3)]

Events / (0.5 GgV)

—_

& 4%7 Simulation
[ —— Parametric model
2 —
L o, =136GeV
5
- FWHM = 2.99 GeV
r <—>
0

" - May 18, 2017
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H—vyy: analysis strategy

Two inclusive analyses:

MC 53 Hgg 125 GeV (s =8 TeV L = 19.62 fb"

- MVA: photons selected with BDT S 250 m s .
» Cut-based: photons selected with cuts % ol g -
- Analysis optimized by categorizing « 151 I .
events by y ID 105_
— MVA analysis for y-ID and event ;
classification s
— Divide events into non-overlapping -
samples 0 .

— Cross-check with cut-based analysis
— MVA gives ~15% better sensitivity

MVA event categories

M. Gallinaro - "The Higgs boson and beyond" - May 18, 2017 29



H—vyy: analysis strategy

MS =7Te
S L L . _
. . . (i) I % ..........
- Analysis optimized by 9 8 I, Unweighec
categorizing events by y ID 1500 '
—MVA analysis for y-ID and event 2 I
classification o i
—Divide events into non-overlapping w1000+ T30
B - m.. (GeV)
samples 9 ! ry |
s !
— Cross-check with cut-based analysis % w
Data
—MVA gives ~15% better sensitivity = 900 ___ s.g i
— | wesen B Fit Component
@ [ J+to "
(7)) | [ 20 i
:’ 0 L1 l L1l 11 l L1 11 l L1 11 l L1 11 l L
2 110 120 130 140 150

m,, (GeV)
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H—vyy: results

4 ] CMS \s=7TeV,L=5.1fb"{s=8TeV,L=531fb"
’j E Observed (Asymptotic) CMS Préliminary g E
: 3.5k i“ -------- illedlan Expected (Asymptotic) {s=7TeV,L=5.1 b t; - N\ 15
o | [0 *oExpected Vs=8TeV,L=531fb" Q.
T SF [ J+*2 Expected = 10k
= - — e o g P
o - i - -’
\d ; S . A : 20
°2 L T TT : P ‘
N 1077 e
?‘ T eecccccasceccachescancacecccnncaadheccncncccceaffencadeccccfreccccccccacfecccccnncancanccncfecanccccncaanccccchanccancanaase oG :
5o A 30
; 1.5k : ; Y 40 W 107
\6 B : : : - —— QObserved
E 1| eeea Exp. for SM Higgs Boson
1><O'SM 10-4 -
S 7 TeV Observed
[0 JH5) (EXEECCRCRESPCET SUOSPOSPOR WOETSS” CTRUEr e rs TR R U L OORRPRIIRTS TACIEIRITR, W Vo R AT = ] 40
: ; é § : : - \4 ——— 8 TeV Observed
b by v b bv v v be v v by v bv v e by v 0y 105 p e e e by b by e b b by
115 120 125 130 135 140 145 150 110 115 120 125 130 135 140 145 150
my, (GeV) m,, (GeV)

Largest excess at ~125 GeV
— Similar excess in 2011 and 2012
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H—ZZ—4e, 4u, 2e21
\

* Signal: 4 isolated leptons
from same vertex

—Small backgr '

&-N"ﬁ'/

—Fully recg__g@M G&dhp
;esolutlom° LT

’ ~
:{," | g’ : . : . "._-’,-..,i
é “ F g The golden channel




CMS Preliminary
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H—/Z/Z—4l

Significance slightly smaller

Mass distribution )
than expectations

CMS Vs=7TeV,L=51fb" \s=8TeV,L=53h"
% -t '>| :'. e .'_ H ’ CMS (s=7TeV,L=5.1f" Vs=8TeV,L=53ft"
5 16F ¢ Data 86%— K,>05 - - g E \/
o [ EzX o of 118 N\ /]~ T,
~ 14_DZ'Y*1ZZ ;4' ‘ 7] 310-1 = .’.\:\/v 0
12 - [ Im=125GeV ¢ 3f s 1 1 = - R
S 12F et 18 | : 2
LI>J 10:_ “|. 1' "'J_rr '} E 2 10'2 E— ‘.‘ \7\/v
B 0 PRNSNSENS GSSES SUMR—" S - - “
- ) 120 140 1(6(% eV) . - . .
8- \ My, ] 3= L
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Events / 3 GeV

30

10

A beautiful peak

CMS preliminary

_[BINE

100

Data Vs=7TeV:L= 5.1fb"
m,, = 126 GeV Vs=8TeV:L=19.6b"
Zy*, 22

Z+X

p R L N Ll

200 400 800
m,, [GeV]
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Mass spectrum

CMS preliminary

> I ol I I I I I I I LI |
8 30 * Data Vs=7TeV:L= 511" - Very good
o F | % ?H*=Z1226 GeV (5=8TeV:L=196" | control of the
~ L T - i
o | O 7+X _ dominant ZZ
‘5 [ background
g 20F _

Offline selection - M(4|)>1 60 GeV

cuts: Data 380
5 (7) GeV for u (e)
in [n| < 2.4 (2.5). MC 364.5

0

Clean signal peak at 200

~126 GeV

Geylth) = 7.8 = 0.6 pb

o(pp —=ZZ, 8TeV) = 8.4+1.0 (stat.) = 0.7 (syst.) = 0.4(lum.) pb
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Combined: SM Higgs limits

w =L | | | | | T4
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Combined results

Excess at 125 GeV:
—in7 TeV data: 3.0 o C_l

3
. =
—in8 TeV data: 3.8 o S 104
: e o107 F 46
High sensitivity channels: yy, 41 3 ) T 3
6 : ...'\ :
107 ¢ \__/ 350
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22 > > 10l :H:?z CMS Combined
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Combined results

Overall strength: o/og,=0.87+0.23 CMS  Vs=7TeV,L=5.11" s=8TeV, L =53 1"
m, = 125.5 GeV
CMS ls=7TeV,L=5.1fb" (s= 8TeV, L= 531’01
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Mass & couplings

Model-independent mass measurement
from high resolution channels:
CMS Preliminary

o
= my=125+0.4(stat)+0.5(syst) GeV Bl {s=7TeV,L=5.1fb'
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! E
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2 g 80 o5 1.0 1.6 0
1 f c,
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922 124 126 128 definite conclusions
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2012: A new boson discovery

Volume 716, Issue 1, 17 September 2012 ISSN 0370-2693
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m, (GeV)

ATLAS 2011-12
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July 4t 2012: A Higgs boson
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Higgs boson

PRD 89 (2014) 092007, PLB726(2013)088, HIG-16-040, HIG-16-041

> CM’S P'Ieli;ninary . . . i '35.9 f"b" (1' 3 T'eV)
8 100— e Data ]
< [] H(125)
- - - £ o ’ = oz ]
* Progress since Higgs discovery (July 2012) 2 ma
— Observation in boson channels L
— Evidence for fermion couplings “or
— Precision mass measurement (~125 GeV) 20f
— Spin determined o= T
. . m,, (GeV)
* It looks more like SM Higgs boson . e 2810 (3 16V)
Ot4000F mH_1Y254GeV i=1.16 g:'(gﬁ?a:?:m o =
212000} } Data 3
Z10000F- — S+B it ;
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Mass in the individual channels

1 1 1 I 1 1 1 1 I 1 1 I 1 I 1 1 1 1 I I Ll 1 1 | I 1 1 1 I 1 1 1 1 I 1 1
ATLAS and CMS —— Total Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.
ATLAS H—yy —— 126.02 £ 0.51 (£ 0.43 £ 0.27) GeV
CMS H—yy ——— 124.70 £ 0.34 (£ 0.31+ 0.15) GeV
ATLAS H—ZZ—4l I - i 124.51+0.52 (£ 0.52 £ 0.04) GeV
CMS H—ZZ —4l ——— 125.59 £ 0.45 (+ 0.42+ 0.17) GeV
ATLAS+CMS yy I-EI—l 125.07 £ 0.29 (+ 0.25 + 0.14) GeV
ATLAS+CMS 41 I-_I-E—| 125.15 £ 0.40 (+ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l I—?ﬂ 125.09 + 0.24 ( £0.21 £ 0.11) 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 1 1 1 I 1 1
123 124 125 126 127 128 129
m,, [GeV]

» Most accurate measurement in the yy and 41 channels
« Some “tension” between the four measurements (p-value ~10%)
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Couplings: individual channels

EPJC 75(2015)212, arXiv:1507.04548, arXiv:1606.02266

ATLAS and CMS -o- ATLAS+CMS
LHC Run 1 - ATLAS
-+ CMS
B ' - +10
MYY __-.-_ — +20
Ta—
Results based on the full - :
Run 1 data samples uZz e
S e o
n ——
| : _ +0.11
5 p=1.092g710
TT —'*—
l"' : ¥
n —
=
llIlIllllIllllIllllllllllllllIlIllIllllllllllllll

-1

-05 0 056 1 156 2 25 3 35 4
Parameter value
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Search for rare decays

PLB 726(2013)587, arXiv:1507.03031, HIG-15-012, PRL 114(2015)121801, ATLAS-CONF-2016-041 , ATLAS-CONF-2017-014

19.7 b (8 TeV)

> T 3
3 ATLAS Preliminary > 6ol oms Vo R
~ VBF tight {s =13 TeV, 36.1 fb © H—lly e -
@ gof ! o 50 Background model .
= ¥*/ndof = 30.7/48 N . +10 20 =

> S/B~1:40 :
5 H*ee,MM_,_ Data ‘g sk [ ]10xSMH—>y*y — uuy ]
~1- Background model > C N
S/B~1:3 —— Signal [125) x 20 3 w - { ]
30 ~
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m,, [GeV] 14F [ ]H[B=107] —j
s e 126 Dz (8-107 ]
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H - H - s
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{ o .
4 :
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Higgs and BSM

ATLAS-CONF-2015-044, CMS-HIG-15-002

* Is there BSM physics hidden in the "Higgs sector’?  girateqy: parametrize
g L

deviations wrt SM in

TOBVOO0) AYAYAY, .
2 production and decay
bty A= 4 A Wbt = loops are sensitive
g , W K to BSM physics
0000000 BN/ \/ \s f;l&AFi] :r11d CMS Preliminary
Kg ' K’? KZ_-.-K <1 _-¢
(0-BR)(gg = H—vyy) = osm(gg — H) -BRsm(H — yy) - 2 _ B\II;RBSM=O :
H Kw| Tlo -.-
Experimental approach K| ——
« Measure H(125) properties Ml =
K . §
» Search for additional Higgs bosons Kb—
° —
» Search for BSM in signatures with Higgs bosons [ e
» Search for BSM Higgs decays BRygyt— o

111 | 111 I 111 I 111 l 11 11 I 111 111 11 1 11
0 0204 0608 1 12 14 16 18 2
Parameter value
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Looking for new particles

JHEP08(2016)045

L I I I I 9_""l""|""I""I""l""I""l""l""l""_
Constrain BRgg), in @ scenario with S T ATLAS i OMS e
free parameters o 8f LHC Run 1 _

7F y

* Liot=Lwwtl zzt gyt +1ggm o - SN expocies

* Likelihood scan vs BRgg) sk

» Assuming couplings bound by SM
expectations (k,<1) ;

* 0<BR;g,<0.34 at 95%CL |

00: 005 01 015 02 025 03 035 0|4 045 0-5
BBSM
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Constraining Higgs width

PLB 736(2014)64

obs.(exp.) @95%CL.:
[,<5.4(8.0)rsM

 couplings and width sensitive probes to BSM I,<22(33)MeV
« indirectly constrained in coupling fits CMS 19.7 " (8 TeV) + 5.1 fb” (7 TeV)
. . > ] I rera I LI I LI I v ' L I LA }.
» off-peak to on-peak ratio proportional to I';, 3 %“F * Data B
i [ gg+VV = ZZ )

i . . pud

» constrain Higgs boson width by using off- = sof- B g5 — 2Z .
shell production/decay a | B Z+X :
c X -
* measure ratio of gof-peak to gon-peak > 4o 310 E
Lt : 2ol :
on—peak| ggHSHZZ off—peak 30 219 .
OogsH377 & v Ogg sH 77 & gzggHgZHZZ z o l -
af l B
. Caola, K. Melnikov PRD88(2013)054024 20t . :
J. Campbell et al. arXiv:1311.3589 %10 120 130 140 150 ]
10 m, (GeV) 7
— Jqgn @NJY,,zz: couplings to gluons and bosons .
* measurement of ', ' e Ldil

0 ~ JR.
100 200 300 400 500 600 700 800
m,, (GeV)

M. Gallinaro - "The Higgs boson and beyond" - May 18, 2017 51



Couplings: decays

ATLAS-CONF-2015-044, CMS-HIG-15-002, JHEP08(2016)045

BSM physics in the loop Vector and fermlon couplmgs
i 3 ——
ATLAS and CMS —=w | "l ATLAS and CMS
- e A — x2
LHC Run 1 .ATLAS+CMS ATLAS CMS | (] LHC Run 1 :
Kz = = e = 2,51 ’
Kw_ — _'_",: i — _-3-—:_ [ [ Combined |
B - — T T - JH—yy
& e —— 2 ClH-zz
' -~ _:——_'.——_ | [JH-WW
& : - : L [JH—>
Pl —— . X E]]H—»Et:)
. T . 1 1.5F
b = -~ i
o S i = 1t
bc, | ;;_—_ —":".:__
- |KV|S1 ] = B 0 ' |
Bygy| oo =0 — o 0.5
IIIIIIIIIIIII IIIIIIII IIIIlIIIlIIIlIII llllll IIIIIIIlIIIlIIlIIIlIIIlII[IIllIIllIIlIII B
1.5 1 -05 0 0.5 1 1.5 2 -15 - 0.5 0 0.5 1 1.5 2 i ]
Parameter value N —68% CL ----------- 5% CL |+ Best fit *ISM expected -
BRgsy can be measured % 05 ] 15 2
BRgsy < 0.34 at 95% C.L. (assuming k,, < 1) Ky

BRgs)y includes non standard decays, visible or invisible

=Results in agreement with SM (k,=kr=1) within 10
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High mass: H-WW/ZZ

JHEP 10(2015)144, HIG-16-033, HIG-16-034

No significant excess
=set limits: 0- B(X—ZZ—4()

» Search for a heavy Higgs boson ~ a few fo@m,=400GeV

— H-ZZ—-4¢, 202v, 2{qq ~1fb@my=1TeV
- HoWW=2tv, Zqu g ECMS P‘re”mi"afy : ; !Ex] ec‘:teéi ‘Obse:::dfb;g‘zT;\/L)E
* optimized separately for VBF and gluon ;il - teteosy O i‘;’éi{ﬁ: e i
fusion production processes TS F=2Gev, . -
» SM-like Higgs boson excluded in 4 and T ; 22q Ny Sl — ]
2(2v/tvqq channels at 95%CL in mass g [ (H'__"1_‘_5_'°34) |
> 15

ranges up to 1000 GeV

» Search interpreted in BSM scenario
(heavy Higgs, heavy EWK singlet state) '

— evolution of signal strength of the singlet state
with modified couplings/width wrt SM.
— assume new scalar does not decay to any new 1 : S S o S S o 1
particle 130 500 1000 2000 2500
m, [GeV]

high-mass searches improve at 13TeV

L1 llHHl

......
......

LI !l!llll

1072

!HI!I
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Extending searches

* Minimal Supersymmetric SM (MSSM)

— Neutral Higgs: ¢—tt/bb/uu
— Charged Higgs

* Next-to-MSSM

— Light pseudoscalar: h—aa
—Non-SM decays: h—2a—4t/4u

* FCNC: t—cH
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Higgs sector in the MSSM

Higgs sector in SUSY contains two scalar doublets:

5 physical Higgs bosons
—3 neutral: CP-even ¢=h,H CP-odd A b

g Tooooy——— b
—2 charged H*
« SM-like Higgs boson:h e [
g TTTTON

Neutral Higgs ¢ decay modes:
* BR(¢p—bbar)~90%

« BR(¢—tt)~10% :jj> .....
* BR(¢p—uu)~0.1% :

Two main production modes:
* gg—H
» bbH
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Neutral MSSM Higgs

JHEP 10(2014)212, arXiv:1409.6064

« Enhanced couplings of MSSM Higgs to ’
down-type fermions (large tan[3) S

=increased BR to t leptons and b-quarks 4

h/H/A
- -

b

. > Fr T T T T T e

« Search for neutral MSSM Higgs boson §  [ATLAS (s=8TeV, fLdt=203f"

. 8 300 :—h{H/A—-‘rleprhad e S,at:;; 281 tza o —:

* 5 final states used: ut,, et T, T, ew, uw : 2505_hlgh mass category LN

— Reconstruct tau-pair invariant mass g E“nfllji'{;gfé%‘ésm;

200~ [ Multijet -

— Split in b-tag/no b-tag categories to enhance : W\ Bl uncertanty

sensitivity 150F E

« Main backgrounds: Z—tt, QCD/WH+jets, oo E

DY ttbar, dibosons 50[- .
00 100 200 300 400 500 600 700 800 9001(;00

miVC [GeV]
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Neutral MSSM Higgs: ¢—tt

JHEP 10(2014)212, arXiv:1409.6064, CMS-HIG-16-037

* Direct search: inclusive and b-tagged

. . _ tanf vs m, window becoming smaller
* T in both leptonic and hadronic decays P A 9

e

16 12.9 fo™ (13 TeV) CMS 95% CL Excluded: e 2

-8- : CMS m@ =200 GeV P ,- . 22)’2:3?11 25+ 3 GeV , ;:sei:::med

: 14 -_ Pre [imina E 68% CL 60 re Imlna’y = 20 Expected
I L L B L B e

F [ Vo e gl mf°%* scenario ]
S 12 i + Best fit ..‘g R 1
E i @  Expected for 125 GeV SM Higgs 50 § ]
e \ 3
D \ B
=3 40 § y
o) 8 ]
8 ]
30 ]
§ ]
8 ]
R ]
20} .
¥ ]
8 ]
10 {
L\ ]

06 0.8 r 1.0 N \_\\\,\ \}\\,.\\\ .,o NONRNNN =N

200 400 600 800 1000 1200 1400 1600 1 800

o(9g¢9)B(¢—r) (pb) m, (GeV)

Model-independent limits by

separating production modes No significant excess over bkg expectations
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Neutral MSSM Higgs: ¢—uu

arXiv:1508.01437, ATLAS-CONF-2012-094
* Search for a uu mass resonance

 Good mass resolution
—full and clean reconstructed final state

 Split in b-tagged and non b-tagged
categories to be sensitive to gg—¢ and
bb¢ production modes

* Main backgrounds: Z(bbar), ttbar, WW

l—|102 [TTTI T

-
o
TTTT

—
o
N

[ [ [

T ‘ TT 1T ‘ UL
—e— Observed bb— ¢ CLs ]
....... Expected bb— ¢
—o— Observed gg— ¢ CLs |
....... Expected gg— ¢

q)%fcfc - + 10 bb— ¢
+ 20 bb— ¢

Vs=7TeV

107 O—up E
E \ J-Ldt = E
2 ATLAS Preliminary —

47-481"

Ly Loy L
100 150 200 250 300 350 4

95% CL upper limit on G, X BR(¢—tt/up) [pb

Lol d
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>108§LI|II\I|II\I‘I\I\|III\lll\l‘llll‘lll\llll%
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e Data 2011 E
—— m,=150 GeV, tan =40 7
Z->pp =
B Z - 1t 3
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Charged Higgs

* [f found, a clear indication of BSM
» Study non-SM Higgs in two mass
regimes:
° mH<mtop
—Mostly produced in top quark decays
—Large tanf: H¥*=>t+v
—Small tanp (<1): H*=>c$ 107
° mH>mtop
—Produced in gluon-gluon fusion
—Main decays: H*=>tb, H*=»>t*v
* Main backgrounds: ttbar, W+jets

100 '
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Charged Higgs (cont.)

_

o' e, --e--- H" prod. xsec, tanp=5
r "=

* Different strategies for low- and high-mass searches
 tau+lepton, lep+jets, and eu final states

 b-tagged jet categorization
- limited by statistics at high-mass —

---a-- H' prod. xsec, tanp=30

Cross section [pb]

) I T P SN FERTE PR SRTTE PR P
10 200 250 300 350 400 450 500 550 600
H* mass [GeV]

HT - 29999990004
5 t b\ vt
H™
tA - ---
t b, - Yb
g 229990000000/ g ]l
— T« LQQQQQQQQQ0 A
W
mH<mtop mH>mtop
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Charged Higgs and top quark decays

JHEP 07(2012)143, arXiv:1508.07774, HIG-16-031

m,. =100 GeV/c?

* Look for charged Higgs in four final states: %o; MSSM
— Tau+lepton (electron or muon) gu
— Dilepton (tau decays leptonically) ; g
—lepton+jets
—Fully hadronic: tau+jets j: .
tan g
T, tjets T, +lepton (e/u) di-lepton (eu)
7+ — hadrons 7+ — hadrons T = oy
Hfg,< Hjﬁ,,,< Hf,,,,<
gmﬂﬂm&ﬂm—g—'\b\ Vr gmmmﬂmz—g—’\b\ Vr g\mmmam:—g—’\b\ Vr
t4 ) t tl )
) t /b g’ t b vy t /b vy

,
=
|
ag
-
=
AN
|
ag
=
|
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Looking at tau decays

CMS-HIG-12-052
Low H* mass:

» Use R variable in the limit extraction: binned maximume-likelihood fit
» Tau fake component is data-driven, includes uncertainties

\Ns=7TeV, 49 fb'' CMS Prelumnary

IIIIIIIIIIIIlllllllllllllllll'lllll IIIIIIII lllll
-4

SM BSM S 04 —+—data i
:u S— H‘Img =120 GeV] Z
- [ misidentified t %
— o — 0.35 - DY + jets " %
B W e B osf A :
T . t‘ 4 S - g N
—> —> —> m— : = other f ]
- b - b = = =t =b o — Ut -1
S 0. Py O, Py O:* Py 0.25 - S bkg ::)f'al unc. B
VS - [77] signal total unc.
P * ““I B(t = H'D) =005
TePr _ o _Pi o Vo Pi o Pn F B )
- ‘ vvt V‘w . "N N
,::. L - |l
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0.10203040506070809 1
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Number of b-tagged jets

g >
AT
e b
t ,
b
b A
W
g > b
w
t J‘:r'
g > > b
AT
b +'-H: b
t _
b
W

Events

Data/Bkg.

High-mass H* search: look at b-tag multiplicity

19.7 o' (8 TeV)

10* CMS ~*-Data
_ _H-tb[1pb]
eu final state [250 GeV]
_ _H-w[ipb]
10° [250 GeV]
. t dileptons.
DL‘y'-» 1
10° Single top
quark
10 DOiher [3
.w.mum'jels
1 . Diboson
Bkg. unc.
.(slal.;;ﬂ.)
10"
15
1
0.5
2 3 N >4
b-tagged jets

19.7 fb' (8 TeV)
CMS

U + jets final state

—*~ Data

Kot
[250 GeV]

Single top
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Diboson + 2y

[ mutizets
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(stat.@syst.)

T lllll'l'll
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s Oty " Ylets S Ib‘fag\ eb”ags
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Is there a charged Higgs?

JHEP 07(2012)143, CMS-HIG-12-052, arXiv:1508.07774
« If anomalous tau/lepton production in ttbar decays there may be contribution from H*

Yields in agreement with m.;: 80-160 GeV  B(t — bH*)< 1.2-0.3%
expectations = set limits 200-600 GeV  o(pp — t(b)H+)< 2.0-0.2 pb
................... 197 b (8 TeV) 19.7fb' (8 TeV
%100—2 I I I I CMS— N T 197fb (BTeV) '_E' cprrrrprrrhpr e e e I""I""I""(I"ell
S I ] g CMS  t - Hb H - v, a CMS yP—"(b)“”::'-l"b
& & pp-HbH, Hoty, e 1,+jets final state + 10F +iets, pt, 'na states —
; 80_— ' ,#lets final state m Observed (%) Assumlng B(H'— tb) =1
g i l:?t:\“:m Gev Xﬁ EmE Expected median + 1o 8 —=— Observed
& 60 [CIMultijets (data) ~ — S Expected median + 20 — femmaeeed Zpectz me::an j—r:’
: e 1@ 102 E B 7 pected medan +°
40_ @Bkg.stat.u:u:. ‘ ] g | pp _> t(b)H
L ¥/} Bkg. stat.@syst. unc. — O 1F \_)
1 E PO tb
= n N
_ o L
®) I
9 o 3 g\z
& 1Sk | =m0
g O.E:ii.-;‘*__;A A = 10-1_—1 11111111 IS N ETE R T PR ETE P EE TS PR
© %6020 300 400 500 600 700 108650 100 110 120 130 140 150 16¢ 200 250 300 950 400 450 500 550 600
m, [GeV] i [GeV] My [GeV]
At 13TeV, expect improvement - ttbar xsection increases x3.3

with 5-10/fb for m,,>300GeV = . signal increases x6(x7) for m,,=500(600)GeV
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Still hope for MSSM?

JHEP 07(2012)143, CMS-HIG-12-052, arXiv:1508.07774

« A new modified MSSM scenario: m, M4 (arXiv:1302.7033)

* Reduce amount of mixing in the stop sector (X/Mg;sy)

« A/H decays to chargino/neutralinos allowed (arXiv:0709.1029)
* Allows for reduction of decays into Tt and bb

19.7 fb”' (8 TeV) 19.7 fo'' (8 TeV)
@- i T 7T 'I Trri 'I T i1 iT7T ] T 17T T L DL l T1TT7T ]’ T ‘1—1 ﬂ
c CMS c
] ]
—_— et
pp — Yb)H"
t > HD H' —t*v, final states:
- H'-=t'v,, 1, +jets final state B 1, +jets .
MSSM m[** H*-tb final states:
___l+jets, ut, il
-&— Observed SO I T v
— = MSSM m** —
10: [ ] Excluded 10: " ]
- 5 Expected median + 1o \%m:i 1
L seeee Expected median * 2¢ G ]

{=5= Expected median + 1o
------ Expected median + 2¢

-- - mi*SSM = 125 GeV
L —— miSS" 3 125+3 GeV

é,-,14,4JJ,LA,AJJ,A,LJJ_1_1,1,x,l,AJJ,LLAJ_JJ,LxAgJ ‘_‘q R RN RN R

0 100 110 120 130 140 150 16C J00 250 300 350 400 450 500 550 600
m_. [GeV] m_. [GeV]
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Cross section ratios

PRD 80(2009) 071102

Many systematic unc. cancel in the ratio S "Toooom
. . E - g’ =1. 1
Study of cross section ratios 2 ol = EoesasseoLim 0%
E:>SenS|t|V€ to BSM % . —e— Observed 95% CL limit
1.BR(¢+jets)/BR(%) |
4 __.—/..—-——I—"
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B(t — H+b e c§b)/ 0.2—:
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Combination of more channels

JHEP 03(2013)076

[TTTTTTTTT IIIIII[IIIIIIIIIIIIIIIIIIlIIIIIIIIIII]II_
- ATLAS Simulation

o~
|9| o

« Search for charged Higgs boson

» Use 1, 4tlep and T, 4tjets final states
—compare to eu yields

« Search for anomalous decays

«» Ratio HHT /u+e

(8)
o

m Eventyield HHT

N
l?lll

© Eventyield p+e

N
o
LI I TTT11 T1
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\ w
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TSI R PR ST NN S ANV T N S TSN S S S WA S S M

0 9 100 110 120 130 140 150 160
m,,. [GeV]

M. Gallinaro - "The Higgs boson and beyond" - May 18, 2017 67



Light charged Higgs: csbar

JHEP 12(2015)1, arXiv:1510.04252

 H—csbar decay o ¢
— dominant in low tanf region \QQQQQQQQQQL H+<
* Lepton+ijet final states t—'\§
. b
« Dominant bkg from ttbar t ~
. _ i b
» Kinematic fit to reconstruct W/H mass M\Q -
n
« Set model-independent limits on BR(t—H*b)~2-7% g W u
> E_:Msllll ||197lfb1(81TeV)_ CMS 197fb-1(8TeV)
S soof- moco 3 Q) L
0 m,,. =150 GeV Cw . T
@ - Bt HB)=12% B Zsjets : ?
E, 4000~  um+jets =$:::;f — % 0.08 e+ Observed 1+ jets
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Doubly charged Higgs

EPJC 72 (2012) 2189, CMS-HIG-14-039, HIG-16-036

* Model -
0 . 5 1
— SM extended with scalar triplet (d**,
(I)+’ (I)O) P=* ) o+t g}f
. . . ’ ]
— Triplet responsible for neutrino
masses 5 & o b
— Search for doubly- and singly- i
charged &
— DY pair production is most common
12.9 1" (13 TeV)
— SS lepton pair of any flavor CMS praimiay 1291513 Tol) E TR Wz
combination oo e W ', - i
. 100% @** — e*u* ‘ f2] .
« Search with 23 leptons of any e - § 10 E
o 2 :
flavor o e . 102 ]
] 100% = — p-t* 3! [ ovservec excuse .
— Search for excess of eventsinone = ke S I 1
or more flavor combinations of SS S — me— s
Iepton pairS Benchmark 2 — ’ b‘
 Dilepton invariant mass as e AN
Benchmark 4 AN |
discriminant R T
0 100 200 300 400 500 600 700 800 900 1000 ; 0.50 200 = 400 600 800 1000 1200 1400 1600
®** Mass (GeV) 8 m,.. (GeV)
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non-SM Higgs decay. h—aa—4X

« Standard search for light (pseudo)- scalar f
Higgs with m_<m, /2 ; <
— generic prediction of BSM theories h

(extended Higgs sector, NMSSM, etc)

— Final states go to fermions (b, T, u, ...) ! <
— BR depends on boson mass, model
parameters

0.001¢ TE—
uu

— dd
—
10-4 ."'li e a

1 2 5 10 20 50
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non-SM Higgs decay: h—aa—4u

PLB 726(2013)564, arXiv:1506.00424, HIG-16-035

» Explore non-SM decays of a Higgs boson (h)
—Higgs boson (h) can be SM or not
— include production of two new light boson (a°)

» Search for generic Higgs decays: h—2a+X—4u+X
— Require two dimuon pairs with consistent masses
— Observe 9 events in off-diagonal region
— Signal region: 1 event (2.2+£0.7 bkQ)
— Limits on production rates, benchmark models
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NMSSM and Dark SUSY Limits

PLB 726(2013)564, arXiv:1506.00424

1 0_2 20.7 fP" (8 TeV).
w10° .
Results interpreted in NMSSM and dark SUSY ,210.4 CMS (95% CL)
 Dark SUSY: h decay to pair of neutralinos (n,);: LSP S s ]
ytop (ny) 510°he > J | Dark SUSY
o ‘b
.510'5 ________ 10%——8
[= Nt A ‘.'.iit,%’;':t:t:'
uu .g10'7 g ATLAS (90/0 oLy e
(4]
n1_)nD'YD deCayS h === 510'8 SN PP—h—n,n =Yy, E
. B(h—YpYp*X) = 0.1 - 40%
invisible 107 : : :
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20.7 fo' (8 TeV)
3T e

NMSSM 95/ CL upper limits: 1
[ % my=3855GeV i N
~e- m,'=2GeV | ]

2'5— —- m:_OZSGeV
CMS

* NMSSM: Extend MSSM by adding a complex singlet
field (1 CP-even+1 CP-odd boson)

* NMSSM: h, ,—2a,; a,—2u
« Compare to SM Higgs cross section

I Reference model:
2—_— o(pp—~>h—a,a,)=0.008xa,,
- Bla»2u)=7.7% "I

T — ]

0.5:— h'N‘M$§iM :hi=h2: 7
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h <M h,= Mhy]
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non-SM Higgs decay: H,,-—2h(a)—4~

JHEP01(2016)079
» Search for very light Higgs in NMSSM

g T
—h,, (CP-even), a, , (CP-odd) to a pair of t leptons
— H(1 25)—)h1h2 (8182)—>4‘C ( ) , ++
_ H(125) -
» Reconstruct u-track invar. mass (m,,m,) qy e ----- « ¢
— SS dimuon sample (removes DY) by -
— bin in 2-dim distribution, fit signal and bkg ;
— QCD bkg from control region g _
* No excess over SM backgrounds
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Summary for Higgs exotic decays

19.7 fb“ (8 TeV)
(\’,l-:\. 3 lllllll L) L] lllllll L
10
= CMS
T Preliminary
8
m 10*
X CILIIEIE IR INE U IEINE S s 8 I8
©
© 10 L 2HDM+S
_g Type-1 and type-2
m h—aa searches
X 108 F — hoaa—uur (HIG-15-011)
g‘ b= h—saa—spubb (HIG-14-041)
ohle) ———— h—aa—trrt (JHEP 01 (2016) 079)
c 107 h—aa—trtt (HIG-14-022)
3 ffffffffffff -~ h—aa—ppuuy (PLB 752 (2016) 146)
('3 —~ expected [ ]observed
o\ -8 1 lllllll 1 1 lllllll
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arXiv:1511.03610

19.7 fb” (8 TeV)
b Rl LR LA R

: : ¢ [CMS " ] &
* Low mass Higgs in the NMSSM 3 10f o ArmessGen 1 3
. c [ -9 Observed c
* Low mass pseudo-scalar (a;—7tt) in g Q- z
association with bbar: a,bb—tt bb N — +
. [ (] aco mutijet |
* Similar strategy to H—tr af (o unceraimy
« Search for a, masses below Z mass 2
* No evidence for signal pubslubfpam gl et
o m.. [GeV]
* Set limits: oxB~9-39 pb R eI
8 _[cCwms 1 8
E -==== A1t (M=35 GeV) E
c Observed c

D Z—1t
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- Electroweak
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[] Bkg. uncertainty
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Low mass Higgs: a(—tt)bb
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di-Higgs searches

non-resonant production

Only SM
---h
 Destructive interference in SM o
« Could be altered in BSM % ---h
* If constructive, it could be large enhancement @ i
* In SM, only 6=33fb at 13 TeV £ no
« Study different final states ".‘\
*h
- BR Mass scale
bbbb  34% }
| bbrr 7.3% r High resonant production
X207 phww  27% New Physics
_bbyy  0.26% Low _+h
7/
Xo?
\\
*h
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Heavy Higgs to h,,:h,,; —tTbb

CMS-EXO-15-008, CMS-HIG-16-012, CMS-HIG-17-002

t/b A - - -

g h g
35.9 b (13 TeV)

« Resonant and non-resonant production 3 "’fCMS restu o oas
. . . 0] - preliminary channel o gCD
— Double Higgs production to determine A, = Deol.Yan
— Check couplings: 1, =AM SM; K=Yy SV _Z§ : C g&‘ﬂi;’;?
X S bkg. uncertainty
— BSM could enhance non-resonant hh production £ — MG

* h,,s decay products nearly collinear
—boosted “single” merged jet (—bb) B LT

* USe TT;, T,T,, and T, final states ;| .
—sidebands/inverted isolation to estimate bkg — 1

. : 300 400 500 600 700 800 900 1000
» set limits as function of mass KFit [GeV
mgy - [GeV]
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Heavy Higgs: H—h455n 55,

PRD90(2014)112013, PLB755(2016)217

« MSSM: Heavy Higgs searches S e CEESeeed @ HWWI S tvty,
_ Search for A—Zh, s and H—hh ] COTTT
. . . 10:— chn=4.7rb'i v’s=7TeV_E ® H - M - }]‘eg, va'f, ffff,
* Exclusive search in multilepton and  ° 1 eHo 1.
+lepton channels “
2 - e
» Search for FCNC decays s
R R ey
 Search for tt—(bW)(ch) i =r
. . 10E Egﬁ Higgs boson 3
— Not forbidden but highly suppressed | ——+——— —
— enhanced w/some parameter models 1
H 0-30 30-50 50-100 >100
* SM Higgs now a background [Process | SM QS 2HDM-II FC-2HDM MSSM | 7 (o0
— ATLAS: H—yy t—uy [37-1071% 75.107° — — 2-10°°
_ t—>uzZ | 8-10717 1.1-107* - - 2-10°°
— CMS: H—yy and multileptons t—>uH | 2-1077  41.10°5 55-10°° — 105

) ) t—cy |46-100% 75.10°° ~10°° ~107° 2.10°°
* b-tag provides bkg suppression|;ocz | 110 11.10%  ~107  ~100 .10

t—cH | 3-10% 41-10° 15-10°% ~107 10° |FCNC decays

ATLAS obs(exp) CMS
BR(t—cH) (95%CL) <0.79% (0.51%) <0.56% (0.65%)
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LFV in Higgs decays

PLB 763(2016)472, CMS-HIG-16-005

« Some BSM models allow for LFV Higgs decays

» Search for H—er, eu, ut final states
_ _ _ 95%CL (obs/exp) Best fit
» Categories: N, lepton kinematics
. > < 9 +0.39 %
— N, to target ggH and VBF production h->uT (runl) S 0.847 .07
« Main background from DY, ttbar, WW h->uT (run2) <1.20/1.62% -0.76%081 g%
1 1 CMS preiiminary 23" (13 TeV)
- te7f'@®Tev) - 2.30 b (13 TeV)  0dets [ TIT T
% 100—CMS ! ! l ! 7 E E &"M's‘le’;mhmma{y EI:::;ckwnumc. u4:"’7‘1/° (exp.) - e Ob d
(O] - eu all cat. ¢ Observed . o 400E | oose selection [ s vicas 424% (obs) | serve |
~ i — background fit 1 S sk E zom LA X Expected
2 i ---LFV H(125) (B=0.1%) | ~ - =|">“ " 4.89% (exp.) - [ = 1 std deviation
c 80 H '2 300F — 6.35% (obs) [ ] = 2 std deviation
o g E [ wusicentinied « l‘-Tha J 2 Jets
@ + i 250 — o o | ||
60_ 200E e, 0 Jets — 8 TeV [Phys. Lett. B 749 (2015) 337]: |
1 el 1 R ol
40 100} ur_, 1 Jet 5
oo | | |
s T, 2 Jet :
20 o Lo Timos| || N
. I T T Lo i 8.99% (obs) | ¢
AN T a“’.o_s;J.(M - + +++++ rs2% 09) I;ﬂ o
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Dark Matter+Higgs

arXiv:1510.06218, arXiv:1506.01081

* Generic search: pp—»X+MET 0.9
« Search for DM + h(—bb)
 Model-independent search

— Signature: h(—ZZ/bb/yy)+MET q, 9
— Simplified model with Z’ or pseudo-
scalar Higgs A(—yx)
. Slgnal events at Iarge MET
§ Zsmon
n CJZ(—vV)+jets
B DW(=h)Z(—l)+jets
c 10° [tt + single top
L% [ Diboson

@ Multijet
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ouUI LIN !IW
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Summary

 Excellent consistency of SM but SM is incomplete
e Extensions foresee existence of additional bosons

» Searches for BSM bosons natural companion to
precision SM Higgs boson measurements
— Charged Higgs searches with top quark decays
— Other BSM searches show no indication of deviations

» Searches provide no hints for BSM yet
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