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Introduction and Outline

SM Higgs Boson discovered in 2012

No direct observation of new physics at the LHC after the
Higgs boson discovery

Precision measurements of the Higgs are increasingly
important and in many aspects drive the future of HEP

Standard Model Higgs Boson Cross Sections and Branching
Fractions at the LHC

Mass, spin, width
Couplings to fermions observed
Couplings to the top quark observed

‘Simplified Template’ and differential cross section
measurements

Recent highlights
Searches in extended models (BSM Higgs)
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Standard Model Cross Sections and Branching Fractions

[LHC Higgs X-sec WG]

107"

1072 L,

||\|III|\\J\Il\l\\llll\\llll\\‘\Illl\\llll\\lll
L M(H)= 125 GeV
- Pl qop OB : ]
‘,Eéﬂﬂﬁ*”iﬁ:‘—f E
10 q
- ; N\_QE\N)E

L1l

LHC HIGGS XS WG 2016

L \IHlll

L1 \HIII‘

_;—
o
.k

® Significant increase in production
rate due to higher center-of-mass
energy from LHC Run-I| to Run-2!

Giacinto Piacquadio - ICHEP 2018
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Total Integrated Luminosity (

LHC data taking at 13 TeV:

CMS Integrated Luminosity, pp, « = — 13 TeV Run_" provides a great

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC

ol = tcoeenaizasn oo [ Opportunity to revisit Run-|
w  Higgs Legacy results
e Sof [« Observation -> measurements!
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Higgs Mass: JHEP 11 (2017) 047 H—ZZ*— 48
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m, (GeV)
my = 125.26 £ 0.21 GeV
my=125.09 £0.21 GeV [+ 0.20 (stat.) £ 0.08 (syst.)]
Compare to Run 1 ATLAS + CMS combined: m,, is known to

my = 125.09 £ 0.21 (stat) £ 0.11 (scale)
+ 0.02 (other) £ 0.01 (theory) GeV

a precision of
2 per mille!

-> Single experiments now better, still statistics-dominated
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http://dx.doi.org/10.1007/JHEP11(2017)047

CMs |

arXiv:1901.00174, accepted by PRD

Spin and width:

19.7 b (8 TeV) + 5.1 fb™ (7 TeV)

cMS

|4

Width: Exploit coupling ratio between

off- and on-shell production
5.1fb™" (7 TeV) + 19.7 fb™ (8 TeV) + 77.5 o™ (13 TeV)
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--- Expected
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gg production qg production decay-only discriminants

Run 1 results:
compatible with Spin-0 and CP-

even, CP-even/odd mix not ruled
out

Starting to also place
alowerboundon I’
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http://arxiv.org/abs/1901.00174

The «x» framework:

Couplings, K

Parameters scale cross sections and
partial widths relative to SM

2 _ SM .2 _ 1 /7SM
h_]_n—.]/o-_] h]._]'—‘,]/l—‘j
(Tl- * rf

o, -BR/ = :
I'y

Total width determined as

2 SM
Iy = Ky Ty
I — BRggy

Where

2 _ i .2
Ky = E BRS.\I"‘J'
]

— Relationship between signal strengths p and
coupling modifiers k :

* O — Kiz * Gl(SM), Ff = Kf2 *Ff(SM) ->
W = ki * ¢ / ([l Ty(SM))
* Effective coupling modifiers x,, «, for

loops (describing ggF production and H-
>yy decay)

* Coupling modifier ratios A;=K/x;

 All measurements assume the combined mass
measurement exact value: my =125.09 GeV

* Production processes: ggF, VBF, WH, ZH,
ttH
* Decay channels: H->ZZ WW,yy,tt,bb,uu

* Parameter estimation via profile |h ratio

test statistic A and estimator gq=-2InA
assumed X?



Higgs boson associated production >\
(observation of the bb decay mode)

Higgs-Strahlung (associated production)
— 4% of Higgs production mechanism q
— NLO QCD corrections can be obtained
from those to Drell-Yan: +30% (also NNLO QCD)
— Full EW corrections known: they decrease
the cross section by 5-10%

q

* For ZH at NNLO further diagrams from gg initial state
* Important at the LHC (+2-6% effect up to +14% at high-f

Experimental advantages:

* Vector boson (V) decay leptonically: -> Benefit from lepton
triggers

* V-Boost: Further reduce background requiring high vector-p;

May 27th 2019 ICTP Trieste 2019 9



VH production mode

Chs, |

* Combined measurements of Higgs production cross-sections
in the ZZ, yy, WW, bb, tt, and puu decay modes

3591 ' (13 TeV)
CMS o Observed
— 1o intarval
YY .
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» Integrated luminosity of 36 fb™
May 27th 2019

In general, consistent with
SM predictions
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H->bb, physics case and the VH role

* Unique final state to measure coupling with down-type
quarks

* H->bb has the largest BR (58%) for mH=125 GeV

* Drives the uncertainty on the total Higgs boson width
— Limits the sensitivity to BSM contributions

* Only recently observed by CMS (and ATLAS)

High BR * Highly efficient b-jets identification

Low mass resolution * Improved resolution on m(bb)
Low S/B * Full event information to increase S/B

VH production plays a crucial role
W/Z decays leptonically
W/Z produced generally back-to-back vs Higgs

Possible to exploit the W/Z transverse boost
— Provides the most sensitive channel for H->bb

May 27th 2019 ICTP Trieste 2019 1



VH(H->bb) Analysis Strategy

SIGNAL PROCESSES IRREDUCIBLE BACKGROUNDS
Z : >
/& % : i tt+jets
2 ’
® p ZW <
X ‘ ‘ 0 Y Q/ ZT}{ r
v @ O-lepton (MET) B w single t
1-lepton [e,u] W+bb b t
v 2-leptons [ee,up] o = O | ’ b
\“z
» 3 channels with 0, 1, and 2 leptons and 2 b-tagged jets __
y, ‘ P
* Target Z(vv)H(bb), W(lv)H(bb) and Z(ll)H(bb) , ) <
» Signal region designed to increase S/B f’ ‘ -~ ¢
* Large boost for vector boson ' @ [Diboson

* Multivariate analysis
* Exploiting the most discriminating variables (m;, AR5, b-tag)

» Control regions to validate backgrounds and constrain normalizations

> Signal extraction: binned maximum likelihood fit of final MVA/mass distribution

May 27th 2019 ICTP Trieste 2019
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Event selection (and categorization) =

Phys. Rev. Lett. 121 (2018) 121801

= Selections (jets, leptons, b-tagging)
optimized separately by channel
» 4 analysis categories:
* 0-lepton: p;(Z) > 170 GeV
* 1-lepton: p{(W) > 150 GeV |

* 2-lepton Low-Vp:

O-Lepton
41.3f7(13 TeV)
8 3000 0 . VLD
2 e Dats W
g CMS B 93ZHbd I ZHbo
Supplementary T Webb B Wb
O-depton, Z+bb enr. B W rudscg [ ]1Z+bb
@ 2+ Bl Z+udsog
2000 + - [ VV+HF
B VVHLF Il Single top
MC uncertainty
1000 -
0
3 105 v
PRI o s s s G s
& 095 . :
V+bb t V+LF V+b Top

May 27th 2019

50 GeV < p;(Z) < 150 GeV

Control regions designed to map
closely each signal region

» Inverted selections to enhance
purity in targeted backgrounds:

tt, V+light flavor, and V+heavy flavor

* 2-lepton High-Vp;: p(Z) > 150 GeV

1-Lepton

- .
‘g‘ 0000 - CMS * Data
w [ B ZHob
{ iupp!emenlary B Wb
4 epton (e), W+bb enr.
30000+ Il Weudsc
{ [Tz«
i
20000 - B Singhe top

413713 TeV)

I \WHbb
[TIVV+HF
B wb
[JZ+vb

) Z+udscg
VLR
22 MC uncertainty
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2-Lepton
41307 (13 TeV)
1400 -
. CMS ¢ Dala B oszHbb
1200~ Supplementary Il2+oo I vv+he
: 2w Highp  Zebbenr| |Z2.ph Lz
1000F B 2+ wdscg m
4 B vvLF B singie 10p
800 — MC uncantanty
600 ° -
400 F
200 ¢
1
1.05;
1 . ‘?T:i:?:?:i:i:i Eoo s 'E:fififzf;fif; """"
0.96 | ----n-oneeem e | R
0 0.2 04 0.6 08 1
DeepCSV
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http://dx.doi.org/10.1103/PhysRevLett.121.121801

Mass resolution and signal extraction

* Better b-jet identification vs 2016 5 s L e
& " CMS o% .
o |mpl’OV€d b'tagger (2017) g L Simwlation Supplementary '
. o 2' Powheg PYTHIA Z)'1) HiE6) yoy
* new pixel detector (2017) £ 2 Momcoimp)> 0w [t _
u [ 5 ]
* b-jet energy regression + FSR o e e k]
 Kinematic fit in 2-lepton channel F— - aow eaow £33
1 + " .(:::uod- 01740y #){ﬁ ".
 Signal extraction: 05 g :ﬁ\ .
- b + " < .
. . . ° o’ g 3 A
« Use of (DNN) to discriminate sig. from : e R
. . . OHMMIUA PR S BT 2 00]
bkg. in SR + various bkg in CRs i e
o-lepton PR — ) 1-Iepton 41317 (13 Tav) . 10 z-lepton 41387 (13 TeV)
£ 10: ¢ Data WHbb £ 10° CMS ¢ Dota  EEWHOE g CMS ¢ Dot B gs2ieh
g h :‘S:urp?emenlary E%Z: Ez’:ﬁ; & 10 Supplementary Ef:?:‘. E:’.Lﬁ“ & w¢ | Supplementary -:mx- :wz.m
e ob T B e, R R
Wy Czenb ’ - » —ral .
10'F Ef;::umm, !f;":’:t_‘ 10° — VH H25 ' S5 SoB unoartanty = VH M-85
" 10°
10°
1
2 1 - 103
& 2 + @ 15 L1
g 1 e X PR S i Gl A T GO
0 02 54 06 08 1 © 0‘50 02 Y 06 YR
DNN output ’ ' ' .

ONN output

DNN output



Combination of VH(H->bb) measurements

Significance (o)

Data set Expected Observed Signal strength
2017
O-lepton 1.9 1.3 0.73 £ 0.65
1-lepton 1.8 2.6 1.32 £0.55
2-lepton 1.9 1.9 1.05 4 0.59
Combined 3.1 3.3 1.08 £ 0.34
Run 2 4.2 4.4 1.06 £0.26
Run 1+ Run 2 4.9 4.8 1.01 £0.23

Phys.Rev.Lett. 121 (2018) 12, 121801

51t (7 TeV)+18.9f0" (8 TeV) + 77.2fb™ (13 TeV)

3 CMS ¢ Data
_ Back d
10°F VH, Hobb = R
Background uncertainty
10°E Signal + Background
104 E
10°E
10°F
10g
1 1 1 1
1 _4‘4;:,:£:j:f=*=J444+447
1
0.5 1 1 1 ; 1
-3 -2.5 -2 -1.5 -1 -0.5 0
log. (S/B)
10
May 27th
2019

5.1 b (7 TeV) + 19.8 fo™ (8 TeV) + 77.2 b (13 TeV)

Run 2
2016
2017

e Observed
— +10 (stat @ syst)
----- 2016

CMS

VH, H-bb

—— +1G (SYst)

1.06 + 0.20 (stat) + 0.17 (syst)
1.19+0.39
1.08 £0.34

Run 1

0.89 + 0.38 (stat) £ 0.24 (syst)

Combined

1.01+0.17 (stat) £ 0.14 (syst)

0

05 AR T2 2 3 55 4
Best fit 1

ICTP Trieste 2019

77.2fb7" (13 TeV)

[}

2

5 L CM S ¢ Data

3 : B vH,H-bb
o I _
£ [ ]vzz-bb
S L —

.g 1000 [777] S+B uncertainty
o

+

Q

=

%)

500

PR PR SR S AT S SR EN S T S N S
60 80 100 120 140 160

m(jj) [GeV]
Significance: | Measured signal
5.56 expected | strength:
5.66 observed | p=1.04 +0.20

CMS achieved a >50 observation of
the H->bb decay combining several
channels, dominated by VH(bb).
SM assumption on Yukawa
coupling to b’s is confirmed within
uncertainty (20%)

All 3rd generation fermion
couplings are now observed. 15



Measurement of VH(H->WW)

10.1016/j.physletb.2018.12.073
15t observation of the H2>WW process in CMS

4 |eptons

SF: Same Flavour (ee/uu)
DF: Different Flavour (ep)

2 leptons
3 leptons

‘ WH- 3| \

0 jets 2 jets

» Categorization in Nr.-leptons and Nr.-jets
=
lepton pair lepton pair i
SF DF SF DF

) ) o ) (i) )

WH=>3 leptons
» WZ and Zy normalizations estimated from data with CR
» Shape analsysis

» Higgs production via ggH, VBF and VH

> Analysis based on the 2016 data (35.9 fb™)

« ZH=>4 leptons
» Categorization in the flavor of leptons from the Higgs
» ZZ bkg normalization taken from data with CR.
> Cut&Count analysis

May 27th 2019 ICTP Trieste 2019 16



Measurement

CMS 35.9 b (13 TeV)

H->WW

—— Combination

- +0.21
uggﬂ =138 5, B
------ SM
- +0.66 E _ +0.18
Myge = 029 o9 [o— Mo = 128 017

— 1.88
=327

1

W

_ +1.57
“’ZH - 1'00 -1.00

cssnfpecncccannncannnnnnnnsannn

0O 1 2 3 4 5 6
6/0g,

The VH production mode contributed to the
first CMS observation of the H->WW#

decay mode.
May 27th 2019 ICTP Trieste 2019

Chs, |

T

of VH(H->WW)

CMS combining all categories:

Hwh = 3'27+1'88 1.70
Hzy = 1.07157

Simultaneous fits are performed to probe the
Higgs boson couplings to fermions and
vector bosons

CMS 35.9fb" (13 TeV)
= —68% CL E
---95% CL
® Best fit ‘§

A SM

17



Measurement of VH(H->171)

[t

The H> 1T decay is the second most sensitive channel to establish VH production

> WH semi-leptonic: W(ev)H(ut}), W(pv)H(ut,)

. I35.9'ft,"(113Tfaw
» WH hadronic: W(ev)H(z, 7}), W(uv)H(T, 7}) CMS
» With Z(ee)+H(z,7 ), H( 7}), H(T, T})), H(T,7) ggH ser12 20 ]
> With Z(up)+H(t,7), H(T,T}), HiT, T)Y), H(THT) )
qq ‘.=1.1s:“:
Main Background:
WH  w=339 %58
> lrreducible: WZ, ZZ estimated from MC .
> tt+jets, Z+jets, estimated with fake rate method M emaly
- 2 35917 (13 TeV) Combined w=1.2¢ 402 ]
“ . CMS
"63; ....... -2 0 2 a6
1.4;— ........... Best fit u = O/OSM
o VH signal strength: CMS-HIG-18-007
oa} M - cormrt p = 2541138 (obs.)| VH production mode
Dal. e 6% CL g VBE W represents a unique bench
T ey R _ +1.08
OIZE t Expected for a 125 GeV SM Higgs boson /j; — 1.00_0.97 (exp.) tESt t? prObe the .
O~ 02 04 06 08 1 12 14 16 18 2 coupllng of the nggS

Kv

May 27th 2019 ICTP Trieste 2019

boson to leptons (VH(771))
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Higgs->uu analysis strategy and results

Phys. Rev. Lett. 122, 021801

* Higgs boson decay to muons most . . sso'(aTey
sensitive channel to investigate @ R sl
o e H 105;— tt+st  --VH
couplings to 2nd generat.lon fermlons. Wil =i
— very rare process, but high di-muon mass K wﬁx v
resolution makes channel accessible o8 T
« Signal would appear as narrow 2] P mewes e e V]
resonance over smoothly falling ° 3[ ML
background (primarily Drell-Yan and g - i i g
. o] —
leptonic top decays.) e PR S B 1l
* Separate signal from background using TE |
BDT olmolfmolzlmolslll'olalllchlslmolslm0|7'I BIBH"OIQHIH
— Define 15 signal regions based on BDT AP T run
score and n# S of cms Al categories
. . . . — H— S/(S+B) weighted
* Use analytic functions to describe signal =~ & ' A 7 usco b baa
and background distributions S Froompenent 4 )
‘UE, 6: SM x10
: 4
2 2
* 95%CL observed (background-only §’ L
expected) upper limit on oxB is: G 0 | fy AN\ e
+ ‘ o &
(2) 0]
2.9 (2.2) X SM 2 e ;;;W“ﬂ“v'—w%* g
(Combination with data recorded at 7 and 8 TeV) 110 115 120 125 130 135 140 145 150

m,, [GeV]

May 27th 2019 H > uu in reach with full Run Il and Run Il data. 9




Current focus in Higgs boson measurements :

‘Simplified Template’ (STXS) and differential cross sections

(EWggH) (H + leptonic V')
[ oF | [ weF | | vie | [ & | wm || tH |
Runi-like
N (Ru ) [qa — Wi |
W Loa > ZH |
[
l\ g9 —+ ZH
VBF (EW qqH incl. VEH — qqH)
agF T [ 1 [eeu
7’ [0,200] i_n‘r‘ [200, 00]
e |—f' |
= 0jet | [= e f+) 2 2det | 2 z,waF cuts] |>z—]anrH auts [+)[ Rest |
= J
pf [0.60] | | Pt [0,60] | "”[025] ﬂ
+ + = | »i¥l0,25) |
R I R R e x,,m
+) +)
»y [120, 200]| | pf [120,200]|
[Esu] [8sm]
p¥ [200,] | [ p# 1200, ] |

* Measure cross sections for the different
production modes, split more finely into
kinematic regions

* Results less model-dependent, more adapted

for kinematically-dependent interpretations
(EFT...)

Ratio to NNLOPS

—_

cococo -9

4
4
2F-
15
8H1
6
4
2
0

reliminary 137.1 fb" (13 TeV)
T

T T | T T 1 | T T T [ T T T

Data (stat. @ sys. unc.)

Systematic uncertainty

SN gg—H (NNLOPS) + XH

b i

%4444 gg—H (POWHEG) +
o : XH = VBF + VH + ttH (POWHEG)
(LHG HXSWG YR4, m, =125.09 GeV)

o

CMS-PAS-HIG-19-001

* Also continue to target

traditional differential cross
section measurements

20



ttH analysis channels:

e ttH multilepton:
o targets H - WW?*, ZZ*, 771~

o 2 same-sign or > 3 charged leptons,
including hadronic 7 decays

e ttH with /7 — ) decays:

o 0, 1 or 2 leptons + jets (with up to 4 b-jels)

e ttH with /7 — ~~ and // — 1/ decays:

o high purity, but lowest signal yields

o excess in inv-mass of Higgs candidate

May 27th 2019 ICTP Trieste 2019 21



Recent results: ttH, H-> yy

CMS-PAS-HIG-18-018

CMS Preliminary 415" (13 TeV) CMS Preliminary 415" (13 TeV) CMS Preliminary H-—syy 415" (13 TeV)
o 50prre e P e e T 1620000 prr e e e
=] =) DECEE 1 W tHa W Hw W oot W ver
S 451 e Data sidebands $18000- o Data sidebands oo B wiioponic B ZHopiric [ whnaone A zxasoc M 0, B FWHM B S/S+B)
§ sof. EETH (mH=125 GeV) §1eooo E=ttH (mH=1 25 GeV)
w w
35 14000

30 12000

25 10000

20 8000

15 6000
10

5

4000
2000

T T T [T T [T T T T
b b b b b b v Beg i Be

Q1 -0.8-0.6-0.4-02 0 0.2 0.4 0.6 0.8 1

ttH Leptonic BDT score

Q1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.

e BDT used in

CMS Prefiminary 41.5fp" (13 TeV)
-

ttH Hadronic 1

3.3 expected events

LG ILECIL T £5.2 8xpected events

L RNC LTV 927 eXpected events:

ttH Leptonic 1 BREEEIECEREEERIES

0.8 1
ttH Hadronic BDT score

5 60 70 80 90

Signal fraction (%)

100 9 02040608 1 12141618 2

Width (GeV)

0 0102 03 04 05 06 0.7

S/(S+B) i+ o,

all classes

CMS Preliminary 35.9 + 41,5 (13TeV)

-
> o L B e A B e = r o =1‘7+0.6 - A
& [ tH =13 All categories 1 = r Han -05 t}:H E
= - Hovy S/(S+B) weighted 1 po syststat Syy /3
@« L ; Data ] ! C —— stat only ]
S 15[ N CMS Preliminary 415" (13TeV) r ]
> C — S+B ] — — T a—  eswoL
it
= | Background 1 Hovy == Combined 68% CL . ]
2 f o 1 - - . .
S 107 26 7 —m— Per category 68% CL 3 »
] - 1 B | L n
i ] ITE r .
z 5 1 L lﬁ ttH Hadronic 0 | 1.4 %% M o u
+ = _ 107 - F ]
g ] ttH Hadronic1 | 2.0 %' Hoompinea = 1-3 -03 E et .
2] 0 TR il il i v i - — i m
‘ - - - = ttH Hadronic2 | -0.1%'% C ]
B component subtracted 4 - ' - P RN SR A N P A R N
; 3
0 E ttH Leptonic 0 1.0 *O‘f 0 05 15 25 W, 3
5 f | . _ ttH
i ttH Leptonic 1 1.7 20 °
i 2016-2017 combined p
-5 , . . ‘ : , .
100 110 120 130 140 150 160 _ 170 180 L L
m,, (GeV) -2 0 2 4 6 8 10
o
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CMS
Recent results: ttH, multilepton (t1},) final states b

CMS-PAS-HIG-18-019 . ]
— 7 event classes including 1 new: 2¢ + 27,

— C(Classification:

— Main systematic uncertainty from fake
background yield estimate

— Observed (expected) combined (2016+2017) signz
rate : 0.96+0.34-0.31(1.00+0.30-0.27) times SM

->observed (expected) significance : 3.20 (4.00)

CMS Preliminary 41.5" (13 TeV)
12 =
g AL 2142t p(ttH)=
Lli 12i ¢ Observe d Uncertainty Non-prompt CMS Preliminary 41.5 fb'1 (13 TeV)
r [JRares B ewk W w -+ ww . +0.46 +0.36 +0.29
10;[|ﬁ2 T Combined u=0.75 043 [ ‘0,34 (stat.) 007 (syst.)]
B 1+ 2, 124 Observed limit | Expected limit | Expected limit
° AR (=0 k=1
6 =087 108 10+ 27, 338 24703 33
r blos + 1.0 2055 2.0 11553 1.9
ne 11301 20ss + 11, 3.1 21559 28
c olear 20+ 27, 5.2 5830 6.8
2 S N h v +0.6
&\\\&\\\\\\\ ! =0.00 "' 3 17 12504 2.1
1 ‘ w=0.
B>\ 4= 00 3+ 1n, 33 16 51
¥ 25F L = 0.29 0% 40 8.1 6.215° 6.4
s 2t et % Combined 16 08705 17
§ 1of — T | - 0,96 1% Combined with 2016 analysis 16 0.6705 15
E I B <)
05E ! al
% 01702703704 050607 0809 1 R=099200 | ol b b 23
BDT 2 - 0 2 3 4 5

Best fit u(tiH)



Events /0.1

Data / Pred.

Events /0.03

Data/ Pred.

Events / Bin

Data / Pred.

CMS /!

Recent results: ttH, bb final states cws-rasHics-o30

CMS Preliminary

FH (29 jets, 24 b tags)
Pre-fit expectation

10°

10

10°

41.5 17 (13 TeV)

o Data
Wt
D+t
W ti+b
M2t
[ (i+0D

15 x tiHgy
[ Multijet =
@ Single t E|
O V+jets
OtV

[ Diboson
[Uncertainty ]

CMS Preiiminary
T

Bl b b b b Lo b b L 3
01 02 03 04 05 06 07 08 09 1

MEM discriminant

41,510 (13 TeV)
T

N Eaaaanstansseasseey
10" £ SL (=6 jets, 23 b tags)
fiH node

Pre-fit expectation

455

1‘?% AR ‘\\\*

15 x iHg,
[l Single t 1
[Cv+iets -
OtV E
[l Diboson
RUncertainty 5

* Data
[ [
Dfiscc
Wb
M i+20

05K

E g
02 025 0.3 035 0.4 045 05 0.55 0.6 O.

ANN discriminant

CMS Preliminary
T T T

41.5 6 (13 TeV)
EENRERNRRRERRaanac

DL (>4jets, >4 btags) e Data 15xtHy, ]
10¢ Pre-fit expectation [ [ single t -
[Ottscc  [JV+ets E|

N Wb [y
10 W26 [NUncertainty 3
I i+0b q
10° =
> . E

S ¢
10 -
1

NN N I A W I e
EH“H“‘H“*“‘T“‘\& H“‘T“‘\li
15 |
PR Aoy
0sp NNy
= I A WA W WU W N R N
-1 08 06 04 02 0 02 04 06 08 1

BDT discriminant

Events /0.1

Data / Pred.

Events / 0.03

Data / Pred.

Events / Bin

Data / Pred.

CMS Preliminary

FH (29 jets, 24 b tags)

Post-fit

[ I3 [ Multijet =
@@ Single t 3
OV+ets
OtV
[ Diboson
Rl Uncertainty ]

Ottsct
[T i)

Eti:2b
i

« Data

41.5 b7 (13 TeV)

signal

CMS Preliminary

oo o Lo b b Lo b Lo L 1l
01 02 03 04 05 06 07 08 09

MEM discriminant

41510 (13 TeV)
T

UARJRARANRRRRNRRRS
10°
E SL (26 jets, 23 b ta
F fiH node
Jot L Postit
10°

10°

10°

10°

10

1

1.4
1.2

1
0.8
0.6

gs)

RARREAR
e Data
[ I
D+
Wb
W+20
W05

*4%++J!

T T
[@signal E
[ single t

OV+ets -
OtV 3
[l Diboson

R Uncertainty

€

NI ¢
S +
Ed

¥

t

S "
0.2 025 0.3 0.35 0.

IR BT R W= |
0.45 05 0.55 06 0.65

ANN discriminant

CMS Preliminary 41517 (13 TeV)
o R R R RARERRssnmmmnEe:
F DL(>4jets,>4btags) e Data [TJsignal
Post-fit Wit @@sSinget
E [Ottscc  [JV+ets E
r Wb Oy
E W26 Nuncertainty 3
W i+bb 3
b e b e e e b b e
BT *‘\‘ T
- ! RN
AR SN
Bl b i b b b LA
-1 08 06 04 02 0 02 04 06 08

BDT discriminant

Events are selected based on the number of
leptons in the event, and categorised according
to the number of jets.

Multivariate analysis techniques are employed
to further categorise the events and discriminate
between signal and background.

A combined fit of multivariate discriminant
distributions in all categories is used.

35.9 b (2016) + 41.5 b (2017) (13 TeV)

T T T T T T I | T T T I |
CMS Pre//m/nary of st syst
. i 1.02 +0.54 +0.86
Fully-hadronic | -0.38 106 054 -0t
. i +0.41 +0.19 +0.36
Single-lepton - 1.22 "537 018 032
Dilepton wae 1.04 7070 0% Tose
i +0.43 +0.22 +0.37
2016 HH 0.85 To41 022 035
i +0.44 +0.21 +0.39
2017 HH 1.49 T4 020 -035
. 5 0.32 +0.15 +0.28
Combined HH 1.15 to.29 +-0.15 +-0.25

| I | | i | | | | 1 | I | |

0 5 10

[l = 6/cg,

Combined with 2016 data, an observed (expected) significance of

3.9 (3.5) s. d. above the background-only hypothesis is obtained.
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CMS?
!

tH production

e tH production: 1 /7 and 1 /11

o depends on Higgs couplings to
both top and gauge bosons

o interf. effects make it sensitive to
relative sign of y, and ggvv. For Ky = 1:
SM (y; = +1) : low xsec (~ 0.1 pb)
due to destructive interf.
'TC (y: = —1) © xsec x10 higher wrt SM

e CMS has performed dedicated searches
for t H production in multilepton and

H — bb channels using 2016 data

o analysis methods (obj-reco, bkg model)
similar to the corresponding tt H analyses

May 27th 2019 ICTP Trieste 2019 25



t H multilepton
HIG-18-009, HIG-17-005

Events/ 0.28

e 3channels: ;/ ;,« ;1 and 3/

o 1Db-jet + 1 forward jet in final state

e Signal yield:
o tH SM(ITC) ~ 1%(10%) wrt SM bkg

Ratio to SM

005 1 15 2 25 3 35 & 33
Max. | of any untagged jet

e final discriminant in each SR:
1D dist. based on 2 BDT outputs
[tHqvsttV ],and [ tHq vs it ], inputs:
o forward jet activity
o jet and b-jet multiplicities

Events/Bin

post-fit

o leptons’ kinematics S== - ‘
o bkg model and dominant systematics g i — '
very similar to ¢t H multilepton 8 4

— L AT L
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tH combination:

HIG-18-009

Likelihood scan with respect to «; (kv = +1): 95% CL UL on o x BR (kv = +1):

— positive «; favored over negative value by | "~ _ 17H yield fixed to SM (x.-dep.)

— vy values outside of 0.0, —0.5 and 1.0, 2.1 — Obs (Exp) UL for 5, = +1: 25(12) - S\

excluded at 95% CL

-1
CcCMS 359fh ! (13 TeV) 50 CMS 359fb" " (13TeV)
40 :
Wi —e— Observed limit
. pp — tH + ttH —@— Observed L pp—tH , - m
— ---- Expected (SM) 45 H — WW/ZZ/~7/bb/~~ Expected limit
- ) ! frr /! [~ / / / 177 o
35 H d WW“I, Z.Z. T' bb‘ I p— cmserved (Multllepton) ) _ 1 0 i _ 1 O 680/0 expecled
vwy = 1.0, resolved Expected (Multilepton) 40 Ky =1LU Hy = 1. 92:: expected
<L 1y —e— Observed () - Ty xBR
| Exmctm ('.',) 3.5 o
25 b . Obsel’ved (bB) ll’q 5 3‘ 30 [
9 Expected (bb) ' Z
Z 2} % 25
=
N X
| 4 L
15 F 3
10 p
5 -
0 _
-3 -2 -1 1 2 3
Kt Kt
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Recent results: H2>1t
CMS-PAS-HIG-18-032

774167 (13 TeV)

[ ] i f [ m, =125 GeV
Probes e, ety, ut,and 1,1, final states with 2016/17 data I fcms e
. . . y >9: .sL Preliminary - 68% CL exp. - - - 95%CL exp.
« Signal extracted with fit to neural network output dist’n o S
BT xpected for 125 GeV SM Higgs
> o
1 1 [
Variable | ey etw, HTh ThTh Variable ey ety HUTh ThTh 774107 (13 TeV) [
[ IV I VIV VY v |ems T omrven sl
m%YT v o= = == pT(b jetl) —— VvV VY VY Preliminary B e B PO & as ® BR uncert-inties [
PV O - - - pribjet,) | —— vV vV VYV . poos i '
Myis V— V- V- VvV pimiss — VYV V= V- inal | =0Jet -0.407575 ! \
pys O = - D; o= —— - — Pl 0 00 -0%43 ;
p? - ——= V= VY my - VY - —— z 2 $ -—io—- =1 Jet pi[ 60,120] 1261 o5k g
P2 Ve VY VY V- ml vo—— vv —— |Bi% —— iz, o] 180t i
AR®H Vo= = == m%ﬂ‘ V= == == == J,,g % H'E" 22 et 047255 | | I L L |
pT(jetl) v oY VY V= max(m%,m%) [V — . o% ¥ ) oo 23 05 0 05 1 15 2 25
. o1l Inclusive .36 0%
7 (Gety) | V- —— —— —— m _ — Vv V= VY ! 1(gg—H,bbH)
priet) | vv vV VY VY prr+miss NSV N . b VBF topolo 10043
2 T i 3 : polegy 02 774167 (13 TeV)
7 Get) | = - - - I ol TS R e i g |
m; VOIS I Y Nijet — o v 898 et B> 200GeY g~ f CMS Eoime  Dssotas
A VOV VY vV Njet v vV v =/ E g % -—.—5—- Rest -1.06%27 b Preliminary - 68% CL exp. - - - 95% CL exp.
g g § , e g Bestit
- Inclusive 10393 r @ Expected for 125 GeV SM Higgs boson
- | ) T - \ I | ) - [ 1111 | L1 11 141
-5 0 5 _ r U, .
Best it yroc = Tproc/Ts1 »
e v R SN
0.85—
* Inclusive and per-process u and o, G also in STXS bins
ox B(H — 11) (pb) 04
Processes (X) | Hy | Expected Observed °‘2§
Inclusive 0.75 £ 0.14 (stat) £0.10 (syst) 3.40 = 0.20 (theo) 2.56 £ 0.48 (stat) £ 0.34 (syst) ] T
gg — H,bbH | 0.36 £ 0.26 (stat) & 0.25 (syst) 3.07 £+ 0.19 (theo) 1.11 £ 0.81 (stat) = 0.78 (syst) Ky
VBF+V(qq)H | 1.03 4 0.26 (stat) + 0.14 (syst) 0.33 =+ 0.01 (theo) 0.34 + 0.08 (stat) = 0.09 (syst) *u of quark_ VS gluon-

STXS allows the combination of fully initiated processes, K vsky

optimised analysis techniques with a clean
and interpretable framework

28



¥y
!

Recent results: H->yy STXS %j

CMS-PAS-HIG-18-029

CMS prefimi 7741 (13 TeV imi 1
> 35000 11| relminayy ____TrAf _(I3TeV) CMS Prefiminary 77.4 10" (13TeV) CMS proimipay _____ 77.4f (13TeV)
10} £ P=TY All categories 3 H N TrTTTTTTTTTT — Hoyy ) ]
5 30000F S/(S+B) weighted = it —=— Observation _ HOJ [ 1174 = Observation 7
IS ¢ Data E HoJ 1.1g 020 99 —1'17 —
G>.) 25000_ S4B fit — [e]¢] 19 020 ggH 1J low | 15 84 . SM Prediction |
w Fs 3 — SM Prediction T H1Jdmed | os5%
S 20000~ B component H1Jlow | 13%¢ . 99 S —
B : I+t 99 05 ggH 1J high | 20 - m,, profiled —
S 15000 C#20 |00 m, profiled 7| ggH1JBSM [ 18 H
& E ggH 1dmed | 07 = —
= F - | ggH2Jlow | o3 ]
" ggH 1J high | 179 ggH 2Jmed | 27 F—— _
+ = I | ggH2J high [ s
B 5000 o6 _
> F ] ggH GE2J | o808 ggH 2J BSM | 281 —e— B
Y B B T e e | ggH VBF-ike [ 00 3 5
1000 " B component subtracted ggH BSM | 2277 —=— qaH 2J‘|!ke | 13% He— |
] - —  qqH 3J-like | oo — |
500 E qgH | o83y qaH other | 003 —, [ !
P S L P I ) 0 2 4 6 8
P 5o R P S -2 0 4 6 8 Gprod O,
-500 :—{ = Gproc/ Oheo proc’ “theo
100 110 120 130 140 150 160 170 180

m,, (GeV)

* 2016/17 data combined permits cross section
measurements in STXS ‘stage 1’ with some bins
merged: 7- and 13-bin variants

* All measurements in agreement with SM
predictions
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Recent Results: H->ZZ*->4¢ Full Run 2
CMS-PAS-HIG-19-001

e Fiducial cross section Vs= 13

CMS Preliminary 2016 + 2017 + 2018 137.1 16" (13 TeV) CMIS Plrelimlinar}lf ] 1I37~1|fb4 l(13 TeV)
o 350 — - H—ZZ—4l
é Data . —LL—>
TeV agrees with SM g = tpe m, profiled oz
. . . o 800/ T
prEdICtlonS. £ c sl ggH-0//pT[0,10] 0.87%2 0.80
3 2sof - ggH-0/pT[10-200] 1.06%;° 2.53
4023 +0.24 - 1 0gH-1/pTI060] 07875 0.88
Ofig = 2.?H_I-.'%s(.‘w'lul.]_u"l'g(syst.} tb 200~ = ggH-1i/pT(60-120] 0.827;/ 0.57
’ T ' E 3 ggH-1)pT[120-200] 15215 | Hi=— 0.10
osm=2.76 + 0.14 fb 150~ 3 ggH-2j/pT[0-60] 1.47%5 | Hm— 0.16
F 1 ggH-2j/pT[60-120] 1.59' 0| H-m— 0.23
100 — — . +0.87
E 1 ggH-2j/pT[120-200] 1.16%y5, | 0.11
i As well as at the other 2 \/S F ] ggH-2//mJJ>350 000 0m—H 0.10
50 3 ggH/PT>200 0.47°0.) Ha 0.07
E ma  C0H-2/mJJ[350,700] 1.712 » | 0.05
5.1 b (7 TeV), 19.7 fb™ (8 TeV), 137.1 fb™ (13 TeV) 0 0 qqH-2//mJJ>700 0.93% —4— 0.07
3 6_II\\‘Illllll\\‘Illllll\\‘Illlll\\\‘llllll\\\‘IIII_ m4](GeV) qu-S]/mJJ>350 289"225898 - : 0.04
T 5 CMS B CMS Preliminar ! qqH-rest 0.00%; #—1—— 0.25
C ] y 137.11b™ (13 TeV) . 200 .
bg E T} Data et 05y5.ure) 1 g st ‘+‘ I[‘Ja\‘a(sllatla-)‘sy‘su‘cl)‘ BERRRRRE qqH-2j/pT>200 o.oo_égoz 0.02
F 1 = @ sys. unc. ] ] Y _
5 I = Systematic uncertainty i J— 4 Systematic uncertainty . VH/pTV[0-150] 3 21;11‘.5557 e | 0.11
. 1 F s SO oot (NNLOPE a1 E VH/pTV>150 0.00%; > | 0.03
[ Standard model ] . -3 %54%% 9a-H (POWHEG) + XH 3 qgH-2/mJJ[60-120] 0574, — 0.05
— ] Ea) ) XH=VBF+VH+ E - +0.90
4: LHC HXSWG YR4, m,~125.09 GeV 1 B L :(Ltic\:(iFSWéHYR:,Hm(;?Z\;HOEQG;eV) tHtH0.07067 Bttt 10000804,
r 1 2 012345678910
3; E '8 1.sf o/ GSM
L ] 1
er B 0.5¢
- 1 e * (Cross-section measurements in
1 — o 14 . ¢
o 1 2okl many STXS bins ( ")
: ops(HoapeX ] 2 gt e | any STXS bins (‘Stage 1.1’) and
'_ _‘ 2 04 H H .
VST TR AR AN PATRT: B B - e e e e differential measurements in
0 0.5 1 1.5 2 25

6 7 8 9 10 11 12@1%:\1/) ly(H)] several variables possible, all

compatible with SM predictions
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Generic Parametrization c.i7.0: arXiv:1809.10733, accepted by Eur.Phys J.C

ATLAS and CMS — tlo 35.91b" (13 TeV)
LHC Run 1 -o- ATLAS+CMS -+ ATLAS —+CMS — 2
: : CMS ® Observed
K — —— T B = 1o interval
2 = 3 = = K| - e
| ' | ' | : —2c interval
K — —o — — K - i [yl < 1
W —_— —— —_— —— W N \Y
K L —— L ——— R -
RN S - H
———r ———r [ :
S : = : .| ——
fic:| — — n ;
K, — ——— i
L : n : ficy| e
s I == I %
b —_—— —_— IKg| ——
- ! - ' - :
|K9| e e |K7| +
: [ic.| —_—
fic,| = vl i ;
< __ — - :
- |KV| <1 1 - B 0 B -
Bgoy =0 BSM = inv
B, BSM = o~ =
BSM | —
11 I 1111 I 111 I |||||||| I 111 | 111 I 111 I |||||| I 111 | 111 I 111 I 111 I 111 | 111 I 111 I 1111 BUndet >
-15 - -0.5 0 0.5 1 1.5 2 -15 —1 -0.5 0 0.5 1 15 2 b b b b b b B e
-15 -1 -05 0 05 1 15 2 25 8
Parameter value Parameter value

* Allow BSM loop
contributions + either
BSM contributions to I,
(k, £ 1) or not (BRgep, =0)

ATLAS+CMS Run 1: BRgsyy < 0.34 @95%CL
CMS 2016: B;,,<0.22, B 4et <0.38
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K framework constrained scenarios =

. e — N N ' '35<|9fbl“(1I3T?V)'
“ [ ATLAS and CMS * I CMS [ v e
2_LHC Run 1 i i s 26 fegion
L & Bestfit
e Assume no BSM [ e ] _ % Sweperns
loop contributions e e ] 1S )
I Y% SM expected i r
and BRBSM =0: or 7

Coupling modifiers : ® ] T
to fermions vs. to T '

: Ocombined [JH-vy 1 ; Hobb  [JHore i
vector bosons f DoemomaLor ] 05 Crse Do
[ OHow H-bb 1 L [JH-ww [Jcombined
— s 2 05 1 15 2
il K,
e Assume BSM J. High Energy Phys. 08 (2016) 045 arXiv:1809.10733, accepted by Eur.Phys J.C
contributions from > e I
loops only (BRgsy “iHe Fun 1 Ows | “ lems
=0), otherx fixedto ..  ~_ 7™ 14
SM values: S '
. . 1.2 - ,
Effective coupling - i | L
modifiers kg, K, for s ]
loops descrlpln g o8l )y | I
ggF production and : i A - e
H efyry decay 0'6-7—|68% CL e 95% CL + Bestflt* SM expected i | |:|1 ogion —nn 2 o % sM e
06 08 1 12 14 16 [ LT R R
Ky 07 08 0.9 1 11 12 1.3


http://dx.doi.org/10.1007/JHEP08(2016)045
http://arxiv.org/abs/1809.10733

Mass-scaled kK vs. Mass

J. High Energy Phys. 08 (2016) 045

- ATLASand CMS 2
- LHC Run 1

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

[ 68% CL

[ ]95% CL

wl

T T T T T T T T T T T

10 107
Particle mass [GeV]

Ratio to SM

cms,/|

r

arXiv:1809.10733, accepted by Eur.Phys J.C

35.9 fo' (13 TeV)

T l|
wZ

CMS

SM Higgs boson
— (M, g) fit
ERS

[ ]+2c

11
T

Ll

102

10
Particle mass [GeV]

— Assume no BSM loop contributions and BRgc, =0
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Rare and BSM decays

The discovery of a new boson consistent with the

Standard Model (SM) Higgs boson has completed the
SM theory

Nevertheless, this theory cannot address several crucial
Issues |

Direct evidence from observation: ~
— existence of neutrino masses o
— existence of dark matter and dark energ
— matter-antimatter asymmetry
Conceptual problems in the SM:

— the large number of free parameters

— the "hierarchy problem*

— the coupling unification

Strong indications that the SM is only a low-
May 27th 2019 energy expression of a more global theory 34




Exotic Decays of the Higgs Boson

* The SM Higgs boson has a very
narrow width (=4 MeV): current
limits still allow for additional
contributions from BSM decays

* Constraints on new physics are
still relatively loose (Run 1 limit
B(H — BSM) < 34%)

* Possibilities to detect BSM
physics in the scalar sector:

— Direct evidence through

observation of BSM decays of the
Higgs boson

— Indirect evidence through
observation of deviations in the
couplings of the H boson

May 27th 2019 ICTP Trieste 2019
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Search for BSM Physics in Higgs Decays !

* Search for Higgs boson decays to SM particles:
— Very rare decays predicted by the SM

* An excess on these channels would be an indication of BSM physics

— Decays not allowed in the SM
* Lepton flavor violating Higgs decays

* Search for Higgs boson decays to non-SM particles:
— Invisible Higgs boson decays, with H produced via
— ggF, VBF, VH or ttH (H — invisible)
— Higgs boson decays to light pseudoscalars/scalars
(H — aa), decaying to SM particles

(Recent) results reported here CMS-HIG-18-025, CMS-EXO-
19-007, CMS-HIG-17-023, CMS-HIG-18-008, CMS-HIG-18-006



Rare Decay: H — J/VJ/V - YY

Almost background-free

— sensitivity scales with luminosity

4-muon final state: very clean

signature with narrow
intermediate resonant

e Dedicated triggers: 2 (m ),

3u(my)

states

H-YY
H=J/Q I/

~2 X 10°

,CMS _Preliminary
102 T

~1.5 x 101°

LI | ' I

+— Data

Events / 4 GeV

107

375" (13 TeV)

Background
....... Model Boson Signals

+ Holwi/w

2080 T 8000
CMS-HIG-18-025

920 140

M,, (GeV)

CMS-HIG-18-025

Exclusion Limits at 95% observed expected

1.8
14

B(H = J/y]/p) x 10°
B(H - YY) x 10°

18507
14=+0.1

CMS Preliminary

37.5f0" (13 TeV)
% 107 ! ! T -
O —+— Data
g —— Background
@ T\ e Model Boson Signals
3 10 ]
& f H— YY E
1 .
107 E ) P
P PRI Lz aad PRI § -
20 40 60 80 100 120 a 140
M, (GeV)
CMS-HIG-18-025 "
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Search for Dark Photons in ZH Decays >\

CMS-EX0O-19-007

Massless dark photon that couples to Higgs
boson
— Ypis a dark photon, which is undetected
large me‘SSBD
Two opposite-sign same-flavor leptons and a
photon

Background from data-based method and
simulation

m; (transverse mass of p;™*s and photon
system) and |nY| used in the fit

137.4 b (13 TeV)

137.4fb"' (13 TeV)
LI LI I LI

3 _I T I LI I LI | L I LI I LI I 1 I ]
Q I
2 --Data Z(H.__(inv.+y) (0.1x 6_ ) =~ 10L — Observed CMS Preliminary._
c s su > E --- Median expected miss 1\, 3
o 7z — Z(I)H, (inv.+y) (0.1x o) + - ZH — 2I+p_"+y 3
T Wz N N Expected + 10 T ]
° T £ Expected + 20
10 Evw CMS 1 01X oM
. Hw Preliminary r 1F E
B .Top-quark/WW mfl <1 Q
X
i S Full Run 2
- 107 F E
5 —
N
' 1072 3 E
— N ® I -l 1 l |- [ | | Ll I L1 I 11l I Ll I Ll l Ll l_
e e - e 140 160 180 200 220 240 260 280 300

0 100 200 300 .
Higgs boson mass [GeV
My [GeV] ICTP Trieste 2019 99 [ ] 38



Higgs To Invisible Searches

* Inthe SM, H — invisible only via H
— Z7* — 4v with BR of 0.1%

— Rate for invisible decays
significantly enhanced in several
BSM scenarios

— The 125 GeV boson could be a portal
between a dark sector and the SM
sector

— All the main Higgs production
modes can be used to probe its
coupling with “invisible” particles ‘ |

— All searches characterized by large ool “<

p™ss (DM particles escape ,
detection) ggH +jet

— The Higgs boson recoils against a
visible system used to distinguish Nt
between production modes L ey wH

.
>
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CMS /1

Higgs To Invisible Searches

* VBF topology: characteristic final states ; ‘e
with two jets with large An; and m;; Higgs — Invisible [2—¢¢]
— Allows for suppression of SM backgrounds:

most sensitive production mode Signature: 2 opposite-sign, same-flavor
— Main backgrounds: W+jets, Z+jets electrons or muons + meiSS
* Background estimated from high-purity 1 Main backgrounds: Z(€)Z(vv), Z(C)W(ev)

or 2 lepton CRs
* Improved sensitivity by fitting the shape
of the m; distribution

® Require dilepton system be back-to-back
wrt p;™ss 12-variable BDT

Observed (expected) limit @ 95% CL [36 fb-1]: Observed (expected) limit @ 95% CL [36 fb-1]:
B(H—inv) < 0.33 (0.25) B(H—inv) < 0.40 (0.42)
35.9 5 (13 TeV) 35.9fb" (13 TeV) 491" (7TeV)+19.7 10" (8 TeV) + 38.2 b (13 TeV)
- PR e n % CMSI ® Data & 1: : E
8 10 CMS & Do -7:M.mvr>:r.'! G ¢ -"ZWZZ g 0.9 CMS
- i ~ > Rl . .
@ 1| Pred.from  [wmssiocor [ o ew | 4] ee+luL -O1herbkg. £ [ —e Observed Combination
] b-only ¢ Boossen reas | g 10° Nonresonant T 08F
o 0 — | Ll>.l lzo’r-ie!l-vz;n T - --o- Median expected VB F’ VH, ggH
e Lo 10 _D m\\’/ r couplin o 0.7:'— o -1
s VB, = = a2, “"m....-eucslgec:v?m‘i.-sooeev A Il 55% expecis CM S-HIG'1 7'023 3
{ 1 Blkg. unc. ' S 0.6} 95% expected R
i === ‘é . 3
“’? 10" B 0.5
" . & 0.4f
107 A e 10 2k
3o . rie 1 . O 0.3f
‘,t & . & J g 15 :_ T, = o\o
8 it ! AT i.é 1 m-;:-‘-—- .............. ' 8 0.2
E,,- LI g . 3 . + E
£ [',r--_ 1
g_:' | A T P T T T PP T R 100 200 300 400 SOW(LS 600 01
05 1 15 2 25 3 35 4 45 5 prk [GeV] 0 |
m; [TeV] Combined 7+8+13 TeV Combined 13 TeV  Combined 7+8 TeV
Observed (expected) limit % CL:
May 27th 2019 ICTP Trieste 2019 (exp ) @ 95%

Run 1+ Run 2: B(H—inv) < 0.19 (0.15) |,



H — Invisible [ttH], and H—Exotic [LFV] =

Reinterpretation of results from 0/1/2¢ stop CMS-HIG-17-001
searches (0/1/2€ + jets + pTmiss + b-tag)
No modification to signal regions and H— e+t/ U+T
background predictions e Multiple t-decay channels
No re-optimization for ttH signals e BDT fits to improve sensitivity
Multiple signal bins to cover large parameter
space Observed (expected) limit 5% CL[36 fb-1]:
P
Major backgrounds constrained/validated in B(H — MT) < 0.25 (0.25) %
control regions B(H — et) < 0.61(0.37) %
CMS-HIG-18-008 L
35917 (13 TeV) el CMS -+ Observed [ |Z-tt -
.g 107 CMS' I I— r+lctm!:mc T |:|lec T . ?’ 70 pt 0 jet -Z%G/pp Dﬁ,tfiats _‘;
2 10t |- Prefiminary EDccomuniet [ Ziv = T &0 3 [ Diboson [ | W+jets,QCD 3
W E Higham B Lost lepton i, Hoinisblo S O F [ SM Higgs — H—sit (B=20%) 3
10 =7 jets % BhQ. mcmami 15 Lﬁ 50 77 Bkg. unc. -
10° "":“'75- “.., =1 . N,:O':nl'l: lﬁ'umw } 40 E_ 'S _E
10° N =1 : N, 22 : N, =1 N, =2 é é
= F OF
10 ;!ﬁm %Hm - 205
: ! 10
10" l 1 — 1 1 1 L 1 : 1 1 1 1 L 0 -
oL | ] a
zg‘ 1i';;:,' + 2 *'-J)-». g RO~ . —§—-$~; Eg IS
< .t 1 e A 2 !
{259 J (\:\ 5‘,\5\:\;. 250 4'\:\—) J"'\'J Cb% 60},\)3 J"Q’J 9‘;, 7‘4%3 45 ,‘_‘030 8 05+ -
o pr=: [GeV] 04 02 0 0.2
Observed (expected) limit @ 95% CL[36 fb-1]: BDT discriminator
B(H—>|nv) < 0'46 (0’48) ICTP Trieste 2019 41



Exotic Decays in 2HDMs

Two-Higgs-doublet models are simple extensions of the SM introducing two

doublets of scalar fields (¢1 and ¢2) in the SM Lagrangian

After symmetry breaking, five physical states are left (h, H, A and H+ bosons)
Four types, according to different patterns of quark and lepton couplings

Further extension 2HDM+S: possible search for H — aa (a pseudoscalar)
Exotic decays still consistent with all the LHC measurements so far

a - bb

Large BR

Hard to trigger

Low identification efficiency
High p, thresholds

Large jet-backgrounds

XXX X K

a—1T7T
v' Large BR

v" Possible to trigger on leptonic T

decays
X Low T, identification efficiency,

with high p, thresholds (> 20 GeV)

a- pp

Excellent mass resolution
Easy to trigger

Open for any m,>2m,
Low BR

SANENENEN

resolved

Highly Lorentz boosted

Easy identification, with low p;

C
a—
a—>1T a — bb

2m, 2m, 2m,, m,

With SM-like
couplings:
B(a— bb)~
9B (a— tT)~
1700 B (a — pp )
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Higgs Exotic Decays

P~ 3
4y 10 =
Sensitivity t © i
ensiItivi 0 11 TR S
B(h—>aa)=1_E 102
|f Gh = GSM m i

e T —

I ne aae pppp 8 Tev)
B he aae trec (8 TeV)
" heaae e (8TeV)

"~ he aae uubb (8 TeV)
2HDM+S type-2 B 1y aae uyr: (8 TeV)

PEERAL SN -‘IIII

19.7 fb’’ (8€V) +35.9fb '(13 TeV)

Boosted
reconstruction
techniques

Well separated
decay products

JHEP 10 (2017) 076

1072
tan = 2.0
p B he aae <tbb (13 TeV) No significant
~ expected |||observed . O,
Mode| 10—4 | 1 ) 1 a3 31l 1 ;1 3 de\"at]ons
dependency 1 10 from SM

Many Run Il results still to be included

m, (G eV) predictions

yet observed



Exotic Decays: H — aa — 2u21/47

* Highly boosted a boson, non-isolated muons wrell sspersted
* 4GeV<m,<15GeV NG
* Selection: SS p pair + two 1-prong t decays (OS wrt

nearest W) .
* Main background: QCD multijet events p
* 2D searchin (Mg yyq, My i) Plane
* Reduced sensitivity as topology becomes resolved  CMS-PAS-HIG-18-006
* Improves Run 1 CMS limits by up to a factor 10

-’ u™ JeT [hT
Lorentz-boosted 2, states

B 359" (13 TeV) 3591 (13 TeV)
> ' chs - 0.6 T T T T T T T T T T
é Preliminary B i —— Observed CMS .
obee - | e Expected
§ :b:,(::.) % 0.5p I <45 Expected Preliminary
s ::;g:z o L +20 Expected
z m, » 10 GeV o) excluded by the
- m, =15GeV g 0.4F coupling analysis 7
.................................... E 03
i
o
. o 02
Leu 1 wn
o | S—— — @ 1
- : o
0
(] p I
) . " — - . - 0-0 A A A A A A A A
PEEr— 5 10 15
CMS-PAS-HIG-18-006 M. (GeV] CMS-PAS-HIG-18-006 m,, [GeV]




New results with 2016 13 TeV

Searches for charged Higgs

7/8 TeV 13 Tev . . . .
Final State Ref Final State Ref data including intermediate
HT — Tutb JHEP 11 (2015) 018 HT - Tv arXiv:1903.04560 (JHEP) mass range.
HE — cb JHEP 11 (2018) 115 HE — tblep CMS-PAS-HIG-18-004 “st "
andard" decays ver

HE — cs JHEP 12 (2015) 1 HE — tbhad CMS-PAS-HIG-18-015 . y y

HE s Wa CMS-PAS-HIG-18-020 constrained now in MSSM-
HE = multileptons | EPJC 72 (2012) 2189 || HE = multileptons CMS-PAS-HIG-16-036 like models.

VBF HE Wz PRL 119 (2017) 141802 . .

HE: L wE=w* | PRL120(2018)08i801 | New benchmarks: opening

decays to x;*x°%, Wh, WA.

Phys.Lett. B772 (2017) 87
Intermediate mass

Low mass

High mass

NLO pp — H'Wbb

o(pp — tt) *BR (t — bH") * BR (t — bW)
A A

NLO: Phys. Rev. D76
NNLO (2007), hep-ph/9301237
PRL 110 (2013) NNLO: eg. hep-ph/9806244

Eur.Phys.J. C78 (2018) no.3, 182

THOM Type | - Pievcar coratmies THOM Type i - Miascer corsmmins

g Charged Higgs production al e LHC

13 TeV, NLO 1ol cross-sechon .

. HW o ——

fixBR = «
H - 1

Q. 0

tarfial —

== §

Tools: 4FS: MG5_aMCatNLO,
5FS: Prospino

Eur.Phys.J. C78 (2018) no.3, 182

THDM Type Il - Higgs searches

200 @0 00 9 1000 200 @0 60 80 1000
W, (OeV) M, (CeV)
THOM Tyae 1 Mavowr corstmies THOM Tipe IV Pisvour comstraees

Vediaahs_sNCENO

600 800 1000 45




H* —tv and H* —tb leptonic, and combination

arXiv:1903.04560 HE - tb (lep) CMS-PAS-HIG-18-004

@ combination of 36 categories in all @ combination of (+jets and ¢/+jets.
hadronic (7,+jets) and leptonic
(¢ + ™, £ + noty) FS.

TB Signal Region

- =6 =4
:
“ 2
) 5| 3
g w %
’ E a2
£
3
Z 3 9 R1 R2 R3
B 200
g 0 1 2 z3
@ Number of b-jets
v
CMS rreliminary 35.9fo" (13 TeV)
. '
= 95% CL upper limits
_ = 104 - Cbiserved
= g = ----Median expected
> e T I 639 expected
< £ ?E 7] 95% expected
'r s = 1. «««« Medlan expected, hadronic
T © @ : .. +Medlan expacted, single lapton
‘“: -~ [ ™., o Median expected, dlepton
5 ©
107"
100 150 180 1000 3000 200 300 400 1000 2000 3000 N
m,, (GeV) m (GeV) 1 0-2 _ H a1

£ Leplonic + hadrenic final states

| 500 1000 1500 2000 2500 3000
In all hadronic channel: no neutrinos = full mass reconstruction possible. m,. (GeV)

Best sensitivity still from single lepton channel.
All hadronic channel contributes most at high H* mass. 46



Double nggs production

m?2
A= —2 =013
202
l o)
="
g _-H g 70000 ---H °
t -- : t \
o H SNy g o

HH has extremely small cross section in the Standard Model
103x smaller than the single Higgs boson production

HH production allows to probe the self-
coupling

The measurement of the Higgs boson self-
coupling is a fundamental test of the SM

It probes the shape of the Higgs potential

20%(or better) precision on self-coupling is
needed to probe BSM modifications

Anomalous Higgs boson couplings has

10

—

10°

strong effect on cross-section and m(hh) shape

EFT approach parametrizes new physics
modifications to K =A/Asy and K¢ = yi/y ¢ sman
new contact interactions c2, c2g, cg

d

3 LO) Lot e T el
— Qp-.- e e L. 3
- ’H\NN\_’F)-"'_- . ,_-x" ..... ,..—;':,_—’ 5FS 3
B . ;\;NLO e 010) DR SOy - (NNLO ]
Lot .\\’ - 6\ ‘A.‘,_, "’_,a
R TUNC Py =
- _ ._Pp— - —,‘f()’GO\ e -OCD\ =
: ’.—’,'\A . ‘_'\/\\“\\.N :
SPTA PP

p— - Q ]
=~ ¢ =
a Rz M, =125 GeV B
i MSTW2008
— |— 1 1 | 1 L L L L . ) \ -
8 910 20 30 40 50 60 7080 10°
\/s [TeV]

g Ki Kxn _-H g 70000 -__H

t -0 t
g g g oooe o
g C2 .- H g C28/ - H g Cg Kn .- H
t - \ _‘.\
~. . H -~
g H g H g H
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Double Higgs production

« H(bb)is a key element in the
exploration of HH at the LHC highest
BR good b-jets identification
performance: 70% efficiency at 0.3-1%
q/g mistag probability

* H(yy) clean final state excellent mass
resolution, ~1%

« H(yy)H(bb) Phys. Lett. B 788 (2018) 7:

— Photon selection similar to H(yy)
measurements

— myy and m(bb) compatible with the
Higgs boson mass
— Mx and BDT (includes angular

correlations) classifier used to
categorize events

Events/(30.0 GeV)

CMs 35.9 b (13 TeV)

| L R IR I I I LR I =
...... Grav. m, =300 GeV [l ttH(yyY) 4 Data 3
...... Rad. m, =600 GeV | VH(yy) -

sL. —— gg — HH (x10%) ggH(yy) =
—— VBF HH (x10°) :
ow { high mass E

bt | 50
300 400 500 600 700 800 900
Mx = myj., — (M5 — my) — (M4, — mpy)

* Main backgrounds are:

— yy+jets (prompt or jets misidentified as
photon)

— SM single Higgs

Most sensitive channel to SM HH for
CMS and low mass HH resonances

« Likelihood fits simultaneous to m(bb) 24 x SM observed 95% CL on SM HH cross
and m(yy) section (19 x SM) expected

May 27th 2019 ICTP Trieste 2019
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Summary -

The Higgs boson represents a unique particle in Nature

— Its characterisation is essential to explore the scalar sector of the
SM

A broad program of Higgs boson study is ongoing with the
ATLAS and CMS experiments

The Run 2 dataset offers unprecedented possibilities of study:
from observations to precision measurements

— increasingly precise and granular measurements as more data are
available

Run 2 Higgs Physics Milestones Already Reached: Third
Generation (Charged) Completed

A broad and exciting program of Higgs boson physics is ahead
of us, from updated properties and couplings measurements
with the Run 2 dataset to the HL-LHC precision measurements

May 27th 2019 ICTP Trieste 2019 49



CMS /1

Perspectives /

arXiv:1902.00134

Vs = 14 TeV, 3000 fb™' per experiment

e Most Run 2 full-statistics results are ~—To  ATLAS and CMS

— Statistical HL-LHC Projection

still to come (~140fb™) ey

Tot Stat Exp Th

* Perspectives for Run 3 (2021-2023): =, s 07 1

Hope for >150fb™ at Vs= 14 TeV \

* HL-LHC: Starts 2026, expect 3ab?,
hope for ~2-4% precision for most  *
COUp“ngS Kz, ! . . | ||9.3 72 17 64

0 002 004 006 008 01 012 014
Expected uncertainty

| 25 09 08 21

AL

I MMW

34 09 11 34
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19 09 08 15
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= 13 TeV =2 13-14 TeV — LA L ——
splic: solidatiol oo EIU IC stall: I;d o ;y |mn HL-LHC g(;?m?rl-glx
TTev & b “R;_E p”:" : P7 11 T dip. coll. installation Juminosity
Civil Eng. P1-P5
---------IIIIIII
X ATLAdS ’?MST radlahon
experiment upgrade pha: damage ATLAS - CMS

beam pipes 2 x nom. luminosity HEUPIIace

7%  nominal | luminosity —__’___‘ ALICE - LHCb ! 2 x nominal luminosi ty .
upgrade

nnnnnn |
luminosity /_

— 50
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