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Outlook

* Brief introduction (experimental point of view)
* Where are we in the exploration of the Higgs sector?
* Where are we headed to!

* Summary



Brief introduction (experimental point of view)

Challenges for Higgs Physics in Run 2 of the LHC
CMS performance



A golden Run for Higgs physics at the LHC
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- produced |6l H — yy,33k qgH — 77, 41k ttH(bb), 184k VH(bb)

— differential measurements, reach for new direct observations

* but

only 1.5k H— pu, 13 HH — yybb

= still away from direct observation, playground for searches

Data included from 2010-03-30 11:22 to 2018-08-30 00:06 UTC

N w & 1% (-2 ~
Q o o (=) o =]
T T T T N ~ :

=
o
T

e
AW

2011, 7 TeV, 6.1 fb '
2012, 8 TeV, 23.3 b !
2015, 13 TeV, 4.2 h !
2016, 13 TeV, 40.8 b !
2017, 13 TeV, 49.8 b '
2018, 13 TeV, 47.7 b !

- x50
AW AW ? oe® o ot ot

Date (UTC)

2010, 7 TeV, 45.0 pb '

x 50

80

170

160

150

140

130

120

110

0

87% o 1%

o(ggH) ~ 44pb o(ttH) = 0.6pb
=2.3X 0g TeV =39 X 0g TeV
4% ¢ 1%

¥

g T H I

o(VH) =~ 2.2pb o(ttH) =~ 3.7pb

= 20 X 0'8 TeV =24 X 0‘8 TeV



Experimental challenges for Higgs Physics

* Higgs physics makes use of the full detector
* reconstruct all objects: leptons, y, E;™s, (b-) jets, ...

* wide coverage: from p;>5 (leptons) to [n|~4.7 (VBF)

- 4500
Run II: <p> = 34
2018: <;> = 38
2017: <p= = 38 13500
2016: <p> = 27
2015: <u> =13 3000

12500

* the upgrade of the CMS detector

14000

(next slide)

B00HT

* improvements in trigger and reconstruction

2500

(e.g.filtering for pileup from pulse shapes to final Opne = 80mb 12000

11500
physics objects, particle flow starting at L1000

trigger level, deploying machine learning {s00

O

algorithms as understanding of data increases) ? 29 o ® Y o

Mean number of interactions per crossing



CMS has undergone several mutations over the past 3 years
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[Calorimeters]
[MuopLlfambers] == | New DAQ links for ECAL (2018),
GERgsslice test (GE 1/l HCAL changed HPDs to SIPMs
Electronics (VME—>uTCA ROS) for Endcaps (2017-2018)

/.

[Forward Calorimeter]

/ - /,,.,,, .
Z /’/'i g e s U Upgraded readout in 2017

[ Tracker]

Pixels refurbished with 4 layers
(2017) replaced DCDC
converters (2018), strips operated
at lower temperature (2018)




Selected aspects of performance in Run 2
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Poles yet to be
observed

QZ

Precision measurements

Searches

adapted from A. David, @2hdmwork’[ 6

Where are we in the exploration of the Higgs sector?

Properties of the H(125)
Searches for additional Higgs



http://cftp.tecnico.ulisboa.pt/~2hdmwork/Slides/2016/Day3/Andre_David.pdf

Fitting the global properties of the H(125)

 Combined fit to different categories from different analyses
* up to 265 independent categories, >5.5k nuisances to model systematics

* decouple as much as possible production and decay, direct and loop-induced

4 rf )
Nobs oc 1f = o;-BRf _ 0 T K frameworl§ 2.2
Nexp Hi oisMBREy Tism l“g_M ! !

. 'sm y,

—> assuming loops are resolved ¢ and BR can be fully parametrized

* some modifiers are effective (i, k;) - BSM mostly expected to change the rate

* ratios of the coupling modifiers are also used [Aij = Ki/Kj]

(loosen SM-like assumptions, particular useful for BSM re-interpretations)



Treatment of systematic uncertainties |

0

* Dominant exp. uncertainties are related to efficiency and background

* uncorrelated among channels

* except pileup, luminosity, jet energy scale, b-tag efficiency correlated

* unc.on background functional form parameters included in stat. uncertainty

Analysis 6M/M [%] Detector modelling Background

Yy -2 e.m. shower shapes functional form

277 (4%) [-2 Z+X

W (2e2v) -0 lepton efficiencies F£ VWY, DY

T 10-20 T, pr™*s energy scale DY- 1t

bb 10 b-tagging eff./ discr. shape WZ+heavy flavours / QCD multijets

ttH multileptons - lepton efficiencies reducible backgrounds (fakes, q flips)
bb 10 b-tagging eff./ discr. shape tt+heavy flavours / QCD multijets

wu -2 functional form

invisible - Z(Z)vww(£€), WW)¢tv(£v),WZ — £3v




Treatment of systematic uncertainties Il

Most relevant theory uncertainties for dominant gluon fusion
* pr(H) is weighted to match NNLOPS per jet bin (base simulation is NLO+PS)

* finite m_ corrections, jet-bin migrations, resummation, Ug /U

Signal theory uncertainties are correlated among categories
* including uncertainties on the BR

* but boosted categories are treated separately (boosted ggH — bb)

Background theory uncertainties are uncorrelated between analyses

* exception made to underlying event and parton shower uncertainties

Finite simulation statistical uncertainties modelled with Barlow-Beeston



Properties results (status as of March 2018)

Overall signal strength

CMS PAS HIG-17-031
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html

Properties results (status as of March 2018)

COUpling modiﬁers CMS PAS HIG-17-03 |
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html

Properties results (status as of March 2018)

Seal"Ching for' BSM in global ﬁts I CMS PAS HIG-17-03
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* Null search for other Higgs decays and BSM in the loops
- assuming effective couplings for ggH (x;) and H—>yy (k) and [xz], |k | < 1

* new BR, kg, k,, are the parameters of interest but profiled depending on the search

CMS Preliminary 35.9 b (13 TeV) 0.5 CMS Preliminary 359" (13TeV)
Mc:n T T g [
= i
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html

Properties results (status as of March 2018)

SeaI’Ching for BSM in global fits || cseasticz.0
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CMS Preliminary 359" (13 Tev) CMS Preliminary 3597 (13 TeV)
7 o 1] -
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from negative k4 and K, preference for g, < 0 leads to

more stringent observed limits

* Rates sensitive to the mixing angle (o) and ratio of vevs (tan ) in 2HDModels
* coupling modifiers for fermions change accordingly to the 2HDM model type
* test statistics used in the fit is re-written (e.g. as function of A, Ay, Ky, for Type L)

* in the plane of interest evaluate where it drops by 5.99 wrt to max. (95%CL for 2 parameters)

* Results complement those of direct searches for additional Higgs bosons


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html

From simplified template to differential cross sections
16

* Cross sections can be separated by production mode/kinematics bins

* Inyy (and ZZ) probe further inclusive, fiducial and first do/dX

* migration matrix included in the combined fit of the fiducial ¢ CMS 35.9 b (13 TeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html
http://arxiv.org/abs/1807.03825

Differential H—yy

arXiv:1807.03825 |7

* Comparison with NLO+PS with or without weighting to NNLOPS

* double differential p+(H) versus jet multiplicity

* stat. dominated measurements, compatible with with predictions for m=125.09 GeV

* start to probe pQCD, potential for model-independent BSM re-interpretation
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http://arxiv.org/abs/1807.03825
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Searchin

g for BSM in p(H)

CMS PAS-HIG-17-028 I8
* vy, ZZ, bb differ in fiducial definition —» Analysis  Fiducial region
pr 11
= redefine of py(H) bins, treatment of BRs Hoyy  In7l<25 m, 3@

* Test shape/rate sensitivity in p(H)

 couplings to quarks (c,b,t), gluons (dim-6 operator)

1 CMS Preliminary 35.9 o' (13 TeV)
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https://cds.cern.ch/record/2628757/files/HIG-17-028-pas.pdf

New direct observations: H-o 1t

Phys. Lett. B 779 (2018) 283 19

e 2016 data almost sufficient for observation

4.9/4.7c (obs/exp) — 5.9c (obs and exp) after combination with Run |

9 categories covering hadronic, leptonic t decays and different p; regions

fit to visible mass, m_,, m; or p** depending on the category

v

* uncs.: similar stat and exp. systs (~15%), finite MC stats (~13%)
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http://dx.doi.org/10.1016/j.physletb.2018.02.004

dN/dm'®* (1/GeV)

Searching for additional MSSM Higgs bosons with t’s

arXiv:1803.06553

20

* Single narrow resonance in gg fusion or in association with bb

* final states with t’s have superior experimental accessibility with respect to b’s or p’s

* 16 signal regions covering different final states, b content and mass/balance (my, D; variables)

* search performed in the total m; (sums individual m; for t's and E{™'%) spectrum

* No excess in ggH and bbH spectra, re-interpreted in the MSSM
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http://arxiv.org/abs/1803.06553

New direct observations: ttH

Phys. Rev. Lett. 120 (2018) 231801 21

 Combination of Run | + 2016 dataset lead to 5.2/4.2¢ (obs/exp)

* several final states: multileptons, di-photons, bb
* theory uncertainties on ttH normalization and tt+HF are crucial in the observation
* with more data high purity channels (e.g. ttHyy ) will gain more relevance

517" (7 TeV) + 19.7fb" (8 TeV) + 359 tb” (13 TeV) 5.1 1" (7 TeV) + 19.7 fo' (8 TeV) + 35.9 fb' (13 TeV)
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http://dx.doi.org/10.1103/PhysRevLett.120.231801

Probing the sign of y. with tHq

CMS PAS-HIG-18-009 22

Single top production with H is rare due to interference
* expect g = 71 fb for the t-channel q
* combination of multilepton, bb

and re-interpreted ttHyy categories

* assuming SM ttH yield and acceptance 1o _CMS Preliminary 35.91b ' (13TeV)
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Re-interpretation for k; —

—2AIn(L)

15 |
* exclusion of k;<0.9

10

* positive coupling starting to be favoured



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-009/index.html

New direct observations: H—->bb

arXiv: 1808.08242 23

« Combination of up to 77.2 fb-! of Run 2 data with Run 1:5.6/5.5c obs/exp
* VH categories dominate the combination
(fit to DNN output — 3 final states/4 categories)
* improvements in 2017 from better b identification/energy regression,

kinematic fit for the 2 lepton channel and FSR jet recovery

<51f" (7TeV)+<19.8fb" (8 TeV) + < 77.2fb" (13 TeV) . 77.21b7 (13 TeV)
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http://arxiv.org/abs/1808.08242

Rarer decay modes

24

« Testing 2" generation couplings

* approaching SM sensitivity with 2016

[u < 2.92 obs (2.16 exp)] at 95% CL

* will require Run-3 data (300 fb-')

* Testing further contributions to loops
 Zy and 'y interfere with each other

m(£¥) used to enhance Zy
BR(H - Zy) < 8.0 obs (5.8 exp)

BR(H - y*y) < 4.0 obs (2.2 exp)

* will require HL-LHC to reach SM sensitivity

H — P arXiv:1807.06325

95% CL Limit on G/GSM

95% CL upper limit on ©/cg,,

7
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Towards a measurement of the Higgs self-coupling
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g h
* HH production probes directly potential/self-coupling __/_13:’

2
© V(h) =ZBh? + A5vh% + 2 h* with the SM /,=1,=m,Y/2v2

- extremely rare ogy (HH) < ogy(H) - 1073

- bbyy (0.3%), bbtt (7%),
4b (33%), bbVV (25%)

n< 21.8obs (12.4 expj at 95% CL

* will require HL-LHC to reach SM

e Combine most sensitive final states

bbVV

Observed 78.6xSM
Expected 88.8xSM

bbbb

Observed 74.6xSM
Expected 36.9<SM

bbtt

Observed 31.4xSM
Expected 25.1xSM

bbyy

Observed 23.6xSM
Expected 18.8xSM

Combined

Observed 22.2xSM
Expected 12.8x SM

goooon

4.09000.

CMS preliminary gg—HH 35.9 b (13 TeV)

——e— Observed
- —— - Median expected
mmm 68% expected

95"/1 expected

30 40 506070 100 200 300 400
95% CL on o, /oM

20

6 78910


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-030/index.html

Probing BSM in HH production
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350OCMS reliminary 35.9b™ (13 TeV)
o ET % ¥ H : : : : : : :
HH: large potential for BSM = Ot
L 3000-?— " = = = Median expected
:Fr ; [ 68% expected
* modified A g 2500~ S Treoreten mrcicion
© B : :
& 2000t B
(non-resonant) =
= 1500
* s-channels <
o> 1000
Te)
>
(2HDM, EWK singlets, gravitons) 500F

-15 =10 -5 0 5 10 20

= o(HH) can increase up to 10pb b

HHH ""SM

O_

bin 0

ry
[=)
2]

Observed
- - - Median expected
.. [ 68% expected
4 [ 95% expected

* No significant excess so far

10°

* more model-specific re-interpretations

—_
o

can be found in single-channel analyses

(1806.00408, 1707.02909, 1708.04188)

95% CL limit on o(pp—X—HH) (fb)

i i i i i i
300 400 500 600 700 1000 2000 3000
m, (GeV)


http://www.arxiv.org/abs/1806.00408
http://www.arxiv.org/abs/1707.02909
http://www.arxiv.org/abs/1708.04188
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-030/index.html
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Searching additional pair-produced Higgs
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* Neutral higgs decaying to light pseudoscalar possible in 2HDM+S models
* can be accompanied by extra spectator particles in some models
* similar topology as in SUSY cascades with dark photons
* consider different final states bbtrt, Ty, 4y, ...
* no final combination yet available as for Run I... stay tuned
35.9 fb" (13 TeV) o 35.9 fb” (13 TeV) CMS Preliminary  35.9fb" (13 TeV)
5FCMS —— Observed ] §_ O.SECMS —e— Observed 1 =102 _ T NMSSM 95% GL upper limits: ' _
. 1 (aY] [ ] = ¢ —=-m, = 90 GeV ]
—— Median expected : tfg 0.7k — Median expected . :J' B - mh:= 125 GZV ]
20 - 68% expected ] c/F ) 65 Combined - 68% expected 1 1 I ~ve my = 150 GeV 1
o 7 B . — Reference model:
I_j 95% expected % F [_195% expected S0 . —olpp »h —2a)=0.003% o,
.5 Combined b;‘ =0.5F . E = olpp = h) xB(h —2a)=0forj=i J
© [ < C i i :
5§ 04f S0 N
10 E 0k ?— Lo SN
- : S T
O oz 2 ./," ]
5 o8 i % I 1
o = 4
o 01
1071:\\I‘\III‘\III‘\\\Ill\\lll\\l‘\lll‘\llli

qS 20 25 30 35

arXiv:1805.10191

40 45 50 55 60
m, (GeV)

qS 20 25 30 35 40 45 50 55 60
arXiv:1805.04865 m, (GeV)

0 05 1 15 2 25 3 35 4
m,, [GeV]
CMS PAS-HIG-18-003



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-003/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-029/index.html
http://arxiv.org/abs/1805.10191
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Searching additional pair-produced Higgs
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* Neutral higgs decaying to light pseudoscalar possible in 2HDM+S models

* can be accompanied by extra spectator particles in some models

consider different final states bbtr, Ty, 4y, ..

similar topology as in SUSY cascades with dark photons

* no final combination yet available as for Run I... stay tuned

CMS

2HDM+S type IV

95% CL on %(gll)B(ha aa) = 1.00
M

95% CL on @B(h—) aa) = 0.34
~ Tsm

[T

W

35.9fb" (13 TeV)

arXiv:1805.10191

m, (GeV)

o(h)
Ogm

95% CL on

2HDM+S type IV

95% CL on %B(hA aa) =1.00
“SM

95% CL on %B(m aa) = 0.34

i
Wy e
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10°=| 2

(
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Kinetic mixing parameter ¢

CMS Preliminary 35.9fb" (13 TeV)

Vil CMS
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-003/index.html
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http://arxiv.org/abs/1805.10191

What are we aiming for?

Projections for Run 3 and HL-LHC

29



What are we aiming for?

Higgs couplings after HL-LHC ,

CMS Projection

1 1 I I I I | | 1
Expected uncertainties on
Higgs boson couplings

K t |

I | | ] ] T | I I
1 3000fb"at fs=14 TeV Scenario 1
— 3000fb'at fs= 14 TeV Scenario 2

Os a
((5%: 6( Tp+ _\/f—g)

(f)}h_ fi(_.,-‘,,_ fs,umr)
2°VL VL

0.00 0.05

| | L 1 | 1
0.10 0.15

expected uncertainty

CMS-TDR-15-02

CMS Projection (s=13Tev SM gg — HH

LR B BN UL R
— ECFA16 S2

T rrrr[rrTT

—— ECFA16 S2+
—— Stat. Only
LLwbh I
Hron —
o
o
<
o
Mo ———H o
-
Hr
B 1w
" S
bbob 1 b
z
| i N T | | U
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expected uncertainty

* Establishing the Higgs couplings to bosons and fermions

¢ <5-10% (<10-15%) unc. at the end of the HL-LHC (Run 3)

* H — pp measured with 5-8% uncertainty

* Long-road ahead for Higgs self-couplings

* maybe reach 3c after full combination of HL-LHC data?
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Summary
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* Main H production/decay modes have been observed individually

* Next discovery targets:
* rare decays/productions, 2" generation

* dedicated searches for additional Higgs boson

* All are milestones, still all are intermediate results

* see all @ https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG

* 6 weeks to go until Run 2 pp run ends, final analyses to come

4 )

LHC Run 2: the machine has “warmed up”’,

the challenging search for BSM has just begun

N /



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG

Backup




Channels used in the combination

CMS PAS HIG-17-031
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Production and decay tags

H — 797, Section2.1

Expected tagged signal fraction

Number of .
) Mass resolution
categories

Untagged 74-91% ggH 4
VBF 51-80% VBF 3
VH hadronic 25% WH, 15% ZH 1
TY WH leptonic 64-83% WH 2 ~1-2%
ZH leptonic 98% ZH 1
VH pipiss 59% VH 1
ttH 80-89% ttH, ~8% tH 2
H — 77*) — 44, Section 2.2
Untagged ~95% ggH 3
VBF 1, 2-jet ~11-47% VBF 6
VH hadronic ~13% WH, ~10% ZH 3 1 0,
Ap, 229/ 2pi2e, de VH leptonic ~46% WH 3 =12
VH pipiss ~56% ZH 3
ttH ~71% ttH 3
H — WW — fufy, Section2.3
en/ e ggH 0, 1, 2-et ~255-92% ggH, up to =15% H — 17 17
VBF 2-jet ~47% VBF, up to =25% H — 17 2
ee+pp ggH 0, 1-jet ~84-94% ggH 6 ~20%
ep+j VH 2-jet 22%VH, 21%H — 77 1
3¢ WH leptonic ~80% WH, upto 19% H — 77 2
4¢ ZH leptonic 85-90% ZH, up to 14% H — 77 2
H — 77, Section24
O-jet ~70-98% ggH, 29% H — WW ineu 4
e, eTh, HTh, ThTh VBF ~35-60% VBF, 42% H — WW inep 4 210-20%
Boosted ~48-83% ggH, 43% H — WW in ey 4
VH production with H — bb, Section 2.5
Z(vv)bb ZH leptonic ~100% VH, 85% ZH 1
W(fv)bb WH leptonic ~100% VH, ~97% WH 2 ~10%
Z(66)bb Low pr(V) ZH leptonic ~2100% ZH, of which ~20% ggZH 2
High pr(V) ZH leptonic ~100% ZH, of which ~36% ggZH 2
Boosted H Production with H —+ bb, Section 2.6
H - bb pr(H) bins ~72-79% ggH 6 ~10%
ttH production with H — leptons, Section 2.7
2(0ss WW/TT 22 4.5, =5% tH 10
3¢ WW:TtT:ZZ = 15:4:1, =5% tH 4
H s WW, 0,227 4/ WW:TT:Z.Z%Gllll,%:i%tH 1
14427, 96% ttH with H — 11, ~6% tH 1
20ss+11y, TT: WW = 5:4, =5%tH 2
3041, TT:WW:ZZ~11:7:1,=3%tH 1
ttH production with H — bb, Section 2.8
tt — jets ~:83-97% ttH with H — bb 6
H — bb {t — 1l+jets #65-95% ttH with H — bb, up to 20% H - WW 18
tt — 20+jets ~84-96% ttH with H — bb 3
H — pp, Section 2.9
i S/B bins 56-96% ggH, 1-42% VBF 15 ~12%
Search for invisible H decays, Section 2.10
VBE 52% VBF, 48% ggl 1
. H+ > 1jet 80% ggH, 9% VBF 1
H = inv. \g/il hadrnn!'m 54% é’?—[, 39% ggH 1
ZH leptonic ~2100% ZH, of which 21% ggZH 1



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html

p-vals for the SM predictions
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Parameterisation p-value (gs;) DOF Parameters of interest

Global signal strength 6.12% (3.51) 1

Production processes 9.21% (9.46) 5 Mggr, IvBE, BWH, MzH, PiH

Decay modes 43.4% (4.85) 5w, w7 W, T, bt

0; - BR/ products 504% (21.3) 22 Ogepr - BR™®,  0geri - BR™,  0pps - BRYW, 0y BR™, 0y - BRTY,
over - BR™,  ovgr -BRWY, over - BR”,  oyge -BR", oy - BR,
owrn - BRYW,  ow -BR?, own-BR??, oz -BR™, oz - BRWY,
0z -BR?,  0z71-BR",  0yy-BRT, oy - BR"W, Oy - BR?,
oty - BR77, oy - BR"

Ratios of ¢ and BR relative to gg —  24.5% (11.5) 9 JuggH, wver/ Hggr, Hwa/Mggr, MHzu/Pegrs M/ Pggr, W7z,

H— ZZ wrT Uz, T 1?2, “bb/j”zz

Simplified template cross sections 17.2% (14.0) 10 UggH * BR%, (}"VBI: BR%#, UH4V(qq) . BR# TH+W(fv) - BR#

Wlt;Z branching fractions relative to Crasz(tt/v) .BR?, gys1 - BRZ, BRP® /BR?, BR'™™ /BRZZ’ BRWW /BRZZI

BR BR? /BRZZ

Couplings, SM loops 46.9% (5.60) 6 Kz, Kw, Kt, Kt, Kb, Ky

Couplings vs mass 171%(3.54) 2 M,e

Couplings, BSM loops 57.7% (5.68) 7 Kz, Kw, K, Kt, Kp, Ky, Kg

Couplings, BSM loops and decays  78.6% (5.53) 9 Kz, Kw, Kt, Kr, Kb, Ky, Kg, BRiny., BRundet.

including H —inv. channels

Ratios of coupling modifiers 56.7% (5.77) 7Kgz, Awz, Aqz, Mg, Abzs Acz, Azg

Fermion and vector couplings 16.9% (3.55) 2 Kg, Ky

Fermion and vector couplings, per ~ 63.9% (7.89) 10 P, xf%, k"W, k2%, k17, k5P, kT7, kWW, kZZ, k7

decay mode

Up vs down-type couplings 25.5% (4.06) 3 Avw Aduw Kuw

Lepton vs quark couplings 265%(3.97) 3 Agqs AvqsKag



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html

Normalization scale factors and resolved scaling factors

Effective
Production Loops Interference scaling factor Resolved scaling factor
o(ggH) Ve b—t Ky 1.04 - 4 0.002 - k2 — 0.038 - Ky,
o(VBF) — —~ 0.73 - x3, + 027 - x2
oc(WH) - - K3y
0(qq/qg — ZH) - - K7
o(gg — ZH) v Z—t 246 - k% + 047 - k7 — 1.94 - kzky
o(ttH) - — K2
o(gb — WtH) - W—t 291 -k +2.40 - x5, — 4.22 - kkw
o(gqb — tHq) - W —t 2.63 - k¢ +3.58 - k&, — 5.21 - Ktk
o(bbH) - —~ K
Partial decay width
%4 - - }c%
rWw _ _ ey
rrr v W —t K% 1.59 - K%V +0.07 - x? — 0.67 - kywkt
| s _ _ K%—
rbb - - }c%
rHe — —~ xi
Total width for BRggy = 0

0.58 - +0.22 -k, +0.08 - k2+

T v - K + 0.06 - 2 + 0.026 - % + 0.029 - K2+

+0.0023 - k3 + 0.0015 - KAZZ*FL
+ 0.00025 - x2 + 0.00022 - xﬁ




Modifications to the k¥ framework
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* Fits in the k-framework are re-casted in BSM models

* 2HDM (CP conserving, Z, symmetry protecting tree-level FCNC) [1106.0034]

* H(125) is the lightest neutral CP-even

¢ MSSM fully determined by knowledge of m, and tan 3

* hMSSM particular realization of the MSSM [1307.5205, 1502.05653]

* use measured my to “limit” radiative corrections assuming the top-stop sector dominates

2HDM hMSSM
type I type Il Type III Type IV
. s . s . . . - si+sy tan B
Ky sin(f — «) sin(p —a) sin(p — ) sin(p —a) s
cos(a)/ sin(pB) S ittan’p

U tan B

K, cos(a)/sin(f) cos(a)/ sin(p) cos(a)/ sin(p
k; cos(a)/sin(f) —sin(a)/cos(f) cos(a)/ sin(p

[

ky cos(a)/sin(f) —sin(a)/cos(f) —sin(a)/cos(f) cos(a)/sin(p) sd\jl+tan2ﬁ

)
) —sin(a)/cos(B) s4/1 +tan? B

1 m% + m3 tan 8
Sy = Sd = 5Su" 3 T 7 3 7 oy !
14 (m3 +m2)? tan? my + my tan® p — my (1 + tan= p)
\1.,- (m3+m7 tan” B—my(1+tan” §) )2



https://arxiv.org/abs/1106.0034
https://arxiv.org/abs/1307.5205
https://arxiv.org/abs/1502.05653

Selections, categories, observables |

H - T Phys. Lett. B 779 (2018) 283 ¢ - TT  arXiv:1803.06553
Channel Trigger requirement Lepton selection ) ) ) i

pr (Gev) 7 Tsolation Final state First object Second object
Thh Th(39) & 1,,(30) pr > 50&M0 [y"[ <21 MVAGID ep’ ps>13GeV, [1°[<2.5  ph >10GeV, ¥ [<24
U, n(22) pr > 23 [y <21 I"¥<0I15 ety P5>26GeV, [1°]<2.1  pr>30GeV, [p™|<2.3

T 30 [y™| <23 MVAT,ID H M Th T

pr = ] - Th HTh pT>23GeV, |11 \<2.1 Pr >30GeV, \77 h|<2.3

T
1(19) & 7,(21) Woph<2B || <21 I*<015 ThTh prt > 40GeV, |y™| < 2.1

p?' =30 [y =23 MVATID T For events passing only one trigger an additional requirement of pr > 24 GeV is
eT, e(25] p‘i > 26 [l <21 IF<=0l1 applied on the higher-pt lepton candidate as explained in the text.

pr =30 [y =23 MVAgID
e e(12) & pu(23) p‘i =13 [FFl=25 TF=015

pr > 24 m_ﬂl <24 M <02 No b-tag “; b-tag

H— — Low-D Medium-D¢ || High-De Low-D, Medium-Dy¢ || High-D,
e(23) & pu(8) P> 24 e <25 I° <015 e | Jueen e ] |
pT == 15 |FI'"| L 2-4 P" < 0.2 H—7rr— €Ty | Loose-my Tight-m Loose-mip Tight-my
O-jet VBF Boosted Ha71r—> Ty | Loose-mr Tight-mr Loose-mp Tight-mp
Selection H

nT  Nojet =2)ets, py’ = 100GeY, Ay = 25 Others THTT T ThTh
pt  Nojet =2 jets, my = 300GeV, pi™ > 50GeV, pi* > 40GeV  Others 7 — up
e, Nojet =2jets, my = 300GeV, pI™ = 50GeV Others

Observables
ThTh  Mrr Mjj, Mrz L Mier I:’ Signal region (SR)
§T, T, decay mode, myie i, Mrr JLISI - E c | )
€T, T, decay mode, mie M, Mo gy . ontrol region
e p.‘rr, Myis m::, Myr Pr s Mer

Dy=p; " —085p;  ppo=pFr & pp=Pi+pr) ¢

i JoFr T Ty 2y T + mip= |
my =/ mylpr.pr) tmylpr.pr ) Tmylpr.pr)

my = -I._-'IIZ PT ||_1".|. |] — cnsl,.ﬁq!:']


http://dx.doi.org/10.1016/j.physletb.2018.02.004
http://arxiv.org/abs/1803.06553

95% CL limit on o(ggd)-B(d—11)(pb)

Additional neutral Higgs decaying to 1’s

arXiv:1803.06553
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10°

10F

* Limits on one process leave the normalization of the other process free

* pr(¢) estimated at NLO QCD: differences between couplings to t and b mostly at low mass

359 (13 TeV)

10%¢

T T ' L
3 CMS —e— Observed

----- Expected
I 68% expected
[ ]95% expected

ndentregion ____

—— Expected b quark only E
— Expected t quark only |

L . . I R R !
100 200 300 1000 2000

m, (GeV)

95% CL limit on &(bbo)-B(0—>1t)(pb)

35.9 fo ' (13 TeV)
E T T T T T T T T T ]
B CMS —e— Observed ]

----- Expected N
- 68% expected
D 95% expected

E ) ! 1 ! Lo !
100 200 300 1000 2000
m, (GeV)


http://arxiv.org/abs/1803.06553

Selections, categories, observables |I

MVA discriminants

40
ttHbb arXiv:1804.03682 ttHbb (all hadronic) arXiv:1803.06986
Events
Ncsvm =2
Selection ( Nesyr > 3 Nesym = 3
. : CR SR
QOLR>05 (o ot irbuton)  (fnel syt
Categorisation 1 (
. . . . . Validation CR VR
( QGLR <05 (to validate distribution) (comparison with data)
eV Category  MEM hypothesis
E E 7jets, 3bjets AW2HIT
Categorise by most probable process Split at BDT . .
Categorisation 2 ttH, thrbb//2b/cc/f : median 8 jets, 3b jets AW?2HI1T
i Voo >9jets, 3bijets AW2H1T
/ 7 jets, >4 b jets 3W2H2T
Measurement ( 3 x 6 categories 1 + 2 categories 8 ]etS, 24 b ]ets 3W2H2T
~9jets, >4bjets _4W2H2T



http://arxiv.org/abs/1804.03682
http://arxiv.org/abs/1803.06986

Selections, categories, observables lii
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ttH multilep arXiv:1803.05485

Selection 2iss 20ss + 173,

] t > bév, t—» bag, t— bl t = bqq,
Targeted ttH decay H — WW — fugq H— 71 = f1y + /s
Trigger Single- and double-lepton triggers
Lepton py pr =25/ 15GeV pr =25/ 15(e) or 10GeV (u)
Th Pr — pr > 20GeV

Charge requirements

Jet multiplicity

b tagging requirements
Missing transverse
momentum

Dilepton mass

2 same-sign leptons
and charge quality requirements

2 same-sign leptons
and charge quality requirements

Lg=1t1
£,
>4 jets =3 jets
=1 tight b-tagged jet or =2 loose b-tagged jets
Lp > 30GeV Lp > 30GeV*

gy = 12GeV and Mg —mz = 10GeV *

Selection 3¢ 304+ 11,

t — bév, t — bfv, t — bfy, t — blév,
Targeted ttH decays H— WW — fuqq H— 17— f1,+ /s

t — bfv, t — bqq,

H — WW — (i

t—= bfv, t — baq,

H — ZZ — flqqor Livy
Trigger Single-, double- and triple-lepton triggers
Lepton pr pr > 25/ 15/ 15GeV pr>20/10/10GeV
Th Pr — pr > 20GeV
Charge requirements )%q =1 iE g=0
Th

Jet multiplicity =2 jets

b tagging requirements
Missing transverse
momentum

Dilepton mass

=1 tight b-tagged jet or =2 loose b-tagged jets
No requirement if N; = 4
Lp >45GeV T
Lp > 30GeV otherwise

e > 12GeV and [mg — mz| > 10GeV +

* Applied only if both leptons are electrons.
" If the event contains a SFOS lepton pair and Nj < 3.
+ Applied to all SFOS lepton pairs.

Selection 14 4 27, 4¢
- t — blv, t = bqq, t — bfv, t — by,
Targeted tH decays H—= 1t = 713 +'s H— WW — fyfu
t — bfv,t — bfy,
H — Z7Z — ffqqor {lv
Trigger Single=lepton Single-, double-
and lepton+Ty, triggers and triple-lepton triggers
Lepton pr pr > 25 (e) or 20GeV (u) pr>25/15/15/10GeV
T PT pr > 30 / 20GeV —
Charge requirements );,DI =0and Ef q==+1 %‘? =0
h +th
Jet multiplicity >3jets >2jets

b tagging requirements

Missing transverse —
momentum

Dilepton mass mgp > 12GeV

Four-lepton mass —

>1 tight b-tagged jet or >2 loose b-tagged jets

No requirement if Nj > 4
Lp > 45GeV*
Lp > 30GeV otherwise

My > 12 GeV
and |mg — mz| > 10GeV?#
My > 140GeV §

T If the event contains a SFOS lepton pair and N < 3.
 Applied to all SFOS lepton pairs.
§ Applied only if the event contains 2 SFOS lepton pairs.

. CMS Supplementary

359" (13 TeV)

0.9

Signal fraction

— ttH Ho1t

= ttHH-ZZ

. ttH H—WW

4 2SS+,

3l+ 1, 11421,


http://arxiv.org/abs/1803.05485

Selections, categories, observables IV
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tHq CMS PAS-HIG-18-009

Same-sign channel (yi/ept) ¢4¢ channel
Exactly two tight same sign leptons Exactly three tight leptons
pr > 25/15GeV pr > 25/15/15GeV

No lepton pair with |my — mz| < 15GeV

No loose leptons with m, < 12 GeV
One or more b tagged jet with pt > 25GeV and |y| < 2.4
One or more untagged jet with py > 25GeV for |i7| < 2.4 and py > 40GeV for || > 2.4

Signal region Control region

Two leptons: pt > 20/20GeV (uu/ep)

One muon (electron) with pr > 27(35) GeV or pr > 20/15GeV (ee/ ie)

No additional loose leptons No additional loose leptons
Three or four b tagged jets Two b tagged jets

pr > 30GeV and || < 24 pr > 30GeV and || < 2.4

One or more untagged jets One or more loose b tagged jets
pr > 30GeV for || < 2.4 or pr > 30GeV and || < 2.4

pr > 40GeV for || > 24

ET"* > 35(45) GeV for muons (electrons) ET"® > 40GeV



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-009/index.html

Very briefly on charged Higgs searches
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. [anl 60 _ClMS\ ‘Plr?[::n?f??fly‘ L L B 1\2||9 \ft\j: (|1‘3\ :re\\llz 60 CMS Pfel’fmjnary 12.9 fb-1 (1 3 TeV)
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Flavour changing neutral currents
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Constraints on Higgs couplings from top
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