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The Large Hadron Collider (LHC)

LHC operated with proton-proton (pp)-
collisionsatda s FeV ih 2010-2011

and at 8 TeV in 2012. s _
50 ns between collisions, 1380 bunches T i

After shutdown in 2013-2014 it resumed
operation at 1 3 eMs(25 ns bunch
spacing, 2556 bunches)

Multi-purpose experiments:
ATLAS and CMS

¢ nother big experiments: LHCb, ALICE

Delivered data:
2011: 5.5 fb! per ATLAS and CMS
2012: 23 fb'l 2015: 4 fb1

2016: 40 fb'l 2017: 50 bl 2018: 60 fbl

Luminosity of 2x 103*cm2sis reached in
2017 and 2018 which exceeds the design
value by a factor of two

LHC operated and operates perfectly! LHC, top view
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The ATLAS experiment iNsT 3 (2008) s08003)

>3,000 physicists from 182 institutions representing 38 countries
Main goals: Higgs boson and other SM studies, searches for new physics

17.10.2018 R. AEZCjtd0dz, [A] (61 2014



The CMS experiment (iNsT 3 (2008) S08004)

Pixel
Tracker
ECAL
HCAL
Muons

lenoid coil

Total weight 12500 t, Overall diameter 15 m, Overall length 21.6 m, Magnetic field 4 Tesla

>3,000 physicists from about 200 institutions in 42 countries
Main goals: Higgs boson and other SM studies, searches for new physics

17.10.2018 R. AEZCjtd0dz, [A] (61 2014



Higgs boson in the Standard Model (SM)

A Higgs boson (h) provides fundamental particles with masses

A Higgs boson mass is the only free parameter in the theory.
From theoretical considerations (perturbative unitarity): m,< 12V

A his expected to have vacuum guantum numbers, i.e. J° =0*

What we knew about h boson about ten years ago?

A m>114.4 GeV at 95% CL, smaller masses excluded at higher level
Combined results from four LEP experiments, PL B565 (2003) 61

A my <152 GeV at 95% CL, predicted value: m, = 94*22iGeV

from theoretical analysis of EW precision data, http:/lepewwg.web.cern.ch

A Discovered by both ATLAS and CMS experiments, m,, ©125 GeV
ATLAS: PL B716 (2012) 1, CMS: PL B716 (2012) 30; seminar at CERN 04.07.2012
Note. FNAL CDF + DO experiments found °3s evidence for h boson
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Expected SM Higgs boson production cross
sections at LHC vs Cs at mh—125 GeV
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‘Expected h branching ratios at m,=125.09 GeV

Numbers for the BR are taken from

Decay mode |BR, % Observability in the experiment Event rates”
hA bb 575+ 1.9 Mainly in Vh and tth production | >24000/36 fb-!
hA WW* 216+ 0.9 Leptonic decays of both W ©17000/36 fbt
hA gg 8.56 =+ 0.86 no good experimental signature

hAt t 6.30+ 0.36 Mainly in VBF production ©10000/36 fbt
hA cc 290+ 0.35 Very big continuum background

hA Z2Z" 2.67+ 0.11 Leptonic decays of both Z 0250/36 fbt
hAgdg 0.228 + 0.011 |Excellent photon resolution ©5000/36 fb1
hA Zg 0.155+ 0.014 |Leptonic decay of Z ©250/36 fb1
hA mm 0.022 £ 0.001 |Excellent muon resolution ©500/36 fbt

“estimated number of events, collected at 13 TeV pp collisions
(for 36 fb! data sample taken in 2015-16) assuming 100% detection efficiency
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hA ZZ A 4l invariant mass spectra at 13 TeV

ATLAS: ATLAS-CONF-2018-018 CMS: cMms-PAS-HIG-2018-001
195 events observed with m, 115-130 GeV 126 events observed with m,, 117-130 GeV
Expected background: 59+4 events Expected background: 39+3 events

Expected signal at 125 GeV: 11215 events  Expected signal at 125.1 GeV: 69+6 events

% :I TTT | rTTT | TTTT | lI T I.I | TTTT | TTTT | TTTT ‘ TTTT | IIIII CMS Pre[jmjnary 41 5 fb_1 (13 TeV)
(D i ATLAS Prellmlnary ‘z.atal sy % L L B R B [LBLELELELE N B B B [Trrrrrro1 [T 1]
0100 -y, 77+ 4 e e S 100l ¢ Data N
) L A — - B zz i 100 [1H(125)
Ef'_ - 13 TeV, 79.8fb™ B z+jets, ti, ti+v, VWV . f i 422, Zy* |
%)) B %% Uncertain 7] M g9—ZZ, Zy*
2 8ol 7 Uncertainty i 2z sol 2017 year only -Z; B
) i o _ ]
T wL ZA 4l z
60 60 B
40 a0l B
20 I i
20— —
0 0 ______ : i
80 90 100 110 120 130 140 150 160 170 T
m,, [GeV] m,, (GeV)

Very clear maximum around 125 GeV is seen by both experiments
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hA 4l fiducial cross section and signal strength

ATLAS: ATLAS-CONF-2018-018
2015-2017 years:

Smeas ! Sy =M= 1.19*0.16 at 125 GeV

-0.15

Measured fid. cross section: 4.0 £0.5 fb

Expected fid. cross section: 3.35 £0.15 fb

CMS: cMS-PAS-HIG-2018-001

m1.06*0-15 at 125.1 GeV (2016-2017)

-0.13

2015-16 data only, JHEP 1711 (2017) 047:
Measured fid. cross section: 2.9 0.6 fb
Expected fid. cross section: 2.76 £0.14 fb

CMS Preliminary
L

77.4 fo' (13 TeV)
T

T I T T
.. 1 LB B
ATLAS Preliminary  # Excectedsm W 1450 = H s 77% s a1
— H— ZZ* .‘ Observed: Stat + Sys — ggH.bbH 0.16 :
13Tev, 798 10" SM Prediction : m,, = 125.09 GeV
Stage 0 - \yH\ <2. ) - p— —a— 35.9 fb"! 2016: JHEP 11 (2017) 047
— a8 i) ¢ B)SM ] _ B = 0-59t8f;§ —._ —¥— 41.5 fb"' 2017: CMS-PAS-HIG-18-001
ggF : 1220+ 185 1170+ 80 —8— 77.4 1b” Gombined
— = — 0.00°11® -——
VBE | . 250+85 91.7+28 Hvhinaa ~0.00 1
VH '+ 50+50 52.4'28 Hyriep = 1257772 e
ttH F (;53/?&) 154771 L 0.00°00% ..__ 2016-2017
Inclusive El 1570+ 175 1330+ 90 e
- - +0.15 -——
| \ITI\I\III | [N NI AN AN N AN AR AN NN AN A }‘L=1-06—0.13 ?-
0 1 2 3 4 5 6 7 8 9 P BT B RPN RN B B
o-Bi(c-B)_,, 0 1 2 3 4 5 6 7
hA 4l significance is O(10 s) in both experiments
No significant deviation from the SM is observed
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hA g gnvariant mass at 13 TeV

ATLAS: ATLAS-CONF-2018-028 CMS: arxiv:1804.02716

Many categories; 733K events selected Many categories
Average signal/background ratio ©0.02 Expected: ©1800 hA g gvents near 125 GeV
M, Jesolution is ©1.9 GeV at 125 GeV M, Jesolution is about 1.7 GeV at 125 GeV
> R e .  Cms 35.9 b (13 TeV)
) ¢ Daia ATLAS Preliminary 1 16000 — H """"”'””‘HH"”.“””"”—:
S 1900 sy | -ty ue ‘; 8 on. Piridsacev.ieris  Notores 3
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g | g 12000 — S4B it E
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Clear excess around 125 GeV is seen by both experiments
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hA g cpignal strength at 13 TeV

ATLAS: ATLAS-CONF-2018-028
ne1.06+0.13 at 125.09 GeV

Measured fid. cross section: 60.4 £8.5 fb

Expected fid. cross section: 63.5 3.3 fb

T T T | T .\ ‘I T ‘ T T T | T T T T | T T T T | T T T T
ATLAS Preliminary . e Tol stat. [ Syst. — SM
Vs=13TeV, 79.8 b
H—vy, |yH|<2_5 Total ( Stat. Syst. )
ggF H—— 0.97 0% (£0.41 120
s ] + 0. + 0. + 0.
VBF == 140 05 ( o5 “oi)
VH | e — I 108 0% (0w Tom )
Top " 112 0% (thm o)
I
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SM

CMS: arxiv:1804.02716, 1807.03825

me1.18+0-17 at 125.09 GeV
0.14

Measured fid. cross section: 84 +13 fb

Expected fid. cross section: 73 £4 fb

CMS 35.9 fb (13 TeV)
—_— —_——— s s
Hoyy B Combined 68% CL
| —— Per process 68% CL
ggH 11033 mee
— 017 _
Y eombined = 118 j0-14
+0.6
VBF | o083 my profiled
ttH | 22 —a—
VH | 24 —a—
P T T PR T S S IS TN SN NN SO ST S B!
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=t

hA g gignificance exceeds 5 s in both experiments
No significant deviation from the SM is observed
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hA WWO A IAdn transverse mass at 13 TeV

A Only transverse mass m; can be reconstructed
A Categories: 0 jets: mainly ggF, 1 jets: ggF+VBF, 2 jets: mainly VBF

ATLAS: arxiv:1808.09054
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Big and wide bump around 100-120 GeV is seen by both experiments
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hA WWOA lrdnsignal strength at 13 TeV

ATLAS: arxiv:1808.09054

Observed significance: 6.3 s
Expected significance: 5.2 s

Mygr=1.21022 . 1 =0.62+037

-0.21 -0.36

—_ 20— T T
2 — 8%l ATLAS Y]
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hA WW?* significance exceeds 5 s in each experiment
No significant deviation from the SM is observed

CMS: arxiv:1806.05246
mF1.28*018 at 125.1 GeV

Observed significance: 9.1 s
Expected significance: 7.1 s
Fiducial cross sections measured

%QF:1.38+0'21 , WBF:0_29+0.66

-0.24 -0.29
CMS 35.9fb'(13 TeV)

H - WW
_ +0.2
Gi!u]'l/ Ogm = 124 5 —

~ SM prediction

_ 0.74)
Gy Ogy = 0.24 7/ vl <25

_ +1.96]
Swh iep/Csm = 1.80 T}

_ +1.68
Cuniep/Osm = 071 3

_ +4.92
G\"ll hud.’rGSM - 12'88 -4.89

107" 1 1
09GSM
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hA ¢ invariant mass at 13 TeV

A Many event categories to improve signal significance
A Signature: two reconstructed taus in I, Ih and hh decay modes

A Major role

ATLAS: ATLAS-CONF-2018-021

of
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Big and wide bump around 125 GeV is seen by both experiments
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hA t signal strength at 13 TeV

CMS: pL B779 (2018) 283

ATLAS: ATLAS-CONF-2018-021
n=1.09+036 gt 125.1 GeV
-0.30

Observed significance: 4.4 s 6.4s with Runl
Expected significance: 4.1 s 5.4s with Runl

mF1.09+0.26 at 125 GeV

Observed significance: 4.9 s 5.9s with Runl
Expected significance: 4.7 s 5.9s with Runl

35.9f7 (13 TeV)
————

L B L B L B BN BN LI B CMS
ATLAS Preliminary Vs=13TeV, 36.1fb™" i ]
—total —stat. —SM exp. 1,',2: +0.89
total (stat., syst.) 0o
L Boostoed |
+1. +0. +1. =1.17 +0:47
Boosted cat. it 3.92 __‘:g; (_3;’_? ’ _:gg ) " -0.40
VBF
B n=t 115 ]
VBF cat. +1. +0.89  +1. _
ca =i 3.37 _.:211 ( 4322 ) 71113;) (i(:;g%:;zjfd
Combination [S— 3.71 :1)_.3: (ig..gg ! :rg..sz)
v b b b b b b b b by
0 2 4 6 8 10 12 14 16 18 20 6 N 2'3
O yrr [pb] Rest fit 1 = g/o "
hA t tsignificance exceeds 5 s in both experiments
No significant deviation from the SM is observed
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(W+2Z)h, hA bb invariant mass at 13 TeV

A Separate final states with 0 (ZA wv), 1 (WA Iv) and 2 (ZA II) leptons

A Signatures: two b-jets and tight lepton(s) or large E,™iss

A Many variables in multivariate analysis to separate signal from background
A Successful validation of the analysis procedure on (W/Z)Z with ZA bb

ATLAS: pLB786 (2018) 59 CMS: arxiv:1808.08242, PRL accepted
’-:"' - I T | 1T I 1T I LI I L | T 1T ‘ T 1TT | L. 77-2 rb-“ (13 Tev)
S - ATLAS - Dat ] 3
2 180 5 137ev, 708" -V:I,aH ~» bb (u=1.06) - E - CMS ¢ Data
. {B 0+1+2leptons [ Diboson = ° r B vH.H-bb
2 - 243 jets, 2 b-tags Uncertainty . 2 i [ ]vz.z-bb
§ 1 4:_ Weighted by Higgs S/B Dijet mass analysis = .% 1000 F77] S+8B uncertainty

. 120 — = i
B 10 g o
z 10- 4 ER
o g = %) |
() r ]
S 6 = 500
o 25 k
s O oF N7
GCJ _2_ | 1 1 1 TN T Y IO I | (. r
> 40 60 80100120140160180200 T S R S B,
L 60 80 100 120 140 160
My, [GeV] m(jj) [GeV]

Wide bump around 125 GeV is seen by both experiments
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(W+2)h, hA bb signal strength at 13 TeV

ATLAS: pLB786 (2018) 59 CMS: arxiv:1808.08242, PRL accepted
m= 1.01+0.20 at 125 GeV for VH only m=1.04+0.20 at 125 GeV including non-Vh

Obs. significance: 4.9 s ,5.4 s with Runl  Obs. signif.- 4.8 s, 5.6 s including non-Vh
Exp. significance: 4.4 s ,5.5s with Runl  Exp. signif.: 4.9 s, 5.5 s including non-Vh

I

IIII|IIII|IIII|IIIIIIIIIlIIIIIIIIIIIIIIIIII|IIII B R R
ATLAS VH.H—bD 1s=7TeV,8TeV, and 13 TeV <51 (7TeV) +<19.8fb" (8 TeV) + <77.2fb" (13 TeV)
471" 20.31b" and 79.8 fb™ e Observed
— Total Stat. CM§ +1o (stat ® syst)
H—Dbb w— 15 (SYSt)
(Tot.) ( Stat., Syst.)
stat syst
+0.38 4024 +0.29 F N +
WH —lo— 1.08 *035 (*023 s 557 ) a9 2.80 +2.08 + 1.30
VBF ———— 253+0.98+1.17
| 4028 ;4021 +0.19 tH | — 0.85 + 0.23 + 0.37
ZH k=6 092 “; (o200 017 )
_________________________________________________________________________ WH -.- 1.24 +0.29 + 0.24
Comb. F-8-H 0.98 *022 (1014 4017 ZH | - 0.88 +0.24 + 0.16
. -0.21 -0.14 » -0.16
IIII|IIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII . 3
0 05 1 15 2 25 3 35 4 45 5 Combined = 10420142014
ubb 0 1 2 3 4 5 6 7 8 9
VH Best fit n

hA bb significance exceeds 5 s in both experiments
No significant deviation from the SM is observed
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Observation of tth production

A Yukawa coupling of h to top can be -
directly constrained using ppA tth+X
process

A Final states with hA ZZ*, WW", t t
(multi-leptons), bb, g g

tth, hA VV tth, hA t t
b b

ATLAS: pLB784 (2018) 173 CMS: PRL120 (2018) 231801
5.1 b (7 TeV) + 19.7 b (8 TeV) + 35.9 fb™ (13 TeV)
[2] E
E"OB”AITI'[I_AEI”I””””””I‘;H‘HHIH‘ g 1063CMS ¢ Observed
B 7 Data 3 [ Background
§'7F \s=13Tev,36.1-79.8 b B i (u=1.32) T - Supplementary [ Uncertainty
T H (u=t) 10°k F tH (n=1.286)
; TH (u=1.00)
108 [ Background 10°F t
10¢ 10°}
10° 102
10 5
= 10F e
10 —— i
é . -1 PR N T [N S SN T (S SN SN TN TN [N T TN ST [ S SN S N [ SN S S
1 o SRR R
B R 1 IXTIRERTRTTRRERRRR T 2 s * :
2 4r - ~  20f 3
8 9 7 @ 15F N
g 2f — P o SO
2 1 ||||‘| vl |‘||||-| v v bev v by v b by o 1.0¢ 2 ‘=I n .=. " l=l * l“ : ‘-I o I\I-
3 25 -2 15 -1 -05 0 05 -3.0 -25 -20 15 -10 -05 0.0
log, (S/B) log, (S/B)
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Observation of tth production at 13 TeV

ATLAS: pLB784 (2018) 173
m:l.32+8-§§ at 125.1 GeV

Obs. significance: 5.8 s ,6.3 s with Runl
Exp. significance: 4.9 s ,5.1 s with Runl

CMS: PRL120 (2018) 231801
nF1.26%931 at 125.1 GeV
-0.26

Observed significance: 5.2 s
Expected significance: 4.2 s

511" (7 TeV) + 19.7 b (8 TeV) + 35.9 fb' (13 TeV)

® Observed
CMS — +1G (Stat @ syst)
| ‘ mmm +1G (syst)
- 3 —— +20 (stat @ syst)
ttH(WW™*) ——-—-—
ttH(ZZ") ° }
ttH(t*1) ——*——
ttH(bb) — ® —
7+8 TeV T —e———
13 TeV ———
Combined —-.-'—
R B BRI R T B L,

14 0 1 2 3 4 5 6

tth significance exceeds 5 s in both experiments
No significant deviation from the SM is observed

T T T ‘ T T T | T T T T ‘ T T T T I T T T | T
ATLAS e Total Stat. [ Syst. — SM
(s=13TeV, 36.1-79.8 fb”

Total  Stat. Syst.
iH (bb) I-El-| 0.79% og (£ g »+0.53)
fiH (multilepton) H=— 156+ g4 (£ 0% »% 027 )
fiH (vy) F———ro 139+ 09 (£ 0% .+ o%)
ttH(Zz) e <1.77 at 68% CL
Combined H==—H 182+ 0% (+0.18,% %)

1 1 1 ‘ 1 1 1 | 1 1 1 | ‘ 1 | 1 1 | 1 1 1 | | 1

-1 0 1 2 3 4
SM
GttH/GttH
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Higgs boson combination at 13 TeV: production
CMS: HIG-17-031

nF 1. 13+O 09 at 125.09 GeV  n¥ 1. 17+O 10 at 125.09 GeV

ATLAS: CONF-2018-031 | i1

I\IIlI\IIl\IIII\III‘II\Ill\llll\llll\lll\lll
ATLAS Preliminary Fed Total Stat. [ Syst. — SM
Ys=13TeV, 36.1-79.8fb"

m,, = 125.09 GeV, |yH| <25
Total  Stat. Syst.
9gF 3] 107+ g5 (+ 507 % opq )

VBF == 1215 0% (£ 55 % oh )

WH === 157% ;5 (% 03 % o9 )

ZH F—— 074+ 02 (£ 2% &%)

ttH + tH == 122+ 0% (+ 07+ 08

I\Illl\lll\llll\lll‘ll\Ill\llll\llll\lll\lll

05 0 05 1 15 2 25 3 35 4
Cross-section normalized to SM value

35.9 b (13 TeV)
CMS @ Observed
= + 1 (sStat @ syst)
| —— 20 (stat @ syst)
— +1G (Syst)
——-—:b—
C —
1111

2.5 3 3.5 4

Parameter value

All four main production modes are observed by each experiment
No significant deviation from the SM is found assuming SM branching ratios
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Higgs boson combination at 13 TeV: decays
ATLAS: conF-2018031 | o | CMS: HiG-17-031

For bb, only 36 fb-! result included 35.9 " (13 TeV)
I I I I | I | | I I | | | I | | I I I I I I I I | I | | | CMS ® Observed
ATLAS Preliminary Fef Total = Stat. E Syst — SM Zf;‘; ((zttaai‘zzyztt))
{s=13TeV, 36.1-79.8 b — {1 (syst) g
my = 125.09 GeV, ly, | < 2.5 TR e
Total ~ Stat. Syst. —
zz —ip——
B, 1= 108+ 333 (£ 02 400 M
B,y == 120405 (£ 02 £ 02) | puWW P
B ==t 1145 07 (£ 005 000 -
—e———
B, H=— 1414 02 (4 018 4 o022 —
| b e
B, H——H 107+ 02 (£ 019+ 0%
| — :
| 1 1 1 | | | | 1 | | | | 1 | | | 1 1 | 1 | | 1 | l | | | uuu ® ?
0 0.5 1 1l5 2 2.5 3 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ; 1 1 1 1 { 1 1 1 1 { 1 1

BR normalized to SM value -2 -1 0 1 2 3

Parameter value

All five main decay modes are observed by each experiment
No significant deviation from the SM is found assuming SM production modes
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‘ Limits on non-resonant hh production at 13 TeV

ATLAS: ATLAS-CONF-2018-043

Three decay combinations of two h- qoyr decay combinations of two h-bosons
bosons are joined to put a limit on non- e joined to put a limit on non-resonant hh-
production

resonant hh-production

ATLAS Preliminar

{s=13TeV, 27.5-36.1 fb"
oM (pp — HH) =33.4 b

ggF

—e— Observed
Expected

[ Expected + 16
Expected + 26

B Obs. Exp. Exp. stat. |
HH— bbbb 129 207 185
HH— bBT*‘T’ 12.6 14.6 11.9
HH— bbyy 20.4 263 251
Combined 67 104 9.2
PRI PR NN NN N S T T TSN ST T U (N SN ST ST NN ST U T S (T ST SO ST T (Y S AT
0 10 20 30 40 50 60 70 S N?O

95% CL upper limit on OgaF

(pp — HH) normalized to ¢

agF

CMS: PAS-HIG-17-030

bbVV

Observed 78.6xSM
Expected 88.8xSM

bbbb

Observed 74.6xSM
Expected 36.9xSM

bbtt

Observed 31.4xSM
Expected 25.1xSM

bbyy

Observed 23.6xSM
Expected 18.8xSM

Combined

Observed 22.2xSM
Expected 12.8x SM

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, /oSM

6 78910 20

Aiming for observation of the SM hh-production with 3000 fb-?
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Non-SM Higgs bosons

SM-like Higgs boson (h) with m, =125 GeV was discovered six years ago
Great success of the SM, however it does not explain many things.

Many extensions of the SM proposed by theorists were rejected after this
discovery, but some of them have not been excluded.

BSM models with additional Higgs bosons

- Electroweak singlet (EWS) models which includes extra heavy scalar higgs boson

- Another models include additional Higgs doublet (2HDM):

- 5 Higgs bosons

o G ® &

CP-even Higgses (*) CP-odd Higgs (*) Charged (*)

* assuming CP conservation

Parameters: Higgs boson masses, ratio of VEV for two doublets (tan b), mixing angle

between H and h ( a potential parameter mixing the two doublets (m122)

Minimal supersymmetric models (MSSM) are subset of 2HDM

I. Tsukerman, ICPPA2018 10/17/2018 24



95% CL upper limit on o(pp — S — HH) [pb]

Limits on HA hh production at 13 TeV

ATLAS: ATLAS-CONF-2018-043 CMS: PAS-HIG-17-030
A Similar combinations of hh-decays are

used to search for HA hh resonance A Similar combinations of hh-decays are

used to search for HA hh resonance
A HMSSM for interpretation of results

103§I||\IIII_I_IWIIIIllWllllll\\[llllll\ll|§
C - - - bbbb (exp.) - -- Combined (exp. ] . .
- —— bbbb (obs.) o— Combined :ob:: ] CMS preliminary 35.9fb" (13 TeV)
10? = T B%I*: g’ég; [ Expected +1c (Combined) = , : i 1 p:nin 0 : ;
- - - - bbyy (exp.) Expected +2c (Combined) J 10°E: Observed
i —— bbyy (obs.) —— hMSSM (tanf = 2) - - =+ Median expected
10 N . [ 68% expected

. ] 95% expected

102

—
<

10 =

95% CL limit on 6(pp—X—HH) (fb)

102 ATLAS Preliminary E_
- 5-13TeV, 275-36.1 1" spin-0 o f—
107505 400 500" 600" 700" 800" 800" 1060 CREE o o
ms [GeV] "
95% CL limits vary from 1pb at 95% CL limits vary from O(1 pb) at
300 GeVto 20 fb at 1 TeV 300 GeV to 3.5 fb at 3 TeV
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Charged Higgs boson searches

A H*In MSSM. Relation between m,,, and M, dictates both
production mode and decay channels

7 OO0 b
Low mass H*: b High mass H* :
H*bWb final state [ el gl tH* final state
H*A cs attan b <1 t H*At ns OK
H*At pattan b >1 K e —

A Charged Higgs boson in 2ZHDM cascade

# A ACis assumed to be too heavy

;Z?) T H\@Hﬁ ll A hois 125 GeV Higgs boson
g ho\<

A Final state is WWbb as for tT—background

b
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H*At rat 13 TeV

A Search mass range: 90-2000 GeV for ATLAS
80-3000 GeV for CMS, production

PPA tbH* (my>my,)
A Final states with one t-lepton and WA hadrons

A Interpretation in hAMSSM benchmark scenario

I

S 1ok ATLAS 4 7
7 (s=13TeV,36.1fb" § =

= C — Observed (95% CL) =

) AN U ERE S

w TF N +2¢ E T 1
5 N e Expected (95%CL) 1 |

X [ — - 2015 result 1 =
T 5 q?j.: 10~
2 ok 1 °©

T C ’

@ 102 = 102
O C =

s @arXiv:1807.07915 ]

= -3 L L I 1 TR L 1 073
£10° 00 200 300 1000 2000

m,,: [GeV]

Limits on s(ppA tbH*)x BR(H*At n
4.2 (0.0025) pb at 90 (2000) GeV

mode

Diagrams for tbH* production

19

£
I
, 00000

CMS Preliminary
T T T T T | T T

35.9 fb' (13 TeV)
T T T TTT T

H — v
All final states combined

95% CL upper limits
—e— Observed

====- Median expected
[ 68% expected
[]195% expected

PAS-HIG-18-014

Il Il Il 1 | 1
100 150

180

L1l | |
1000 3000
m, . (GeV)

Limits on s(ppA tbH*)x BR(H*At h
6 (0.005) pb at 80 (3000) GeV
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A/HOA t tat 13 TeV g

A Search mass range: 200-2250 GeV

A Production via gluon fusion or b-associated ¢
A hh and Ih final states of two taus

A Interpretation in MSSM benchmark scenarios

35.9fb" (13 TeV)

E_ i A'L"LL\ é - I‘ATILAlS 2015 - Observed g 10°F CMS | e Observed E
— 10E vs-13Tev,36.1 10" - - Expected3 = ---- Expected E
o - ¢ — Tt 95% CL limits mzie o -:::,/aexpec:eg 1
T : g’|U?ﬂ-/g|l:lOn/fL/lSi0I"I/ o +20c ‘% 102 []95% expecte _
A=Y m — Expected b quark only 1
E ] —= % 10 —— Expected t quark only J
x = '
o (X © :
o JHEP 01 (2018) 055 s
7% E [ @ JHEP 09 (2018) 007
102 X 102 E
AT U E R R L[ 3
500 1000 1500 2000 " 160 . 260 360 III‘ I‘IIOIOO 20I00 |
m, [GeV] m, (GeV)
Limits on sx BR(H/AA t }for ggF: Limits on sx BR(H/AA t } for ggF:
780 (5.8) fb at 200 (2250) GeV 18 pb (3.5 fb) at 90 (3200) GeV
Limits on sx BR(H/AA t Jfor bbH/A: Limits on sx BR(H/AA t } for bbH/A:
700 (3.7) fb at 200 (2250) GeV 15 pb (2.5) fb at 90 (3200) GeV
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Conclusion

With 7-13 TeV LHC data, the ATLAS and CMS collaborations
observed four main production mechanisms and five main decays
of the Higgs boson. Their cross sections / branching ratios were
measured. They all agree with the SM predictions.

With the same datasets, ATLAS and CMS measured some
differential cross sections for the SM-like Higgs boson and
compared them with the most recent theoretical calculations.

ATLAS and CMS also performed searches for non-standard Higgs
bosons in many final states. Nothing was found yet. Strict limits
on production cross sections of new scalars were put.

ATLAS and CMS continues to improve existing measurements
and to search for deviations from the SM with new 13 TeV data
and, in the future, will use 14 TeV data.
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Backup slides

Combined h differential cross sections at 13 TeV
Searches for h/HA invisible at 13 TeV

Brief summary of h results at 7 and 8 TeV

Perspectives of h/H searches and measurements at HL-LHC
Off-shell hA 4l at 13 TeV in CMS

Measurement of Higgs boson mass at 13 TeV

Simplified template h cross sections in ATLAS at 13 TeV
Low mass spin-0 diphoton resonances at 13 TeV
Searches for H*A tb at 13 TeV in ATLAS

Fiducial volume definitions for hA 41 and g gross sections
HA g @nd HA Zgexclusion at 13 TeV

FCNC tA hc(u) in ATLAS and th-production in CMS

T> T T T I I T I T I I I»

ATLAS public results: https://twiki.cern.ch/twiki/bin/view/AtlasPublic
CMS public results:  http://cms-results.web.cern.ch/cms-results/public-results/publications/
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Combined hA 4l, g diff. cross sections in ATLAS

ATLAS-CONF-2018-002

Theory/Data

= = \ | T | 3 S F [ o] o [ ]

2 " ATLAS Preliminary _* CGomoined ] o 14 ATLAS Preliminary ¢ Gombined -

— 50 S0 JVE + XH ] 9} C W v 77 L« oy s NNLOPS (@NLO) + XH ]

© - H—=>ZZ,H— vy wms NNLOPS (@N'LO) + XH - o 4ol H—ZZ,H- vy .

13 TeV,36.1 b W G5 (@NLO) + XH . S e 13Tev, 361 fb” 4| SCETib (STWZ) + XH .

401 STWZ + XH — :Q:‘ A 59955 XH = VBF+WH+ZH+ttH+bbH

- $5456% XH = VBF+WHaZHsttHebbH - lg_ :_ _:

30 34 % o8k =

N A Lk ] 0.6 3

20~ ] - o -

- l ’ 0.4 : —

10 : ‘ - C - — ]

B . +l ] 0.2— + SR ]

rrrpzz20028) o //// ,r;;w;;;;;}"'- o A7 W ///////}V/f/fﬂ”fﬂﬂi ®. .

1.6 ‘ ' — 16— ‘ —

1.4 R

121 « s 4 3 12r .

i Y T R B

0.8 Al BEL LI T - 8 o8f .

0.6 . B - = 06F -
04 L . , , — 04 . . L

0 1 2 >1 >2 >3 0 30 55 75 120 350
N p‘T1 [GeV]

No significant difference with recent theoretical calculations is observed
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Combined hA 4l, g dob diff. cross sections in CMS

CMS-PAS-HIG-17-028
CMS Preliminary 35.9 fb' (13 TeV) CMS Preliminary 35.9 fb' (13 TeV)

_— —_ -
O 10°E ¢ Combination o) - ¢ Combination
Q. E Q B
— E Syst. unc. S— B Syst. unc.
% i 4 Hoyy ;I - 4 Hoyy
= 102 ¥ HozZ z - Y HoZZ
S ; L@ 7 aMC@NLO, NNLOPS B aMC@NLO, NNLOPS
2 © - Oy from DOI: 10.23731/CYRM-2017-002 2 10?1 G, from DOI: 10.23731/CYRM-2017-002
1 u
L A
. e e N« 00 - %
r AN H 3
= 1 ] i 10E % ﬁ
i ‘ L ~ :, P T S T N T N S N KSR T S T SR S RN |
e c -
o 4= J o -
— E — 2?
o 35 O -
© E o] E
[ 2? { \ }u B 1.5 J} ]L{ T T 1{
= E z . D C
3 i i BN
% —1; :é 05; ] ¥% L %1
o 0 1 2 3 24 g 0.0 0.15 0.3 0.6 0.9 1.2 2.5
N,
Jets |yH|

No significant difference with recent theoretical calculations is observed
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HA invisible

\

A

I

|

==

|
7R

A In the SM, B(hA inv.)=B(hA ZZ®A 4v)=0(10-2), but it can be larger in BSM
A Such a decay is a good WIMP and/or Dark Matter candidate

A The best way to search is to use VBF mechanism; signature is Iar%gflg E'?FSV)
e
& 3 arXiv:1809. g 107 2
€ F 06653 ATLAS 5 . of cms| AR oo ol imits
.2.10—42= ! 13J9V 36 b g 0 05937 B(H= inv) < 0.22
C £ 90% GL results § 10°%® B Formion DM
8 - GOE 107 ~—— Scalar DM
010™%E Higgs portals | |
g ; = Scalar WIMP 1074 Direct detection
o i = Fermion WIMP e
=107 Other expts R | vt
; - - LUX 10‘43: ! —— CRESST-Il
b 10—45;_ -~ PandaX-ll 10_44:E | —— PandaX-I
g 7 = XenonlT
C 10 E
10_465_ 107 _E_— -----------
10 10°  10° 10t 10 7 "
mW||V||:> [GeV Mpy [GeV]
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‘ Brief summary of h results at 7-8 TeV

Parameter Value Reference Comment

PR D90 (2014) 052004 125.09+0.24 GeV

Mass

Signal strength vs SM
in hA g ghode
in hA 4l mode
in hA WW'A Iviv
in hAt tmode
in hA bb mode
in ggF production
in VBF production
in Vh production
in tth production
Spin/parity
Width

BR(hA invisible)

125.36+0.41 GeV

1.18+0.15
1.17+028
1.46%040
1.18+024
1_44+O.42_0.37
0.63+0'39_0_37
1.23+O.23_0.20
1.23+0.32
0.80+0.36
1.81+0.80

0*

<22.7 MeV (95% CL)

<0.28 (95% CL)

EPJC76 (2016) 6
EPJC76 (2016) 6
EPJC76 (2016) 6
EPJC76 (2016) 6
EPJC76 (2016) 6
EPJC76 (2016) 6
EPJC76 (2016) 6
EPJC76 (2016) 6
EPJC76 (2016) 6
EPJC76 (2016) 6
EPJC 75 (2015) 476
EPJC 75 (2015) 335
JHEP 01 (2016) 172

with CMS

1.0940.10 with CMS
5.2s (discovery)

8.1s (discovery)

6.5s (discovery)

4.5s (evidence)

1.4s

1.03%9:17 - with CMS
1.18%925 , . with CMS
0.84+040 ;.o with CMS
2.3*07  ~with CMS
41, Ivlv, g ghodes
Off-shell hA WW/zZZ
WIMP searches

No significant deviation from the SM is observed

10/17/2018
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Higgs boson perspectives at HL-LHC: recent notes

ATLAS: CMS:
Vh, hA cc PUB-2018-016
hA mm PUB-2018-006
hA ZZ,g BSM HA t tinvisible and hh:
EFT HA 4l ,g gpuB-2017-018 CMS-PAS-FTR-16-002 (ECFA 2016)

Theory uncertainty ~ PUB-2018-010 A bbg dobt tbbWW: CMS-PAS-FTR-15-002

hhA bbg g PuB-2017-001 éand more result:

hhA bbbb PuB-2016-024

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

tthh PUB-2016-023
VBF HA WW  PUB-2016-018

eéand more results at:

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/PUBnotes
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‘ Higgs boson perspectives: ATLAS and CMS

ATLAS-PHYS-PUB-2014-016 arXiv:1307.7135
CMS Projection
ATLAS Simulation Preliminary | Exlpenl::tecli ur‘lcer"tairl'ltiels orl1 - I;| ‘SOO‘fb*alt |'§I=14ITeV‘Soer‘|ario‘1

Higgs boson signal strength 300 fb"at fs=14 TeV Scenario 2

\s = 14 TeV: [Ldi=300 fb ' ; [Ldt=3000 fb

] I H-yy t {
H%'Y’Y (Comb') m H— wWw } |
r

H— ZZ

H— bb
Ho1t1t
H% WW (Comb-) 1 1 L L 1 | 1 1 1 1 ‘ L 1 1 1 ‘ L
0.00 0.05 0.10 0.15
: expected uncertainty
H% Z'Y (Incl.) T T | T T T T | T T T T ‘ T T T T ‘ T
Expected uncertainties on F— 30007 at fs= 14 TeV Scenaric 1

DT RSN SRR Higgs boson signal strength F— 3000fb"at fs= 14 TeV Scenaric 2
H— bb (comb.) r | Ho 7y | |
H—tt (VBF-like) |
i H— ZZ

Hobb |—

H—pup  (comb.)

Ho1t1t

1 1 L L 1 1 1 1 1 ‘ L 1 1 1 ‘ L
0.00 0.05 0.10 0.15
expected uncertainty
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Off-shell hA 4l at 13 TeV in CMS

511" (7 TeV) + 19.7 fb™' (8 TeV) + 77.5 b (13 TeV) 5.1 1o (7 TeV) + 19.7 fb™ (8 TeV) + 80.2 fo™ (13 TeV)
B T T | 11 | T T | 11 | LI | T 1 | T 1 | T _f LI | 17T | 17T | 1T | LI | T T ‘ LI | T T
- CMS Preliminary ] - CMS Preliminary .
| — Observed 15__ — 1,=0 (SM-like analysis) /
--- Expected . — f.3 cos(0,,) unconstrained
10 — Observed, 201642017  — fa2 Cos(¢a2) unconstrained
| --- Expected, 2016+2017 . — f,,cos(¢,,) unconstrained
— ]
= i = 10 —
- i = . — Observed i
2 < --- Expected J
T o
__________ 5
I -l-'r"\'—l‘r‘;‘| e b v N~ == T T ==
‘ ° ° 10 12 b 00 \ 2 4 6 8 10 12 14
T, (MeV)
H
I, (MeV)
Parameter Observed Expected

'y MeV) 3.27280.08,9.16] 4.1130[0.0,13.7]

The measured value is compatible with the SM prediction
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‘ Higgs boson combination: mass at 13 TeV

ATLAS: pLB784 (2018) 345

L L I L L LA B
ATLAS ~Total [ ' Stat. only
Run 1. {s = 7-8 TeV, 25 fo”, Run 2: {s = 13 TeV, 36.1 fb” Total  (Stat. only)

Run 1 H-4 t———o—LJ 124,514 0.52 ( +0.52) GeV
Run 1 H—yy H———1 126,02 +0.51 (£0.43) GeV
Run 2 H—4! 124,79 +0.37 ( £ 0.36) GeV
Run 2 H—yy 124,93 +0.40 ( +0.21) GeV

| Runte2Ho4 —— 12471030 (£030) GeV
Run 142 H—yy 125,32 +0.35 (£ 0.19) GeV

| RuniCombined ~ 4—e— 12538041 (£037) GeV
Run 2 Combined 124,86 £ 0.27 (£ 0.18) GeV

| Runt+2Combined  ~——m 12497 £024 (£016)GeV

| ATLAS+CMSRuni  +—— 125094024 (£021)GeV

co e b b e b b e by

123 124 125 126 127 128
m,, [GeV]

CMS: JHEP 11 (2017) 047

4] mass 125.26 +0.21 GeV
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Simplified template x-sections for hA 4l at 13 TeV

Particle level Reduced Reconstructed event categories
Stage 0 production bins Stage 1
=0t | 0j-p *-Low | N, =0, p," <100 GeV
T |
p;" <60 GeV | 1pi-Low | p* < 60 GeV
FPr - |

| 60<p"<120GeV| N_ =1
| 1j-p*-Medium |

- = 1-jet 60 < p," <120 GeV

p;>120 GeV I p* > 120 GeV
| 1/-p;*-High |
2 2-jets
- ) p/ <200 GeV
py < 200 GeV | VBF-enriched-p/-Low m, > 120 GeV
. VBFp/low |
VBE p/ > 200 GeV — : p/> 200 GeV N, =2
VBF-p/-High VBF-enriched-p/-High <————— fets
Hadronic V decay m, <120 GeV

| VH-Had-enriched |

N, =0, p,*>100 GeV

Jet

Leptonic V decay 0/-p;*-High

N, _=5

lep

VH-Lep-enriched

ttH Leptonic

L R I R I I R R R R R R )

| ttH Hadronic
ttH-Lep-enriched |

| ttH-Had-enriched

ATLAS
Preliminary

13 TeV, 79.8 fb! 115 < m, < 130 GeVl—
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Simplified template x-sections for nA g @t 13 TeV

ATLAS pH < 60GeV { ........................................... L.
pre|llnal’y 60 = Pl < 120 GEV {-rrrmrmssnnns s .
— 1-jet.
120 < pd! < 200GV +eermnransrsst s .
BSM-like
H sdssssnss e
—m ggF + gg—Z(—qq)H, — py > 200Gev
e pH > 200 GeV -frrreranaaas ..
ggF. = 2 jet
H 60 GEV seecaaacened CEEE B
not VBF-like, —| |*PT = 60GV
e 60 < pi < 120 GeV ---t-aif
— = 2jet, e 120 < pH < 200 GeV -4---1-
e plI7 < 25 Gev
VBF-like*, { N
e pi7 = 25 Gev

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

STXS Regions

Reconstruction Categories

- ggF 0J Fwd, Cen (28, 29)

ggF 1J Low (27)

geF 1T Med (26)

. ggF 1J High (25)

geF 17 BSM (24)

goF 2T BSM (20)

gelF 2T Low (23)
ggF 2J Med (22)

gaF 2T High (21)

Hjj Hjj 3
; y2) < 25 GeV rmm=n-- = VBF low-p BDT tight, loose (18, 19)
All Ptl‘ggs VBF-like*, —( T o
T"erll S< 5 s ] P > 25GeV -eeeee- - VBF high-pX// BDT tight, loose (16, 17)
YH . ;
200 GeV, )
Pr = € N 2 T YU . - VH had BDT tight, loose (14, 15)
| g 99" Haq’
(VBF + V H hadronic). BSM-like Rest
pf; ~ 200 GeV .I .......................................................... L. ggH BSM (13)
GG —> WH earecicmaianaeesaacasssasesassmasassssaaanmasasamam e nnann - VH lep [—[igh, Low (9, 10)
+- V H (leptonic decays), 9 > ZH. (Z—>vv) VH MET High, Low (11, 12)
88 — ZH —[ (Z—€€6) VH dilep (8)
— (had decays) ttH had BDT1-4 (4-7)
+. top (t(fH,tHqg.tHW) ..| ....................................................................................... .__|:
(lep decays) ttH lep BDT1-3 (1-3)
'—m bbH (merged at all stages with ggF)
*VBF-like: mj;; > 400 GeV, |Ay;;j| > 2.8
TV H-like: 60 < m;; < 120 GeV
10/17/2018 |. Tsukerman, ICPPA2018
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. B [fb]

95% CL Upper Limit on o

Low mass scalar XA g @t 13 TeV

A ATLAS: ATLAS-CONF-2018-025 A CMS: PAS-HIG-17-013
ook b e g CMS Preliminary 19.7 fo" (8 TeV) + 35.9 fo (13 TeV)
- ATLAS Preliminary — Observed ; %1.6—'I'_|"|""|""|""|""|""—_
0 fs=13Tev, 80" Bpeed 1 = F T — Observed 7
180 Xy ERL - 0 1.4 = Expected + 16 ]
160:— []t20 E T | 2; ----- ExpectediZG:
- 1 © y
140:_ —: “\_l 1_ i
120 1 E | :
1005 4 T %8¢ B
80F — T 0.6 _
3 E- :
605 1 % o4 3
N3 E
20 — 0.2
0:| L1 1 [N T N N NN T TN SN N N AN AN W |: 80' Ll '8|5' L '9'0' L1 '9'5' L I‘|(|_)d Ll :|(_|)5I L '110
70 80 90 100 110 m, (GeV)
m, [GeV]
No significant deviation from the SM is observed
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H*A th at 13 TeV in ATLAS

ASearch mass range: 300-1000 GeV
A Production mode ppA tbH* (m,;>m,,)

AMulti-jet final states with one lepton from top

A Multivariate analysis, interpretation within e

benchmark scenarios of MSSM models

10|||

ATLAS
s=13 TeV, 36.1 fb’

[ Expected + 1o

|:| Expected + 2¢
mT°? tanp = 0.5

mr"“d tanf = 1

mTe? tanp = 60

o(pp — toH") x B(H— th) [pb]

107

arXiv:1808.

—— 95% observed limit (CLS)
95% expected limit (CLS)

my,

Limits on s(ppA tbH*)x BR(H*A tb):
2.9 (0.070) pb at 200 (2000) GeV

Ll N\ B N B B S
200 400 600 800 1000 1200 1400 1600 1800 200C

[GeV]

Diagrams for tbH* production

%_ WIIIIIIIIIIIIIIII'I
£ 40 ATLA
30 S
20+
tbH", H'— tb 95% obs. excl. (CL)
L d- |
10 - mhmo ------- 95% exp. excl. (CL) 7
" Vs=13TeV i
- 36.11fb Expected + 1o .

Expected * 20

200 300 400 500 600 700 800 900 1000
m,, [GeV]
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Short-term LHC and ATLAS (CMS) perspectives

A 2018: collection of ©55-60 fb-! of pp collision data at 13 TeV
Complete ATLAS and CMS data samples will correspond to about 150 fb?
A | ot of papers iIs planned based on

A 2019-2020: LHC/ATLAS + CMS Upgrade Phase-I
They should be upgraded to operate at luminosity up to 3 x 103* cm=2 s1

A 2021-2023: Run 3 at 14 TeV energy aimed to collect 300 fb-1
More precise measurements of h(125) couplings, and its main decay channels
Discovery of new physics or set of strict upper limits on cross sections
Rare b-meson decays, investigation of QGP in PbPb-collisions

A 2024-2026: LHC/experiments Phase-Il Upgrade
High Luminosity (HL)-LHC, the project is under development
ATLAS and CMS should work at up to 7 x 103* cm s luminosities
For the LHCDb experiment Phase-II upgrade will be in 2030.
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ATLAS and CMS perspectives for Higgs boson

A Precise measurement of five main decay modes

10-20% with 300 fb1, 5-10% with 3000 fb-?
This precision depends on theory uncertainty to be reached in the future

A Measurement of rare h boson decay modes

40-50% (15-30%) for m nand Zgfor 300 (3000) fb?
Also attempt to observe hA cc, hA Jly gU glecay modes with 3000 fb-1

A Measurement of the SM hh production (hhh coupling)

Might be possible only for 3000 fb-! provided many decay combinations of both
higgs bosons will be performed

A Discovery / evidence for BSM Higgs boson(s)?
If not, strict limits on their production cross sections using different
production mechanisms and decay modes as much as possible
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Long-term LHC plans and FCC-hh

A 2026-2037 17 HL-LHC stage
Full data sample 14 TeV i 3000-4000 fb-!

Precision measurements of h(125) coupling, its rare decays
Further search of new physics, very rare decays of heavy flavours

A After 2037: new (hadron) supercolliders?

FCC-hh at CERN (pp: 28-100 TeV) or SppC in China (71 TeV)
Another options at CERN: FCC-eh, FCC-eeé
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