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Comstients (02-Dec-2018 17:30:40)
last physics fill of RUN2 dumped!

Thanks to everybody!

NEXT: MD for optics measurements

BIS status and SMP flags
Link Status of Beam Permits
Global Beam Permit
Setup Beam
Beam Presence
Moveable Devices Allowed In
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Compact Muon Solenoid
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Grid computing
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®Overall data taking efficiency ~91%

CMS Integrated Luminosity, pp

Data mcluded from 2010-03-30 11:22 to 2018-10-24 04:00 UTC

Total Integrated Luminosity (fb ')
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2010, 7 TeV, 45.0 pb '
2011, 7 TeV, 6.1 b '
2012, 8TeV, 23.3 M '
2015, 13 TeV, 4.2 '
2016, 13 TeV, 40.8 1 '
2017, 13 TeV, 49.8 b '
2018, 13 TeV, 68.2 1 '

0
< N o o 09 Q &~ N e“
A PT LW AW AN 0T (68T 0T N 0

Date (UTC)

Luminosity from 2010 to 2018

®CMS performance

® Average fraction of operation channel per subsystem > 98.5%
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- 2011 event with 20 reconstructed vertices

CMS Average Pileup (pp, vs=13 TeV)
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A ZZ event can be a fake one due to pile-up

Spoil the “isolation” and MET resolution

Additional chal
where the harc

enge for H—=YY channel,
-scattering vertex is often

not known wel

picking a wrong vertex would make
the mass resolution worse
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The challenge: detector calibration (1/2)

*Discovery potential depends on the di-photon invariant mass resolution

eexcellent performance of the electromagnetic crystal calorimeter needed

eDesign energy resolution : ~0.5% for Ey > 100 GeV for unconverted photons in the ECAL barrel

*Crucial aspect: precise calibration

*in-situ energy calibration using °—yy, n—yy, W—ev E/p, Z—ee

*monitoring of transparency losses due to radiation damage with laser system
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The challenge: detector calibration (2/2)

MIP value relative to 2015 Calibration

MIP value relative to 2015 Calibration
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CMS Work in progress
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LHC schedule

LHC HL-LHC

(s cvers TR o e 14 Tey
13 TeV - - -

energy
splice consolidation INJECTOR UPGRADE ﬁotomﬁ'lgl
cryolimit . | .
7Tev B8 TeV button collimators TDIS absorber interaction . i LH? luminosity
R2E project 11T dipole & collimator regions installation }
Civil Eng. P1-P5 ﬂ
2011 ‘ 2012 ‘ 2013 ‘ 2014 | 2015 ‘ 2016 ‘ 2017 ‘ 2018 2019 ’ 2020 ‘ 2021 | 2022 ’ 2023 ‘ 2024 ’ 2025 ‘ 2026 ”HWH 2038
ATLAS - CMS radiation
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes 2 X nom. luminosity 2.5 x nominal luminosity . upgrade phase 2
Z\g:ﬁinal nominal luminosity — ALICE - LHCb | !

luminosity I /" upgrade
30 b EEX 300 b 3000 b RS

FP7
Hi-Lumi MAJOR CIVIL WORKS 4 TECHNICAL INFRASTRUCTURE
DESIGN STUDY
PDR PREPARATION ASSESS & TDR MAIN ACCELERATOR COMPONENTS PHYSICS
CONSTRUCTION AND TEST INSTALLATION
2011 2012 2013 2014 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
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CMS Phase-2 Upgrade

® Current CMS endcap calorimeters designed for radiation does equivalent to 500/fb

® Replacement of CMS endcap calorimeter during HL-LHC upgrade
® Important role of the forward calorimeter for physics at the HL-LHC

® Detector upgrade important to maintain excellent performance in the harsh HL-LHC
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CMS HGCal in a nutshell

Key parameters :

1.5<Inl <3.0 Sampling lat
iy I — “.,_{\ ~1: amp n aters

- i (PRI RE ~600 m? silicon Absorbers and dgepth

W N\ N\ ~500 m2 scintillator
~m ||| |\ ~6M Si-channels, 0.5 Silicon Cu, CuW,Pb 2825 Xo, ~1.3A
LA\ and 1 cm2 cell-size -
N Y Stlicon & tainless steel 24 : ~8.5
Scintillator stainless stee : ~8.

Ai":‘i‘};:‘

® Active elements :

® Silicon sensor based hexagonal modules in
CE-E and high-radiation regions of CE-H

® Scintillators with SiPM readout in low-
radiation region of CE-H

® “Cassettes’ : Multiple modules mounted
on cooling plates with electronics and
absorbers

Fine-grained calorimetry was studied before
for linear collider detector concepts

Chia Ming, Kuo/NCU, Taiwan 12 2019/72/26



Why beam tests ?

® Proof of concept of the baseline design
® Study the calorimeter performance

® pedestal and noise stability

® calibration of MIPs

® response to electrons and hadrons

® comparison of test beam results with the
simulation

Chia Ming, Kuo/NCU, Taiwan 13 2019/72/26



HGCal beam tests @ CERN in 2016 ,2017
and 2018

Beam test @ CERN H2

Chia Ming, Kuo/NCU, Taiwan | 4 2019/72/26



Beam tests in 2016

® FNAL : 16 Si modules, 15 Xo, e beam (4-32 GeV), p beam
(120 GeV) for calibration

® CERN : 8 Si modules, 5-27 Xoand 6-15 Xo, e beam (20-250
GeV), 1T beam (125 GeV), M (120 GeV) for calibration
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Results from 2016 beam
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® Overall agreement between dat ana simulation within ~percents

® Main results from 2016 were published in JINST
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Number of publications

857 collider data papers submitted as of 2019-02-25
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* Rare Higgs decays
o H—lly
°* H—pp

* H—=invisible

Chia Ming, Kuo/NCU, Taiwan 18 2019/72/26



Motivation

. : =T B T B -
Higgs boson has been observed in several I = [ —"
decay channels =

|91O-1_ TT “ ZZ _|3
current studies of its properties are : ARy
consistent with the SM predictions o o )
T
Several rare decays have not been observed :
. . . -3| -
an excess would be a clear indication of b
new physics :
10-4 I S : LN T Lo
Several BSM theories predict exotic decays CO T WiV
e S T ATLAS and OMS termm e T
potential invisible or undetectable Besm < 34% £ of fhc s 1S e e

(39% exp.) @ 95% C.L. with Run-I| data {——

6 - SM expected
still allow ample space to look for BSM - JHEP 06 (2016) 045

Higgs decays

provide an excellent opportunity to look for
new physics !
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— sensitive to physics

Z g g W/<C beyond SM

* Signature: an opposite-sign isolated lepton pair and an isolated photon
* a clean final-state with good mass resolution

* the threshold, miy =50 GeV, is used to separate H—Zy and H—=y*y

I'(H— Zy — lly)
I'(H—7r7)

o In SM, C(H = Y = #87) _ (1,69 4+0.10)%,

= (227 +£0.14)%,
I'(H— 77) ( )
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H—Zy—lly (I =e, Y)

BR(H—Zy) = 1.533 x 103

signal yield is similar to H—=ZZ—4l but suffers from large
background (Zy, Z+jets)

7 mutually exclusive categories used to differentiate production
modes, increase S/B, and enhance the peak resolution

sensitivity enhanced by 18%

lepton tag di-jet tag boosted tag 4 untagged
electron pr > 7 GeV Anj; > 3.5, mjj >500 GeV prily > 60 GeV categories
muon p7 > 5 GeV Zeppenfeld < 2.5 enhance I
. Yy mass
Ad(lly, jj) > 2.4 resolution and S/B

Chia Ming, Kuo/NCU, Taiwan 21 2019/72/26
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H _’Y*Y—’”Y (I = |J) CMS HIG-17-007

* BR(H->Y*Y2HMY) =3.83 x 10

* unique event topology — two collimated leptons from y* decay
» challenge in trigger and identification
* smaller signal yield but better sensitivity than H—=Zy

e reject J/Y+y and Y+y with my

* 4 mutually exclusive categories used to differentiate production modes, increase S/B,
and enhance the peak resolution

* sensitivity enhanced by 11%

P
g
. --- H
P
di-jet tag 3 untagged
Anj > 3.5, mj; >500 GeV categories

Zeppenfeld < 2.5

- enhance lly mass
AP(lly, jj) > 2.4

resolution and S/B
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Signal extraction

- |?75-I9Ifb'1(l1§TelV)
E 600 CI\|IIS I-I|—>Zy—> uuly —'-—Data | -
E E Preliminary Untagged 1 —— Background Model E
2 — POV
background fit function minimizes =~ s} T Beemase
the bias introduced by selected 300 :
shape Mﬁ
. . 100f
data are fitted by smoothly falling - :
. . ob— | 1 I T S S N SN S R S AT SO T ST SO NN ST SO N
functions to determine the 2 B B R Gev
backgroura ... 591" (13 TeV
_ _ _ 3 feoms meym—un eom ]
signal is modeled with a double g 100 Profminary EBENRS s o
sided Crystal Ball function and a S sf Tome
Crystal Ball function plus an ! | .
additional Gaussian function for w0
* L
Y'Yy and Zy f

|
160 170
m [GeV]

wuy
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Results of H—ZY and Y*Y

95% CL Upper limit on o/0y,,

95% CL Upper limit on o/0y,,

22
20
18
16
14
12
10

S N A &N

S =N W A 1N R

35.9 b7 (13 TeV)
[T | T T T I T T T I T T T T T T I T T T I L
- CMS H— Zy— lly — Observed E
= Preliminary — - Expected 3
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p-value
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CMS Preliminary 35.9fo' (13 TeV)
's Observed I - 1 st. dev.
© Expected |:| = 2 st. dev.
© Expected (SM mH=125 GeV) ol og,=1

H—Zy—lly, Lepton tag
H—Zy—eey, Untagged 1
H—Zy—eey, Untagged 2
H—Zy—eey, Untagged 3
H—Zy—eey, Untagged 4

H—Zy—eey, Dijet tag
H—Zy—eey, Boosted
H—=Zy—uuy , Untagged 1
H—Zy—uuy, Untagged 2
H—Zy—uuy, Untagged 3
H—Zy—uuy, Untagged 4
H—Zy—uuy, Dijet tag
H—Zy—uuy, Boosted
H—=y*y—uuy, EE

H—>y*y—uuy, Dijet tag
H—y*—uuy, EB Low R9

H—y*y—uuy, EB High R9

N ¢ D

Y

H—Zy—lly, Combined =—po=e
H—y *y—uuy, Combined ——  ®
H— Iy, Combined ——® | |
1 10 10°
o .
95% CL upper limit on o/og,,
35.9fb7 (13 TeV)
T I T T T T T T T T T T T T I T T T I T
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i ~ -
- __ Mo
E_ ________________ E 2 o
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CMS HIG-17-007

* observed
(expected) upper
limit for o/osm is
3.9 (2.0)

» corresponding to
an observed
(expected) p-
value of ~20
(~10)
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H— Y +y—pupy

35.9 fb' (13 TeV)
T T L tl__

t ows T s

H—J/W+y Is sensitive to
the Higgs-charm coupling

complementary to the
inclusive decay of
H—cc

BR(H—J/W+y) =2.8 x 106

In some extensions to the
SM, modified Higgs-charm _
coupling can arise Particle mass [GeV

Ratio to SM
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e Larger Z production cross section so that rare Z
decays can be probed at much lower rates than for
Higgs decays into the same final state

e BR(H—=J/W+y) = 9.0 x 109

» experimental benchmark for the Higgs boson decay

* test various QCD factorization approaches that are
being used in the estimation of branching fractions for
hadronic radiative decays of bosons

Chia Ming, Kuo/NCU, Taiwan 26
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Results of H/IZ— Y +y— UMY

Zodvomy . . . . : 201«"135.91b"‘(13Tevz B Z(H /
sbaws T S Channel o(fb)” BEZH) =147 5ot

Z—Jpy  46(53'7F) 14 (L6%)]) x 10° 15 (17)

A O+2¢

Events /(2 GeV)

H—Jpy 25017598  76(5277¢) x10* 260 (170)

“o(pp — H(Z) — (/¢ — up)y) (fb)

1 1 1 1 1 il
70 75 80 8 90 95 100 105 110 115 120

M,y (GeV)

Z-Jhyy—-ppy 2016 35.9 fb" (13TeV) Z-Jhyy—pupy 2016 35.9 fb! (13TeV)
- T T T T T T T T T B - F T T T T T T T ]
3 cMs -#-Data 3 1 CMS -#-Data
~ Preliminary — Background model « [ Preliminary — Background model
hg — Expected signalx10 hg 12F — Expected signalx10
2 R O+2¢ 2 I B 1 O+2c
[} [ [
i 4 10

] | ,
I =S o i wre XS 1 I C I I I I L 1 I
70 75 80 8 9 95 100 105 110 115 120 70 75 80 8 90 95 100 105 110 115 120 II l tI le Case Of I II S It S
My (GeV) M,y (GeV) p)

HoJhyy-upy 2016 35.9 fb” (13TeV) L]
- 50 -y T T T T T T T T T ]
3 [ CMS -#-Data 1 V I V
g [ Preliminary — Background model ]
= 40 [ — Expected signalx100 1
£ 10 [O+20
)
>
i

W
o

| . for HL-LHC

20

L L 1 1 1 1 1 1
100 105 110 115 120 125 130 135 140 145 150
M,y (GeV)
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H—up

CMS HIG-17-019

E> ems
LLB 1ol
BR(H—pup) =2.18 x 104 =k
1072 5
. I SM Higgs boson |
only accessible channel to test Higgs o — o
. . . + 1o
couplings to second generation fermions at =20
LHC 5 ML
clean fermionic decay § Ot
Particle mass [GeV]
search for a small peak over a large DY S ey 359 1" (13TeV)
3 A Cat. 12
backg round g4oo {L125=0.7 for my=125 GeV LgitBaﬁt
§ ;Sﬁzgmponent

several BSM scenarios predict a higher BR “.

* deviation from SM could be a sign for .
new physics

Chia Ming, Kuo/NCU, Taiwan

[ J=20

o { ;
of ] 4 ¢ ¢
s 120 125 130 135 140 45 150
m,, [GeV]
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H— UM analysis

35.9 1 (13 TeV) B oot agH [z lwr BwH [l
‘% E CMS Preliminary ¢ Data —ggH a0
L1108 gby  --qqH cat 1
E th+St ZH cat 2
n Ogw  -WH
105 :_ DTTX . W+H cat3
- gvvv ttH cat4
104 ;_ cat5
= e
C cat6
103'5_ /] cat7
— _|_'_'|_ cat8
10° E—_' _|_|_|_'|_-I_ cat9
= L cat 10
dt‘m cat 11
T —_1 = T . cat 12
.;; 1—|_|_|_‘—I_|_I —=
H | ISP TTLET (CECED - 1_ cat13
é-_--_' ------- --I-l-u-v-l---'-‘-l-!-'-'- -.---l-.-'l_ cat 14
et e [ sl [ gese N NP o [fabi

0I 0.1I .I(-)..Z‘.1 l IO.?;I.‘ JO.‘;-I I 10.51-‘ HO-.GI J “E).;H |;)8I - I0.9 1 O 10 20 30 40 50 60 70 80 90 100
transformed BDT Signal fraction, %

BDT is used to improve the search sensitivity

15 categories are defined based on BDT score and pu
mass resolution

BDT loosely correlated with VBF

Chia Ming, Kuo/NCU, Taiwan 29 2019/72/26



Results of H— U

5.0fb™ (7 TeV) + 19.8 fo™" (8 TeV) + 35.9 fb™ (13 TeV)

CMS HIG-17-019 m(s; -

51965

5.0f™ (7 TeV) + 19.8 fo" (8 TeV) + 35.9 fb™ (13 TeV)

s -
N C i 1
= CMS Preiiminary Observed E - CMS Preliminary
2 e Expected background only g =
s °F - s L
= S e e —|10
E = == =20 810"
- - - -
1 6 - - - Expected (SM mu = 125 GeV) -
@) 5:_ B
X = T 20
o) -
()] 4:_ 10—2 -
= ~—— Observation
3 -
5 ——— Expected(125)
1;_ 1073 :— Expected ------nrrnrmmr s e 30
: IIIIIIII |IIII|IIII|IIII|IIII|IIII|IIII| IIIIIIII Eo IIIIIIIIIIl|||||||||||||||||||| ||||||||
120 121 122 123 124 125 126 127 128 129 130 120 121 122 123 124 125 126 127 128 129 130
my, [GeV] m, [GeV]

Dataset

13 TeV (35.9/fb)
7 TeV + 8 TeV+ 13 TeV

95% CL limit on o/osm Significance
observed (expected) observed (expected)

2.64 (2.08)
2.64 (1.89) 0.98 (1.09)0

0.74 (0.98)0

o upper limit on BR(H—pp) is 5.7 x 104
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H— invisible

BR(H2ZZ—4v) =0.1% in SM

a number of BSM models allow for this

interactions between the Higgs and dark matter

complementary to direct detection

dark matter mass < mn/2 ; H—DM kinematically open

oM

oM

http://rejuvenatte.blogspot.tw
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I

q

e most sensitive mode due to VBF
topology

* reject extra leptons

q
* two strategies: 0
O S e B
e cut and count 2OF oyt B Bl

e shape analysis based on mj; "

» use the full discrimination power °| "o .
of the invariant mass distribution  «

* improve the search sensitivity A Teee————

1000 2000 3000 4000 5000
m. [GeV]
Chia Ming, Kuo/NCU, Taiwan 32 2019/72/26



H—invisible : mono-V tag
arXiv:1711.00431

arVix:1712.02345
o Z(—Il)+H

e smaller cross section than VBF

» clean final state with low background

» the multivariate BDT classifier is
used to improve the search
sensitivity by 10%

35.9fb" (13 TeV)
—

600 - ~npe  ® Data —
| CMS ¢

mwz

[ Other bkg.
Nonresonant
Drell-Yan ]

— ZH(125)

N\ Bkg. unc.

Events / GeV
3,

Events / 0.05

* V(—qq)+H

* large background but relatively larger
signal contribution

200 — —

e large radius jet (R =0.8), pr > 250
GeV

e rely on jet substructure techniques

(Data-Pred.) Data / Pred.

2L

O_-2 | | ‘ O_‘4 ‘ ‘ ‘ O,‘6 ‘ ‘ ‘ 0;8 — 300 400 500 600 700 800_900 1000
BDT classifier pTe* [GeV]
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H—invisible : mono-jet tag

arVix:1712.02345

measure ggH process where
the Higgs system is boosted
and recoils against a jet

events failing mono-V tag but
satisfying jet pr > 100 GeV
(R =0.4) are included

large background

improve V(jj)H sensitivity by
12.5% after adding this mode

Chia Ming, Kuo/NCU, Taiwan 34

Events / GeV

o o = =
N 0 © o N —

Unc.
o

(Data-Pred.) Data / Pred.

|
N

800 1000 1200 1400
p_”r”'ss [GeV]

2019/2/26



H— invisible : combination

SM
—
N

o o =
o [ed) - N

95% CL upper limit on 6 x B(H — inv.)/o
o
~

0.2

* No significant deviations from SM expectation are observed in any search mode

35.9 b (13 TeV)

35.9 fb™ (13 TeV)

Loumn | 10_36 T T T T T 1T || T T T T T 1T || T T LI
. | | | | ] &
— CMS Preliminary . 5 10°" &= CMS Preliminary 90% CL Limits
[ —e— Observed ) 510% B(H— inv) < 0.20
u --©- Median expected R _; 107%
B n (@)=
- . 68% expected ] © 107
i 95% expected i 1o Direct Detection
g — LUX
L 10 — CDMSLite
I - —— XENON-1T
- 10 —— CRESST-I
: 10_44 — PandaX-Il
:_ —_ 1 0—45 / -
- ? 107"
i | | | | ] 10—48 1 Lol 1 Lol 1 T R N B A
Combined VBF-tag Z()H-tag  V(qq)H-tag  ggH-tag 1 10 102 10°
Mpy [GeV]
Analysis Final state Signal composition Observed limit | Expected limit
qqH-tagged | VBF-jets + p1"*° 52% qqH, 48% ggH 0.28 0.21
VH-taceed Z(L0) + priss 2 ] 79% qqZH, 21% ggZH 0.40 0.42
55 V(qq') + piss [2 ] | 39% ggH, 6% qqH, 33% WH, 22% ZH 0.50 0.48
ggH-tagged | jets + p7"*° [? ] 80% ggH, 12% qqH, 5% WH, 3% ZH 0.66 0.59

CMS HIG-17-023

* The observed (expected) 95% CL limit on BR(H—inv) assuming SM is 0.24 (0.18)

* The results have been interpreted in Higgs portal model assuming the scalar or fermion nature of the DM

* excluding the very low DM masses below 20 (fermion) or 7 (scalar) GeV
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* HH production in yybb final state
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HH production

e Non-resonant

* need to determine the Higgs self-interaction potential

responsible for EWSB — requiring a measurement of trilinear
j:\l\,’% and quadrilinear self-coupling of the Higgs particle, as
By, @ predicted by the SM
>k e Quartic coupling out of each of LHC and HL-LHC
e SM predicts o(gg—HH) = 34 fb at 13 TeV — not sensitive, but

BSM can induce kinematic differences and cross section

enhancement
* Resonant

* Many BSM models predict resonances decaying into two

Higgs bosons : WED, MSSM, 2HDM, etc.

* Model independent search for spin-0 and spin-2 ,
resonances decaying to HH with Mx = [260, 1100] GeV— - s N
non-boosted regime bay, ,ﬁ

* Benchmark model : Warped Extra Dimensions predicts

spin-0 (radion) and spin-2 (KK graviton) new particles that
couple to the Higgs bosons
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* H—Dbb
* high branching ratio
* tag b-jet to obtain good S/VB

°* H—ovyy
Good mass * high trigger efficiency and
resolution selection

* good mass resolution
High branching

ratio * HH—Dbbyy

7y s wu * low background
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X—HH—bbyy

CMS HIG-17-008

CMS 35.9fb"' (13 TeV)
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* Main backgrounds: ‘. MERREERPPRUN
* non-resonant QCD: yybb(>80%) and yjbb/jjob(<20%) === B R e

* resonant: SM H production - few events but 10 :

positioned exactly under the yy peak

160 180
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Key analysis ingredients

b-jet energy regression

3
S
=

K
o

2]
=
S
=

=

B
&
a
=
5]

O

D‘ O,12_l TTT { TTTT { TTTT { TTTT { TTTT [ TTTT [ TTTT I TTTT I TTTT | TTT l_ D‘ 0,1 T T T T T T I T T T ] T T T | T T T | T T T D‘ 0,05_] TTT I TTT1T I TTTT TTTT | TTT1T [ TTTT ] TTT1T ] TTTT | TTT Y_
< - — without neutrinos | < i — without neutrinos | < - — without neutrinos
0,1:— — with neutrinos — 0.08L — with neutrinos | 0.0 4} — with neutrinos 7
0.08[- . I ] i ’
I | 0.06— — 0.03[ 7
0.06[- . - . i ]
i 1 0.04- - 0.02F .
0.04- - I | I ]
0.02k 1 0.02- -4 001 .
= L1l IIII\IIII}III[IIII\ 1l T | I‘ i i L Il L 1 I 1 L 1 | 1 L | 1 1 I : T | i |III1|IIII|1Ill|IIlIJII\IIIIIl]I\II| i
-0.5-0.4-0.3-0.2-0.1 0 0.1 8% 0.3 0.4 0.f %0 80 100 120 140 160 18l ‘POO 200 300 400 500 600 700 800 900100
GenJet uarky’, b qua M M
(py P )P i i
T T
categorization based on MVA _
2D analysis
. CMS 35.9fb' (13 TeV)
?10 _EI T T T T T T T T ] T T T T T T T |ﬂ-
g e Grav. m, =300 GeV [l tiH(yy) + Data 3 CMS 35.9 b (13 TeV) CMS 35.9 b (13 TeV)
> - eeeees Rad. m, =600 GeV [l VH(yy) . < 60T S W T T
2 105%_ 99 — HH (x10%) . & | pp—HH-bbyy 4 Data . & | pp—HH-bbyy 4 Data .
L% - —— VBF HH (x1 05) 3 % 50:— High-mass region Full background model —: % 12— High-mass region Full background model |
. ] 3 T r i 2 [ ]
10%E ° — § - Medium-purity category =~ -...... Nonresonant background § 10 High-purity category ... Nonresonant background _|
E % E w40l ] L - —
= "0.. = B ——— SM HH signal (x100) ] C ——— SM HH signal (x20) ]
= . -1 | n sl |
sof - ]
- . —:
20 THe, 11 — ]
: Moty z :
10 ] H { - -
: AA { ; ' V ' 1
I L1 ...I....I...L.I....I.L.. M W e L Lah J
f0 110 120 130 140 150 _ 160 170 180 Q0 " 110 120 130 140 150 160 170 . 180
m,, [GeV] m,, [GeV]
0.5
Classification MVA
Chia Ming, Kuo/NCU, Taiwan 40 2019/72/26




HH results

CMS Preiiminary
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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
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Summary

* the discovery of the Higgs boson opens a
new opportunity to search for new
physics via the rare decays and di-Higgs
production!

* a broad program performed by CMS in
these fields

* observations are in agreement with SM

o still looking for it ...
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e Backup
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OUtIOOI( Of.H—PinvisibIe CMS DP-2016-064 SN;%?

SM BR(H—inv.) = 0.001

Z 0.45 — ECFA16 S1 :
p 04 — ECFA16 S2 _ S1 : all systematic uncertainties are fixed
= %35 \ 2916 E to 2015 values
S 0.3 ——1/IL scaling -
E 0.25 : S2 : experimental systematic uncertainties
5 0.0 T f decrease with L and theoretical ones
=3 0.15k | are scaled by 1/2
O .0 1; Su § — improved by a factor of 2 by the
5 O F R end of 2018 and 5 at HL-LHC
® 0.05)- X\::

'Rl RN L Wil .
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2HDM+S

* type I: all SM particles couple to the first doublet

* type ll: leptons and down-type quarks couple to
the second doublet and up-type quarks couple to
the first doublet

* type lll: leptons couple to the second doublet
and guarks to the first one

* type IV: down-type quarks couple to the second
doublet, while leptons and up-type quarks couple
to the first doublet
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