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The LHC Luminosity Timeline

tie  Weare here HL-LHC

14 TeV
5107x
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= INJECTOR UPGRADE

splice consolidation . cryolimit 4 nominal
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* We are at the end of a very successful pp run at 13 TeV

*  We will have another pp run at 14 TeV starting in 2021, where the
luminosity should at least double

* Then, after a shutdown for major upgrades, in 2026 LHC will start the
high-luminosity run (HL-LHC) where the luminosity will increase x10

* So far LHC has delivered 5% or less of the total planned integrated
luminosity!
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CMS proton-proton run in 2018

= Excellent performance of

CMS

= About 94% recording
efficiency, never so high

in CMS

= With peak luminosity
grazing 2 1034 Hz/cm?, a
factor 2 higher than the

initial design
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CMS Integrated Luminosity, pp, 2018, Vs = 13 TeV
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Run 2 pp final score S

CMS Integrated Luminosity, pp, Vs = 13 TeV

Data included from 2015 . 8-10-24 04:00 UTC
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A large dataset to analyse in
the coming years, before
starting again in 2021
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Final score is:
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68.2 fb! (offline preliminary)
delivered to CMS in 2018

163 fb! delivered overall in Run 2
192.5 fb-1 from 2010
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B parking

Plan: store a large unbiased B
hadron sample by tagging on the
«opposite side» B

= CMS parked (— no prompt
reconstruction) 12 billions of B
triggers

= Fit with present computing
resources, no additional requests

= Now working on improved
reconstruction, in particular for
low pr electrons, to enhance the
sensitivity to rare decays and
flavour anomalies
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High Pile-Up events >

= LHC has provided a short run with few high intensity
bunch trains

= CMS took data successfully with pile-up > 120
= Outlook to what we will see after the HL-LHC upgrade

Event with 136 reconstructed vertices
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Pb Pb Heavy lon run ended recently
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PbPb 2018 partial dataset at |s,, = 5.02 TeV

= We got collected 1.80 nb!, almost 4 of T eors - TomS”
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Status of publications and
highlights of Physics Analyses
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CMS Publications .

Exotica
Standard model
Supersymmetry
Higgs

Top physics
Heavy lon

B physics
Forward physics

03/12/18
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CMS has submitted, as of last

week, 829 publications on

collisions data in a wide variety

of physics (and detector) topics.

e Staggering publication rate:
104 per year since Jan 2010,
and growing

e 126 publicationsin 2018 so
far

e 265 Run 2 publications
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2018 is the year of the Yukawa couplings |

This summer CMS and ATLAS,
presented the observation of the
Higgs boson coupling to b quarks.
With the recent observation of the
couplings to t lepton and top
quark, we completed the
observation of the coupling to 3
generation fermions

= A great success of LHC and the
experiments, much earlier than
expected thanks to the
outstanding performance of LHC
but also to very refined analysis
techniques
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Entries / 5 GeV

Observation of H—bb

Phys. Rev. Lett. 121, 121801

= improved VH(bb) analysis with 2017 data

= among others: better b-jet identification, energ .
regression for b jets, use of deep neural networks for these items and

S/B discrimination

= combination VH(bb): 4.80 observed; all production modes:

5.60 observed

Z(=>20) H(>bb) VH, H(=>bb)
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<511 (7 TeV) +<19.8fb" (8 TeV) + < 77.2 b (13 TeV)

CMS

H—bb

e Observed
— +1 (stat @ syst)
— +1G (Syst)

stat  syst
2.80+2.08 +£1.30

253+0.98+1.17

. 0.85 £ 0.23 +0.37
—a- 1.24£0.29+0.24
- 0.88£0.24+0.16
- 1.04 £0.14£0.14
S L

Best fit 1
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bb mass distribution »

772" (13 TeV)

» |nstead of DNN S | cMmS b o
s s
output, analyse M(bb) B =i
M M M '% 1000 S+B uncertainty
to visualize signal. g
m
= Signal strengths e |
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analysis.
|
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2016+2017
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Observation of ttH production:  [cus
7, 8 and 13 TeV combined

Phys. Rev Lett. 120 (2018) 231801

g g t
“H
g g t

511" (7 TeV) +19.7 fo”' (8 TeV) +35.9 fb™' (13 TeV)
T T T T T 7 T

— Combined
[ SM expected / ]
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— 748 TeV ! 1

50 1
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Observed significance is 5. 20
[4.20 expected] with respect to

the background-only hypothesis

(Uegw = 0)
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511" (7 TeV) +19.71b" (8 TeV) + 35.9 b (13 TeV)
@ Observed

CMS — +10 (stat @ syst)
- . m— +10 (Syst)
N : —— +20 (stat @ syst)
ttH(WW*) T ——————
ttH(ZZ")
ttH(yy) e — ———

fTH(THT) [ —————

ttH(bb) g
7+8 TeV
13 TeV I
Combined
0 CR S S I

uﬁH

Uty

12635 = 126*315(seat) "5 (ep) *{i5(bkg th) 5 6g th)

Overall signal strength p;,; compatible with

SM within 10

* Onlytt(H - ZZ,yy) still dominated by
statistics uncertainties
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Observation of H 2 t*t using 7, 8, and 13 TeV data |

PLB 779 (2018) 283

= Combination with 7, 8 TeV data: 5.90 obs. (5.90 exp.) and p = 0.98 = 0.18

"signal strength” p = g/og),

359" (13 TeV)
CMS 35.9 b (13 TeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-043/index.html

Higgs boson properties

HIG-18-02: Measurements of Higgs boson
properties from on-shell and off-shell
production in the four-lepton final state

Higgs boson being studied in detail:

* Analysis using the 2016+2017 Run 2
data, and also Run 1 (7+8 TeV) to
tests the properties of Higgs boson,
such as its width and anomalous
HVV couplings

* Includes 2017 data

- 03/12/18

-2 AlnL

-2 AlnL
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H- ZZ* - 4l n

CMS-PAS-HIG-18-001

» One of the Higgs boson “discovery”

channels > 220 CMIS f:’re:iminam2016+2017l . . . I77.4Ifb"l(13ITe2
[0 ata ]
» Low statistics but clean signal from S 200 ER(125) A
the combined 77.3 fb- dataset 5 180F ¢ SR
(2016+2017) g 160 e E
L i
= 2017 analysis improved with :Zz E
upgraded detector, new 00 E
multivariate tool for better 50 E
electron ID, new discriminant for 60 E
enhanced VH and VBF categories, 20 E
new categories targeting ttH 20 [ B TN o W =
production 0% 5500 300 400 500 -
m,, (GeV)
Signal strength for the combined 2016-2017 CMS H — 4l measurement:
__o _ +015_ +010 +008 +007
k== 1.06Z513= 1.06Zg10(stat ) Zoge(sys.exp.) Zggs(sys.th)
In very good agreement with Standard Model 2016+2017
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top physics .

TOP-18-004 =

* Measurements of ttbar production cross sections taken to a new
level of precision with multi-differential measurements

— Can be exploited to extract - as, mole, PDFs

CMS Prellmmary 35.9 fb! (13 TeV)
@ 0.2 300 3oo<M(tf) 400<M(ﬁ) 500<M(ﬁ) 30(|)<M({¥) 40(;<M({f) 50(|)<M({f) 30(|)<M('Itf) 40(;<M(!tf) 500|<M({f) ¢ Data, dof=35
% <400GeV | <500GeV 1500GeV | <400GeV | <500GeV K1500GeV | <400GeV | <500GeV k1500GeV
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p 0.15 --- POW+HER, x2=66
~N
- 5 -- FXFX+PYT, x2=63
0.1 []POW+PYT unc.
0.05}
14 . L [ L | bt
o] .
= 12441 !
o 1 =
0.8 ¢ $
1 2 1 2 1 2 1 2 1 2 12 1 2 12 1 2
y(th)

3D cross sections [NO.7.2+ jeg , M(tT) ,y(t7)] 6



top physics >

CMS Preliminary 35.9 fb” (13 TeV)
NG M(ED),y(eD)] |

o e with otal une. The as, m:°'e values extracted at NLO using

— data unc.

— PDFunc. different PDFs, and the relative gluon PDF

—— punc.

s uncertainties showing a significant impact
at large x

HERAPDF20
CT14
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‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ T T T T TTT \‘ T T UL ‘
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N M,y )] | | | 1 +
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|

dxg/xg
N

— data unc.
— PDF unc. 1= 1
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ABMP16 F%“ r
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0.8 .
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Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il 1 0_3 1 072 1 071 1

0.09 0.1 0.11 0.12 0.13 X
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top physics 5

Phys. Rev. Lett. 121, 221802

= First evidence for single-top production associated with a photon

* in events with a top decay to buv, at least one more jet, and a
photon

= event selection based on a boosted decision tree combining eight
variables

= evidence at 4.40 observed, the measured 0*BR is compatible with
the SM prediction:  o(pp - tyj)B(t - pvb) = 115 + 17(stat) + 30(syst)fb)

35910 (13 TeV)
et

35910 (13 T
1200 T T T T T T T T ¢ T V) 2] 1200 T T T T T T =
3 F cms ¢ Data [ 1% ] S F CMS ¢ Data B ]
O 1000 R stat.osyst. [ zviets i 2 jo00l— B stat. @ syst.  [] Zyjets =
3 [ signai (v [Jvwy ] w o [ signal (tr) [ vwy B
% 800 B ¢ (s- and tw-) Il Misicentified photon | 800~ [ t/(s- and tw-) [ Misidentified photon |
.qc: E [ wjets ] = I wyjets ]
@ eoop = 600 -
400 - - n
k ] 400 |— i
200 ] r ]
] 200~ 3
§ 15[ ] E ]
3 pe BRI § 15F 3
. =
% osE ™ 3 1 & ¥
100 150 200 250 300 350 400 450 500 550 600 o WWW
8 a 05- e
e m  [GeV] 5
uvb = 0 1 2 3 4 5 6 7 8 9 10 2 1
8 016
BDT output
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Observation of tZq production

CMS CMS Experiment at the LHC, CERN
Data recorded: 2017-Oct-16 05:01:09.248576 GMT
Run / Event / LS: 305112 / 1683658016 / 979

tZg candidate event
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TOP-18-008

Observation of tZq production

e CMS 77410 (13 TeV)
o e MRS IEE
’ ’ - & Data I tZq
q T4 o i S | mwz [ Multiboson
~ mmti+z ot +X
L 100 X +y = ZzH B
w w S
)
>
w
b t b ¥ b
Z

= Rare SM process
= Sensitive to t-Z coupling, FCNC:s, triple

WW?Z coupling
= Signal: 3,leptons,and at least 2 jets (incl.1

b jet) RS ST S
= BDT based lepton selection and E ot ]

optimized analysis oY T ouput
» Strategy leads to significance well above

5o p=1.18""(stat) * ;. (sys)

O'(th — té*ﬁ‘q) =111 i%g (stat) f;l (syst) fb Next, differential cross sections
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Observation of the states
Xp1(3P) & xp2(3P)

PRL 121 (2018) 09200

X1 (3P) bb state has been discovered by
ATLAS in 2011 and observed by DO and LHCb

gb(BP) is measured through the radiative

ecay xp(3P) - Y(3S)y — puy

= Low statistics but best resolution for the
low energy y converted to e*e™ pair in
the silicon tracker

For the first time the two states y;;(3P)

and y2(3P), corresponding to J=1,2, are
resolved

= The mass difference is measured to be:
AM = 10.60 + 0.64(stat. ) + 0.17(syst. ) MeV

» Predictions from non-perturbative QCD
range from -2 to 18 MeV
2015+2016+2017
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Dijet with leading proton ».

FSQ-12-033 + TOTEM-NOTE-2018-001

Joint CMS+TOTEM measurement of dijet production cross >
section with leading proton, from a £*=90m run at 8 TeV @; .
(37.5 nb?) '
*  Cross section and differential cross sections measured

0 P ;=21.7 £0.9 (stat) *30_5 5 (syst) £ 0.9 (lumi) nb. g
(pr>40GeV, [n| <4.4,§<0.1and 0.03 < |t]| <1 GeV,) : :

CMS+TOTEM Preliminal 37.5nb" (8 TeV) CMS+TOTEM Preliminar 37.5nb" (8 TeV)
10t
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E " 3 E E
®© E —— POMWIG (<S% = 1) 3 = E
% c. . POMWIG (<S% = 7.4%) S F b
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e E . PYTHIAS CUETPBM1 3 E
s F = PYTHIAS DG 3
fuos —— Exp.fitb=6.6 +0.6 GeV?
102 £ E 1 E 3 t = ( ) 2
F = [ Hifits —e— Data . 7 pf pl
r B 12 40 GeV —— POMWIG (<§% = 1)
N 50 . - 10 PYI"'; . 4° ..... POMWIG (<8% =74%) 3|
E Py, ca00e 3 ol <a — - PYTHIAB 4C 3 pf
C <44 | F0<&<01 . PYTHIA8 CUETP8M1 B
Foo<g<oa S— [ 003<tj<1.0GeV’ ... PYTHIAS DG 1 - -
1L 0.03<t<1.0Gev? e = - | |
SR e 3 Di
o = 8 2= ] =
g ] N e E
S = i Q b =
= 0B = = 1B=
‘5’ 22 - —e— Data/POMWIG (<§% = 1) ! % 01
% 0.1} — % g 0.08
=] of 3 O oosf
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High-mass di-jet resonances |

PAS-EXO-17-026

= Di-jet resonances with 2016+2017  dictmosssecrum 5 pasmons—— fww
data-sets predictions g foo
Improved analysis methods: s N

-
complement R
. 10—35—n\>|.53'rev e g
parametric background o fanar e
estimation with S -
prediction from high 47 sideband S [y

N
@
IS

5 6 7 8

» reduces systematics

" used o Pioher resonance Masses o
* Interpretations in a variety o z -
of models N
= Extends limits obtained T

With 201 6 data upper limits 103pomcum

compared to predicted 10“‘ — cumghon

| quarkquark e, S
10°3066 3000 4000 5000 sooo 2000 8000
Resonance mass [GeV]
2016+2017

cross sections
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Searches for high-mass di-electron resonances |

CMS-PAS-EXO-18-006

First 2017 analysis presented

> 5 T ‘ T T T T I T T
8 10 { Data CMS
> 10° [ y7z»ee Preliminary
s 10 I tw, Ww, WZ, ZZ,
it 10° [ Jets
10?
10
1
107"
1072
107
107
10~5 L L L L |
80100 200 300 1000 2000
£ o5l . ' I ]
o Ll
S %% R STIAC 41
2 _o5E T
! ) C L 1
£ “'so100 200 300 1000 2000
= m(ee) [GeV]
Limits for high mass searches
extending beyond 4 TeV
2017

24/09/18
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[6:B] Z'/ [o:B] Z

7731 (13 TeV, ee) + 36.3 fb™ (13 TeV, u*w)

\ " | — Obe.e5%CLIME

Exp. 95% CL limit, median
‘ I Exp. (68%)
[ ] Exp. (95%)

= Lssu
—_ le

o

107 & =
1078...I....|....|....|..."’l..
1000 2000 3000 4000 5000
M [GeV]
Channel Model Obs. limit (TeV) Exp. limit (TeV)
Z! 410 415
ee (2017) ES;M 3.35 3.55
ee (2016 and 2017) + iy (2016) Zé?M :ﬂ :ﬂ

28



arXiv:1811.07991

Displaced jets ~

Search for long-lived particles decaying
into displaced jets in proton-proton
collisions at Vs = 13 TeV

CMS

35.9 fb" (13 TeV)

n

&

o

S
IIIIIIII

2200

N

2000

1800

1600

-

03/12/18

>’ pp — 03, g — tbs A" ,,, NLO+NLL exclusion
8 2800 = = =95% CL expected * 10,
o

e

95% CL observed + 1 6y,

experiment

25 8 35 4
Iog10 (ct/mm)

cross section [fb]

35.9fb™ (13 TeV)

o [fb]

1o CMS 95% CL upper limits

—e— Observed E
Median expected -
m, =50 GeV
m, =100 GeV
m, =300 GeV
¥ my = 1000 GeV

10*s Jet-Jet model

107 ' —
1 10 10% 10° 10
CT, [mm]

* Several models with long-lived
particles, including gluinos or top
squarks, with displaced jets in the
final states tested, limits set

RC CMS Week
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Additional light gauge bosons

EXO-18-008, arXiv:1808.03684, subm. to PLB

Search for a narrow Z' boson with a Lu-Lt symmetry

= proposed in several contexts, including as an
explanation of Lepton Flavor Universality violations
and of muon g-2 anomalies

= search in events with 4 muons compatible with M(Z) in
2016+2017 data

» excluding products of BRs (Z—uu, Z'—up) above 10-8-

107

Events / bin

45f
40f
35t
30F
25f
20f
15}
10f

2016+2017

24/09/18

77.3fb7 (13 TeV)
T | LI

¢+ Data ]
[ SM 4y production E
——— m(Z') =50 GeV,g=0.1
—— m(Z)=60GeV,g=02 -
—— m(Z') =70 GeV,g=0.5

- Background syst. uncer.

CMS: Z—Zup—4y (obs.)
-------- CMS: Z—Z'up—4u (exp.)

Constraints from Altmannshofer,
et. al. JHEP12(2016) 106;

Neutrino Trident
B, mixing

BR(Z— 4u), =7 and8TeV ||
N L L

10

60 65 70
m(Z') [GeV]
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Search for DM: LQ + MET >

PAS-EXO-17-015 arXiv: 1811:10151 Sub to PLB

= Search for DM in final states with a LQ and
ETmiss
= DM produced with a co-annihilation partner

(here a Maiorana fermion),
mediator: LQ coupling to 2"¢ generation only

= search in events with at least one muon and
E:™ss, look for a LQ mass peak in m,,

j
®" no excess observed

' 77.4 16" (13 TeV) % CMS Preliminary ~ 77.4 fb™ (13 TeV)
10° - CMS * E Relic Density + APV B0) |
Preliminary o, 750! E_— Observed

z 700;%55Expected %2 0, eriment

Events / GeV
2

650}

600

5!

a

oFB(La~lg) =05
Fas01 ™

on cross section times branching fraction [fb]

107 2
a £
% B
X 9 : ! § g
1) 1* .- o e & + a
5 0 = ;: 1:00 +?5,_:<; +ioo 2
2016+2017 m,; [GeV]
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Supersymmetry =

JHEP 03 (2018) 160

= Among several searches, also
Higgs boson now used to
probe electroweak
production of supersymmetry

* |n just 6 years from
discovery to Higgs tagging

W
2016

24/09/18
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pp — X %; pp = Xi %, pp = 11 uuiy 2018
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https://doi.org/10.1007/JHEP03(2018)160

Higgs to two muons

arXiv:1807.06325, Accepted by PRL

359" (13TeV)

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

x10° s 7
> 10b CMS All categories Q‘” - CMS —=—  QObserved
8 1?3»%0' m, =125 GeV ¢ sts;B)welghled 2 6 ;_ B88 Expected (background, 68% CL, 95% CL)
w 8 | sBii S - --- Expected (SMm,_=125GeV)
; sk B Bcomponent+1sd.(2s.d) g 5 E_
:zj af o 4 _
E 2F § 3 E
% G 1 l l 1 i l 1 1 2
S
—~ 200 B component subtracted
g o } f + ! } 3 ) 1
5—200 H% 't f o ' Y] I U P PP PR PR PR P P
110 115 120 125 130 135 140 145 150 120 121 122 123 124 125 126 127 128 129 130
My [GGV] my [GEV]
Already tackling H > uu thanks Upper limit on the SM Higgs
to excellent detector branching fraction to muons of 6.4
performance x 104, UL observed (expected) is
* Looking forward to updated 2.92 (2.16) times the SM value.
result with > 150 fb™?
2016
24/09/18 R.C CMS Status SPC310
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Higgs boson pair production ~

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)

6 78910

—e— Observed

- —— - Median expected

mm 68% expected
95%] expected

20

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

95% confidence level exclusion limits on the SM
non-resonant Higgs boson pair production cross

section.

2016
24/09/18
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Observed (expected)
95% confidence level
upper limit
corresponds to 22.2
(12.8) times the
prediction for the SM
cross section.
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The coming years




A challenging shutdown in the next 2 years |

HCAL barrel (last phase [):
install SiPM+QIE11-based
5Gbps readout

4
Pixel detector:

* replace barrel layer 1 (guideline
250 fb-1 max lumi)
* replace all DCDC converters

MAGNET (stays cold!) & Yoke Opening
* Cooled freewheel thyristor+power/cooling
* New opening system (telescopic jacks)

* New YE1 cable gantry (Phase2 services)

Muon system (already phase Il):
¢ install GEM GE1/1 chambers

e Upgrade CSC FEE for HL-LHC trigger rates
« Shielding against neutron background

03/12/18

Keep strip tracker cold to
avoid reverse annealing

Install new beam pipe for
phase Il

Civil engineering on P5 surface to prepare
for Phase Il assembly and logistics

* SXAS building

* temporary buildings for storage/utility

Near beam & Forward Systems

* BCM/PLT refit

* New T2 track det

* CTPPS: RP det & moving sys upgrade

Coarse schedule:

* 2019: Muons and HCAL interleaved

* 2020: beam pipe installation, then
pixel installation

RC CN6 Week



GE1/1 production >

! . 1‘1’1
Chandlgarh Indla

BARC, Indla

o .
e
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GE1/1 slice in CMS

Run Lumi Event ECEEEREE]  Mon Jul 9 04:54:18 2018 KST

e ] Filtering is OFF

Summary View
Add Collection

Ao
Ao
Ao
Ao
Ao
Ao

‘0

Rho Phi

CSC hits

The GE1/1 slice is integrated in CMS runs. The GE1/1 will be the first
Phase Il detector to be integrated in CMS, already in 2019-20

30/10/18 R.C CERN-RRB-2018-092 38



CMS Phase-ll upgrades for HL-LHC "

L1-Trigger/HLT/DAQ Barrel Calorimeters

e Tracks in L1-trigger at 40MHz for 750 kHz PFlow- * ECAL crystal granularity readout at 40
line selection rate MHz with precise timing for e/y at 30GeV

* Latency up to 12.5 us * Low operating temperature = 10C

* HLT output 7.5 kHz * ECAL & HCAL new back-end boards

* Several detector electronics.upgrades needed to https://cds.cern.ch/record/2283187

cope with trigger rates and latency
https://cds.cern.ch/record/2283192
https://cds.cern.ch/record/2283193

W

Calorimeter Endcap (HGCAL)

e Si, Scint+SiPM

* 3D shower topology with
precise timing

https://cds.cern.ch/record/2293646

Muon Systems

*..DT&CSC new FE/BE readout, new
RPC electronics

* New GEM/IRPC 1.6<1n<2.4

* Extended coverage to n=3
https://cds.cern.ch/record/2283189

J

Mip Timing Detector
* 30 to 40 ps resolution
* Barrel: LYSO crystals + SiPMs

* Endcap: Low Gain Avalanche Diodes
https://cds.cern.ch/record/2296612

/R

eam Radiation instrumentation and

& (. Luminosity measurement
" https://cds.cern.ch/record/2020886

Tracker

* Si-Strip and pixels, increased
granularity

* Design for tracking in L1-Trigger

* Extended coverage ton=3.8
https://cds.cern.ch/record/2272264

.

30/10/18 R.C CERN-RRB-2018-092

39



CMS is proud of the design of an upgrade with
many innovative detectors

Tracker is AGAIN ALL SILICON but now with much higher
granularity, and out to [n| =4 with >2 billion pixels and
strips
» Tracker designed to find all tracks with Pr>~2 GeV < 4
us.
» Tracking information in “L1 track-trigger”
High Granularity Endcap Calorimeters
=  With combination of silicon pixels and scintillator to
map full 3-dimensional development of all showers
(~6M channels in all)
Precision timing of all objects, including single charged
tracks, provides a
4th dimension to CMS object reconstruction to combat
pileup
Extended muon coverage up to n < 3 and ability to trigger
on long-lived particles

30/10/18 R.C CERN-RRB-2018-092

The Phase-2 Upgrade of the
CMS Muon Detectors

TECHNICAL DESIGN REPORT

40




Iracker ~
-
)\ \v
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
—_ | / / / v / — — _ 16
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£ 000" I| II II II II 18
T oo | | | |
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1 ] ] ] 1 I ] ] ] I ] ] | ] ] ] | ] 1 ] ]
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* Acceptance up to [n|~ 4
* Inner Tracker

* 4.9m2, 2 x 109 pixels (6x smaller pixels than Phase-1 pixel detector)
» Quter Tracker with two types of modules: strip strip (2S) and strip macro-pixel

(PS)

* 192m2, 42M strips, 170M macro-pixels (25m?2)
* Innovative tilted geometry in inner barrel layers of the outer tracker

15/09/18 R. Carlin, RDMS Tashkent
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Tracker provides trigger primitives to L1

“stub”

\

14 mm

pass fail

IRRRRRERRRREREERR
sensors

[TTTTTTIN

‘y
4 X

IERERRERRERE

IRERRRRRRE!

L
<100 pum
high pr low
T
PU =140, 14 TeV
> F X .
& 4L CMS Phasell Simulation
2@ r é—o—é_,_‘_ 2
v r = =R
£ osl A
: '3
- il
06~ T L1p P >20Gev
04— _‘F[‘“‘ L1Mu (Run 1 configuration + ME1a unganged)
Tk o ——0 < [n|<1.1(Q24)
L -~ —&— 1.1<|n £24(Q24)
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o e ——0 <|nl<1a
- e —— 1.1<|n <24
2 nanat] o 1 1 1 | 1
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Simulated muon p_ [GeV]
15/09/18

50

Outer tracker

e “p; modules” with 2 sensors

* Tracking at 1¢t trigger level down to
p~2GeV, |n|<2.4

* “on detector” data reduction

* Fully independent source of trigger

primitives (no ”“Region Of Interest” from

outside)

PU =140, 14 TeV

£ CMS Phasell Simulation
= L1Mu (Run 1 configuration + ME1a unganged)
10° k= -0 <n|<11 @24
Be &-11<|n[<24(Q24)
O L1TrkMu (Phasell: muon hits in > 2 stations)
o S ee™, —e—0 <[y<11
10° E e BECE e 115 n|s24

r oseve =
'N"M.-.'.
10 A veeee :
£ : : : ot PPN
¥ e
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Muon trigger p_ threshold [GeV]

Trigger rate [kHz]
g
L3

R. Carlin, RDMS Tashkent
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Outer Tracker key design features: py modules

. EZE:" I T T T

2 Strip sensors 45: :;n P
2 % 1016 Strips: ~5cm X 90 pm B '”U" J"“
_IH L_LJ — —*
2 X 1016 Strips: ~5cm X 90 um i -

P~5.4W o
~2 X 90 cm? active area i* &se,;"“’g,ggzs%
For R>60cm / af’%%

Spacing 1.8 mm and 4.0 mm

Pixel + Strip sensors

2 X960 Strips: ~2.5cm X 100 um
32 X960 Pixels: ~ 1.5 mm X 100 pum
P~85W

~ 2 X 45 cm? active area
Forr>20cm

Spacing 1.6 mm, 2.6 mm and 4.0 mm




o

X

[ J [ J
Phase Il tracker is lighter =
-
A\
> 1.6 Phase-1 Tracker - In front of IT sensors ><° 1.6 Phase-2 Tracker - In front of T sensors
X E Inside IT tracking volume ; : Inside IT tracking volume
1'4; -BmeeanlndOT 1'4—_ -BelweeanandOT
1 -2 :_ - Inside OT tracking volume 1 -2 | - Inside OT fracking volume
1 1t
0.8F |$ 0.8} between
0.61 between 6f IT&OT
C IT & OT
04
0.2 in front
IT IT
‘ML_L i)t Bron e ‘—H
15 2 25 3 35 4 15 2 25 3 35 4

n

n

Very significant reduction, in particular around |n| = 1.5

15/09/18

R. Carlin, RDMS Tashkent



Phase 2 CMS tracker, a substantial improvement [CMS

o®dp./p)

S
of an already great detector 2
CMS Simuation —  SMSSmuaton . .
! Sirr‘mlated‘ muon; g Sirr‘mlated‘ muon‘s . Idr1n°-vat|vel aggreSSIve
pT=1OGeV : pT=1OGeV
e Phase-1 tracker 'Oo e Phase-1 tracker eSIgn
4 Phase-2 tracker %10_2 4+ Phase-2 tracker | Ex'tended cover‘age
g pr resolution 7 do resolution » Reduced material
[ & a5 . .
e ke . P N ngh.er granularity
, "'s:;. A B, e -r*""":“ ....»»“) * Provides
0 s 10 i independent input to
L1 trigger for all
4 3 2 -1 0 1 2 3 4 4 3 2 -1 0 1 2 3 4 H
Simulated trackn Simulated trackn tracks Wlth pT>2 Gev
H - pu: coupling to muons Di-Higgs productionin HH — bbbb channel
* 65% improvement on my,, in barrel-barrel * +8% acceptance
category (0.65% mass resolution) * +50-70% efficiency for tagging 4 b-jets at
* 5% precision on coupling to muons possible 200 pileup events w.r.t. Run 2
with 3000fb!

15/09/18 R. Carlin, RDMS Tashkent
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Another challenging design of CMS: highly- ;
granular calorimeter endcap

Mixed Si-Scintillator design, to guarantee the
needed radiation hardness in different areas,

and the granularity to survive in the high
density environment of LH-LHC

~6M channels

Endcap Calorimeter

2% energy resolution for unconverted
photons

As good or better e/y identification as in
Run 2

As good or better jet reconstruction
~30-100 ps time resolution
Sensitivity to off-pointing y, e, T and jets

MIP (muon) tracking and identification
capability

15/09/18 R. Carlin, RDMS Tashkent
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Displays from recent HGCAL test beams

Event 17

Event 1 5

0 5 10 15 20 25 =30 -20 -10 [ 10 20 30
Layer x

Two EM clusters spatially resolved

Layer

0 5 10 15 20 25 30 35 40

24/09/18 R.C CMS Status SPC310 48




Muon system

Barrel and endcaps:
* replacement of readout

e B electronics for the new L1
6 84.3 78.6° 731 67.7' 62.5 57.5° 52.8' 484 4.3 40.4° 36.8 n e
g 8 T T \ I | | T I. T L ‘f \//) ‘l T \ T ‘L T T sz: 12 335° trigger con di tions
T e 5 e0s  Endcaps:
: = 2wz o Robust trigger up to |n|=2.4
o et thanks to new RE3/1 and
" ) i RE4/1 RPC stations and
‘ i | : SR GE1/1 and GE2/1 GEM
i __‘ Solenovid r’nagfnet' ' o ] =T T T i? :i;., StatiOnS
/ - ius  « Coverage extension up to
2 25 94°
e In|=2.8 by MEO GEM
' [ HocAL | = 30 57 .
=] - station
0 11 e e Bt L e e s S 1 [ 8007 ¢ Standalone pr measurement

for off-pointing muons with
2 combined GEM/CSC
stations

r \15/09/18 \ \R. Carlin, RDMSTashkent\ 49



R (m)

New GEM stations GE1/1 GE2/1, [tus

MEO

MEO
station

o
6 843 78

8

GEM
stations

Wheel 0] |/

T

024 03 04 05 06 0] 0.8 0.9 10
.6° W3.1°  67.7° 625° 57.5° 528°) 48.4° 44.3° .4°
T 7 7 2

f, Rl

Goals

MEQO: add trigger capabilities
and offline acceptance for 2.4
<Inl<2.8 and large trigger rate
reduction for 2.1 <Inl<2.4

GE1/1, GE21: add redundance
and complementarity to
ME1/1 and ME2/1, substantial
rate reduction for displaced
muons

NB GE1/1 to be installed soon, GE2/1
during the short technical stops in Run 3.
GEM are the first new HL-LHC detector

to be installed in CMS

: 6-layer GEM detectors
covering 2.0<Inl <2.8
GE2/1: 2-layer GEM detectors
covering 1.6 <Inl <2.4

15/09/18 R. Carlin, RDMS Tashkent



Improvements-GEM ™

L1 Trigger rate [kHz]

® CSC

/ CSC-GEM

muon

CONCEPT
(axial view)

CMS Phase-2 Simulation

y

® Station 4
| # Station 3

b,
P| Station 2

/ Station 1

\zp

s=14 TeV, <PU>=200

AR AN SARAR RS RN

10°E

10% g

L1Mu(st

—=a— Phase-2(CSC+GE11+GE21+ME0) [

tandalone) Performance

Phase-1 detector(CSC)
Run-2 Trigger Configuration

e

i S

++

~+4—

1<2.40

15/09/18

5 10 15 20 25 30 35 40

P
Trigger P, threshold [GeV]

IMPROVED TRIGGER:

*  GEM-CSC tandems in ME1 and ME2
stations will give better measurement of
muon “local” direction sensitive to
muon pr

*  prmeasurement improves and,
hence, the L1-trigger rate drops; the
gain is as large as a factor of 10

*  Thisis true for stand/alone trigger,
combination with the new tracker
trigger would help, but stand-alone
muon trigger are important for long-
lived particles

MEO extends n coverage to 2.8

R. Carlin, RDMS Tashkent
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MIP timing detector (MTD) "

<N \
 —

I

= Proton Collision in the LHC bunches are Spread in Time over an
RMS of ~180 ps
= Currently CMS sees only the integral of this process over time

= An additional high resolution (~ 30 ps) MIP Timing Detector can
help in discriminating charge particles from different vertices

—_— - G MTD design overview BARREL
Crab Cavity ‘ ‘ Crab Cavity
[es 12
Crab Canity ' ‘ Crab Cavity
. L . Thin layer between tracker and calorimeters
MIP sensitivity with time resolution of ~30 ps
Hermetic coverage for |n|<3
~ 180 ps RMS

15/09/18 R. Carlin, RDMS Tashkent 52



MTD as Particle id detector

New Physics case is being developed for HI physics in Run-4 (LS3 to LS4)

*  MTD ToF measurement can provide efficient PID
* With 30 ps CMS would approach ALICE performance at central rapidity
(|y[<0.9) and have extended PID coverage up to |y|=2.9
* Aresolution of 50 ps would still provide acceptance gain and a better
separation than the STAR-TOF experiment (the irradiation in Run-4 should
not yet affect resolution)

w
2]

T

P, (GeVic)

p. (GeVic)
n
o

15

iy
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17}




What for? Yellow Report on the HL/HE Physics

Workshop

HL_LHC as Higgs factory (>150M Higgs boson produced

FTR-18-011: Sensitivity projections for Higgs boson
properties (e.g. coupling modifiers) measurements at

the HL-LHC

300 fb' (13 TeV)

3000 fb' (13 TeV)

w/ Run 2 syst. uncert. (S1)

w/ YR18 syst. uncert. (S2)

wi Stat. uncert. only

0.01 (Stat); 0.02 (S2); 0.03 (S1)

0.01 (Stat); 0.02 (S2); 0.03 (S1)

0.01 (Stat); 0.02 (S2); 0.02 (S1)

0.01 (Stat); 0.02 (S2); 0.04 (S1)

0.01 (Stat); 0.03 (S2); 0.06 (S1)

0.02 (Stat); 0.04 (S2); 0.06 (S1)

0.01 (Stat); 0.02 (S2); 0.03 (S1)

0.05 (Stat); 0.05 (S2); 0.07 (S1)

CMS w/ Run 2 syst. uncert. (S1) CMS
L ——— W/ YR18syst. uncert. (S2) .
Projection Projection
w/ Stat. uncert. only
Bgsw =0 Bgsu =0
Ky ———— Ky
0.03 (Stat); 0.04 (S2); 0.06 (S1)
Ky ——++ Ky [+
0.03 (Stat); 0.04 (S2); 0.05 (S1)
Ky bt Ky =+
0.03 (Stat); 0.04 (S2); 0.05 (S1)
Kg ————— Kg ———
0.03 (Stat); 0.05 (S2); 0.06 (S1)
Ky f————i Ky p———
0.03 (Stat); 0.06 (S2); 0.08 (S1)
K, — K, f—t——
b 0.06 (Stat); 0.09 (52); 0.1 (S1) b
Ky p——t— Ky =+
0.04 (Stat); 0.05 (S2); 0.06 (S1)
K Ky f———
" 0.22 (Stat); 0.22 (52); 0.22 (S1) "
0 0.05 0.05

0.1 0.15 0.2,
Expected uncertainty

0.1 0.15 0.2,
Expected uncertainty

YR expected by the end of the year,
strong contribution from CMS with
about 30 results being approved now

03/12/18

RC CMS Week

And ~120k of HH pair produced events

But: FTR-18-020: Constraints on the Higgs
boson self-coupling from ttH+tH, H = yy
differential measurements at the HL-LHC

CMS Phase-2 Simulation Preliminary

0,

3ab* (14 TeV)
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10°
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Summary and Outlook ~

= We are doing well
= CMS has taken good data and expect to do excellent physics with it

» The quality of CMS Physics results continues to be excellent
with many exciting analyses ahead that will use the full Run
2 dataset, including the parked events, a large HI dataset
and the results of 2018 special runs

» Thanks also to the contribution from India, one of the big
countries in the CMS collaboration

= LS2 will mark the last Phase 1 upgrades and the start of the
installations for HL_LHC, our next very large, challenging and
engaging enterprise
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Closing Remarks -

= |t is a very interesting time for (young) people
working at LHC. We are at the same time:

= Developing and building new detectors
= Maintaining and upgrading present detector

= Taking (a lot of) data

= Analyzing an unprecedented amount of data,
and developing new strategies to do that

= It is not common to have to do all this together,
and it it is a unique opportunity for a student to
learn all aspects of a very complex job.
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CMS Phase | Upgrade g
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to be done
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HCAL HB

HCAL

HE Phase | CMS upgrade is almost done, providing

substantial benefits already during Run 2
= The Muon Upgrade, CSCs and RPCs, were done in LS1

= Drift tubes trigger upgrade done in YETS 2015/16
= L1 Trigger upgrade was installed in 2015 and used starting in 2016
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* Hadron forward calorimeter upgrade was started in LS1, completed in the
EYETS 2016/17, and ran successfully in 2017

= Pixels were installed in the EYETS 2016/17

= Drift tubes readout upgrade has been done during YETS 2017/18 and is
taking data smoothly

= Hadron endcap calorimeter front-end electronics and photosensors have
been upgraded in YETS 2017/18 and running smoothly

» The only remaining part of Phase | CMS upgrade is the front-
end electronics and photosensors of the hadron barrel
calorimeter
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Preparation for Run 3

» Looking forward for the indications from LHC on the conditions for
Run 3, potentially a non negligible increase of integrated luminosity
per year

= We are by now used to LHC exceeding expectations

Loss in light yield on ECAL

= Studying the impact of R A i i
: RS RS S S e o
O(300fb") on our detector 8, osf o N 3
8._5) iy / ' AL W
from Run 3 §2 0l W N e \'“'«':; |
28 | .
. . . ® o 04p i : o oA .
" Radiation damage on pixels, £* '+ ... e TN
“r L 4 <n| <2 AL N ]
tracker, ECAL R R R MR AR
. . . Zw 20F 77y 8TeV 13 TeV: !
= impact on calibration I ‘
procedures, trigger, 2% of e 0N
reconstruction ... u\,\/\\,\ S \\\‘L m«\,\m\@\,{b @\\ Q},\ @\%\\ ®\ \be\/\°>\<\®<:\\<\&\®<a\\%

Date (month/year)
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Preparation for Run 3 n

= Having the detector ready is not enough

= Discussions with the physics groups on early Run 3
topics have started

= The Run 2 legacy data sets with ultimate precision will
be the basis for combinations with Run 3 data

= Preparing a new study group on particle flow in order to
reinforce the activity for Run 3 and beyond

= We need to plan early as the collaboration will become
more and more involved in the HL-LHC upgrade

= Try to leverage on the studies for HL-LHC on trigger and
algorithms, and backport what possible to Run3

24/09/18 R.C CMS Status SPC310
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MIP timing detector -

Track-PV association pileup fraction

1CMS Simulation preliminary 13 TeV
o,gé tt evént--iracks 30.RECO
08% pl>o‘9 GeV 4D RECO -
0.7 HL-LHC BS, 3 vix, PU=140
g +HL-LHC BS, 3D vtx, PU=200
0.6 #HL-LHC BS, 4D vtx, PU=140
g xHL-LHC BS, 4D vtx, PU=200
0.5k
E = ]
0.4F
C LHC 140PU 200PU
0.3k TV
g s [0 .
0'25 o4 ®
g 3
0.1E 5 - r vy (Y VY
ot LA a1 i PN O D)
0 02040608 1 12141618 2 -
Density (events/mm)
15/09/18

~ 30ps TOF precision for individual
( tracks just outside the tracker, Inl<3

Complements similar time
resolution for showers in the
upgraded calorimeters

Provides a factor 4-5 effective
pileup reduction

Reduces merged vertices in high
density events

Provides flexibility adding a 4th
coordinate to CMS event
reconstruction
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State of the art detector for a harsh environment ;

State of the art mechanics, CO,
cooling (150kW w.r.t the present
15 kW of the pixel detector),

electronics.

e Fluence (1-MeV neutron equivalent) and
total ionizing dose (TID) maps from FLUKA
simulations

e Maximum expected levels:

15/09/18

Fluence [neq/cm2]

e Outer Tracker: 9.6 x 10%* ng,/cm?
and 56 Mrad TID

e Inner Tracker: 2.3 x 101¢ n,,/cm?
and 1.2 Grad TID

R. Carlin, RDMS Tashkent

62



MIP timing detector >

15/09/18

o 200 pileup collisions

2 «  Simulated Verticss
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At a given z position, different
vertices can be discriminated
by time if the resolution is
enough w.r.t. the time spread

R. Carlin, RDMS Tashkent
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MIP timing detector -

Fraction of Events

A hermetic MTD improves
the full range of Phase 2
physics
0.4
r No Timing
0.35F ——— Barrel Timing Only
E —— Barrel+Endcap Timing
0.3:— i B -
i HH->ZZ->4I
0.25 . .
0.25—
o.15;
0.1;
0.055—
:nx | IS RIS B S B AR | i
-3 - -1 1 2
Higgs

15/09/18

Charged-isolation efficiency

1 CMS Phase-2 Simulation 14 TeV
T T T T | T T T T l T T T T T T T T I
0.95- -

== —— A .

T == . ]

- — .|

0.9 bl : ]

- : —,—

C Zopp, (PU)=200 — " ]

[ —— NO MTD — .

0.85 —e— MTD, 6, = 30ps —

[ 6, = 50ps ]

o O, = 70ps B

R o, = 90ps 4
08 L1 L1 | 1 e e e |
0 0.5 1 1.5 2

Line density (mm™)

Need to guarantee a sufficient
time resolution also after
irradiation

= Values around 50ps still provide

significan gain

R. Carlin, RDMS Tashkent
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Barrel Calorimeter »

Thanks to the studies on the HE phase 1 upgrade we could
decide that we do not need to replace scintillator layers in
the Barrel HCAL, much of the observed HE damage was
due to HPD deterioration.

1.05 T T
Upgrade scope in EB and R
HB is “limited” to the 05| Nt
electronics an cooling 08F
2 085

ieta=28 : f
Layer 1 ' ;
065, 5 10 15 20 2 30
intLumi, fo!
15/09/18 R. Carlin, RDMS Tashkent
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° CMS,
Barrel Calorimeter .

— improve !

= The aim of the upgraded detector is T6 € the current

Run 1 performance in the challenging HL-LHC conditions
= EB+HB

= New common backend board to cope with increased L1
trigger rate and latency

= EB

= Cool supermodules to 9°C to mitigate APD noise
increase

= New on-detector electronics

= Full granularity to L1 trigger and APD spike rejection

= Shorter signal shape to minimize noise and allow 30ps time
resolution for >30 GeV showers

15/09/18 R. Carlin, RDMS Tashkent
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° CMS,
Barrel Calorimeter .

= 30ps time resolution reachable for e _a=i®
reasonable Ehoton energies, significantly & 1000/
improving the vertex localization —0or
107'f .
APD spike in CMS
§103 CMS Simulation Preliminar‘y S 30 ps
; —som
s —— 3000 /fb
=10k —4500/fb
3 102} . ; 1
1 10 102 10°
10° (HL-LHC total Level-1 banc E (GeV)
100 [ o e
' 0 E(GoV) APD spikes already a severe problem
Spike rate vs Erthreshold at HL-LHC now, mandatory to improve in HL-LHC
(with no spike mitigation applied)
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New RPC stations RE3/1 RE4/1 |

improved \ ' svip
RPC
stations

iHEHOA 02 03 04 0.5 06 07 08 0.9 1.0 11
6° 843° 786° 73.1° 67.7° 625° 57.5° 52.8° 48.4° 44.3°
T ‘ : - . - -

e e e g G e e e

= Goal: more redundancy at
1.8<Inl<2.4, better timing
resolution, better ability to
trigger muon stand-alone

= New thinner gaps
improved RPC and
electronics, able to cope
with the higher occupancy
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Efficiency

Improvements-iRPC ™

CMS Phase-2 simulation 14 TeV, <PU>=0
T l T T T I T T T I T T T l T T T | T T T I T T T I T
11— P = ks ok gk paikokokde .
L '-'I.- *- -‘ * *i- 'thn-* K . |
: Koo s
0.8 * " -
i b teh 1 e
L ‘8 ]
06— 3 ¥ —
i .
- ¥ = CSC+RPC+GEM -
ool » CSC+RPC+GEM/RPC _
ol | | | | N A
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Generated Inl

-
n

15/09/18 R. Carlin, RDMS Tashkent

iRPC hits improve CSC
segment finding efficiency
as we have already seen in
the present data at lower n
iRPCs will provide true 2D
hits with O(1) cm resolution
in both dimensions, which
will help resolve
combinatorial background
in CSCs
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DT, CSC, RPC electronics

Current Phase 2

DT chamber DT chamber
Minicrate Minicrate 2
TOC Trig ]

TDC on FPGA
&é uxc

usc

MMTT

~8 GBT links

Backend:
L1 processors

DT electronics: read full information (1ns drift
resolution) at 40MHz and move complexity and L1
interface to backend (merging DT and RPC

information)

Readout
_(oa%giq Pipeline
Current Phase 2

ME234/1 chambers ME234/1 chambers

CsC
‘Wires

Strips.

CcT |5xCFEBs|
2T

TMB H DMB 1.52| OTMB '{ODMB
g D.

D Uxc
usc
New FED
Trigger DAQ Trigger {y DAQ

E

>

RPC: upgrade of the link system,
higher bandwidth and improved

time resolution (25—1.6 ns)

15/09/18

R. Carlin, RDMS Tashkent
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L1 trigger

» Increased latency to 12.5pus (from
Sps) and rate up to 750kHz (from
the present 100kHz)

= So more time to decide (latency)
and more bandwidth available

= All detector electronics needs to
be updated to cope with these
parameters

= Will use also input from the Si outer
tracker detector

= This will allow to port Particle Flow
algorithms already at L1 trigger

15/09/18 R. Carlin, RDMS Tashkent

71



DAQ g

Detector Front-Ends (FE)

rigger Processor
Global Trigger

T Sle— Trigger and detecior data. ~ 50,000 1.10 Gops GBT links |1
b A
= = =
e ol g5 [wwonews JB] |

. o T
° Data to Surface 200m fibers '!!! |
Basellne- HLT 200100 s detanes fh il I T
k 40 32x100 Gbs switches < Data to Surface routers | <
output at 7.5 kHz e
500 10 servers tt — b
~ 500x200 Gbs switch
~ 100 Tbs bisection bandwidth
64 32x100 HLT switches

~ 5 PB local storage
60 GBs access

s it possible a “triggerless” readout at 40 Mhz, using tracker trigger
primitive and full information from (some) other subdetectors?

“Triggerless” means no L1 trigger, fast targeted data analyses on
alternative processors (e.g. GPUs

Being investigated

A test beam with triggerless 40 MHz readout, with the new HL-LHC
electronics for the DT minicrates, has been successful few weeks ago
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Precise Clock Distribution ”ifg

DAQ has also to provide precise Clock distribution for Calorimeters

and MTD

* Target =~ 10 ps resolution - two path investigated
* Through BE boards and GBT or Through additional OL directly to FE

\ \ J\\ Hegeman’s presentatﬁon
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HL-LHC as Higgs factory >

HL-LHC is (also) a Higgs B 3000 b
factory, will produce > 150M
Higgs bosons

= Including ~120k of pair
produced events

HH ~100k

10000000

1000000
[\Ts) VBF WH H ttH

Enables a broad program:

Precision O(1-10%) measurements of coupling across broad
kinematics

* can reveal new particles in loops or non-fundamental nature of Higgs
Exploration of Higgs potential (HH production)

BSM Higgs searches (extra scalars, BSM Higgs resonances,
exotic decays...)
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