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The Higgs boson

94 CMS Experiment at the LHC, CERN
4| Data recorded: 2016-Aug-05 04:52:09.150784 GMT
Run / Event / LS: 278240 / 338025446 / 168

In the SM:
« Elementary particle
« Scalar particle (spin 0)
» Strength of interaction with other pd
 Interacts with itself
 Unique features in the SM |
« SM does not predict the mass A W

e|lated to their masses

Only a few events = aim at exploring its properties
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Higgs boson

arXiv:2103.06956, arXiv:2103.04956

137 fb (13 TeV)

« 5 main decay channels
—-ZZ, vy, WW, 1, bb
—Most accurate measurements in yy and ZZ

Events /4 GeV
@
T

* Progress since Higgs discovery (July 2012)

— Observation in boson and fermion channels

xg%agMS. NN

¢+ Data
[ H(125)
[ q9—-2Z, Zy*
B 9922, Zy* ]
I EW =
B Z+X .

137 fb™' (13 TeV)
IR S

—Precise mass measurement (~125 GeV)

— Improving precision of coupling measurements
— Differential distributions

—2nd generation fermions

— Study of rare decays

F I
r H—>W,mH=1
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S/(S+B) weighted events / GeV
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¢ Data
— S+B fit
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* A long journey ahead "ok
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Differential distributions

EPJC 81(2021)200, arXiv:2103.04956, arXiv:2208.12279
« Large range of variables measured in several channels
« BSM effects can be enhanced in tails of distributions
« Good agreement of data with predictions

CMS ZZ 137 b (13 TeV) cMS yy | 137! (13TeV)
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Higgs boson mass

PLB 805(2020)135425
CMS
Run 1:5.1 fb™ (7 TeV) +19.7 fb! (8 TeV) - Total Stat. Only ° MOSt accu rate measurement
2016:35.9 fb™' (13 TeV) .
Total (Stat. Only) in the yy and 44 channels
Run 1 H=>yy = 12470+034(=031)GeV | o Precision driven by statistics
Run 1 H— ZZ—> 4| ———= 12550 + 0.46 ( + 0.42) GeV — soon energy scale and
resolution systs will
Run 1 Combined ——| 125.07 = 0.28 ( + 0.26) GeV become domlnant
2016 H—yy L — 125.78 + 0.26 ( = 0.18) GeV ° Some measurements Stl”
2016 H— ZZ— 4| —— 125.26 = 0.21 ( = 0.19) GeV based on partial Run2
datasets

2016 Combined —— 125.46 + 0.16 ( + 0.13) GeV
Run 1 + 2016 —— 125.38 + 0.14 (= 0.11) GeV

co e v by v v b b v b b Ly Uncerta|nty14OMeV(O11%)
122 123 124 125 126 127 128 129

m,, (GeV)
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Low mass-resolution channels

arXiv:2206.09466, arXiv:2204.12957, PRL 121(2018)121801

T te bkg. [ Others 77.216 (13 TeV)
JJet—== Bkg. unc. %)
11o° HAGH + ggH (u=082) 4~ Observed 138 b (13 TeV) £ ' CMS ¢ Data
{opF— - T - . >. o~ — — — = I B
% [ CMS 8 Bkg.unc. 7 ] 3 I ] VH’H_)bB
(0} L = F —aqqH +ggH 7 | z D VZ,Z—bb
~ o [ - ] - .
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> [ 4 Daa L syst ggH DF 0-jet | « Observed = 1o tot + 1o stat ( ) ( ) ( )
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Consistency with SM

Nature 607(2022)60

u agH
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CMSs 138 b~ (13 TeV)
® Observed _ | #1s.d. (stat)
m— +1 5.d. (stat @ syst) [ #1s.d. (syst)
— 12 s.d. (stat @ syst)
B Stat  Syst
* 097388 o0t 801
—-— 0.80:012 55 1307
—— 14892 an 98
r—
————— L X
—— 1294022 4020 %
—E‘—' 0.94‘:%?3 015 013
+2.66 X +1.
— 60555, HE %
LAl Ll 1 I LA L.l i Ll Ll I LAl Ll 1l l Ll Ll I L
0 0.5 1.0 1.5 20 2.5 3.0 35 40 45

Parameter value

cMS 138 fo-' (13 TeV)
® Observed [] +1s.d. (stat)
— 11 5.d. (Stat ® syst) [ +1s.d. (syst)
— +2 s.d. (stat @ syst)
B ' Stat  Syst
utt —é— 1.13:000 1006 ‘9%
uz = 09753 %6 e
o -@— 0.97:009 005 +0.08
ur —@-‘- 0.85:0.10 =006 =0.08
ube —— 108555 o5 1318
H -
o e ——— 12158 B8 0%
e e —— oslY %% 88
Ll Al 1l I Ll 1 1l i Ll Ll I Ll Ll l Ll 1l
0 0.5 1.0 1.5 20 25 3.0 3.5 4.0

Parameter value

* Gluon-gluon fusion precision better than 10%
* 10-20% on other main production modes
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Couplings

Nature 607(2022)60

CMS 138 ' (13 TeV) CMS
—— I | I I I I I T T I T T T I T T T I T
® Observed +1 SD (stat) = ) &
15D (stat ® syst) [l +1 SD (syst + Discovery % LHCRun1 This paper
—— stat @ sys gl Sys! - |
; e e — 68% CL ===95% CL () SM Higgs
— +2 SDs (stat @ syst) 15 — —
[ i Stat Syst E )
Kt -@— 1.012010 007 1007
Kw 'i 1.007006 -004 004 | |
%z " 1.00 65 903 -0 - _
S o 5 10~ -
Kq 'G" 0.91:007 1004 'gx < B l/l .\ x
| B : : il
N = —e— 1TSS 12 oo I . \ |
——e———— 16203 0 N i , |
— i ' !
Kgq - 0.93:007 005 40)§ 05— s K o |
| : ;
- LS p ; .
— : i | I
Blnv - ‘ 0.07:005 1002 004 | ' i
Bnger$- e s s T 8 24 i i
0 0.5 1 15 2 25 3 35 4 0 PO A VO W 9 Je sy TR ik I e T G M O

Parameter value 0.6 0.8 1.0 1.2 1.4

BRiw < 0.18 (0.10) at 95% C.L. (assuming ky < 1)
BRunget includes non-standard decays, visible or invisible

=Results in agreement with SM (ky=kg=1) within 1c
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Rare decays: H—uu, cc

JHEP 01(2021)148, arXiv:2205.0550, CMS-HIG-21-012

137 6" (13 TeV)
>  prrT IRERRN RN R IRERRN R R R
. . G % cms ¢ Data E
Study couplings to 2"¢ generation 7 e, e
H |__|; h m,, = 125.38 GeV -i16
o _)MH %sooé— [ ]*20 ’
o Most sensitive category is VBF channel =
o Obs.(exp.): 3.0 ¢ (2.50) 5
* H—cc s
s O
o Low cross section, need c-tagging L T A

1 1111 1 1 1111 |
130 135 140 145 150
m,, (GeV)

I T Y
110 115 120 125

o Use resolved (2jets) and merged (1jet),

CMS Preliminary 138 fb~!, (13 TeV)
e L B B

T T

o Use ML and jet substructure for tagging and 3 12410 450 cpr 1200 Gov N ‘g(at?) Wi ]
HY H = eepDouble BN Z(cC) mm H(bb) |
ClaSS|f|Cat|On % 104 Piss::\[; R:Igi:n L ;Ebtfi ; gi?)’ .

[) I qq ther |

o Validate using VZ production: " e} = e
- +023 6x103: Mzee) = 1.0 HHee) = 8.6 ;

o Set limits | |
o (VH) B (H — ct) < 0.94pb

T AN
120 140 160 180 200
jet mgp [GeV] 1 0

L T -
40 60 80 100
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Search for SM H—pupu

JHEP 01(2021)148

137 b (13 TeV)

— —4 2 L L L L L L L L L B
« Smallrate: |B(H — ,Lﬁu ) =2.18 x 10 2 o B
- - - S [ Diboson [_]Other bkg.
« Search based on BDT discriminant 2" A
— Event categories based on BDT score @ i
+  Weighted sum of individual fits to each category .
: +0.40 +0.15 0
« Signal strength: ju=1.19"¢'39 (stat) " 51, (syst)
e

-0.8 —06 —04 —02 0 02 04 06 08
ggH BDT output

49" (7 TeV) +19.7 o' (8 TeV) +137 b (13 TeV)

o 3 I I B g—
= L [T
© o
> >
oY =
8
o 10
|
102
10° =
—— Observed
CMS
..... Expectedm =125.38 GeV

S TN T T T A A A B A BB
109420 121 122 123 124 125 126 127 128 129 130
my (GeV)

MggH,ﬁH
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__ Higgs+Top: tH, ttH

- Higgs (H) bosons production in association a P
with one (tH) or two (ttH) top quarks in final
states with electrons, muons, tau

« Study HH-WW/r7/ZZ decays |
* Model-independent, signature-based q g mmannai)———
-1
z C 21SS + Tr,, p(ttH, tH)={1 . . _ +0.26 [ +0.19 +0.17
Q ,oF #Data  [IMisid leptons  [[JFlips 7 Combined | 1=0.92 > [ 019 (Stal) 15 (sySt)] CMS 137 fo' (13 TeV)
L C ‘:IRare -Zz -WZ . ;_; 37 LI I B LI L L L Y B I
- Etww) [tz [ T 032 =S5 - pp — tH + ttH ]
0 mm Total unc. | Ass+0n) w-t0y 2.5 H - WW/zZint -
50/ = 3l + 07, w=153 709 - ]
405_ Bkg. tHqg ttH _E 2Iss + f, | p=0627 2 o E
- node node node . 051 el N ]
- ] M+20, | p-0367) 1.5 -
305_ = 2los + T, | n=0497"% 1; (" é
20 B+t | p-1527
108 2l + 27, w=0.00 "% 0-5:— _ e - -
_ +1.62 C serve
0 A+ 0s, H=128 e OF  —68%GL region B
< 1= - 0l + 27, n=222208 o5 % CL region
i °% REARE C Maw, | uereone O e e #M expectd
:é—% 0;' | T + B I + +; ||||||||||||||||||| _1_I\|IIII‘\\IIlII\IlIII\lIII
S8 st |1 R R 5 0 5 10 15
g _E ‘ . ‘ ‘ ‘ & . [
a 0 2 4 6 8 10 12 14 Best fit p(ttH) tH

Bin number
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Coupling vs mass

Nature 607(2022)60

CMS 138 fb~1 (13 TeV)
> . 1 T T - pE
S my, = 125.38 GeV W Z. ;
5 <
5 107F
HE
< b o
2 F T ,-,. -
10 2 ® )
f Vector bosons
} Third-generation fermions
10%F 1 E
- Q_.—" i Second-generation fermions
i --- SM Higgs boson
104 E . PN el N 1
1.4: 'l L) Al LJ LA 'lll L} L} T T T "'I L} L} p
> 12F * 1.05F ﬂ :
o T Y T, e - - - T BB B o
it ookt 4
g 08F 95 .
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0.6
107" 1 10 102

Particle mass (GeV)
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Rare decays: Z+photon

arXiv:2204.12945

* New particles may contribute to
internal loops cms 13817 (13 TeV)

ZO000F 1Lz m -12538GeV 4 pata E
 Exploit different production modes 2700 M categores — S48 E
. 2 6000~ elghted ... B component
— Tag Z— (t=e,u): most accessible gsooo_ __[merenhiias
experimentally Sa000f 1o E
%3000_ (=20
oc(pp » H)B(H — Zy) = 021 £0.08pb] 2,
7 7 51000;
Z
q W W
H q H AW H---{:;i E
[
q W W . a H
~ v o0 T30 40150 'n':i(:'(é;\';)m
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Search for rare decays

arXiv:2208.00265, arXiv:2206.03525, PLB 797(2019

- -1
CMS 138 fb™' (13 TeV) SqeCMS 138 (13TeV)
> _I L | -I}'I-l T I L | LB I L | L | L I L m E pp% J/’lpJ/’lp — 4” E
& soH—e'e,m =12538GeV § [y = S ¢t —+— Daa_ ]
b B ] =~ I T
~ [ VBFTagO — S+Bfit . @ [N e H s JhpJhp, B=3.8x10°
"g 0L H—)ee ------ B component - S1PE X, e Z - JhpJhy, B=1.1x10° ,
o L ete) = + ] D H — JAnp(28), B=2.1x10" ]
. S B(H > e'e) =s0x10" ] e Y S H — p(2S)$(2S), B=3.0x10°
_ BR~103 Ml : ; -
¥ [J=20 ] L i
20 . 10F E
- i - H-J/hy Jhy ]
10— - AN .
: ; LBR~103 /T JT%
0_ | Ll IML] Ll | PR R | ; ] E 1 1 1 | | 1 1 | ui |“ i| 1 H —'l | : |.: 1 T
s 40 60 80 100 120 140
__t T | | I | T 1T 17T | T 1T 1T 7T | T 1T T 7T | T 17T f—_
10E B component subtracted 3 m,, (GeV)
m & 3
v 5H HosJhyy—ppy 2016 35.9 fb" (13TeV)
© > L B B LA B B LA AL B
"('U' 0 E [0 60 r CMS Inclusive category
= -SE { E (D - ‘ Data E
E E N C ]
_10__1 v e b b b b b vy by gy 1A =~ 50 I Expected signalx250 A
110 115 120 125 130 135 140 145 150 2] 1
c r Non-resonant background model i
mee (GeV) |_?>j 40 r - Expected resonant backgroundx20 7
H->invisible (difficult at LHC) 304 H—J/hy+y, and H->Y+y |
q . q : (H—-J/y+y)~1.4x106
20 .
, 10} .
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Higgs width

arXiv:2202.06923

CMS 78 b (13 TeV)
« Couplings and width sensitive probes to BSM - 41,0, >06
— Total width of 4.1MeV too small to measure directly [ t Observed ]
_ . Total, no off-shell
« Measure width by using off-shell 10°E ' gg+EW SM total
production/decay: H(ZZ) £ %wu 4y | Other SM ]
» Off-peak to on-peak ratio proportional to I'y % 10} i_L+J4+—i L -
 Measure ratio of goff-reak tg gon-peak T tﬁL —
K| 8esuliizz ff—peak 1; -
on-—- k 85 ' off—peak 2 2 s E
‘ng_ﬁizz - Ty ) Ugg—>§;3—+7.2 X LegH8HZZ - i
i . I
[y = 32777 MeV B H G A I S
H _1.7 X 0' . . l k
400 600 800
m,, (GeV)

= 7.7 x 107 < 1y < 1.3 x107%'s
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di-Higgs searches

non-resonant production

. Only SM
* Self-coupling measurement ---h
 Destructive interference in SM o
— Could be altered in BSM % ---h
— If constructive, it could be large enhancement E
* In SM, only 6=31fb at 13 TeV g S
- Study different final states - -0
\‘h
- BR Mass scale
bbbb 34% } ;
| bbtt  7.3% [ High resonant production
XN boww  279% New Physics
| bby  0.26% Low _+h
7/
Xo?
\\
‘h
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HH: non-resonant production

* Higgs pair production @13 TeV
— ggF 6=311b
— VBF 6=1.7 fb

* Test non-resonant BSM models with anomalous couplings

Y

A\ 4
rarer

‘ ggF Process
BR HH—xxyy 4
(M = 125 GeV) = H 9 ke  H
107 t
/\"[
10° H 9 - H
™ VBF Process
— 10° k S ___-- = -
0.26% 0.1% . 8- kev 950
| i | | I v Tt =

0 _._L\
bb WW 99 W ZZ VY

_ rarer
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What is new In HH searches

arXiv:2206.09401, CMS-B2G-21-001

* Results are better (x2-3) than 2016 results alone after
scaling for luminosity

Extensive use of ML tools Boosted topologies
s CMS 59.7 b (13 TeV) 138 fb™’ (13 TeV)
*g 10 bb T, Expected VBF HH x 150—— Expected ggF HHx 5 42 20 E_CM S
:>j 1 04 res2b H gzl;-Yan [ ] tStingle H q'>) 1 8 :— . ttH . VH Vijets,VV
[ others ® Data L 1 6 :_
1 03 [7] Stat+Syst post-fit unc. 14 :_ . tt+ets QCD+ggH+VBFH . VBFHH (u = 3.0)
E . ggHH (u =3.0) Total unc. + Data

Data/pred.

60 80 100 120 140 160 180 200 220
j2 regressed mass [GeV]

Regressed mass of one AKS jet

in a ggHH(4b) boosted category
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HH: results

 Both resonant and non-resonant searches
« Background estimate and signal extraction

cMs 138 fo-' (13 TeV)
LR ' ! L | ' ' LA |
CMS 138 fb™' (13 TeV) Ky =Ky =1 —e— Observed ~ ----- Median expected
100~ r -1 ey =gy =1 BR5 68% expected
K, =k,=k,=1 —— Observed === Median expected { | L 95% expected
=~ Theory prediction 555 68% CL expected ] |

----- 95% CL expected bb 72z
Expected: 40
Observed: 32

o
3

Multilepton
Expected: 19
Observed: 21

102

T v rrrrr
L1 el

bb yy
Excluded Expected: 5.5
Observed: 8.4

Excluded

bb 1t
Expected: 5.2
Observed: 3.3

10

95% CL limit on o(pp — HH) fb

bb bb
Expected: 4.0
Observed: 6.4

Combined
PR TR TR TN Y SN Y TR TR (NN TR TS SN TN NN Y T SN SN SN SN SN NN S N T S S 1 Expected: 2.5

-2 -1 0 1 2 3 4 Observed: 3.4

Koy 1 10 100
95% CL limit on o(pp — HH)/aTheory
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DM searches with Higgs bosons

Invisible Higgs

* Higgs as portal to Dark sector

— New massive particle mediates the Higgs-
DM interaction

« H(125) may mix with new dark mediators ’

— DM particles could get mass through Higgs
mechanism

« Study scenarios where Higgs is involved

7' — 2HDM Z’ — baryonic

Mono-Higgs
— Generic search: pp—H+MET
— ISR suppressed due to small coupling to H
— Signature: Higgs+MET = H used as a tag
— Final states (WW,ZZ,bb,tt,yy)
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Dark Higgs & Dark photon

CMS-EX0O-20-013, arXiv:2009.14009

D a rk H i g g S :cms Preliminary 137 b (13 TeV)

W 3 200" s Ol 40
. . + Ev: C =025, —1/sio=0.01 \g
* DM particle acquire mass through W e ——= IR
/ - —— =+ 1 std. dev.
/ 260[

interaction with a dark Higgs (s)
« WW decay dominates for m;>160GeV

* Fully leptonic final state
* Observable: m(¢(,MET)

240f
220f
2001 |

180[-

1608

1500 2000 2500

m,, [GeV]
3 CMS Experiment at LHC, CERN
C 3 Data recorded: Mon Sep 26 13:12:31 2016 PDT A
D a rk p h OtO n ; Run/Event: 281693, 947253769 130 fb™ (13 TeV)
c ;] a2 Lumsecton = E 10 F T CIMIS T T T T T T T T T T T T T T 3
= Q_ - -
. . L — 5 — Observed ]
\ — R
« Search in VBF Higgs events = — T | | B 68% oxpected
é 1k VBF+p[™*"4y “+ 95% expected  _|
N “ 0.05 x Oy E
L
v A
X
&
5
e | | | |
discriminating variable, mr, 200 400 600 800 1000
q m, [GeV]
e \/2"#&' (1~ cos Ag(y.Er))
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DM: Higgs invisible decays

arXiv:2201.11585

In the SM, BR(H—inv) is ~0.1%
Search for Higgs invisible decays in
VBF process

— Select large MET and 2-jet events
with large An(jj)

— Fit to dijet invariant mass distributions

Combination of ggH, V(jj)H, and
Z(#)H production modes

Set limits on DM models
— Upper limits: 0.18(0.10exp)@95%CL

Competitive limits for low-mass DM
candidates

M. Gallinaro - "The Higgs boson and beyond" - Multi-Higgs - Sept. 2022
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Extending searches

* Minimal Supersymmetric SM (MSSM)
— Neutral Higgs: ¢—tt/bb/pup
— Charged Higgs, H*
* Beyond MSSM
— Light pseudoscalar: h—aa
—Non-SM decays
—Heavy Higgs
—Resonant production
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Neutral MSSM Higgs

PLB793(2019)320, arXiv:2208.02717

« Enhanced couplings of MSSM Higgs to down- , LQ )
type fermions (large tanf) b_, —
=increased BR to t leptons and b-quarks ; : ) §U1
TOOOTTOOy——<—— b Tt
L__¢__
« Search for neutral MSSM Higgs boson B ] b

* 4 final states used: ut,, ety,, T, €U
— Reconstruct tau-pair invariant mass
— Signal extracted from m+tet distribution
— Split in b-tag/no b-tag categories to enhance
sensitivity
* Main backgrounds: Z—tt, QCD/W+jets, DY, ttbar

« Some fluctuations over bkg expectations
— Two excesses: 100GeV and 1.2TeV
— Local(global) significance 3.1(2.7)c@100GeV
~2.8(2.4)c@1.2TeV 10

138 b (13 TeV)

—e— Observed

........ Expected

- 68% expected
|:| 95% expected

95% CL limit on o(gg¢)B(p—tt) (pb)

Low-mass High-mass

70100 200 300 1000 2000
m, (GeV)
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Charged Higgs

arXiv:2207.01046

Search for a H* decaying to a heavy
neutral Higgs boson Hand a W

Produced in association with top quark
— discriminating variables: my, BDT discr.

g
Data consistent with SM expectations

g

A 10 s 1 (13 ToV) CMS 138 fb™' (13 TeV)
S 10§Background-onlyﬂt u, v, final states 3 3 1:"''|""|"''|"''|""°|""I"'_'I-"":
D C é Data ] o - m, =200 GeV 95% CL upper limits
O] — H* (500 GeV,0B=1.0 pb) | ~ L -e- Observed ]
P Misidentified t, B N - e Median expected |
= P+ X +P B 1] 68% expected 7
) Electroweak L [ 195% expected .
@ W : 1
v 10-1 .Singlet — I 1
Post-fit unc. 3 e 10 =
102 g T ]
H

T
o o 10
- H
m I
3 o
E lIIIIIIII|||IIIIIII|IIII||III|IIIIIIIII
D ) X X ) ) X X ) ) o

100 200 300 400 500 600 700 800 900 1000 300 350 400 450 500 550 6nq]0 ?éoe\?g)o
m; (GeV) H*

M. Gallinaro - "The Higgs boson and beyond" - Multi-Higgs - Sept. 2022 26



Charged Higgs (cont.)

EPJC 81
« Search for charged Higgs in GM model:
H* and H**

« Search for resonant production
— Only fermiophobic H* considered
— Require 2/3 leptons
— Good bkg description of data in SR

- - 1|3|7f|b'1l(1‘3 TeV) 137 6" (13 TeV) 137 fb™ (13 TeV)
B N 7 c F T T T T T T T T T T ™ — [ T T T T T T T T T T T T il
[} - CMS ¢ Data - X\ Bkg. unc. ‘S 10" -CMS + Data N\ Bkg.une.  —| Q 3
(O] = H7(500-W'W',s =1 W'W* = 0 B H‘*(500)—>w‘w*,su=1\ ww* ] & ", CMS — Observed
@ 15k — H'500)~W'Z, 5 =1 -;vzz i 2 i — H'(5005W'Z,s =1 EWZ I~ B 68 ted
£ O ] c - H 74 = B o eXpecte
C B [ Nonprompt N () 8 | _ p L
d>> B B tvx > 100k -:,°"pr°mm 7 3 1 - ===+ 95% expected
| LIJ - X — |
I} i [ Other bkg. B B Otherbkg. | 1
1 % — 5[ g B -
N 1 1 IS - =
B N ] o wW*W* SR ; WZ SR ; § 555— E’
0.5 -\\\t\ ] 102 ':-"L,.g.. . i . I x
[ __~$ SNCXNN | 1 = i I : i -
- T e 10
E 15 —3
s ! G
oSN PO S — ST s
s et A I |
- 1 [ .'v'"h“v“%l‘{lHi* Hix e oy | ‘ | | — | . | |
500 1000 1500 2000 2500 __ 3000 °5 50 1000 2000 3000
m; [GeV] Bin m.. [GeV]
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LFV In Higgs decays

arXiv:2105.03007

« Some BSM models allow for LFV Higgs decays

e Search for H—er. e w, Ut final states Observed (expected) Best fit branching  Yukawa coupling
. ’ ’ . . upper limits (%) fractions (%) constraints

» Categories: N ietr lepton kinematics H— ut <0.15 (0.15) 0.00£0.07 < 1.11(1.10)x1072

H— et <0.22 (0.16) 0.08 4 0.08 < 1.35(1.14)x1073

— Njet to target ggH and VBF production
* Main background from DY, ttbar, WW

108 137 b (13 TeV) 137 fo™ (13 TeV) cMs 137 o (13 TeV)
(- F T T T T T T T T T T T ™3 c L e e B e e B e B A E LI e e o A
& 02F CMS —+Observed []Z->w 3 {10°F CMS ~+Observed  []Z-w w0 Jets x ‘ ! | ' '
00.18 - HT, B Z—ee/uy M ttt+jets 3§ 5 107 ut , 2 jets VBF [l Z—ee/uu [ tt,t+jets 037(0.33)% | H — pt BDT fit i
EO.1 . E_ I EW W/Z [ Diboson _E T 10° I EW W/Z [ Diboson pr, 1 Jet . ° ﬁbzewed N
PN : [IW+jets’acD @ASMH 1 O 44 [ Wsjets/QCD  [ISM H i B 65% arvotod
: 3 3 — =20% . . h o,
Wo.12E = H—pt (B=20%)[ | Bkg. unc._f LW 10* H—ut (B=20%)[_ ] Bkg. unc o050 0oy | . ] 95% expected |
0.1 E_ _E pr,, VBF l
F 3 0.39 (0.30)%
0.08 E— —E b, 0 Jets B N
0.06 3 r 0.31(0.34)% | l |
0.04F - w1 Jet
0.02F - 0.36 (0.57)% L
E o b, 2 Jets B ]
0 o 0.77 (1.13)% -
215 leJ - ut , VBF B - n
> 1 w42 T
g 1 _++"""—-— . . . ..-9—9—...—0—...—.—_.;9—.-+ ) 1 0.58 (0.83)%
) 2 08 pe i
2 o5 00-6 : 3 3 : . i N - T T P
@) , _ 0.6 0.4 0.2 0 0.2 o R B
0 100 200 300 . . o - 1) O
BDT dlscrlmlnant 95% CL limit on B(H [J‘C) Yo

m,, (GeV)
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Long-lived: Higgs decays

137 fb™ (13 TeV)
IIIHII| o] '1III| £ }olll

arXiv:2107.04838

H

—
9]
n
I
N _1
T 107"
C
: o<
= 3 5 S —
= 33 3 -~
I S /I B -
(] 1 0 5 - 5 ," 'o' = — —
2107 A\ AN/ 4 : o
a - Q. N\ 3 : o 1Y P
= - oL o 3 -
- I e Ly S—s1t't | S
(@)
3| _
X107 ¢ E , -
EO C CMS mg=7GeV [ |+10expected 1)
o - — Observed — mg =15 GeV [] = 10 expected - f

: ..-- Median expected _ms=40 GeV \:]:10expected:
— mg=55GeV [ |+ 10 expected
10—4 ol vl vl vl il
102 10" 1 10 10*° 10° 10*
ct [m]

* Higgs decaying to long-lived scalars
— Scalars decay to fermion final states in the muon chambers

* Resulting bounds are interpreted in context of LL decays
— Missing energy trigger
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High mass:

HIG-20-016

138 fb™ (13 TeV)
——

: 10 CMS - 3
« Search for a heavy Higgs boson Preliminary T eorted
— Fully leptonic final state 1 5% oxpectas .

« Optimized separately for VBF and gluon —Exp. for SM-like Higgs

fusion production processes

» Search interpreted in BSM scenario
(heavy Higgs, heavy EWK singlet state)

e Deviation of ~2c around 500-900GeV

107 Scenario: SM f, ;. E
1072 2
107°¢

107 ¢

95% CL limit on o(H—WW—>2I2v) [pb]

10° 5

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 -
1000 2000 3000 4000 5000
m,, [GeV]
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Resonant: X—HH—Dbbyy

CMS Prellmmary 138 fb (13 TeV)

HIG-21-011

Search for a resonance decaying to two scalars

— [TTgrTrrrrypyrrrrryrrrr[rrrrryrrrr[rrrrir | LI
2 10°E 'op—>X—>HH—>yybb (Spin-0) —
Ig E —— Bulk radion (Ag = 3 TeV) i
=10 0 Bulk radion (Ag = 6 TeV) -
> 10 E R E
0 - —— Observed 95% upper limit
T 102 L - --- Expected 95% upper limit ]
T g I Expected limit + 1 std. deviation3
| 10 - Expected limit = 2 std. deviation-
x 10 =
@
<
|
HH 3
=3
© .
— BDT to reject non-resonant +jets bk A I T P T 1
J Y(y) J g 10 300 400 500 600 700 800 900 1000
— b-jets tagged using DNN my [GeV]
2D fit of _ CMS PreI/mlnary 138 fb (13 TeV)
- It O m’Y,Y VS mJJ -121014 ——)m =300 GeV (x10" ) s pp—>X—>HY—>beb (Spln 0)
13 ., m=350GeV (x10 . Expected limit = 2 std. deviati
— No sianificant excess observed 'g: 812 o _;oezv(m,z) BN Exocted limit = 1 s deviation
g oM ——— iy Expected 95% upper limit
H Y ? 1010 EE— ™ = 450 GV ‘*“’( )T— Observed 95% upper limit
i =500 GeV (x10
> 109 — = m, =550 GeV (x10°)
T 108

m, =600 GeV (x10°)

— Consider H—yy and Y—bb U

< 102 iy ?:V:(j:o)aev (x10%
~10
— — 4 w m, = 750 GeV (x10°)
— Largest excess for my=90GeV, myx=650GeV 1 — -1
. . g 1 T — AL LY
- e — 7, - 900 GoV (<10
Local(global) significance 3.8(2.8)c g 10 A
‘0’10_1 ‘ —_>m 1000 GeV (x10%)
10_2 1 ] l 1 1 1 l 1 1 1 I 1 1  § I 1 1 L l
200 400 600 800 1000
my [GeV]
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Resonant: X—HH—-multileptons

arXiv:2206.10268

Search for resonant production

Target decay modes: HH—4W/2W21/4t (approx
7.7% of all HH decays)

Split events depending on #light leptons, #r,, in
final state

BDT to separate signal and bkg
Data consistent with background-only hypothesis

95% CL upper limit o(pp—X— HH) [pb]

w -
T 108 wz N\ Misid. ¢ Other b =
q>> \\:\\\ 1sia. g. ?
w 10° . Conversions . 7z Single H —%
104 + Data 222 Uncertainty == X— HH (1 pb) _;
3 . 3
10 my = 750 GeV, spin 2 -
102 =
10 b —é
S NN AR =)

1 NN -
10" -

Data
Expectation

107'F

CM$ 37 138 fb (13 TeV

LA IR B B N B S S

~
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9
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»
>
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<

lo—

-12345678910‘11

Bin number

CMS HH — Multllepton 138 fb (13 TeV)

i Medlan expected |
- 68% expected
95% expected

= Observed

||||||||||||||||||||||||||||||
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Low mass dilepton resonance

arXiv:2111.01299

« Search for low-mass dilepton . z
resonances in Higgs decays in the four- ”
lepton final state ; o w
h --- Z h==---- *~-—-——-
« Decay through a pair of BSM particles, % Z . é
oroneis a Z boson
* Set IImItS . CMS e 137fb"(13TeV)Z
— model-independent Higgs BRs g S pata: 80
— dark photon and ALP production s ®f — Pt
CMS 137 fb™ (13 TeV) % 20 = iR me s ce «Zoomies =02
> 2y channel
S | Expected exclusion s
;10’3 S = ——— Observed exclusion
EE— . 10
o I — L ——H—=2ZZ, —>f4|,u€ =0.0 :
i I ..... ‘ e 51
S EE VI e 5
;<x\10_4 S ey s v o 045
8 25F ’
% B 1§4§ i | * | |
Y A T T P 05 H,”HL L LA A
10 5 10 15 20 25 30 35 00 5 10 15 20 25 30 35
m, [GeV] mg, [GeV]
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Exotic: H->AA—4y

HIG-21-016, arXiv:2208.01469

« Exotic Higgs decay to light pseudo-scalar A i
— Upper limits ~20% to undetected states g . <
— Motivated in BSM extensions o i
————— \
— Resolved and boosted topologies . N ¢!
 Model-independent search <
— Improves indirect constraints from BR(H—vy) 7
CMS Preliminary 136 b (13 TeV)  x10°__ 136 fb"! (13 TeV) CMS 132 b (13 TeV)
;1-2 F 10— g B S L B BN B RN
[0)) Sg, m_ =0.4 GeV, 75% ! - CMS 95% CL upper limits = ..F 95% CL upper limits
A . £ 35
S, 11— Sg, m, = 0.4 GeV, 50% 3 [ Prefminary -~ Observed = f = Observed
N LES A : ? ? --- Median expected E 3k ;Zsi:?:ni(xppzcctf:d =
EL' 0.8 T I 68% expected T C 95% CL expected
55 102 95% expected E S 2-5:— 3
0.6 o =~ CMSH —yy 1 - ]
= T 2 .
£ E L E
0.4 ] x 15
5 103t 47
0.2 e I
_ =
0 ‘ 0 ) I N R R B B B 00'5;
0O 02 04 06 08 1 1.2 ® 0 02 04 06 08 1 12 N T R R B R
GeV] 20 30 40 50 60
m, [GeV] Ml m, (GeV)
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A—Z (t)H(xt,bb)

arXiv:1910.11634, arXiv:1903.00941

. . . h
What if A is too light to decay to ttbar? /
/
/
. MSSM: B(A—Zh)=1, low tanp, m,~200-350GeV ;
/
« Final state: Z(&)h(tt,bb)
« Reconstruct my with h,,5 constraint
« Results consistent with bkg expectations 7
g BRI L SO, 5 CMS 35.9 o' (13 TeV) .. CMS 35.9 fo! (13 TeV)
g cms e 2 —+— Obsarved ] T T T
10° 2 2btag, signal region =§_E::;:BE 8 25 % :(;jilGeV) B = 30 :_ %g&szwgé limits _:
x 5 20 = 2":" N —E = .00 - Median expected -
=i ]2 e, E = o opecid
102 [--;!Pre-fit' E Q@ 15 e AsZh, m, =300 GoV, 0B=20f> T o expecte E
i [ Jm, =300 GeV ] i} A 1 c ]
[Jm, =500 GeV 7] = N 20 —
C3m, = 1000 GeV 10 {1 1 ]
5B — i’ 15 .
% l L, I.l ] ?'T\ i _:
. 2 25 et 2 =
2 @ g T 5
5‘52._ +.L“+“. ;lrllllw;l;l.Lllill'; 4 1'5'; T%'
:zl _g L S PR A A '_ 8 0'8 : 4.41 } sl fod oF . o ' . o L
% 300 400 500 600 700 800 900 1000 1100 1200 200 240 280 320 360 400 440 480 520 560 600 250 300 350 G \;‘OO
m,, (GeV) mg__ (GeV) m, (GeV)
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Looking ahead

Nature 607(2022)60

* Precision of measurements improved Y :

« BSM scenarios may provide only small o W _____ ﬁ-----“-“--:l"- ________________ “"::ﬂé
deviations S | D

* More Higgs bosons expected in Run3 | { ; —

and HL-LHC < 1.0&— -------------- n--.,,w"--. ______________ H}WII_
— harsher experimental conditions i o |3
— Improved/new detectors 14 =]~ l}]l

N & \:39 ¢ Observed (stat ® syst) | Stat
&2 d [ Projected (stat @ syst) | Syst
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Detector Upgrades

The HL-LHC will provide an integrated luminosity of 3000 fb-' over 10 years of operation. It will
present many technological challenges. Preparing new detectors and upgrading current ones.

Replacements of existing system/detector
Electronics upgrade/replacement
New detector
CMS Phase-2 upgrades
L1-Trigger/HLT/DAQ [CMS-TDR-021/ 022]
* Tracks in L1-Trigger at 40 MHz

* PFlow-like selection 750 kHz output
* HLT output 7.5 kHz

Barrel Calorimeters [CMS-TDR-015]
* ECAL crystal granularity readout at 40 MHz

* Precision timing for e/y at 30 GeV, for vertex
localization (H — vyy)

* ECAL and HCAL new Back-End boards

f y 4 0 — Muon systems [CMS-TDR-016]
Calorimeter Endcap [CMS—TDR-mgy ‘ y =5 7 *DLE&SSE new EEIRE re‘a dost
: A ] [ * RPC back-end electronics
* 3D showers imaging for pattern A
" - ] ‘ * Extended GEM coverage ton =3
it - i ' 1 1} Y / « New GEM/RPC 1.6 < 1 < 2.4
* Precision timing for PU mitigation \ / /¢ 8CF — 7 ERSN
* Si, Scint+SiPM in Pb/W-SS \
MIP Timing Detector [cMS-TDR-020]

Tracker [CMS-TD-014]

* Precision timing for PU
mitigation
* Py module design for tracking in L1-Trigger { « Barrel layer: Crystals + SiPMs
* Extended coverage ton = 3.8 VA B 4
* Much reduced material budget '

* Endcap layer: Low Gain
Avalanche Diodes
» Si-Strip and Pixels increased granularity

Precision Proton Spectrometer
Detector design and physics prospects

arXiv:2103.02752
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http://arxiv.org/abs/arXiv:2103.02752

Detector upgrades @ HL-LHC

CERN-CMS-TDR-020

« Timing detectors: a new paradigm in HEP for PU rejection
* Improve particle reconstruction/ID, reduce fake jet reconstruction
— 10%-20% gain in S/B in many Higgs decay channels

ENDCAPS

Surface ~15m?

Number of channels ~ 4000k
Radiation level ~2x10"° N, cm?
Sensors: Low gain avalanche diodes

Thin layer between tracker and calorimeters
MIP sensitivity with time resolution of 30-50 ps
Hermetic coverage for |n|<2.9
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Summary

* From discovery to precision

 Latest results on Higgs studies:
— Properties, couplings, HH, BSM

— Improved analysis techniques and new tools
crucial to enhance sensitivity beyond statistics 77/&

— No clear signal, a few deviations
» Great progress in the first 10 years

» Large samples to be collected

— Run3 started, preparations for HL-LHC
ongoing

i il

= Rare processes and precise measurements as probe of New Physics
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Higgs to diphotons

arXiv:1811.08459

» Search for low-mass H—yy decay « Largest excess for m,;=95GeV

— Extended Higgs models » Local(global) significance 2.8(1.3)c

— Clean final state, mass
reconstructed w/high precision

CMS 35.9 fb” (13TeV) CMS 19.7 0™ (8 TeV) +35.9 b (13 TeV)
> 9000 L L = s i 6 LI I O Y B I O I B
3 R Class 0 . 7 C .
< 8000F ¢ Data = g~ - H—=yy — Observed ]
§2] C ) ] > 41— —
; 7ooo§— — Bkgfit E T 1 4: B Expected = 10 -
G 6000 I ; o E T 12k, = Expected = 20 ]
50005— 20 E m B 4
4000 — — H—yy (mH=90GeV)x10 = X 1_ 7]
= T r ]
3000 ) C ]
2000 \_I 0.8+ ]
= (&) ]
1000~ H— yy R ]
S _3 06 -
. > ]
8 E' I I I I I 3 > o
g 100 E 1\ 0.4 —
&E 0 = I
§ -100 = o 0.2 i
1 . x 7
% _200 | | | . . | . | , L . _: I 11 1 1 | 11 1 1 I I 1 1 1 | 11 1 1 l 11 | | 11 1 ]
a 70 80 90 100 110 120 ] 80 85 90 95 100 105 110
m,, (GeV) my (GeV)
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non-SM Higgs decay. h—aa—4X

« Standard search for light (pseudo)- scalar
Higgs with m,<m, /2
— generic prediction of BSM theories
(extended Higgs sector, NMSSM, etc)

— Final states go to fermions (b, 7, u, ...)

— BR depends on boson mass, model
parameters

Br(a-»SM)

0.001} N——

— dd
sy - ;
10-4 .’/'2 )

1 2 5 10 20 50
m, [GeV]
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non-SM Higgs decay: h—aa—4p

PLB796(2019)131

10

* Explore non-SM decays of a Higgs boson (h)
—Higgs boson (h) can be SM or not
— include production of two new light boson (a%)

« Search for generic Higgs decays: h—2a+X—4u+X
— Require two dimuon pairs with consistent masses
— Signal region: 9 event (~8*2 bkq)
— Limits on production rates, benchmark models

My, [GeV]

3

-h
o

3

Events / (0.025 GeV x 0.025 GeV)

3
&

1 2 3 4 5 6 7 8 9
My, [GeV]
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NMSSM and Dark SUSY Limits

PLB 726(2013)564, arXiv:1506.00424

CMS 35.9 b (13 TeV)

"%10‘3 BaB:af LHCb ]
£
Results interpreted in NMSSM and dark SUSY 5
 Dark SUSY: h decay to pair of neutralinos (n,): LSP s 107 R
E 10°7 E/\‘ S t‘ - | |
! - S (long-lived) N
L o pp—h—2n,—2y +2n —4p+X
n,=»nN decays _
1 bYD y " Dark SUSY
I% invisible 01 1 10 100
myD[GeV]
CMS 35.9fb™ (13 TeV)

kIIIIIII|I\II‘IIII‘II\I'IIIIIIIII'L
3~ NMSSM 95% CL upper limits: ]

« NMSSM: Extend MSSM by adding a complex singlet
field (1 CP-even+1 CP-odd boson)

* NMSSM: h1,2—>231; a1—)2H
« Compare to SM Higgs cross section

¥ m, = 3.55 GeV

N

8}
7T
|

2 mg = 0.25 GeV
[ Reference model:
2F — o(pp —h —2a) = 0.003 x o, .

B(a,—21)=7.7%
NMSSM

|

(pp — h— 2a)) B*(a— 2 ) [fb]

0.5 -

r—— ]

O

_III|IIII|I\II‘IIIIIIIJI'IIII'IIII'I_
g 90 100 110 120 130 140 150
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non-SM Higgs decay: H,-—2h(a)—4r

JHEPO01(2016)079, PLB 800(2019)135087

» Search for very light Higgs in NMSSM g -
—H(125)—light pseudoscalar (¢) bosons f
— One ¢ decays to a t pair, the other to t/u pair H(125) -7 T
. qy e ----- o« O
« Reconstruct u-track invar. mass (m4,m,) )
D T
— SS dimuon sample (removes DY) . i
— bin in 2-dim distribution, fit signal and bkg |
5 T
— QCD bkg from control region 35.9 fb (13 TeV)
. . 359fb (13 TeV) s I T T T T I T T T T
) o Oboorved I Big CMS & 95% CL upper limits CMS
; ..... m, =4GeV ... m, =7 GeV ] =~ 06} Observed -
E) 1 m, =15 GeV | mg """"" Expected
= E I 68% expected
g P ] I 95% expected
< 107 - Excluded by ATLAS-CMS
3 04 B combined coupling analysis _
102 :
g 1.5- W 1 x 1 J'. 1 b 1 i 1
2 1.0 e——— X
° 0.5 | 0.0 PR S—
'0'2'4'6'8'10[(3'\}]2 0 10 15
m trk e
N m, [GeV] 45
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Summary of Higgs exotic decays

CMS Preliminary 35.9 fb! (13 TeV)

8 [ [ | | | L | | | | %
© -
0 2HDM+S type ll =
= tanp = 2.0 £
o"bg _i
c =
o 2
] %)
Yo _

o —1

10 =
1072 =
[ ] Observed exclusion 95% CL =

3 e~ sessss. Expected exclusion 95% CL N
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Boosted objects

arXiv:2204.08262

« Searches feature high-pt W,Z,H bosons and/or top quarks
« At high p decay products merge into one large-radius jet

— bkg rejection ~20-200 for pt=1-1.5TeV

— Factor of ~10 gain with DNN
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Looking at tau decays

CMS-HIG-12-052, arXiv:1903.04560
Low H* mass:

» Use R variable in the limit extraction: binned maximume-likelihood fit
» Tau fake component is data-driven, includes uncertainties

35.9 o' (13 TeV)
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Charged Higgs: H*—1v

arXiv:1903.04560

MSSM, high tanf3 b
* Final states: t+jets, t+4, Ot+«
« 306 categories: incl. #jets, polarization R=p(tk)/p(tau)
* Cross section limits: 80-3000GeV

CMS 35.91" (13 TeV)
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Charged Higgs: H*—tb

arXiv:1908.09206, arXiv:2102.10076

MSSM, low tanf 9.Q0Q0QQ0 ——= t
 Final states: 1¢£ and 2¢ |

- Categories (incl. #jets, #bjets) ~ p------

S
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Low mass Higgs:

a(—t1)bb

arXiv:1511.03610, JHEP05(2019)210
* Low mass Higgs in the NMSSM

* Low mass pseudo-scalar (a;—1t) in
association with bbar: a;,bb—1tt bb

 Similar strategy to H—1tt
« Search for a, masses below Z mass
* No evidence for signal

 Set limits: oxB~20-0.3 pb
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Heavy Higgs: H—ttbar

« MSSM, low tanp, m(H)>2 x m(top) g t
 Search for A/H—ttbar o

arXiv:1908.01115

t -
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