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July 4t 2012: A Higgs boson
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Higgs and ZZ

EPJC 81(2021)200, arXiv:2103.04956

« Study of SM ZZ production, and Higgs decay to ZZ
— ~98% of Run2 data

« SM cross section measured with 3% precision
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Limit 95% CL on o, _, . [Pb]

10—1 Bl

1072

107°

Low mass-resolution channels

JHEP 03(2929)034, HIG-19-010, PRL 121(2018)121801

CMS 359 fo" (13 TeV
SM 'VBF 95% CL upper limits
Observed
-------- Median expected

[ 68% expected

] 95% expected
— X WW

H—»WW
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500
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CMS Preliminary 137 fo” (13 TeV)
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Couplings: individual channels

EPJC 75(2015)212, arXiv:1507.04548, arXiv:1606.02266

ATLAS and CMS -~ ATLAS+CMS
LHC Run 1 - ATLAS
-+ CMS
B ' -_—+10
MYY _'-.-_ — +20
P o —
Results based on the full — :
Run 1 data samples uZ2 ————
S e o
n ———
| E +0.11
: p=1.092g710
TT —.*—
l"' : ¥
n —
=
IlIIIllllIlllIIlllIIIllllllllIllllIllllllllllllll

-1 -05 0 05 1 156 2 25 3 35 4
Parameter value
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Rare decays: H—uu, cc

JHEP 01(2021)148, JHEP 03(2020)131, arXiv:2205.05550, arXiv:2211.14181

137 b (13 TeV)

>
Study couplings to 2"d generation 47 Moo — St |
[ (S+B) weighted ... Bkg. component ]
R m,=125.38 GeV R ]
B3 500;— 20 _

* H—pp
o Most sensitive category is VBF channel = s
o Obs.(exp.): 3.0 ¢ (2.50) 510;

« H—cc
o Low cross section, need c-tagging

| |
110 115 120 125 130 135 140 145 150

o Use resolved (2jets) and merged (1jet), M, (GeV)
o Use ML and jet substructure for tagging and Sr2of e T e e e

classification PRI ool g e
o Validate using VZ production: e '.5“(.?:‘%2.@;0;2;:

Hzee) = 1.0 MHeg =9.4 ]

KV Z(cc) = 1-01fgl§? (5.70) e
o Set limits el -
o (VH) B(H — cc) < 0.94pb S T

L L PRI NSRRI R SRTTR REPUNRN SR R
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Jet mgp [GeV]
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Search for SM H—pupu

JHEP 01(2021)148

. Smallrate: |B(H — p™p”) = 2.18 x 10~

« Search based on BDT discriminant
— Event categories based on BDT score

+  Weighted sum of individual fits to each category

- Signal strength: |u= 1.197039 (Stat)irgjii (syst) L

137 b (13 TeV)
L L L L L L L L B
10° CMS -4 Data oy
s I Top quark [ Zji-EW
10 [ Diboson [_]Other bkg.
—ggH — VBF
— Other sig.

vents / 0.09 units
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o o
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Search for rare decays

PLB 797(2019)134811, arXiv:2103.10322, EPJC 79(2019)94, PLB 793(2019)520, CMS-HIG-20-008

% 30""Bk""' 103CMSPreIiminary 133 fb" (13 TeV)
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Higgs and the SM

* SM is a successful theory

* Nothing prevents the SM to survive up to the Planck scale.
However, it is unnatural.

* Virtual particles in quantum loops contribute to the Higgs
mechanism
—contributions grow with A (upper scale validity of the SM)
—Higgs mass depends quadratically on A: m? = my? + g2A?

* Miraculous cancellations are needed to keep my<1TeV

* |s there a symmetry that protects the Higgs mass from
receiving large corrections? Classicl

SM
| I |
: : , ~\l
® - X i
, l + 'foR/KZ
| 1 |
| I |
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Higgs and the SM (cont.)

« SUSY postulates a new symmetry between fermions and bosons

— Loops of particles and their SUSY partners have the ability to cancel the quadratic
divergences in the Higgs field self-couplings, solving the naturalness problem

— SUSY foresees unification of couplings at large energy scales ~10"° GeV
— Provides DM candidates (LSP)

* It suggests many options, but the LHC may not be able to find it

 # of experimental scenarios is large

60 oyt SUSY

g

Precision Measuremets

40

30

20

10
0

3 5 7 9 11 13 15 17
Log ,; [Energy Scale (GeV)]
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Higgs and BSM

ATLAS-CONF-2015-044, CMS-HIG-15-002

* Is there BSM physics hidden in the "Higgs sector’? gy ateqy: parametrize
g9 '

deviations wrt SM in

TOBOTO0) AN\ .
z production and decay
b,t y A& L Wht = loops are sensitive to
g ! i e BSM physics
0000000 BN\ \/ \s f;l&AHSu nar11d CMS Preliminary
K'2 .. B __¢
(0-BR) gz > H—>v1) = osm(eg »H)-BRau(H »p) - | "*| Thely
> Kwi Tl _.-
Experimental approach K| —
* Measure H(125) properties Ml =
K *
» Search for additional Higgs bosons Kb-
9 =
» Search for BSM in signatures with Higgs bosons [ -
» Search for BSM Higgs decays BRygut—— o

111 | 111 I 111 I 111 l 11 11 I 111 111 111 11
0 0204 0608 1 12 14 16 1.8 2
Parameter value
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Looking for new particles

JHEP08(2016)045

® I . I I 9_""[""I""I""I""l""l""l""I""I""_
Constrain BRgg), in a scenario with < T ATAS o CHE e
free parameters q 8 LHC Run 1 |
7F v

* o=l wwHl zzt 1l ppt... ¥l ggm o o oo
* Likelihood scan vs BRggy sF P

» Assuming couplings bound by SM
expectations (k,<1)

0 005 01 015 02 025 03 035 04 045 05

BBSM
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Constraining Higgs width

PLB 736(2014)64

obs.(exp.) @95%CL.:

_Caola, K. Melnikov PRD88(2013)054024 20

J. Campbell et al. arXiv:1311.3589

10 120 130 140 150

10 m,, (GeV)

* couplings and width are sensitive probes to <5.4(8.0) M
BSM ,<22(33)MeV

* indirectly constrained in coupling fits CMS 0.7 10 8 TN} + 5.1 57 (7 TeW)
« off-peak to on-peak ratio proportional to 'y, E eoF . paa
* constrain Higgs boson width by using off- 2 Eggi‘;;zz F
shell production/decay a | B Z+X :
* measure ratio of g°f-Peak to gon-peak S 4o -
, a: ]
ooy « B, o « g “h ;
.

0 . RISy { { YSERRALNL TBAA7
100 200 300 400 500 600 700 800
 measurement of I'y m,, (GeV)
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Couplings: decays

ATLAS-CONF-2015-044, CMS-HIG-15-002, JHEP08(2016)045, CMS-HIG-22-001

BSM physics in the loop

Vector and fermion couplings

-1
138 fb™' (13 TeV)
LL 1 .2  § { ] T T l T I T T T T I T T T
“ [ CM
138 tb™! (13 TeV) 138 fb™! (13 TeV) C S D 10 region
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est fit
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B ! Ko —= 0-90i31° 200 ‘000
K —— 0.92:0.08 :0.05 +0.06 —
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i B E +0.3: +0.29 +0.1
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BRgsw includes non-standard decays, visible or invisible

=Results in agreement with SM (ky=kg=1) within 1c
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Consistency with SM

arXiv:1809.10733, JHEP 01(2021)148
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Consistency with SM

CMS HIG-19-005

35.9-137 fo™' (13 TeV) 35.9-137 fb™ (13 TeV)
® Observed ® Observed
CMS — +1G (stat @ syst) CMS — +1c (Stat ® syst)
- B 110 (syst) - B o (syst)
Preliminary 1o (sta) Preliminary Lo
B +20 (stat @ syst) —— 120 (stat @ syst)
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Hyer T ;
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High mass: H-WW/ZZ

JHEP 10(2015)144, HIG-16-033, HIG-16-034, arXiv:1912.01594, HIG-20-016

» Search for a heavy Higgs boson
- H—-ZZ—-4¢, 2(2v, 2(qq
- H-WW-—-2£02v, 2{qq

» Optimized separately for VBF and gluon
fusion production processes

« Combined upper limits at 95% CL on
the product of o x BR exclude a heavy
Higgs boson with SM-like couplings and
decays up to 1870 GeV

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

— evolution of signal strength of the singlet state
with modified couplings/width wrt SM.

— assume new scalar does not decay to any new
particle

95% CL limit on o(H=WW—2I2v) [pb]

107°

10-1E
10-2§
107°E

107

138 fb™' (13 TeV)
AL L L L D .
CMS -»-Observed
----Expected

[168% expected
[195% expected
— Exp. for SM-like Higgs

Scenario: SM fVBF

1000 2000

W L
3000

4000 5000
m,, [GeV]
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Heavy Higgs: dibosons

arXiv:1804:01939, JHEP03(2018)174, arXiv:1804.01126

» CMS 35.9fb" (13 TeV) CMS 35917 (13 TeV)
. GCms . /O (MITY) > ot T T T 2 R B A Aaaanas
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ttbar+Higgs

« {tbar produced in association
with Higgs boson

I I ] lllll Illl]lllll[lll]]llllll III %
31025— M(H)= 125 GeV =2

= g |-
il ] ocp s N0 i
—~— B HN~L =
>_<'_ PP 8
L. : NNLOOC‘)*N"OE L1 "
Q. B P NLOEM T
© 1—/ o - WH (NNLO o

TTTTTT

T

Cross section for ttH at the LHC: 107 s
0.13 pb (8 TeV) r i
0.61 pb (14 TeV) / _

0= E_r| I T S
ttH ~1% of total Higgs cross section 6 7 8 9 10 11 12 13 14 15

s [TeV]
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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 - ]
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- node node node . 051 el N ]
- ] M+20, | p-0367) 1.5 -
305_ = 2los + T, | n=0497"% 1; é
20 3+ 1, p=152"""1 é ’:, ;
108 2l + 27, w=0.00 "% 0-5:— _ e - -
_ +1.62 C serve
0 A+ 0s, H=128 e OF  —68%GL region B
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M. Gallinaro - "The Higgs boson and beyond" - April 17, 2023 21



Extending searches

* Minimal Supersymmetric SM (MSSM)

— Neutral Higgs: ¢—tt/bb/pup
— Charged Higgs

* Next-to-MSSM

— Light pseudoscalar: h—aa
—Non-SM decays: h—2a—41t/4p
—Heavy Higgs: H—hy,5h 55 or A—Zh o5

* FCNC: t—cH
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Higgs sector in the MSSM

Higgs sector in SUSY contains two scalar doublets:

« 5 physical Higgs bosons
— 3 neutral: CP-even ¢=h,H CP-odd A b

g vooooe——— D
—2 charged H*
 SM-like Higgs boson:h 7 e [
g TTTTON

Neutral Higgs ¢ decay modes:
* BR(¢p—bbar)~90%

* BR(¢p—17)~10% :jj> .....
* BR(¢ )

—un)~0.1%

Two main production modes:
o gg_)H
* bbH

M. Gallinaro - "The Higgs boson and beyond" - April 17, 2023 23



Neutral MSSM Higgs

JHEP 10(2014)212, arXiv:1803.06553, PRL 125(2020)051801

« Enhanced couplings of MSSM Higgs to
down-type fermions (large tanf3)

=increased BR to t leptons and b-quarks

mr = \/mT(PTrPT ) +mk(pr, pT) + mi (pr, pT™),

» Search for neutral MSSM Higgs boson

« 5 final states used: ur,, €1y, T1TH, €U, LU
— Reconstruct tau-pair invariant mass

— Split in b-tag/no b-tag categories to enhance
sensitivity

« Main backgrounds: Z—tt, QCD/W+jets,

DY ttbar, dibosons

Events / GeV

Obs. / exp.

9

h/H[A

ATLAS (s= 13 TeV, 139 f'
TiepThaq 0 129 o Data
[ Top quarks
axcexs A/H (1000x100, tanp=12 ([ill Jet— 7 fake
s AIH (1500100, tan =25 [ Z/y*— 17
I Multijet
zly*i
[]Others
2 Uncertainty

sooocs A/H (400), tan =6

T T
1.1
OQE////////» e x‘W/ /%%
' PR | L

50 60 100 200 300 400 1000 1500
m?' [GeV]
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Neutral MSSM Higgs: ¢—1t

arXiv:2208.02717
* Direct search: inclusive and b-tagged
* 7 in both leptonic and hadronic decays

188 b7 (13 TeV) — werery, Nob tag p >200 Gev — 138.“.’-1 (13TeV)
~ 0.4 I AAasamEt : S’ 500( ' Observed ' 1
2 [ CcMS 'm, =160 GeV | [0 [ CMS :]"' B
:035__ DGSO/O CL a (\D I e BhG- ]
E | []95%CL 1 = 400} [ Jetor, :
r i tt i
1 0.3F o Best fit E': : ™ ] Others :
o U3 [ _
E C Q 300 [ Bkg. unc. ]
= 0.25} Z i —— 990 @ 5.8 pb (m = 100 GeV) ;
Q O L . ... Bkg. only fit
=) 200 ]
p 0.2 i
0.15 100}
0.1
0.05: Ll>j . _”_—0—
~ oz yalacA- J
7)) * 1 ‘T;
0.05 0.1 015 0.2 025 0.3 035 0.4 045 0.5 8 0o #r _
) P RN AN SN SN SN SN TSN S SN SN NN ST SN H A A AN SN SO SO N S ST S
5(99¢)B(¢—t) (pb) 0 50 100 150 200 250 300
Model-independent limits by m,. (GeV)

separating production modes Some fluctuation over bkg expectations
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Neutral MSSM Higgs: ¢—uu

arXiv:1508.01437, JHEP07(2019)117

» Search for a pu mass resonance L AR T o
Lﬁ 10* g’g;)lf}rl; " | Z+jets(HF) B Uncertainty

] tt bb® (200)

* Good mass resolution 10 DA e e
—full and clean reconstructed final state 10° - Diboson - []sbe (1000

. i iy —t
* Split in b-tagged and non b-tagged ! /Ilk { i

categories to be sensitive to gg—¢ and gz T
bb¢ production modes R e
8 o8- b U
« Main backgrounds: Z(bbar), ttbar WW SRR ‘°°°1fn°°[‘(;‘:3]
Hp
2 [ Ooserned| & o[ oy B e
g HTHIAC ?ng—gﬁilﬁlﬁig‘iéﬁ ------ Expected | D gl S, et
: % i -i;G 10° ,,b'VetO Single top [_JogF (480)
g >b<e Leo 102 N‘““ Diboson DQQFUOOO)
10 10
F 1
10™ -
3’1_2__1'”1*"1"'|'_ AT |
a :.._,w“i#{uu*l IMAINEE AR
| A I % 1; l'*“fln[}# 'P Ijl[ J[H’ T
200 400 600 800 1000 a 0.8 N EL | T
200 400 600 "800 1000 1200 1400

m,, [GeV]
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Charged Higgs

* [f found, a clear indication of BSM
« Study non-SM Higgs in two mass
regimes:
° mH<mtop
—Mostly produced in top quark decays
—Large tanp: HE*=>1ttv
—Small tanp (<1): H*=cs
° mH>mtop
—Produced in gluon-gluon fusion
—Main decays: H*—=+tb, H*—=>t"v

* Main backgrounds: ttbar, W+jets
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Charged Higgs (cont.)

—_

» Different strategies for low- and high-mass searches
* tau+lepton, lep+jets, and ey final states

 b-tagged jet categorization
* limited by statistics at high-mass —

o' ", --e--- H" prod. xsec, tanp=5
I "5,

---=-- H' prod. xsec, tanB=30

Cross section [pb]

b b b b b b b baaa bo i by
10 200 250 300 350 400 450 500 550 600
H* mass [GeV]

mH<mtop
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Charged Higgs and top quark decays

JHEP 07(2012)143, arXiv:1508.07774, HIG-16-031

m,. =100 GeV/c?

-
T

 Look for charged Higgs in four final states: MSSM

— Tau+lepton (electron or muon)

— Dilepton (tau decays leptonically)
—lepton+jets

—Fully hadronic: tau+jets

Branching Ratio
e o o
- o (]

o
(X

(=]
T 7T

tan g
T,Hjets t,+lepton (e/p) _
7+ — hadrons 7+ — hadrons — oy
HY . Ht -
& 20000000009 Vr gwmmz—\ Vr
wﬂm&-ﬂv—;—\b\ )
t ) t i
uummu;l—z—<b/ ql ﬂmﬁmgl—i—y Yt
. w—"“{ ’ W <
q ‘-
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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

CMS 35.9 o' (13 TeV)
w _lllllllllllllllllllllIlllllllllllllllllllllllllll
E 5  T,+ets, FI' inclusive
SM BSM > 10°E ¢ pata - H* (200 GeV, o =50 pb)
— =[] Jets misid. as v, [ tt
o - [ W+jets [ single t
~ 10°s 2y [ Diboson
W+ o — H* b b2 C 13388 Bkg. stat. 7/ Bkg. stat@syst.  .....
VotV o —X ' T . & s » T o 3l 9 o
o — m—— ; — e > 10°g A A o
- - —e —? —oo . 6 _p. Lu = /S
Ov' v O. X V. v = T B 1 2
VS 10°F
E XX AMPXX.
e + - —4 . B
P S P - v Py . Pr 10 E
Me - a3 L *V, Ve - =) 21 Bt
i  — '
v -
- n I l v 1
d;* By 3, By ]
d) 1.5F - Bkg. stat.®syst. unc.
X - [ IBkg. stat. unc
o 1:.. ............................................................................................. g
g
e 0.5

0 0702030405086070808 1
RT
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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)
CMS 71 -% :lll]elts|IRI|o|75||V|‘lllllll|l] ||||| E
— e [ e e g T T |3?|9|fP1|“3 TIeV) o 6OC|M§| [ R TR TR 3|5| |9| fbu |(|1|3| |T|e|\\/) i - ——Data = ----- H* (200 GeV, o = 50 Pb)
-8_ 10 4 < L 2 104 [ H* (2 TeV, 6 =1pb)[_] Jets misid. as 1, —
= I C H > v = It I W-iets 3
e 9 itk g W o I Single t CJziy 1
+|>P i 50~ MSSM m{™* Lﬁ 10° | piboson XX Post-fit unc. _
=3 L B o e E
e ER
"ﬂ: E H - 107 E
EJ/ | All final states combined = ~
g 107 E 30 10
=] F 95% CL upper limits = el
= IE 95% CL upper limits
I + 3::?arzeeipected 20 L E gbsle:;re: &l 1
. L xclude
1 0_2 ? E gg;: :;zszzzg T A Median expected |
C 10 £l [ 68% expected : 10—1
= : 422 mISM . 12543 GeV E 2 1sb = ElPoctan + l
1 O :_ | | | _l | ] ] | D11 | | A | | L | | ! I | | | T | | { O D | Tl S s % w%++% H
00 T TR 100 150 200 250 300 350 ?rc])o 450e 5;)0 g os- H g
m,. (GeV) & 0 {56500 300 406" 500 600

m; (GeV)
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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

* Discriminant vs ttbar (BDT and DNN) Y
« Mass range: 200-3000 GeV 9QQQQQQ0)—* b
-1
35.9fb™ (13 TeV CMS 35.9fb"" (13 TeV) )
c 1OBQIIVI‘S"'I'"‘I""I""l""l""l"("l"') i) ' T T 7 T ' ] 60CMS 35.9 fb™ (13 TeV)
f Single electron Background-only fit 2 H —tb - = 50 G~ e TPTTTTITTTTTTTT
f2] 107 5j/=3b ¢ Data ] V+ets,VV ’_§ Single and dilepton 7 8 40+ H* —tb ii;\gle and dilepton
S . B o ey I D (b) 110 - 30f MSSM M, "Goiscenaro -
Lﬁ 10 B ttc(c) [ tt+LF 5 o 3 95% CL upper limits
E e H* 500 GeV (0,0 x B =10 pb) L 95% CL upper limits 7 20 —— Excluded b
10 W Post-fit unc. fI) —e— Observed 1T e Median expected
2 oI ----- Median expected 7 B [ 68% expected |
10 1 I 68% expected _ 10 . [ 95% expected -
\ E []95% expected 3 777 mpssM 125 + 3 GeV -
10 C ] 6 % ]
C ] sl
102 . ] ar 1
3r ]
10 10 E 5
15 C ]
g 14 i i
g 1.2F
= 1E -2 |
1] 3 107°E
8 08; E | 05IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII
0.6F, , . . . . . . ' — . ; 200 300 400 500 600 700 800 900 1000
201 005 0 005 01 015 02 025 00 200 400 1000 000 9009

m,. (GeV)
BDT discriminator m,; (GeV)
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Charged Higgs: H*—tb (cont.)

arXiv:2207.01046
« Search for a H* decaying to a heavy
neutral Higgs boson Hand a W

« data consistent with SM expectations

« Set limits:
— H¥ in the mass range 300-700GeV, g
assuming my=200 GeV
— Cross-section limit from 0.08pb@300GeV
to 0.013pb @700GeV

CMS 138 b (13 TeV) CMS 138 fb” (13 TeV) CMS 138 fb™ (13 TeV)
I o N apns sans SRS RS RRRS Fesnnane e BENIRLS ivmwaw e et B | AR MAT LN
% 10 Background-only fit EAII.fm;L‘s;ates % c §h Sata E a E m,, = 200 GeV 95% CL upper limits E
0 107 : i — H'(500 GeV,0B=1.0 pb ) — H* (500 GeV,0B = 1.0 pb) | ~ - -e- Observed ]
' : Misidentified , < Misidentified (AN o Median expected -
' H ki %) 1 - Th — +l-7 .
108 : : I Single t = Wi+x E W [ 68% expected
H : Electroweak [} Electroweak b [ 195% expected
105 ' Tt X ] LI>J Wt i 1\
H E Post-fit unc. V1 0_1 | Single-t _: I
Post-fit unc. E

E I|I||I 111 | 1111 | 1111 | 1111 | 1111 | | | | 1111
S N T 300 350 400 450 500 550 600 650 700
5 100 200 300 400 500 600 700 800 900 1000 m,. (GeV)
- m; (GeV)
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Doubly charged Higgs

HIG-16-036, arXiv:1710.09748

 Model

— SM extended with scalar triplet (d**,
O*, OO)

— Triplet responsible for neutrino
masses

— Search for doubly- and singly-
charged

— DY pair production is most common
— SS lepton pair of any flavor
combination
« Search with =23 leptons of any
flavor

— Search for excess of events in one
or more flavor combinations of SS
lepton pairs

 Dilepton invariant mass as
discriminant
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non-SM Higgs decay. h—aa—4X

« Standard search for light (pseudo)- scalar f
Higgs with m,<m,/2 ) <f +
— generic prediction of BSM theories h

(extended Higgs sector, NMSSM, etc) AN Y
— Final states go to fermions (b, 7, u, ...) il < )
— BR depends on boson mass, model i

parameters

0.001¢ _—

— i
G ¢
10-4 .’/'2 )

1 2 3 10 20 50
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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)

[ . S £ I
Search for generic Higgs decay: h—2a+X—4u+X 10~ ol e 1
Results interpreted in NMSSM and dark SUSY g \?55“7?::“ N
i ) 210 S,
« Dark SUSY: h decay to pair of neutralinos (n,): LSP £ ]
_g V= Cal I\ A \\?E\\Qé\im“\i\
g 10°7 E13(;HARM e /\T'L/\&.“ \M\?\l\‘; |
v SLSND (long-lived) .
L o pp—h—2n,—2y +2n —4p+X
n,=>Npyp decays 109l ]
Dark SUSY
I% invisible 0.1 1 10 100
myD[GeV]
CMS 35.9fb™ (13 TeV)

klI|IIII|I\II‘IIIIJII\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—>2u
« 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‘IIII]II\I'IIII'IIII'I_
g 90 100 110 120 130 140 150
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Summary for Higgs exotic decays

tan

10

W A OO

(13 TeV)

35.9-138 fb™

\\\\\

i1 il '

Observed exclusion 95% CL

Expected exclusion 95% CL

A/H/h - pp
PLB 798 (2019) 134922

A/H — bb
JHEP 08 (2018) 113

A/H/h - 1t
axrivi2208.02717 *

H — WW(212v)
(HIG-20-016) *

H — hh (bbyy)
HIG-21-011 *
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Low mass Higgs: a(—tt)bb

arXiv:1511.03610, JHEP05(2019)210

> 19.7 fb™' (8 TeV) > 197fb (8 TeV)
° 12} I""I""I""I""I""I""l""I""I"'_ > LA B L L B A—'n(m—SSGeV)
. . 0 : CMS l“‘ch : 0 Observed
* Low mass Higgs in the NMSSM 3 10| - A-wmsoon 1 3 E]zﬁu
] s [ - Observed S 50 (LG
* Low mass pseudo-scalar (a;—11) in & of O 2 [ stctroweat
. . . [ s H 40 [ acp muttijet
association with bbar: a;bb—tt bb of- D erccrowesk + ) [ ek, unconsiny
. . [ [] acp mutijet
 Similar strategy to H—1t of- Bl ey "
- Search for a; masses below Zmass 10
* No evidence for signal Qpuldhegulaguliagint, 0 o
Lo m,, [GeV] m,. [GeV]
* Set limits: cxB~9-39 pb S leeiETe) e 19787@TeV)
§ fous ] & sfows™ 3 I
E -===- A->tr (=35 GeV) ] E E Z-w _
c —4- Observed - [ ti ]
S 4 Oz | . LFH 3 S [ electroweak 1
- D« ] u [J aco muttijet ]
3 -Electroweak E]Bkg. uncertainty 7
[(Jaco muttijet -1~ ]
2 |:| Bkg. uncertainty i
1

0 20 30 40 50

m,, [GeV] m,, [GeV]
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Low mass Higgs: a(—tt)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

VLQ mg = 300 GeV

CMS 35.9 fb' (13 TeV)

L L - —~ > — ] l I [ T l T l [ [ T™TT ] T™TT ] Ty ] TTT
¢ Set IImItS. GXB 20-0-3 pb ) C 2HDM, 6B = 800 pb ut: 1b tag ]
g 1000— —m, =40 GeV . gbserved —]
N i ]
,CMS_ 35.9 b (13 TeV) . | SSng=siee — ;
10 E T | T T T T T T T T T | T T T T | ‘(Q 800'— W+jet$ ]
= : 1b1f+1b1c combined S C 5gqgglet .
B — > - iboson i
C (E)bserved | | W e00— @ QCD multijet  —
102 - Expected B S r Post-fit unc. i
3 B 10, ey €XPECtED C ]
- 26, perimeny €XPECtEd o -

I Lol ol L1
S
o
o

95% CL upper limit on oxB(X — 11) [pb]
)

0 ,
' R 3 :
: L e
: g 1 +++*+***“'*"o"’"¢¢**¢*¢”++++++*+++E:
: - Q 08F ‘ :
-1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 O 0.6;_— l . ‘ I I ‘ I | | | E
. % = 20 60 70 0 20 40 60 80 100 120 140 160 180 200 220
M [GeV] m,.[GeV]
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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
or one is a Z boson
« Set limits f o
__ cms 137 fb' (13 TeV)
— model-independent Higgs BRs. S | o owm
— dark photon and ALP production s ®f — Pt
CMS 137 fb™ (13 TeV) % 20 = iR me s ce «Zoomies =02
_____ Lﬁ r 2u channel
< | e Expected exclusion 151
310’3 S = ——— Observed exclusion
o EE— . 10
o I — L ——H—=2ZZ, —>f4|,u€ =0.0 :
i I ..... ‘ e 51
S EE VI e |
;<x\10_4 | o 4
N o i R S35 B
:L g 225— 1 ‘
¥ | 158 # i At
S osp LT LTI TY
10 5 10 15 20 25 30 35 00 5 10 15 20 25 30 35
m, [GeV] mg, [GeV]
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arXiv:1908.01115

Heavy Higgs: H—ttbar

« MSSM, low tanp, m(H)>2 x m(top) g t
« Search for A/H—ttbar . k3
« Strong interference with SM ttbar
. . g t
» (+jets and « final states
. _ _ - CMS 35.9 fb~! (13 TeV)
» Kinematic reconstruction . [o5% Clexcusion:
— m(ttbar) and cos6* (lepton angle in ttbar frame) § | Observed 95% expected
- al Expected 68% expected |
R CM§ p+jets channel ' ' : i i i i i i _35.9fb7! (13 Tev)
%:Z: ". 0 < |cos6, | < 0.4 0.4 < |cos 6, | < 0.6 0.6 < |cos 6, | < 0.75 0.75 < |cos 6, | < 0.9 o¥9<§:ts:h|<1 3_ b
300 o . Post-fit unc. ol - :
g(l):z_ . ‘ . ‘.-‘N- { ‘ . . ‘ . ‘ u A(SOOiGe;V,S%,lg=1)Ix2 ] i

myi [GeV]

400 450 500
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Higgs self-coupling

« Self-coupling measurements . emMs_ . 88hI8TeV)
|p T m =125.38 Gev te ]
S > £H N wZ.® ]
* Improve measurements N e
. . . - -1L i
* Include missing pieces: =5 10
. " . — b
H couplings to light fermlo.ns 9: 102) e
— HHVV (c,y) and self-couplings : R .- M..
"*..\ ,""" ;xj"’ Force carriers Higgs boson ]
........................ : ~ AV .::.*;:;T_' A _4‘_ E e )
= 1(1)_42::: e
1.2F 1.08F E
. . 2 1.02—-}- ----------------------- §f -------------------- ﬂ;
H trilinear coupling = 0.8F o5} ]
o 0.6_'" MR | MR | | L

A = m3% /2v?, where v = Higgs boson v.e.v 10” 1 10 102
Particle mass (GeV)
Use coupling modifiers:

kx = X Asm; k2o = cav/Cop(sm)
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di-Higgs searches

non-resonant production

Only SM
---h
 Destructive interference in SM o
« Could be altered in BSM % -
* If constructive, it could be large enhancement @ .
* In SM, only 6=31fb at 13 TeV £ gl
 Study different final states ".\\
*h
- BR Mass scale
bbbb  34% } ;
| bbtt  7.3% [ High resonant production
X2Mh>7 poww  27% New Physics
| bbyy  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

1

ggF Process

BR HH—xxyy
(my =125 GeV)

107

10%

10~

vy 10.26%| 0.1% .
3 . | | |

bb WWwW g9 A ZzZ

_ rarer

M. Gallinaro - "The Higgs boson and beyond" - April 17, 2023 45



What is new In HH searches

CMS-HIG-20-010, 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 Preliminary 59.7 b (13 TeV) 9 1380 °'(13 TeV)
*3 10 bb .1, Prefit qqHH SM x 150.0 —— Prefit ggHH SM x 5.0 =
G>J res2b ! Drell-Yan tt Q
w 10 acp [ Single H S
I Others ® Data W

[ Stat+Syst post-fit unc.

102 ==

10

1

107"

10° - par B IERR e -
. 2_ g
(*)] =
Eé 1_5;_ ....................................................... l ................... JEUSUSURUROR WO SO ? 15}
o bt
8 0.5 f_ .................................................................................. @ O ‘

05 ] | | | | | ] ] g

g = g 2 g S 3 8 100 120 uo 160

DNN 1 regressed mass [GeV]

Regressed mass of one AKS jet

in a ggHH(4b) boosted category
M. Gallinaro - "The Higgs boson and beyond" - April 17, 2023 46

DNN score for resolved ggHH(bbtt) category



HH: results
ATLAS-CONF-2021-052, CMS-HIG-22-001

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

CMS

T I UL I
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Double Higgs production

PRL 122(2018)121803

 Study different final states
* Not yet at the SM sensitivity

(13 TeV)
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LFV In Higgs decays

arXiv:1911.10267, 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
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$0.18F M7 B Z—ee/uy [Mttt+jets 3§ = . Z—ee/ . t+iet - -
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DM searches with Higgs bosons

* H(125) may mix with new dark mediators
« Signature: Higgs+MET = H used as a tag
* Final states:

— H — bb ~58%, large bkg

— H—> WW ~21%, moderate bkg

— H — 1t ~6%, lower bkg

— H — yy ~0.2%, clean final state
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Higgs + Dark Matter

arXiv:1908.01713

- Generic search: pp—H+MET 9 B
. ’
o ISR suppressed due to small coupling to H 2
. . Z! ’
o In the context of simplified models 2
. Q4 X
- DM search with H(—bb,yy, ZZ, WW, 1) a
« Signal events at large MET
q X
c 35.9 fb” (13 TeV)
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t{tH production: Invisible decays

PLB 793(2019)520
ttH—invisible

« Search for invisible decays in VBF

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

» Fit to dijet invariant mass I
distributions Fof cms | fom | W] I
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Long

-lived: Higgs decays

CMS-EXO-20-015
CMS Preliminary 137 b (13 TeV)
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* Higgs decaying to long lived scalars
— Scalars decay to quark final states in the muon chambers

* Resulting bounds are interpreted in context of LL decays
— Missing energy trigger
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Summary

» Excellent consistency of SM but SM is incomplete
* Extensions foresee existence of additional bosons

» Searches for BSM bosons natural companion to
precision SM Higgs boson measurements
— Charged Higgs searches with top quark decays
— Other BSM searches show no indication of deviations

» Searches provide no hints for BSM yet
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A_)Zh 1 25—)MTT

arXiv:1910.11634
. . . h
What if A is too light to decay to ttbar? y
« MSSM: B(A—Zh)=1, low tanp3, m,~200-350GeV
« Reconstruct m, with h,,5 constraint
 Cross section limits
CMS 35.9 fb' (13 TeV)
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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
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