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Higgs, as a gateway to BSM =
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The extended scalar sector o

(aka the many ways to add spin-0 states)
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Search for X¢—=£f

® Search for a new spin-0 particle in associated production with a W/Z boson or a tt pair
- signal width is assumed to be smaller than detector resolution
- target mass range: 15-350 GeV

® Model independent analysis:

- all lepton flavor pairs (ee, uu, t1)

- all possible coupling types (scalar, pseudoscalar, Higgs-like production/decay) — 24 different scenarios
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Search for X¢—=£f

e Builds on an inclusive multilepton analysis with many categories Charge/mass/flavor/...
N 3 and 4 Iepton ﬂnal States (69 //t ’ T) are used gjliljx?z AboveZ SS 8?1821:1 BelowZ AboveZ MixedZ é)iisglfez—OnZ Double-OnZ OffZ
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e Probes 9 different scenarios (only Z¢p — ee scalar is shown) 10 50 100 150 200 250 300 350
® 4-lepton channels dominate ¢ mass (GeV)
® A binned maximum likelihood fit is performed on the dilepton mass Excess at m, = 156 GeV

2.9 (1.4) sigma local (global)
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Search for Wo— ¢
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e 9 different scenarios are probed (only W¢ — 77 scalar is shown) 0
| | | | 107°
® 3 lepton channels dominate (mostly with two hadronic tau candidates)
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Search for tto— £
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® 6 scenarios are probed (only uu scalar/pseudoscalar is shown) Alternate_ bounds on couplings in various models
are coming soon (HEPData):
e Combination of 3 and 4 lepton channels contribute _ , O ~ g2 or 1/A?

- Higgs-mixed scalar
- axion like particles

® Analysis sensitivity at low mass is different between PS and S: - dilaton like particles

- fermionic couplings both in production and decay
- boosted ¢ decays help in the PS scenario (esp. for e/ )
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® [xotic Higgs boson decays to new lighter states are still allowed
e Probing a light pseudoscalar in the mass range 15 - 62.5 GeV (m, < my;/2) g a ’
H rd
® Pseudoscalar-fermion couplings are inherited via mixing with the SMHiggs T »~ \\
- bb, 77, uu decay modes dominate at low masses g a N
Type | Type lll, tan B=5
10%F T ﬁ* e T S H — aa — uubb / trbb
B 107 1 10—15 [ ::4 Two complementary decay modes are targeted, leading
> ?T) | | T T i to 4 distinct final states:
T -2 _| 20 1| -----
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Other CMS results: uuup, tettt, UUTT, YYYY €tc

Signal model includes ggF (~48 pb) and the VBF (~3.9 pb) contributions
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Part 1: H—2aa—pubb e

Categories for selected events

® [inal state with 2 muons and 2 b-tagged jets

- & distinct categories are defined, based on jet qualities Lowpy | at least one b-jet with py < 20 GeV

Improves low

e Dominant SM tt background is reduced by MET<60 GeV requirement two add. jets with pp > 30GeV, |Mass sensitivity
VBF 7| < 4.7, and m; > 250 GeV
® Mass resolution is used to define “double resonance consistency cuts”
TL looser b jet passes L but fails M
2 _ .2 2 _ B ™ looser b jet passes M but fails T
Xiot = Xob T X Where Zon = (M = m,,,) 0y and - g = (50 — 125)/ 0 TT looser b jet passes T
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Xy and y4,, are corrected and decorrelated.
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Part 1: H—aa—uubb

CMS Preliminary 138 fb™ (13 TeV) 138 fb' (13 TeV) 138 fb' (13 TeV)
S S >
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< 1ol = 12 —— S+Bffit = 12— S4B fit
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2 I TMCategory 2 [ e B-only fit 2 - B-only fit
= [ S 101 S 10l
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Unbinned maximum likelihood fit is performed on the dimuon mass
- fully data driven background estimation!
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Part 2: H—2aa—1tbb

® G categories, with one or two b-tagged jets CMS Preliminary 138 fb™ (13 TeV)
-T.7,b T mb  T,Tb

—¢- Observed | |iet—T,

ttbb Final state

- 7.7,bb  7,7;,bb 7,7,bb (full signal reconstruction)

Z—1T

— m, =35GeV,B=10%

Events / 0.05

® A DNN is used to define multiple subcategories in each (15 total):
- momentum vectors: pr and i of leptons and jets

- Mass: m(bm'), MT (W — £ is at larger values)
Am = (mbb _ mTT)/ Mer

- angular: AR, D (/. — 77 is at large values, collinear MET and ditau)
J e

® Data driven “fake factor” method is used to estimate contributions
from j — 7, processes (jets misidentified as hadronic taus).

Obs./EXxp.
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Part 2: H—=aa—ttbb e
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Binned maximum likelihood fit is performed on the ditau mass
- SVit algorithm is used to improve sensitivity (~30%)
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| t pseudoscalars: H—aa -
O HIG-22-007 == %
A ) |
10 138 fo' (13TeV) CMS Prellmmary 138 b (13 TeV)
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= 95% CL upper limits i —~ 14 B 95% CL upper limits 7
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e The results are obtained independent of the 2HDM type and tan f parameter.

- SM H production is assumed
- Statistical uncertainties dominate
- Improvement of sensitivity over the earlier CMS results by a factor of ~2

® Model dependent limits are also available.
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Light

102 CMS Preliminary 132.2 fb™ (13 TeV)

- oo Ly, T
e Probing a “lighter” scalar state: H — yy - 2 + Data ’
- Assumes natural width is small compared to the detector resolution. w0 M;=95.4 GeV — S+B fit -
- diphoton mass resolutonis1-3% & N e B component -
I +1o _
® Jargets the mass range 70-110 GeV % 2 0 -

- lower mass bound is defined to avoid trigger turn-on effects.
- higher masses are covered by the H(125) — yy analyses

® MVA techniques are used both for photon ID and event classification.
- Photon MVA: lateral shower shape, isolation, energy density, #

® Search for narrow signal peak over smoothly-falling background. 200

Higgs to diphotons

40 —
20—

S/(S+B) Weighted Events / GeV

related variables (prompt vs nonprompt) 500

400 |-

- parametric fit to the diphoton mass spectrum is used 0T eele

-200
-400
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Light Higgs to diphotons

CMS Preliminary 132.2 fb™' (13 TeV) 1CMS Preliminary 132.2 b (13 TeV)
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=3[ 190 4
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. 107" & . Combined + 1o
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The first full Run2 search for such resonances in the diphoton final state! i
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Prompt low mass dimuons

e Probing 1.1-7.9 GeV mass range with muon pr > 3 GeV
- events are directly reconstructed in the HLT

EXO-21-005 |ng¥t
— /< \

4 CMS Preliminary 61.3 1" (13 TeV) 1
] >

3 3
<35 09 3
—0.8 i

o

()]

o

80% trigger eff. at .-

The high-rate trigger stream: 4-8kB/event at ~ 2 kHz
— CMS scouting dataset

“for comparison, reqular dimuon trig. rate 1s <0.5 kHz

CMS Preliminary

()
~

® Two custom MVA selections are defined for low and “high” masses:

- boost of dimuon pairs <> uncertainty on vertex position
- Improves sensitivity by ~30% w.r.t previous efforts

Events / (0.002 GeV)

high boost / low AR 0s &

+0.01

® Promptness cuts on the dimuon vertex - beam spot distance: 10*
-L < 0.015—=0.2 cm and L/6; < 3.5 (depending on mass and py)

® Simultaneous S+B fits to the dimuon invariant mass distribution.
- fully data driven background estimation!
- assumes narrow resonance (CMS dimuon mass resolution =1.3%). 102

2017+2018
Scouting Triggers, 96.6 fo™' (13 TeV)

— Upsilon Trained Selection

- - - - J/y Trained Selection

Om
N

- fit window +5x the mass resolution around the resonance mass.

10 _
m,, [GeV]

Dedicated MVAs for muon identification:
- quality of the muon tracks, the relative muon isolation
and the vertex that the muons are associated with.

See EXO-20-014 for the CMS long-lived dimuon analysis
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Prompt low mass dimuons x0.2:.005 58

10 CMS Preliminary 96.6 fo' (13 TeV) CMS Preliminary 96.6 fb™ (13 TeV)
o = =
Q - £ -
3 - Low Pt — Observec % I ngh Pt — Observed
< [ ---- Expected < TF ---Expected
X 4 GeV + 1 X F S GeV
= pr(p) > ES X E prp) > e I+ 1o
? 1 g_ + 20 g_‘ : + 20
X T L1071
oC r -
s B L
<107k >
— —2
T F 107 E
% - Misreconstructed D — KK/Kn 5—; -
- background at 1.58/1.72 GeV/ S [ p(uu)>35GeV pr(pp) > 20 GeV
Pr\HH
1072 ' ' ' ' N 1073 ' ' ' ' —
2 3 4 S5 6 7 8 2 3 4 5 6 7 8
m,, [GeV] m,, [GeV]

The background model fit on the mass continuum becomes unreliable over the J/U, 1’ resonances, hence this region is omitted.
Model dependent limits are also available.
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LFV decays of a new scalar i 22002 SRS

e Exotic decay: H — eu
- can emerge in various BSM models with more than one Higgs boson CMS CMS Prelimnery LALELL

doublet, composite Higgs models, MSSM, etc. > 700 T '+' AR G L Do 7 Coutas G
- ata 3
(D B Lﬁ Y 7
: ~ 600 [ — S+B fit ‘5°° 7
® [argets both the ggF and VBF productlon moca!es. | 2 E B component o/l
- these are targeted by 2 experimental categories, based on jets % 500 244 DUESE:
S 400 . 2 o
. L . O —
® BDIs are used to further define subcategories in signal purity I Moy [GEV]
- MET, boost, angular variables of MET and dilepton system (A#), N] ppratios, .. 'g 300 I —
Q200 -
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e A SR | Completely data driven background estimation
ggH BDT discriminant VBF BDT dlscrlmlnant
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LFV decays of a new scalar i 22002 SRR

CMS 138 b (13 TeV) CMS Preliminary 138 fb™' (13 TeV)
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The first direct search for X = ep in this mass range.
- 1.e. with my below twice the W boson mass.
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Compact Muon Solenoid

LFV decays of H(125) <

CMS 138 b (13 TeV
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See CMS-HIG-20-009
Sets the most stringent “direct” limit on the LFV decay of SM Higgs: for direct bounds on
BRH — eu)<4.4- 107 at 95% CL BRH — et/u7)
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® Extensive BSM scalar sector program at CMS / LHC
-WaolZd/tt) — ¢
-h/H — aa
-H = yy
-h/H — eu
-X—->VV
- X > HH
-H* — H/hW, b, ..

® [ocused on the recent searches from the CMS experiment

® Run3 is underway, at 13.6 TeV
- expected to more than double the Run2 luminosity
- BSM scalar sector is a natural target as the LHC dataset grows

Relatively low production rate
Next-to-minimal models significantly change detector phenomenology
Variety of final states from standard to very exotic/soft/collimated..

https://www.symmetrymagazine.org/article/four-things-physicists-still-wonder-about-the-higgs-boson
https://www.symmetrymagazine.org/article/what-the-higgs-boson-tells-us-about-the-universe

o Stay tuned!
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Compact Muon Solenoid

Search for X¢—#f (all PS results) e==m >
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Light Higgs to diphotons
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Light Higgs to diphotons i 20002 SRS
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LFV decays of a new scalar i 22002 SRR
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Relatively small excesses in multiple categories
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Unbinned maximum likelihood fit is performed on the dimuon mass in each of the categories
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HIG-21-021
HIG-22-007

Light pseudoscalars: H—aa
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Model dependent interpretations in 2HDM+S type lll and IV scenarios.
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H2DM Pseudoscalar BRsS
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Light pseudoscalars: H—aa

.CMS Preliminary 35.9-138 fb' (13 TeV) ,CMS Preliminary 35.9-138 fb' (13 TeV)
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-021
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-007

Prompt low mass dimuons £x0-21.005 g

CMS Preliminary

90% CL 96.6 fb~' (13 TeV)

C\[:)i
=
/p)
10
BaBar
LS Type IV 2HDM+S model
10-° tanf=0.5
2 3 4 ) 6 /
m, [GeV]

Model specific Type-IV 2HDM+S reinterpretation of the high p limit
- ggF production mode yields higher boost than does the DY mode.
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-005

EXO0-21-018 |ngt
L <\

Search for X¢—=£f

Label Channels Qs OSSFn Mossg Ny St pgT’ My Dilepton mass
Wo¢(ee/upn) SR1Low  3L(eeu/euu) 1 1 OffZ 0 — - <76, >106  Mee / My,
W¢(ee/uu) SR2Low  3L(eee/uup) 1 1 OffZ 0 — - <76, >106 Mx"/Mp"
W¢(ee/uu) SR1High 3L(eeu/euu) 1 1 OffZ 0 >200 >15 > 150 Mee / MW
W¢(ee/uu) SR2High 3L(eee/uup) 1 1 OffZ 0 >200 >15 > 150 Mg/ M
Z¢p(ee/uu) SRLow 4L+3L1T+2L2T O >1  Notdouble-OnZ 0 — — — Mzminy M
Z¢(ee/un) SRHigh  4L+3L1T+2L2T O >1 Notdouble-OnZ 0 >200 - > 150 M2/ Mmax
ttp(ee/uu) SR1Low  3L(eeu/eun) 1 1 OffZ >1 >350 - > 100 Mee / MW
tt¢p(ee/up) SR2Low  3L(eee/uup) 1 1 OffZ >1 >350 - > 100 Mzmin/ M"
ttp(ee/uu) SR1High 3L (eeu/eupu) 1 1 OffZ >1 >400 >15 > 100 Mee / MW
ttg(ee/uu) SR2High  3L(eee/puuu) 1 1 OffZ >1 >400 >15 > 100 M™ / M
ttp(ee/up) SR3Low  4L+3LIT+2L2T 0  >1 OffZ - >350 - — M@™/ M
tt¢(ee/uu) SR3High  4L+3L1T+2L2T 0 > 1 OffZ - >400 - — Mee™ / Mo

Label Channels Qs OSSFn Mopssg N St N; p% M,  Dilepton mass

W¢(tT) SR1 3L 1 0 — 0O >200 - >15 >150 Mg;}“

W¢(tT) SR2 2LI1T+1L2T 1 0 - 0 >200 - >30 >150 Mmin

We(tT) SR3  1L2T 1 1 - 0 >200 - >30 >150 Mmin

Zp(tTt)SR1  4L+212T 0 1 - 0 >200 - - = Mg

¢(tT)SR2  3LIT 0 1 - 0 >200 - = = Mpn

Zp(tT) SR2  2L2T 0 0 - 0 >200 - -~ = Mipn

Z(tT) SR3  2L2T 0 2 - 0 >200 - - - Mmin

ttp(t7) SR1 3L 1 0 - 0 >400 >1 >15 100 Mmm

ttp(tT) SR2  2LIT+IL2T 1 0 - 0 >400 >1 >30 > 100 Mg;m

ttp(t7) SR3  1L2T 1 1 - 0 >400 >1 >30 > 100 Mmin

ttp(tT) SR4 3L 1 1 OoffZ >0 >400 >1 >15 100 Mmln

ttp(7T) SR4 3L 1 0 - >0 >400 >1 >15 > 100 Mmm

ttp(tt) SR5 2LI1T+1L2T 1 0 - >0 >400 >1 >30 100 ME}“

ttgp(tT) SR6  1L2T 1 1 - >0 >400 >1 >30 > 100 Mmin

tigp(tT) SR7  3LIT 0 1 Offz - >400 - - - Mpn

ttp(t7) SR7  3LIT 0 0 — - >400 - - - Mg‘;}‘n

figp(tT) SR7  2L2T 0 2 OffZ - >400 - - - M

tip(TT) SR7  2L2T 0 <2 - - >400 - - - M

tigp(tT) SR7  1L3T 0 1 - - >400 - - - MRn
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-018

Higgs production and decay

W2 o = s | ' 3
9 z ; W.Z O = o
t HO >WW{!J\‘ 5 B z’
g , g N E 3
WZ Bremsstrahlung o — g
gluon-gluon vt o+ ©
usion (e Ju— S T :
g —r + 41T
9 : E 1 O > \
tt fusion Al " a.
vector boson g B
100000000 fusion (VBF) j_: L
10 E
10000000 E E
1000000 B =
09 VBF WH ZH tH
1 0'3 | | | | | | | |
100 200 300 400 500 1000
M, [GeV]

ggF and VBF are the dominant production modes at the LHC.
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The scalar landscape in MSSM

tanp

https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryResultsHIG/MSSM_limits_hMSSM_Mar2023.png
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TAU-18-001 |ag®
2

Tau embedding

nt 41.5fb" (2017, 13 TeV)
b4
Z — up Selection >
- CMS ¢ Observed Z — 11 (embedded)
80000 —— Z — 1t (simulation) 1] Z — ¢
— e . t Il Diboson
‘Z =TT Slmulatlonl RN ‘ 7 — pp Cleaning \ _
g 60000 - W + jets QCD
> ?’\ L
DL SR N
':‘\ :: - ‘g‘ 40000
A TN
” Z — 7 Hybrid 20000 ®

Simulate 7 leptons

Remove energy

5,
. - . ':\:,. 'y - :\‘~b‘ > )
with same kinematic e A deposits from muons.
properties as muons. L\ &
<\, "~

Bkg. (embedded) unc. + Obs./Bkg. (simulation) + Obs./Bkg. (embedded)

Merge simulated and
cleaned event.

0 50 100 150
Embedding technique eliminates possible issues with miss G \V
underlying event description, pileup contributions, or pT ( c )

production of associated jets.
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TAU-18-001/index.html

