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h125 is the first discovered
SUSY particle

In 2012 SUSY people were happy to say:
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A lot of SUSY (and BSM) analyses in Higgs sector
are still going on these days in ATLAS and CMS 
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Summary of coupling strength modifiers for h125
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Bi – probability to decay to invisible mode (h125 →DM DM)
Bu – probability to decay to yet undetected BSM modes

h125→ mt, hh,… + unknown/undetectable
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Nature 607, 52-59, (2022)

Room for New Physics with non SM 
decays of h125:

Bu < 0.12 (expected 0.21)
Binv < 0.13 (expected 0.08)

at 95 % CL 

https://www.nature.com/articles/s41586-022-04893-w.pdf


BSM physics with Higgs bosons

• find an additional Higgs bosons

• find non SM decays of h(125)

• precise measurement of h(125) using “SM channels” 
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Additional Higgs bosons
in MSSM 

h,H,A,H± (mh < mH) 
most probably h (not H) is discovered h125
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At tree level Higgs sector of MSSM is determined 
by only two parameters:

MA and tan(b)

1 <  tan(b) = v2/v1 = (v sin(b)) / (v cos(b)) < 60
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From 2010 to 2022 in MSSM neutral Higgs searches  
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H/A->cc still to be done
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Caveat, mH
125 scenario:

• In a very restricted region of MSSM parameter space Higgs 
125 GeV is associated with H (MH

125), while mh < 125 GeV
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arXiv:1808.07542

One should look at H+->Wh
decays to exclude this scenario
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Additional Higgs bosons
in 2HDM 

h,H,A,H± (mh < mH), h or H is discovered
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Free parameters of 2HDM:

mh, mH, mA, mH+, a, tanb, m12 (soft Z2 symmetry (F1->F1, F2->-F2) breaking 
parameter)

m12 is often taken as in MSSM: mA
2=m12

2/(sinbcosb)-l5v2 with l5=0 as in MSSM

m12 != 0 to have a new mass scale. This allows the model to have a decoupling limit. When m12 goes to infinity 
we recover the SM
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Anaysis which does not make a sence in MSSM 
but does in 2HDM: A(H)→ZH(A), h=h125
• contrary to MSSM 

• A-boson can have a small mass

• mA !≈ mH at large masses

• A→ZH decay is the signature of a strongly first order electroweak 
phase transition (EWPT) in 2HDMs, as needed for Electroweak 
Baryogenesis G. C. Dorsch, S. Huber, K. Mimasu and J. M. No, arXiv:1405.5537
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See also more recent:
Strong First Order Electroweak 
Phase Transition in the CP-
Conserving 2HDM Revisited, 
M. Meuhlleitner at al,
arXiv:1612.04086

2HDM Type I
Promising fast
sim. result for
llbb final state, 
mA=400 GeV
mH=180 GeV. 
s=5 at L=40fb-1

at 14 TeV LHC
27/09/2022

https://arxiv.org/pdf/1405.5537.pdf
https://arxiv.org/pdf/1612.04086.pdf
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A.D. Sakharov, ZhETF Pis’ma 5 (1967) 32 (JETP Letters 5 (1967) 24)

M. E. Shaposhnikov, 
Journal of Experimental 
and Theoretical Physics Letters, 
Vol. 44, 1986, pp. 465-468

A. I. Bochkarev and M. E. Shaposhnikov, 
Modern Physics Letters A,
Vol. 2, No. 6, 1987, pp. 417-427.
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https://twiki.cern.ch/twiki/pub/CMS/HiggsExoticsTheory/Sakharov.pdf
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Condition for EWPT to be of strong first-order:

Philip Basler's PhD thesis, KIT
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CMS result on A→ZH
→l+l-bb analysis
arXIv:1911.03781
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Analysis of 2D mjj – mlljj distributions using 
ll+two b-tag jet events, 70<mll<110 GeV 

ATLAS, 139 fb-1, llbb, llWW, arXiv:2011.05639 

on going CMS analysis: A→ZH→lltt
27/09/2022

https://arxiv.org/abs/1911.03781
https://arxiv.org/abs/2011.05639


Additional Higgs bosons
in NMSSM, 2HDM+S 

h1, h2, h3, a1, a2, h±; mh1<mh2<mh3, ma1<ma2
h1 or h2 is discovered h125
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Searches for light scalars from h125 decay to aa(hh)

• this plot need to be updated for 

13 TeV (Run II) CMS analyses
• mmbb: arXiv:1812.06359 – ma range is 20-60 GeV
• ttbb: arXiv:1805.10191 – ma range is 15-60 GeV
• mmtt: arXiv:2005.08694 – ma range is 3.6-21 GeV
• tttt : arXiv:1907.07235 – ma range is 4.0-15 GeV
• mmmm: arXiv:1812.00380 – ma range is 0.25-8.5 GeV
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already sensitive to NMSSM 

27/09/2022

http://arxiv.org/abs/1812.06359
http://arxiv.org/abs/1805.10191
http://arxiv.org/abs/2005.08694
http://arxiv.org/abs/1907.07235
https://arxiv.org/abs/1812.00380


Latest CMS and ATLAS searches for h125→ss→xxyy on one plot
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From “Probing the Electroweak Phase Transition with Exotic Higgs Decays”
M. Carena et al arXIv:2203.08206

Interpretation in h125+singlet model
Already sensitive to parameter regions
for strong 1st order EWPT 

https://arxiv.org/abs/2203.08206v1


NMSSM: search for H(A)→h125h(a)S→ttbb decay
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• 240 < mH(A) < 3000 GeV, 60 < mhS < 2800 GeV

teth, tmth, thth plus at least two
jets (at least one b-tagged) final 
states are used

arXiv:2106.10361
already sensitive to NMSSM 

for mH<400 GeV B physics kills most of the benchmark 

points (Ulrich Ellwanger, private communication) 

Range for HL-LHC
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https://arxiv.org/abs/2106.10361


NMSSM: search for H(A)→h125h(a)S→ggbb decay
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Range for HL-LHC
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• 300 < mH(A) < 1000 GeV, mh(a) < 800 GeV

CMS HIG-21/011

already sensitive to NMSSM 

https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-21-011&tp=an&id=2449&ancode=HIG-21-011


Search for Dark Matter 
in non-SM h(125) decays:

h125→invisible  

20Search for New Physics in Higgs sector at LHC27/09/2022



Connection between   
LHC H->inv. and direct DM searches 

DM-nucleon scattering
(by XENON, LUX,… exp.)

H->invisible decay at LHC

where fN – Higgs-nucleon coupling

A. Djouadi et. al.   arXiv:1112.3299
Search for New Physics in Higgs sector at LHC 2127/09/2022

https://arxiv.org/abs/1112.3299


DM (WIMP) detection on Earth with XENON experiment 

Start data taking in 2007 at Gran Sasso in Italy. Current XENON100 – 165 L xenon. Plan for 1000 L
22Search for New Physics in Higgs sector at LHC27/09/2022



most sensitive mode 
qq’→qq’h (VBF h)

ET
miss

J1
J2
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arXiv:2201.11585
Observed (expected) BR(H→inv)< 0.18 (0.10) at 95 % CL

Expect to reach ≈ 4 % at HL-LHC with 3 ab-1 (FTR-19-001)
27/09/2022

https://arxiv.org/abs/2201.11585


Result is already interesting for MSSM and will be
interesting for NMSSM with HL-LHC measurements
• MSSM • NMSSM
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A. Djouadi et al, arXiv:1211.4004

In a such scenarious BR h→invisible
can reach 8 % .Ulrich Ellwanger, 
private communication

U. Ellwanger et al, arXiv:1806.09478

Scenarios with light neutralino 1
30 ≤ mc1≤ 60 GeV

27/09/2022

https://arxiv.org/abs/1211.4004
https://arxiv.org/abs/1806.09478
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Excellent prospect for 
forward jet 
reconstruction 
at HL-LHC:

CMS HGCAL (tracker) 
up to |h| ≈ 3.0 (4.0)
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Some excitements at the end:
event excesses observed in CMS in 

searches for BSM Higgs bosons
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• Light X→gg
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• Light X→tt • Light X→mm

sglobal=1.3
at 95 GeV

sglobal=2.7 at 100 GeV, 2.3 at 95 GeV

slocal=4.2

slocal=2.9

slocal=2.0



Conclusions

• very reach physics program for searches for non-SM physics
in Higgs boson sector at LHC

• we expect to have an another discovery after h125 with Run II 
and Run III or HL-LHC data

28Search for New Physics in Higgs sector at LHC27/09/2022



THE END

Search for New Physics in Higgs sector at LHC 2927/09/2022



BSM analyses of h125
• measurement of h125 transverse momentum

• with a goal to identify deviations from SM prediction
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Non SM contributions into gg→h125 production
SM Effective Field Theory approach
• Spira at al. arXiv:1612.00283, arXiv:1806.08832, arXiv:2109.02987

at NLO
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ct cg ctg

ctg

Ctg is chromomagnetic dipole 
operator that modifies the coupling 
between gluons and the top quark, 
with and without the Higgs boson 
at the same vertex.
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https://arxiv.org/pdf/1612.00283.pdf
https://arxiv.org/abs/1806.08832
https://arxiv.org/abs/2109.02987


Recent CMS measurements of pT
h125 in Run II

• arXiv:1812.06504, 2016 data  • arXiv:2107.11486, full Run II 

scale dependence of cg, kt for every pT
h125 bin is neglected, LO SM EFT

No significant deviations from SM in pT
h125 is found

Search for New Physics in Higgs sector at LHC 3227/09/2022

https://arxiv.org/abs/1812.06504
https://arxiv.org/abs/2107.11486


BSM analyses of h125
• measurements of CP property of Higgs boson
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through Higgs boson decays
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decays to fermions, tt

• A. Djouadi review arXiv:hep/ph-0503172 at the end of Section 2.1.4 

• M. Kramer et all arXiv:hep-ph/9404280

• Z. Was et al, arXiv:1608.02609

• S. Berge et al, arXiv:1510.03850
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https://arxiv.org/abs/hep-ph/0503172
https://arxiv.org/pdf/hep-ph/9404280.pdf
https://arxiv.org/abs/1608.02609
https://arxiv.org/abs/1510.03850


New CMS result on CP properties of h125tt effective 
coupling, arXiv:2110.04836
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Relation to mixing angle a:

S. Berge at al, arXiv:1410.6362
S. Berge at al, arXiv:1108.0670

27/09/2022

https://arxiv.org/abs/2110.04836
https://arxiv.org/abs/1410.6362
https://arxiv.org/abs/1108.0670


This measurement
is interesting for
NMSSM
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Not interesting for MSSM, since
large mass difference between
h125 and A (mA ≥ 500 GeV)
therefore very small CP mixing

and HL-LHC
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Two Higgs Doublet Model (I)
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parameters  l6,l7=0 as result of Z2 symmetry imposed to avoid FCNC (F1->F1, F2->-F2)

Soft Z2 symmetry breaking:  m12 != 0

Higgs potential

m12 != 0 to have a new mass scale. This allows the model to have a decoupling limit. 
when m12 goes to infinity we recover the SM
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Two Higgs Doublet Model (II)
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Yukawa interaction with fermions

Four possible Z2 charge assignments that forbid 
tree-level Higgs-mediated FCNC effects in the 2HDM

same as in MSSM

27/09/2022



A first attempt to measure h125→bb selecting 
high pT bb events

• arXiv:2006.13251 (ATLAS, arXiv:2111.08340)

An excess is seen for Higgs boson pT > 650 GeV with a local significance 
of 2.6 σ with respect to the SM expectation including the Higgs boson.
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https://arxiv.org/pdf/2006.13251.pdf
https://arxiv.org/pdf/2111.08340.pdf


Validity range of SMEFT

• comparison of pT
h125 in SMEFT and an explicit model (example of heavy

top partner model). From Spira et al. arXiv:2109.02987
• qualitatively, the matched SMEFT spectrum reproduces that of the model up to pT

H

≤ MT while at higher pT
H values, where the model spectrum depends explicitly on 

MT
2 mass terms, the SMEFT description breaks down.
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Value of cg (ct) obtained from the fit of pT
h125 depends on the 

upper end of the the fit range !  It gives correct value if the upper
end is not significantly larger than MT. But MT is not known… 

27/09/2022

https://arxiv.org/abs/2109.02987


through production mechanism
• arXiv:hep-ph/0105325 Plehn, Raiwater, Zeppenfeld

arXiv:1301.4965 Djouadi, Melado

• arXiv:hep-ph/0703202

Klamke, Zeppenfeld
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H, A

The distribution of the azimuthal angle between the two jets in Hjj events can be 
used to determine the tensor structure of the HVV and effective ggH coupling 

SM tree level BSM. Only loop induces suppressed BSM is not suppressed as in VVH 

27/09/2022

https://arxiv.org/pdf/hep-ph/0105325.pdf
https://arxiv.org/pdf/1301.4965.pdf
https://arxiv.org/pdf/hep-ph/0703202.pdf


Dfjj reflect CP structure of VVH and ggH couplings
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• arXiv:hep-ph/0105325

Plehn, Raiwater, Zeppenfeld

• arXiv:hep-ph/0703202

Klamke, Zeppenfeld

qq→qqh125 gg→h125+jj 

27/09/2022

https://arxiv.org/pdf/hep-ph/0105325.pdf
https://arxiv.org/pdf/hep-ph/0703202.pdf


New CMS result on CP properties of ggh125
effective coupling (HIG-20-007)

• assuming top quark dominates

in ggh125 loop
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ATLAS: ggH coupling with H-WW, 36 fb-1 arXiv:2109.13808 

ATLAS: ttH coupling with H->gg, 139fb-1 arXiv:2004.04545
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https://arxiv.org/pdf/2109.13808.pdf
https://arxiv.org/pdf/2004.04545.pdf


Implication for complex Two Higgs Doublet Model (C2HDM)
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Together with other production 
modes involving tth125 coupling
and with tth125 coupling this
measurement will be used to 
extract fundamental parameters
of Complex Two Higgs Doublet 
Model where CP is explicitly
broken From Rui Santos talk 

at CMS Higgs meeting
March 3rd, 2020

D. Fontes at al, arXiv:1502.01720
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https://arxiv.org/abs/1502.01720


The search strategy and status for MSSM   

Access this region with 
H/A->cc, H/A->tt

45

and continue searches for A/H->tt new CMS result for A/H→tt
Search for New Physics in Higgs sector at LHC27/09/2022



Prospects for HL-LHC in (h)MSSM

46

A. Djouadi et al arXiv:1502.05653

Search for New Physics in Higgs sector at LHC

with tt mode (FTR-19-001)

can searches for H/A->cc and H/A->tt close a “white gap” ?
27/09/2022

https://arxiv.org/pdf/1502.05653.pdf


Доклад посвящается Виталию Сергеевичу Кафтанову
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03.12.1931, Москва — 14.09.2006, Варна
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Latest CMS h125 mass measurement
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Access seen with 8 TeV, 20 fb-1 data 
is not confirmed for 13 TeV, 36 fb-1

JHEP 06 (2018) 001
Search for New Physics in Higgs sector at LHC27/09/2022
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2HDM signatures as an evidance
for EWPT to be searched at HL-LHC

• continue with A→ZH→llbb search, 

however is restricted by mH< 2mt, 

when H→tt is open 

• Search for heavy A(H)→tt and

H±→tb
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Red points can be probed
at HL-LHC with A/H→tt

arXiv:2108.05356

27/09/2022

https://arxiv.org/pdf/2108.05356.pdf


Prospects for Higgs pT at LH-LHC
• CMS FTR-18-011 • Spira et al. arXiv:2109.02987

TH test of EFT input
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The chromomagnetic dipole operator 
can be tested also in the top sector: 
arXiv:1910.03606, CMS: arXiv:1811.06625, arXiv:2012.04120

27/09/2022

https://arxiv.org/abs/2109.02987
https://arxiv.org/pdf/1910.03606.pdf
https://arxiv.org/pdf/1811.06625.pdf
https://arxiv.org/pdf/2012.04120.pdf


This measurement is very interesting in 2HDM !
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Exclude scenario when h2(h125 ) 
is SM like but decay to tt~ as CP-
even and to tt as CP-odd

Rui Santos, private communication
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https://link.springer.com/content/pdf/10.1007/JHEP02(2018)073.pdf


New: first CMS result on low tanb, large mA
MSSM channel H/A→tt (I) (arXiv:1908.01115)
• semileptonic and di-lepton topology selected

• interference effect between gg→H(A)→tt signal ( 3P0(1S0)* state) and gg→tt (mixture of 
states) background produce peak-dip structure in di-top system mass distribution
• K. J. F. Gaemers and F. Hoogeveen, Phys. Lett. B 146 (1984) 347
• D. Dicus, A. Stange, and S. Willenbrock, arXiv:hep-ph/9404359
• W. Bernreuther, M. Flesch, and P. Haberl, arXiv:hep-ph/9709284

• exploit difference in spin correlations. Fit mtt in bins of cosq*
tl
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https://arxiv.org/abs/1908.01115
https://www.sciencedirect.com/science/article/pii/0370269384917118?via%3Dihub
https://arxiv.org/abs/hep-ph/9404359
https://arxiv.org/abs/hep-ph/9709284


New: first CMS result on low tanb, large mA

MSSM channel H/A→tt (II) 
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Trigger on the most sensitive mode VBF h→invis
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Slide from Nick Wardle
talk at Higgs2021
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From 2011 to 2022 in MSSM charged Higgs searches  
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CMS PAS HIG-11-008 arXiv:1903.04560

https://arxiv.org/abs/1903.04560
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Discovery papers, 2012
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Excellent prospect for 
forward jet 
reconstruction 
at HL-LHC:

CMS HGCAL (tracker) 
up to |h| ≈ 3.0 (4.0)

27/09/2022
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BSM Higgs 12 years later
in ATLAS and CMS
LHC Days in Split 2022
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