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h125 is the first discovered
SUSY particle

In 2012 SUSY people werehappy to say:
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A lot of SUSY (and BSM) analyses in Higgssector
are still goingon thesedaysin ATLAS and CMS 
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Summaryof couplingstrengthmodifiersfor h125

Search for New Physics in Higgs sector at LHC 4

Bi ςprobability to decayto invisible mode (h125Ҧ5a DM)
Buςprobability to decayto yet undetectedBSM modes

h125Ҧ mt,hhΣΧ Ҍ unknown/ undetectable
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Nature 607, 52-59, (2022)

Room for New Physicswith non SM 
decaysof h125:

Bu < 0.12 (expected0.21)
Binv < 0.13 (expected0.08)

at 95 % CL 

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


BSM physics with Higgs bosons

Åfind an additional Higgs bosons

Åfind non SM decays of h(125)

ÅpǊŜŎƛǎŜ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ Ƙόмнрύ ǳǎƛƴƎ ά{a ŎƘŀƴƴŜƭǎέ 
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AdditionalHiggsbosons
in MSSM 

h,H,A,H± (mh < mH) 
most probablyh (not H) is discoveredh125

Search for New Physics in Higgs sector at LHC 6

At tree level Higgs sector of MSSM is determined 
by only two parameters:

MA and tan(b)

1 <  tan(b) = v2/v 1 = (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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AdditionalHiggsbosons
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)-l5v
2 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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Anaysiswhichdoesnot makea sencein MSSM 
but doesin 2HDM: A(H)ŸZH(A), h=h125
Åcontrary to MSSM 
ÅA-boson canhave a smallmass

ÅmA ΗҒ mH at large masses

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

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

at 14 TeVLHC
29/09/2022

https://arxiv.org/pdf/1405.5537.pdf
https://arxiv.org/pdf/1612.04086.pdf
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A.D. Sakharov, ZhETFtƛǎΩƳŀ5 (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. Bochkarevand 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


Search for New Physics in Higgs sector at LHC 11

Condition for EWPT to be of strongfirst-order:

Philip Basler's PhD thesis, KIT
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CMS resultƻƴ !Ҧ½I
Ҧl+l-bb analysis
arXIv:1911.03781
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Analysis of 2D mjjςmll jj distributions using 
ll +two b-tag jet events, 70<mll <110 GeV 

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

oƴ ƎƻƛƴƎ /a{ ŀƴŀƭȅǎƛǎΥ !Ҧ½IҦll tt
29/09/2022

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


AdditionalHiggsbosons
in NMSSM, 2HDM+S 

h1, h2, h3, a1, a2, h
±; mh1<mh2<mh3, ma1<ma2

h1 or h2 is discoveredh125
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Searchesfor light scalarsfrom h125decayto aa(hh)

Åthis plot needto be updatedfor 

13 TeV(RunII) CMS analyses
Åmmbb: arXiv:1812.06359ςma range is 20-60 GeV
Åttbb: arXiv:1805.10191ςma range is 15-60 GeV
Åmmtt: arXiv:2005.08694ςma range is 3.6-21 GeV
Åtttt: arXiv:1907.07235ςma range is 4.0-15 GeV
Åmmmm: arXiv:1812.00380ςma range is 0.25-8.5 GeV
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alreadysensitive to NMSSM 
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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


LatestCMS and ATLAS searchesfor h125ҦǎǎҦȄȄȅȅ ƻƴ ƻƴŜ Ǉƭƻǘ
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CǊƻƳ άtǊƻōƛƴƎ the Electroweak Phase Transition with Exotic Higgs 5ŜŎŀȅǎέ
M. Carenaet al arXIv:2203.08206

Interpretation in h125+singlet model
Alreadysensitive to parameterregions
for strong1st order EWPT 

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


NMSSM: searchŦƻǊ Iό!ύҦƘ125h(a)SҦttbbdecay
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Å240 < 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
alreadysensitive 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: searchŦƻǊ Iό!ύҦƘ125h(a)SҦggbbdecay
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Range for HL-LHC
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Å300 < mH(A) < 1000 GeV, mh(a) < 800 GeV

CMS HIG-21/011

alreadysensitive 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:

h125O invisible  
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Connection between   
LHC H->inv. and direct DM searches 

DM-nucleon scattering
όōȅ ·9bhbΣ [¦·ΣΧ ŜȄǇΦύ

H->invisible decay at LHC

where fNςHiggs-nucleon coupling

A. Djouadiet. al.   arXiv:1112.3299
Search for New Physics in Higgs sector at LHC 1929/09/2022

https://arxiv.org/abs/1112.3299


DM (WIMP) detection on Earth with XENON experiment 

Start data taking in 2007 at Gran Sassoin Italy. Current XENON100 ς165 L xenon. Plan for 1000 L
20Search for New Physics in Higgs sector at LHC29/09/2022



most sensitive mode 
qqΩOǉǉΩƘ ό±.C Ƙύ

ET
miss

J1
J2

21Search for New Physics in Higgs sector at LHC

arXiv:2201.11585
Observed (expected) BR(IҦƛƴǾ)< 0.18 (0.10) at 95 % CL

9ȄǇŜŎǘ ǘƻ ǊŜŀŎƘ Ғ п ҈ ŀǘ I[-LHC with 3 ab-1 (FTR-19-001)
29/09/2022

https://arxiv.org/abs/2201.11585


Resultisalreadyinterestingfor MSSM and will be
interestingfor NMSSM with HL-LHC measurements
ÅMSSM ÅNMSSM
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A. Djouadiet al, arXiv:1211.4004

In a such scenariousBR ƘҦƛƴǾƛǎƛōƭŜ
can reach 8 % .Ulrich Ellwanger, 
private communication

U. Ellwangeret al, arXiv:1806.09478

Scenarios with light neutralino 1
ол Җ Ƴc1Җ60 GeV

29/09/2022

https://arxiv.org/abs/1211.4004
https://arxiv.org/abs/1806.09478


Someexcitementsat the end:
eventexcessesobservedin CMS in 

searchesfor BSM Higgsbosons
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ÅLight XҦgg
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ÅLight XҦtt ÅLight XҦmm

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

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

Åwe expect to have an another discovery after h125 with Run II 
and Run III or HL-LHC data
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THE END
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BSM analyses of h125
Åmeasurementof h125 transverse momentum
Å with a goal to identify deviationsfrom SM prediction
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Non SM contributions intoƎƎҦƘ125production
SM Effective Field Theory approach
ÅSpiraat al. arXiv:1612.00283, arXiv:1806.08832, arXiv:2109.02987

at NLO
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ct cg ctg

ctg

Ctg is chromomagneticdipole 
operator that ƳƻŘƛŬŜǎ ǘƘŜ ŎƻǳǇƭƛƴƎ 
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


RecentCMS measurementsof pT
h125 in RunII

ÅarXiv:1812.06504, 2016 data  ÅarXiv:2107.11486, full Run II 

scaledependenceof cg, kt for everypT
h125 bin is neglected, LO SM EFT

No significantdeviationsfrom SM in pT
h125 is found

Search for New Physics in Higgs sector at LHC 2929/09/2022

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


BSM analyses of h125
Åmeasurementsof CP property of Higgsboson
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throughHiggsboson decays
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decaysto fermions, tt

ÅA. DjouadireviewarXiv:hep/ph-0503172 at the end of Section 2.1.4 

ÅM. Kramer et all arXiv:hep-ph/9404280

ÅZ. Waset al, arXiv:1608.02609

ÅS. 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 resulton CP propertiesof h125tteffective 
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

29/09/2022

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


This measurement
is interestingfor
NMSSM
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Not interestingfor MSSM, since
large mass differencebetween
h125 and A (mAҗ рлл GeV)
thereforeverysmallCP 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 symmetrybreaking:  m12 != 0

Higgspotential

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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Yukawainteraction with fermions

Four possible Z2 charge assignments that forbid 
tree-level Higgs-mediated C/b/ ŜũŜŎǘǎ in the 2HDM

sameas in MSSM
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A first attempt to measure h125Ҧōō ǎŜƭŜŎǘƛƴƎ 
high pT bb events

ÅarXiv:2006.13251(ATLAS, arXiv:2111.08340)

An excess is seen for Higgs boson pT > 650 GeV with a ƭƻŎŀƭ ǎƛƎƴƛŬŎŀƴŎŜ 
of нΦс ˋ ǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ ǘƘŜ {a ŜȄǇŜŎǘŀǘƛƻƴ ƛƴŎƭǳŘƛƴƎ the Higgs boson.
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https://arxiv.org/pdf/2006.13251.pdf
https://arxiv.org/pdf/2111.08340.pdf


Validityrange of SMEFT

Åcomparisonof pT
h125 in SMEFT and an explicit model (exampleof heavy

top partner model). FromSpiraet al. arXiv:2109.02987
Åqualitatively, the matched SMEFT spectrum reproduces that of the model up to pT

H

Җ aT 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
h125dependson the 

upperend of the the fit range !  It givescorrect value if the upper
end is not significantlylargerthan MT. But MT is not knownΧ 
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https://arxiv.org/abs/2109.02987


throughproduction mechanism
ÅarXiv:hep-ph/0105325 Plehn, Raiwater, Zeppenfeld

arXiv:1301.4965Djouadi, Melado

ÅarXiv: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 ggHcoupling 

SM tree level BSM. Onlyloop inducesČ suppressed BSM is not suppressedas in VVH 
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https://arxiv.org/pdf/hep-ph/0105325.pdf
https://arxiv.org/pdf/1301.4965.pdf
https://arxiv.org/pdf/hep-ph/0703202.pdf


Dfjj reflectCP structure of VVH and ggHcouplings
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ÅarXiv:hep-ph/0105325

Plehn, Raiwater, Zeppenfeld

ÅarXiv:hep-ph/0703202

Klamke, Zeppenfeld

ǉǉҦǉǉƘ125 ƎƎҦƘ125+jj 
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