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In 2012 SUSY peoplere happy tosay:.

h,,cIsthe firstdiscovered
SUSYarticle

A lot of SUSY (and BSM) analyseleﬂggssector
arestill goingon thesedaysin ATLAS and CMS
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Discovery papers, 2012
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Summanpf couplingstrengthmodifiersfor h, ¢

ATLAS

B ¢ probability to decayto invisible mode (R,; 5 aDM)

B, ¢ probability to decayto yet undetectedBSM modes
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https://www.nature.com/articles/s41586-022-04893-w.pdf

BSM physics with Higgs bosons

find an additional Higgs bosons
find non SM decaysf h(125

ADNB OA asS YSIFadaNBYSYil 2F KOMHDPp L
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AdditionalHiggsbosons

INn MSSM
h,H,A,H (M, <m,)

most probably h (not H)is discoveredh, -

At tree level IHiggs sectorfafiIMSSMdstdetermined
by only two parameters:

M, and tan)

1 < itanb) =w/v, = (vsinb)) / (v cosb)) <60

Search for New Physics in Higgs sector at LHC
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AdditionalHiggsosons

In 2HDM

h,H,A,H (m, <m), h or Hisdiscovered

Free parameters of 2ZHDM:

m,, mg, m,, m_,, a, tanb, m,, (soft Z, symmetry ¢ ,->F ,, F ,->-F,) breaking

parameter)

m,, != 0 to havea new mass scale. This allows the model to have a decoupling limit. Whegygoes toinfinity

we recoverthe SM  m,is often taken as in MSSM: ff=m,,%/(sinbcosh)-l -v2 with | :=0 as iNMSSM

Type I and Type 11 Typel Type II C—a SB—a
Higgs Cli Crr Cp Cy Cp H I’V_l_ W= h Hf%— W—
h @1(3 — ac)) cosa/ sin 3 |cos &t/ sin 3 |cos v/ sin 3| —sin av/ cos 3 HZZ h
H cos(3 — a) sin o/ sin 3 |sin o/ sin 3| sin o/ sin 3| cos e/ cos 3 ZAh @
A 0 cot 3 —cot 3 cot 3 tan 3 WEHTh W=HTH
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Anaysisvhichdoesnot makea sencein MSSM
butdoesin2HDMA ( H) YZH( A) , b

Acontrary to MSSM

AA-bosoncanhave asmallmass
Am,H i, at large masses

AA Y Z Hiecay isthe signature of a strongly first order electroweak
phase transition (EWPT) in 2HDMs, as neededHtactroweak
Baryogenesisc. C. Dorsch, S. Huber, K. Mimasu and NdvarXiv:1405.5537

2HDM Type |
Physical ‘ Strong PT b

Seealsomorerecent 00— Promisingfast
Strong First Order Electroweak 60042 e P sim. r_esultfor
Phase Transition in the GP g 500 HEN - . _ lIbb final state,
Conserving 2HDNRevisited, = “"J ! : m,=400GeV
M. Meubhlleitner at al, g ng 1 ‘ m;=180GeV
arXiv:1612.04086 0 s=5 at L=40f8
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https://arxiv.org/pdf/1405.5537.pdf
https://arxiv.org/pdf/1612.04086.pdf

Electroweak baryogenesis

Sakharov Conditions: A.D. SakharovZhETE A a ®(¥967) 32 (JETP Letters 5 (1967) 24)

@ B number violation (sphaleron processes).
@ C- and CP-violation.

@ Out-of-equilibrium or CPT violation.

M. E.Shaposhnikoy

The EW phase transition must be a first order Journalof E)_(pe”mem_:al
and Theoretical Physicketters,

_ (P¢) Vol. 44, 1986, pp465-468
=021 EEp |
A. |. Bochkarevand M. E.Shaposhnikoy

Modern Physics Letters A,
Vol. 2, No. 6, 1987, pp. 41427 .

In the SM, we would need my =~ 70 GeV for £c > 1 [Kajantie et. al; Jansen]

29/09/2022 Search for New Physics in Higgs sector at LHC 10


https://twiki.cern.ch/twiki/pub/CMS/HiggsExoticsTheory/Sakharov.pdf

STRING THEORY ELECTROWEAK BARYOGENSIS . "
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Figure 4.1.: The electroweak potential V' at different temperatures as a function of the
BigBang 10*sec 10™sec 10""sec 10°sec 100 sec 400,000 years 10 billion years 13.7 billion years expectation value v of the Higgs field at fixed temperatures.

Philip Basler's PhD thesis, KIT

Condition for EWPT tbe of stronqgfirst-order:

e >, (14)

c

€e

where v, = \/wlg + w2?|TC is the Higgs VEV at the critical temperature 7., which is defined when

the would-be true vacuum and false vacuum are degenerate.
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https://arxiv.org/abs/1911.03781
https://arxiv.org/abs/2011.05639

AdditionalHiggshosons

INn NMSSM, 2HDM+S

+.
hy, Ny, hg, &, &, I, My <m,,<mys, my;<m,;,
h, or h,isdiscoveredn,,:



Searche$or lightscalardrom h,,- decayto aahh)

R. Aggleton at al, arXiv:1609.06089
Observed exclusion 11m1ts (\/_ =38 TeV)

ATLAS Preliminary

March 2021
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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
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https://arxiv.org/abs/2203.08206v1

Observed

NMSSMsearcht 2 NJ | ,gh(a)i Bbibb decay

A240 <mjy 5 < 3000GeV 60 <m,s< 2800GeV
arXiv:2106.10361
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H // T

T b

tt, tf,, t.t, plus atleastwo
jets (at least one Hagged final

states areused

Multi-class NN used, 4x background classes + 1 signal class

Output is 5 scores, vi, that sum to 1

Allocate events to categories based on largest y;

In each category fit maximum y; as discriminating variable

for

points (Ulrich

m,<400 GeV B physics

Ellwanger
Search for New Physics in Higgs sector at LHC

already sensitive to NMSSM
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https://arxiv.org/abs/2106.10361

NMSSMsearcht 2 NJ | ,oh(a)l Hiplip decay

: e A300 <my < 1000GeV my, < 800GeV
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https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-21-011&tp=an&id=2449&ancode=HIG-21-011

29/09/2022

Search foDark Matter
iIn non-SM h(125) decays:
h,,° invisible

Search for New Physics in Higgs sector at LHC
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Connection between
LHC Kinv.and direct DM searches
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- bajlouadiet. al. arXiv:1112.3299



https://arxiv.org/abs/1112.3299

DM (WIMP) detection on Eant¥ith XENON experiment

Cosmic radiation bombards our
planet constantly. Rock shields
the experiment from many of
these particles.

I )\ The electrons move from
T \ ; - ¢ liquid to'gas, creating
; {2 | @ Weakly Interacting Mas Part — aﬂzigizﬂﬁis '}izt;'g:; us
4 : il (WIMPSi an pass through Z‘ - 1y - 3 getect. The Fr)elative
{ B f 1 { ~ reacht Xenon100 detect d brightness of the two
! flashes reveals the type of
signal

[ { \ | \ {

A . { X i

7% \ | | i i particle that/caused the
| _'\ ‘: ’ ! ] : , U ‘ l
| 4 4 3 r | A -~ - >3 S
I i el 3 » = 3

q q [Es \ . ; ‘ e ' { s A An electric field draws the

N 7t B st free electrons to the
anode at the top of the
tank.

Start data taking in 2007 at GraBassan Italy. Current XENON10165 L xenon. Plan for 1000 L
29/09/2022 Search for New Physics in Higgs sector at LHC



most sensitive mode

arxiv:2201.11585
Observed (expected) BR(I'A )¢ @118 (0.10) at 95 % CL

19.7 b (8 TeV) + 140 fb™' (13 TeV) 19.7 b (8 TeV) + 140 fb™' (13 TeV)

SM
9
M

90% CL Limits 3
B(H —inv)<0.16 =

(cm?’)

—— Observed

----- Median expected
[ 68% expected
[ 195% expected

)
=
77

—

e
Ly
g

Higgs portal models_i

DM-nucleon

= = Fermion DM
Scalar DM

Sl

o
— — —
2 3 3
-

Direct DM Detection

Xenon1T 2018
—_ LUX -
—— Panda-X 4T 3
— CDMSlite
—— Cresst-Il
—— DarkSide-50

o © © © 92 o o o
w0 0 N

95% CL upper limiton ¢ x B(H — inv)/o

2012 - 2016 2017 2018 Combination 1 10 10° 10°
mp,, (GeV)

o
-
°

S

OELISOU (2 NEHOWh Fad (FTRI-0D1) | |

29/09/2022 Search for New Physics in Higgs sector at LHC 21


https://arxiv.org/abs/2201.11585

Resulis alreadyinterestingfor MSSM anavill be
interestingfor NMSSMvith H-LHOmeasurements
AMSSM ANMSSM

A. Djouadiet al, arXiv:1211.4004 U. Ellwangeret al, arXiv:1806.09478
0N HEOGeV Qpuh? = 0.1188 = 0.0010, Scenarioswith light neutralino 1
A S - R P1 | P2 | P3
a [ a r H .
;3 g?- s, - f'trfxit 265 | 261 | 219
N T TRemps. - M, 3.2 | 40 | 62
s, W NTs nT e £ Mo 250 | 244 | 206
B I " E ﬂfz'{xg 285 | 278 | 236
et TR RN A LN G . My 56 aF 59
s N - ._1 My, 76 78 63
M(z)) (GeV) BR(h’ > %, 7))
Figure 4: The neutralino relic density logm(ﬂxhg) as a function of er_cln (left) and In a SUCI’BCGH&FIOUQB RK I_b?\ y g A
BR(h — x{x}) (right) for the accepted set of pMSSM points (black dots), those 0 :
with BR(h — x{x}) > 15% (green dots) and those compatible at 90% C.L. with can reaCh 8 /dJ.I”Ch Ellwange[

the Higgs data (light green dots). The horizontal lines show the constraint imposed
on Qxh2 and the vertical lines on the panel on the right the 68% and 95% C.L.
constraints on the Higgs invisible decay branching fraction obtained by [26].

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

Someexcitementsat the end:
eventexcessesbservedn CMS In
searchegor BSMHiggsosons
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Conclusions

Avery reach physics program for searches for RBM physics
In Higgs boson sector at LHC

Awe expect to have an another discovery aftef,gwith Run Il
and Run Ill or HLHC data
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THE END
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BSM analyses of ha

A measurementof h,,: transversemomentum
A with a goal toidentify deviationsfrom SMprediction
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Non SM contributionsito 3 3 BKproduction
SM Effective Field Theapproach c..- cou+3° o

ASpiraat al.arXiv:1612.00283arXiv:1806.08832arXiv:2109.02987

Cg Ischromomagnetiadipole
Ctg operatorthatYZ RA USa UK
betweengluonsand the top quark,
with and without the Higgs boson
at the same vertex.

Figure 1: Feynman diagrams contributing to gg — H production at LO. The possible insertions of
dimension-six operators are marked by a cross in a circle.

at NLO
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H
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AarXiv:1812.065042016 data

(pb/GeV)

Ac¥ A

Data / prediction

10CMS 35.9 " (13 TeV) S
g9 - H CMs 35.9 b (13 TeV) 40
— c) =
1 =4 * o 0.08 i — Combination %
N f L —Hoyy =
10-" B } { Overflow norm. — 1
3 Ao(p" > 600) / 250 0.06¢ —Hozz E'_
C i Q
-2
0 [ t 0.04[ ‘ 2 10"
1073 I;_ 4 Combination 0.02F \:3"1-;\,,,,_ _gh
: Syst. unc. — 1072
107 aMC@NLO, NNLOPS ‘ o
C o, from CYRM-2017-002 1
10_5 =11 1 | 111 1 | 1111 | 1111 | 1111 | 111 1 1111 | 111 | 1 i _0-02_ ~\~\‘ ™ “-
gg: - B(xy, c,) g
oF . { -—0.04:—|+Best it *SM -2¢ —1o }\* =
'1 i } } ; { | S T R N coo b Ny 1 =
OF 0 0.5 1 1.5 2 Ie]
L T I U D U I I R .0
0 15 30 45 80 120 200 350 600 (1 — Ct) K 8

p? (GeV)

138 fb ' (13 TeV)

cMS

"

#4444 gg—H (POWHEG) + XH
ShNNNSE ggosH (NNLOPS) + XH

»»»»»»»»»

T T |
Observed

XH = VBF + VH + ttH (POWHEG)

O o N W

R e T o o T N N R SR T 5l

.3
R

400
Pl (GeV)

scaledependenceof ¢, k, for every p;"*2°bin is neglected LO SM EFT
No significantdeviationsfrom SM in gh!2%is found
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BSM analyses of ha

A measurementsof CPproperty of Higgsboson
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throughHiggsosondecays

decaysto fermions,t t
AA.DjouadireviewarXiv:hepph-0503172at the end of Section 2.1.4
AM. Kramer et alhrXiv:hepph/9404280

AZ.Waset al,arXiv:1608.02609

AS. Berge et aljrXiv:1510.03850

Denoting the spin vectors of the fermion f and the antifermion f in their respective
rest frames by s and S, respectively, [the Z-axis oriented in the f flight direction], the spin

dependence of the decay probability is given by [4]

0.3 [rTT T T [rorrereT [rorreTeT [rrrrrerTE ]

yd \ rs _ _ N T TNCP=+1 o]
., I'H,A— ff) ~ 1—s.5.%£5,5] 025 i o= ';(’ AN R
o, : \ ]
5 02 ~/ ‘ ’{ \, \\ ‘ .
8 / V, \ \\-"
o 0.15 " ' N
2 -D [ /! B \ ’ \\
1 dT'(H, A) 1 ?r S N
— — —_— 1 :F — COS qb* = 01F /’ ", A v T
- " ‘.’ \
T dor o 16 - L%
/ 005F 7 N TN
F cP=-1 = ]
\ s I P Leviiinnss Loy, Loy,
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New CMSesulton CRropertiesof h, .t Effectlve
coupling arXiv:2110.04836 ..

m

— __t T 1 T1 AT 0
Ly = . H(x, TT + K, TiysT). \ . \ .
an AT Y+ ) Yt

K
tan(a77) = =T,
K
T 1, CMS 137 (13TeV)
. - . Ezo B — Observed: Hbl =-1+19° (683/CL) ]
Relation to MIXINg angla . z 10:—997/ -~ Expected: &l = 04 21°(683% CL) -
| 7%

dr 4 4 — 7'52 Htt
(H—t"t7)~1—b(E")b(E )Ecos(qbcp—%c )

d¢cp

S. Berge at akrXiv:1410.6362
S Berge afal, arXiv:1108.0670
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29/09/2022 Search for New Physics in Higgs sector at LHC 32


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

Thismeasurement h Vit e
iS i nte res'ti nngr [King, MMM, Nevzorov,Walz,1508.03255]

Hp SM-like
N M SS M i=4; EDM conflict
i=4; EDM allowed
i=5; EDM conflict
. . . i=5; EDM allowed
in SM-like Higgs-7-7 couplg i=3; EDM conflict
, . i=3; EDM allowed
up to ¢ ~ 0.157 is allowed s i=1; EDM conflict
. o i=1; EDM allowed
(p; ~ 27°) i=2; EDM conflict
i=2; EDM allowed
Not interestingfor MSSM since g in SM-like Higgs-7-7 couplg
: W TR NICREN,.. ¥ E¥ ey 24 IR AR IR AT up to ¢ =~ 0.157 is allowed
large masdlifferencebetween 0 100 200 300 400 500 (0, ~ 27°)
hpsand A (mox  pGey) My,
therefore Very Sma” CPlelng M.M.Miihlleitner, 3 March 2020, CMS meeting
Expected Accuracy at the LHC:and HL-LHC [Berge,Bernreuther,Kirchner, 2015]

Vs=14TeV, [L=150fb~' 500 fb~! 3 ab~': A¢] = 157,97 4°
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Two Higgs Doublet Modg)

Consider two complex EW doublets

B o B by Iz L (o
(Dl_( %(w-l—;ol-l—f?’)l) ) | ¢2—( %(Vz-l-f)z*-f?’)z) @1):ﬁ(v1)’ @2):_2(“2)

o For the correct gauge bosons mass v + v2 = v? = (246)? GeV?

Higgspotential

V =m}, B @) + m3®idy — [mi,®10 + hoc] + FA(P]®1)* + I (D]P2)? + Ag(P]D1)(PLP,)

(D) (D)D) + {%As(cbi@g)? + [A6(@]®1) + Ar (D Dy)] @Dy + h.c.} (1)

parameters| 4l .=0 as result of Zsymmetryimposed to avoid FCN® (->F |, F ,->-F.)
Soft Z symmetrybreaking m,!=0

m,, != 0 to havea new mass scale. This allows the model to have a decoupling limit.
when m, goes toinfinity we recoverthe SM
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Two Higgs Doublet Model (lI)

Yukawainteraction with fermions

—D%Yuk:yblgR@éi*Qi‘Fyg?BR %*QEJFJ)-}?R@?LEJFJEFR@;* :iLJrfij [ytlfRQi@{+yEERQi®%}+h-c-

29/09/2022

Four possible Zcharge assignments that forbid

tree-level HiggsmediatedC/ b /  SniitHe OHDM
(I)l @2 tR bR Tr tL: bL: vr., €r,
Type 1 + | == = |- +
Type 11 + | ==+ |+ +
Type X (lepton specific) || + | — | — | — | + +
Type Y (flipped) + |- |- |+ | - +
-
u-type d-type leptons
Type | & ®; >, sameas in MSSM
Type I o, dq ¢, e
Lepton-specific P, (OB (OF]
F|ipped (DQ ¢1 (DQ
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A first attempt to measure,hfHho O
highp; bb events

AarXiv2006.13251(ATLAS rXiv:2111.08340
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Validityrange of SMEFT

Acomparisonof p,"25in SMEFT and an explicit modelx%’:\mpleof heavy
tOE partner model). FromSpiraet al. arXiv:2109.0298

gkalitatively, the matchedSMEFT spectrumeproduces that of the model up t@"

u
-avhile at higherp,” values, wherethe modelspectrum depends explicitly on
M+? mass terms, the SMEFT description breaks down.

o% i |-I|ealvy lror:» P:;lrtl;erl(silnz (I-:o=lo.1l) |
\:5, - M, = 2500 GeV
y o - —— M, =1500 GeV :
Yo = \/52‘30529 yT:\/Q&SiHQQ- (8) © 2.5r _M:= 700 GeV _,_u—':*
! ! i M; = 500 GeV el
In the limit M7 — oo the top partner can be integrated out and the model is matched to the oL T Matching EFT Lin+Quad Il ]
SMEFT with the following Wilson coeflicients: [ -~~~ Matching EFT Lin = o .
B sin®
“~ 12
¢ = cos’ 0,
Ctqg = 0. (9)
Value of ¢ (¢;) obtained from the fit of p;"'#>dependson the - .
upper end of thethe fit range ! Itgivescorrect value if theupper 0.5 ——%50""""T000 1500 200
end s not significantlylargerthan M+. But My is not knownX p (GeV)
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throughproductionmechanism

A arXiv:hepph/0105325 Plehn Raiwatetr Zeppenfeld A arXiv:hepph/0703202
arxiv:1301.496MDjouadi, Melado Klamke Zeppenfeld
SMtree level BSM.Onlyloop inducesC suppressed BSMis not suppresseds in VVH

q q
- -

g

q q

F;Suh;[ = —gMy Iuv ™" = az (ql " 42 g,uu - QTQS) + a3 gﬂypo-qpo2a
IBM(p ) = L AP q0uw — Pudn) + N €avpop’d’] _ Yt % _ B s
v ) v vpu pvpo ay = —e7 - —— , An = ———— v ——
H My 2 oM 3y 3 LT Y

Thedistribution of the azimuthal anglebetween the two jets inHjj events can be
used to determine the tensor structure dhe HVV and effectivgggHcoupling

29/09/2022 Search for New Physics in Higgs sector at LHC 38


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

D {; reflect CP structure of VVH agdHcouplings

AarXiv:hepph/0105325 AarXiv:hepph/0703202
Plehn Raiwater Zeppenfeld Klamke Zeppenfeld

) 1) THj s K 3 3 ThiH)
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