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In 2012 SUSY people were happy to say:

h,,c is the first discovered
SUSY particle

A lot of SUSY (and BSM) analyses in Higgs sector
are still going on these days in ATLAS and CMS



Discovery papers, 2012
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Summary of coupling strength modifiers for h,,.
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B, — probability to decay to invisible mode (h,,. >DM DM)

B, — probability to decay to yet undetected BSM modes
h,;,s= U7, hh,... + unknown/undetectable

'm K
F‘Ij_lM C1- (BRundet. + BRim’-)

Room for New Physics with non SM
decays of h,,:
B, <0.12 (expected 0.21)

B, < 0.13 (expected 0.08)
at 95 % CL

Nature 607, 52-59, (2022)
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https://www.nature.com/articles/s41586-022-04893-w.pdf

BSM physics with Higgs bosons

* find an additional Higgs bosons
e find non SM decays of h(125)

 precise measurement of h(125) using “SM channels”

27/09/2022 Search for New Physics in Higgs sector at LHC
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Additional Higgs bosons

in MSSM
h,H,A,H* (m <m)

most probably h (not H) is discovered h,,.

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

M, and tan(f)

1< tan(B) = v,/v, = (vsin(B)) / (v cos(p)) < 60

Search for New Physics in Higgs sector at LHC
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Caveat, m,'#> scenario:

* In a very restricted region of MSSM parameter space Higgs
125 GeV is associated with H (M,1?°), while m, < 125 GeV

ﬂi%% scenario M, My, My [GeV]

One should look at H*->Wh

G,U%/

decays to exclude this scenario
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Additional Higgs bosons

in 2HDM
h,H,A,H* (m, <m_), h or H is discovered

Free parameters of 2HDM:
m,, m,, m,, m,,, a, tanf, m,, (soft Z, symmetry (®,->0,, O,->-®0,) breaking

parameter)

m,, != 0 to have a new mass scale. This allows the model to have a decoupling limit. When m,, goes to infinity

we recover the SM

Type I and Type 11 Typel Type II
Higgs Cl: CU CD CU CD
h @1({3 — ac)) cosa/ sin 3 |cos &t/ sin 3 |cos v/ sin 3| —sin av/ cos 3
S
H cos(3 — a) sina/ sin 3 |sina/ sin 3 |sina/ sin 3| cosa/ cos 3
A 0 cot 3 —cot 3 cot 3 tan 3
27/09/2022

CR—a SB—a
HWHW=  pww-
HZZ h

ZAh (zam)
WEHFh WEHTH
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m,, is often taken as in MSSM: m,2=m,,?/(sinfcosf)-A;v? with A.=0 as in MSSM
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Anaysis which does not make a sence in MSSM
but does in 2HDM: A(H)—ZH(A), h=h .

* contrary to MSSM

 A-boson can have a small mass
* m, != m, 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

' 2HDM Type |
IPhafsTcal | | | S'fm“g PT Promising fast

See also more recent: 700
Strong First Order Electroweak 600 4% | Pl sim. result for
Phase Transition in the CP- o100 I,f: _ ' ; lIbb final state,
Conserving 2HDM Revisited, ;gg / ' : m,=400 GeV

m, [GeV]

M. Meuhlleitner at al, o m, =180 GeV. 1
arXiv:1612.04086 N . | | | | | | o=5 at L=40fb"
200 300 400 500 600 200 300 400 500 600 at 14 Tev LHC
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https://arxiv.org/pdf/1405.5537.pdf
https://arxiv.org/pdf/1612.04086.pdf

Electroweak baryogenesis

A.D. Sakharov, ZhETF Pis’ma 5 (1967) 32 (JETP Letters 5 (1967) 24)

Sakharov Conditions:

@ B number violation (sphaleron processes).

@ C- and CP-violation.

@ Out-of-equilibrium or CPT violation. M. E. Shaposhnikov,

The EW phase transition must be a first order Journal of E)fpe"men_tal
and Theoretical Physics Letters,

fe = (®c) o . # Vol. 44, 1986, pp. 465-468
c — -

T,
‘ A. I. Bochkarev and M. E. Shaposhnikov,
Modern Physics Letters A,
Vol. 2, No. 6, 1987, pp. 417-427.

In the SM, we would need my =~ 70 GeV for £c > 1 [Kajantie et. al; Jansen]
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https://twiki.cern.ch/twiki/pub/CMS/HiggsExoticsTheory/Sakharov.pdf

STRING THEORY ELECTROWEAK BARYOGENSIS . "
> 3 spatial dimensions = Baryon number violation (sphaleron) Stfljhﬂﬂ PHU-I . ,’ seenn IT'> Tc
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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 100sec 400,000 years 10 billion years 3.7 billion years expectation value v of the Higgs field at fixed temperatures.

Philip Basler's PhD thesis, KIT

Condition for EWPT to be of strong first-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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Electroweak baryogenesis

Bubbles of the non-zero
Higgs field VEV nucleate
from the symmetric vacuum

CP-asymmetry Is converted
Into a baryon asymmetry by
sphalerons in the symmetric
phase in front of bubble wall

(P»=0

They expand & particles in
plasma interact with the phase
interface in a CP-violating way

[*<q>c(7:.)>/7:. > 1 ]

' "y
P, T.
VEVand T
at EW phase
transition

S w,

Produced baryons muss not
be washed out by sphaleron
processes In symmetric phase
in front of bubble wall

13
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wysics in Higgs sector at L

CMS result on A—>ZH
—>¢'¢bb analysis

arXiv:1911.03781

CMS 35.9 fb™! (13 TeV
H - Z(£2)A(bb)

1000

my [GeV]

600 ..... 102

400 ........

Observed 95% CL on o2 [fb]

200 @ ........

30 ' |
30 200 400 600 800 1000

Ma [GeV]
ATLAS, 139 fb'}, ¢bb, /WW, arXiv:2011.05639

on going CMS analysis: A>ZH-éétt
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https://arxiv.org/abs/1911.03781
https://arxiv.org/abs/2011.05639
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Additional Higgs bosons

in NMSSM, 2HDM+S
T,
hy, hy, h;, a5, @, b5 my;<m,,<my;, m,;<m,,
h, or h, is discovered h,,.

Search for New Physics in Higgs sector at LHC
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& X BR (hins — 2a1 — 47) [pb]

Searches for light scalars from h,,. decay to aa(hh)

R. Aggleton at al, arXiv:1609.06089
Observed exclusion 11m1ts (\/_ =38 TeV)
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this plot need to be updated for
13 TeV (Run II) CMS analyses

ppbb: arXiv:1812.06359 — m, range is 20-60 GeV
ttbb: arXiv:1805.10191 — m,range is 15-60 GeV
ppet: arXiv:2005.08694 — m, range is 3.6-21 GeV
tt17 : arXiv:1907.07235 — m,range is 4.0-15 GeV
pppp: arXiv:1812.00380 — m, range is 0.25-8.5 GeV

27/09/2022 Search for New Physics in Higgs sector at LHC

ATLAS Preliminary
March 2021

Run 1: {s =8 TeV
Run 2: {s = 13 TeV

2HDM+S Type-II, tanf = 0.5

=== expected + 10
observed

Run120.3 fb™ H— aa— ppte
PRD 92 (2015) 052002

_ Run120.3fb" H- aa— yyyy
EPJC 76 (2016) 210

Run 2 36.1 fb™ H— aa— ppup
JHEP 06 (2018) 166

— Run236.1fb" H— aa— bbbb
JHEP 10 (2018) 031

— Run236.1fb" H- aa— bbbb
PRD 102 (2020) 112006

Run 2 36.7 fb™ H— aa— yygg
PLB 782 (2018) 750

Run 2139 fb™ H— aa— bbup
ATLAS-CONF-2021-009

already sensitive 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

Br(h—»ss—>XXYY)

Latest CMS and ATLAS searches for h,,.—>ss—>xxyy on one plot

From “Probing the Electroweak Phase Transition with Exotic Higgs Decays”

M. Carena et al arXlv:2203.08206
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https://arxiv.org/abs/2203.08206v1

Observed

NMSSM: search for H(A)—>h,,:h(a);—>ttbb decay

* 240 < m,, 5, < 3000 GeV, 60 < m,,s< 2800 GeV
arXiv:2106.10361

) 1< already sensitive to NMSSM
BN b CMS 137 fo' (13 TeV) .
hg ~ < imally allowed values |

95% CL limit on 6 B(H—h(tt) h_(bb)) (pb)

> E
8 2000 4 in NMSSM, given by LHC Higgs WG B
b ~ _
10° M7, 59.7 o' (2018, 13 TeV) = 7
A S Al : T.Tw, T,Th, T1 Ty Plus at least two E 000 ]
20 CMS - Observed [Jzavdiboson (x)  —] e h "'l' h h h =
- Supplemental zZol i (ke b H ° r
e et Do, ] jets (at least one b-tagged) final f
15 :_ !Sing\eh Bkg.unc. _: ggg :
° o ; states are used 2001 001
1 Multi-class NN used, 4x background classes + 1 signal class 2007
b 200f
: * Qutput is 5 scores, yi, that sum to 1

0

€ 15

g 10 » Allocate events to categories based on largest y; 100¢

X

3 00 500 7000 7500 * In each category fit maximum y; as discriminating variable 60t 0.001
300 400 1000 2000 3000

mﬁin. fit (GGV)

for m <400 GeV B physicskills most of the benchmark My(GeV)

points (Ulrich Ellwanger, private communication)
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https://arxiv.org/abs/2106.10361

NMSSM: search for H(A)—->h,,:h(a);—>Yyybb decay

: e * 300 < my,(,, < 1000 GeV, my,, < 800 GeV

already sensitive to NMSSM
CMS’ Preliminary 138 fb (13 TeV
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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:

h,,s—invisible




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

S‘ S
oSL = )\hss my fx
SN T 16 (Ms 4+ my)?
2 - i i
S A2, mi 2 DM-nucleon scattering -

167m? (My +mn)2° (by XENON, LUX,... exp.) !

2 4 Ar2 £2
sr Mopr MmNMEfy /\
Of_N = ;

ArA2m} (Mg + my)?

q q
where f — Higgs-nucleon coupling
v = \%m} 7 H->invisible decay at LHC .S
2
inv . Ahvvv ‘m% (BV A[Q A[4 ________________
vy = —3 1 — 4—2 -+ 12— H
2567 My m; my .,
. N2 vimy, 33 g
e =) Qhﬁf . where fx = /1 —4M35 /mj ’
27/09/2022 327TA Search for New Physics in Higgs sector at LHC

A. Djouadi et. al. arXiv:1112.3299



https://arxiv.org/abs/1112.3299

DM (WIMP) detection on Earth with XENON experiment

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

27/09/2022
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{ (WIMPs) can pass through t
Xenon100 detect

The electrons move from
liquid to'gas; creating
another flash of light the
photomultipliers can
detect. The relative
brightness of the two
flashes reveals the type of
particle that/caused the

signal.

An electric field draws the
free electrons to the

anode at the top of the
I tank.

Start data taking in 2007 at Gran Sasso in Italy. Current XENON100 — 165 L xenon. Plan for 1000 L

Search for New Physics in Higgs sector at LHC
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most sensitive mode

qq’—qq’h (VBF h)

arXiv:2201.11585

Observed (expected) BR(H->inv)< 0.18 (0.10) at 95 % CL

SM

95% CL upper limiton ¢ x B(H — inv)/o
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2018 Combination

Search for New Physics in Higgs sector at LHC

mpy (GeV)

Expect to reach =4 % at HL-LHC with 3 ab! (FTR-19-001)


https://arxiv.org/abs/2201.11585

Result is already interesting for MSSM and will be
interesting for NMSSM with HL-LHC measurements

* MSSM * NMSSM

A. Djouadi et al, arXiv:1211.4004 U. Ellwanger et al, arXiv:1806.09478
30 < m, ,< 60 GeV Qpagh? = 0.1188 £ 0.0010, Scenarios with light neutralino 1
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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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Excellent prospect for
forward jet
reconstruction

at HL-LHC:

CMS HGCAL (tracker)
up to |n| = 3.0 (4.0)
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Some excitements at the end:
event excesses observed in CMS in
searches for BSM Higgs bosons



* Light X->yy
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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 h,,. with Run Il
and Run Ill or HL-LHC data
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BSM analyses of h,,c

* measurement of h,,. transverse momentum
* with a goal to identify deviations from SM prediction

Search for New Physics in Higgs sector at LHC
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Non SM contributions into gg—>h,,- production
SM Effective Field Theory approach c.—cai+3 {50

* Spira atal. arXiv:1612.00283, arXiv:1806.08832, arXiv:2109.02987

C,; is chromomagnetic dipole
operator that modifies the coupling
= ke between gluons and 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
‘1 s a (oa,pv _ 24 mi(u ' as(Q?) W
P Ol — ECQhGJ{wG H ’ Ct(QQ) - Ct(ﬂf%) + E TO Ctg(“é) { (Qs(#%) ) - 1} ’
C9 Tt — N 9 _%
p 02 — ?(1 — Ct)htt R Ctg(QQ) _ Ctg(aug (as((ff%))) 1
C m — 5
A_BQ 03 — Ctg 925 ,3t («f_} + h)Gﬁy(tLgﬂvTatR + h.C) ) o 2) B Bo +_.51QS(Q2)/W o 2y 3 m:tz(#g) Ctg(,u%) (QS(QQ)) 58y L L
‘ TR Ay Y T 568 ad) | \add)

o~ |[12¢c, + cs|*osy (HTL)
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e arXiv:1812.06504, 2016 data

(pb/GeV)

H
T

Ac¥ A

Data / prediction

Recent CMS measurements of p;"*2>in Run |I

e arXiv:2107.11486, full Run i
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scale dependence of c,, k, for every p;"'?* bin is neglected, LO SM EFT
No significant deviations from SM in p;"1?° is found
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BSM analyses of h,,c

* measurements of CP property of Higgs boson



through Higgs boson decays

decays to fermions, 1t

Z. Was et al, arXiv:1608.02609
S. Berge et al, arXiv:1510.03850

A. Djouadi review arXiv:hep/ph-0503172 at the end of Section 2.1.4
M. Kramer et all arXiv:hep-ph/9404280

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]

—_ F(H, A — ff) ~ 1—s5,5,+5,5]

1 dT'(H, A)
T do*

1
2

27Y09¥2072

2
1F T—Gcosqb*]
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https://arxiv.org/abs/1608.02609
https://arxiv.org/abs/1510.03850

New CMS result on CP properties of h,,:TT effectlve
coupling, arXiv:2110.04836

m

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

K
tan(a77) = =T,
K
T 1, CMS o _137fb 1 (13 TeV)
. . Ezo R — |Observed :xbl =-1£19° (|683/ CL)
Relation to mixing angle o S 0F o Epected dlly 02217e83%c) ]
I

[ 99.7%

dr 2 8
190 1) ~1— b(EY)b(E- )% cos(¢pep — 2aHTT) oo
4t
S. Berge at al, arXiv:1410.6362 |
S. Berge at al, arXiv:1108.0670 : | :
0—90I | I—45I — 0 — I45I | I90
a7 (degrees)
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Th is m eas u re me nt CP Violation in 777~ Decays
is i nte rESti ng fo r [King, MMM, Nevzorov,Walz,1508.03255]

Hy SM-like
N M SS M 0-5 i=4; EDM conflict
i=4; EDM allowed
0.4 i=5; EDM conflict
. . . i=5; EDM allowed
in SM-like Higgs-7-7 couplg 0 - i=3; EDM conflict
. - . " ) - i=3: EDM allowed
up to ¢ ~ 0.157 is allowed P - i=1; EDM conflict
. PR 0.2 - i=1; EDM allowed
(p; ~ 27°) i=2; EDM conflict
0.1 - i=2; EDM allowed
Not interesting for MSSM, since in SM-like Higgs-7-7 couplg
. 0 - il BRh A TN IXTT up to ¢ =~ 0.157 is allowed
large mass difference between 0 100 200 300 400 500 (0, ~ 27°)
h,,; and A (m, 2500 GeV) My,
therefore very Sma" CP mixing M.M.Mihlleitner, 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 Model (l)

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):5(%&)’ @2):_2(“2)

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

Higgs potential
V =m}, B @) + m3®idy — [mi,®10 + hoc] + FA(P]®1)* + I (D]P2)? + Ag(P]D1)(PLP,)
(D) (D)D) + {%,\5(@1@2)2 + [A6(@]®1) + Ar (D Dy)] @Dy + h.c.} (1)

parameters A,A,=0 as result of Z, symmetry imposed to avoid FCNC (D,->®,, ®,->-D,)
Soft Z, symmetry breaking: m,,!=0

m,, != 0 to have a new mass scale. This allows the model to have a decoupling limit.
when m,, goes to infinity we recover the SM
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Two Higgs Doublet Model (1)

Yukawa interaction with fermions

— Lk = ybIER(I)"i*Q’E+J)§BR<I>%*QE+y,l?3‘1>i*ﬂfg+y3?3‘1?§* :iLJrfij [ytlfRQi@{+nyRQi®%} +h.c.

27/09/2022

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

(I)l (Dg tR bR Tr tL: bL: vr., €r,
Type 1 + | == = |- +
Type 11 + | ==+ |+ +
Type X (lepton specific) || + | — | — | — | + +
Type Y (flipped) + |- |- |+ | - +
-
u-type d-type leptons
Typel @ ®; ®, same as in MSSM
Type Il (OB O} O (e
Lepton-specific P, (OB (OF]
F|ipped (DQ ¢1 (DQ
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A first attempt to measure h,,.—>bb selecting
high p; bb events

e arXiv:2006.13251 (ATLAS, arXiv:2111.08340)

137 o' (13 TeV)
———

137 b7 (13 TeV) 10°=
——————

25000

= E cMms

—jq a
— =

= LI I I B
8 - CMS W = r — Data ]
- 3L -
g 450 <p_< 1200 GeV ﬁ © 10 = LHCHXSWG approx. NNLO 3
- N Deep double-b tagger o _ ] ]
@ 20000_ Passing region ;Esltgllj?ackgmund ] ol = HJ-MINLO N
s _ MRH(bD), u =37
= - Data
W 15000 yrel™ v 10 ————— ]
L 10° I I \\\\\\\ I I
10000 g 20 ]
- 22 yof =
- g%
5000 I
C 0F =
- | | | | [
C N | | | 1 —
(bt = 20— -
2 4 ] le)
m o
| & 2[4 2oF 10[ .
g - O e St i st & gy s B s T Y Y ST et éc“j—a': |
2 ]
| = =
A+ + + ) ) . . . . — e
60 80 100 120 140 160 180 200 400 600 800 1000 1200
mg, (GeV) Pt (GeV)

An excess is seen for Higgs boson p; > 650 GeV with a local significance
of 2.6 o with respect to the SM expectation including the Higgs boson.
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Validity range of SMEFT

* comparison of p,"2% 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 p,"

< M; while at higher p;" values, where the model spectrum depends explicitly on
M2 mass terms, the SMEFT description breaks down.

s 3 — — —

B | Heavy 'll'op Partner (sil12 0 =0.1) ]

~ - M, = 2500 GeV B

y o I —— M, =1500 GeV e

Yi = \/5200829 yT:\/i&sinzé'. (8) © 2.5¢ —M:= 700 GeV _|_|_|:—

v v - M; = 500 GeV =l

In the limit M7 — oo the top partner can be integrated out and the model is matched to the o T Matching EFT Lin+Quad Il ]

SMEFT with the following Wilson coeflicients: - -~~~ Matching EFT Lin ' I i

sin? @ : -

Cg= g 1.9 =

¢ = cos’ 0, i ]

Ctg = 0. (9) 1 .

Value of ¢, (c,) obtained from the fit of p;"'?> depends on the : ]
L] e e | | | | | | | | | | | | | | | | |

upper end of the the fit range ! It gives correct value if the upper 0.5 500 1000 1500 200!
end is not significantly larger than M. But M, is not known... P! (GeV)
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through production mechanism

 arXiv:hep-ph/0105325 Plehn, Raiwater, Zeppenfeld  arXiv:hep-ph/0703202
arXiv:1301.4965 Djouadi, Melado Klamke, Zeppenfeld
SM tree level BSM. Only loop induces = suppressed BSM is not suppressed as in VVH

{ (]
q; ! - - q

g

- _ H, A bt Seeeaaa H, A
g
/ q
I = —gMy g T =ay (q1- 92 9" — q1qy) + a3 """ q1,q20
MM, ) = LN (p-qgw — o) + N €upo?’ ] _ % s _ Y s
) ” v vy U po ay = —e+7 - —— Qo — ——2— . — =
. My 2 yeM 3rv’ ? y? M Qmy

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
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Ag; reflect CP structure of VVH and ggH couplings

e arXiv:hep-ph/0105325

Plehn, Raiwater, Zeppenfeld
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New CMS result on CP properties of ggh,,c
effective coupling (HIG-20-007)

e assuming top quark dominates

in ggh,,: loop

1 (K
aff —tan~1 (=
i

—-2AInL

)

10

2
ATLAS: ggH coupling with H-WW, 36 fb! arXiv:2109.13808

ATLAS: ttH coupling with H->yy, 139fb! arXiv:2004.04545
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CMS 138 fb' (13 TeV)

L L B B I L B L
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—— Observed

Expected

.\‘ _f'
I AR B i | | |
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Implication for complex Two Higgs Doublet Model (C2HDM)

D. Fontes at al, arXiv:1502.01720 @ A complex 2HDM

V=m}|® " +mb| " —mi (DIDy+ 1 .c)

+ﬂ(c1:ﬁq> )2+ﬁ(cb*c1> )+ Ay(DTD N (DID,) + A (DD, (DD )+’1—5 (@D, +h.c
b 11 7 272 I 272 A2 271 12 s

2

and CP is explicitly and not spontaneously broken

¥

e m2,, and A; real 2HDM

0 0
. . <‘I’1>:("_‘) <® >:(£)
Together with other production V2 T\E ey, and A, complex 2
modes involving tth,,. coupling -
. . . mm) |tanp -—=| ratio of vacuum expectation values
and with tth,,; coupling this »;
measurement will be used to mm) 2 charged, H:, and 3 neutral CP-conserving - h, Hand A
CP-violating - h., h, and h
extract fundamental parameters violating = y. 1, and s
of cOmplex Two Higgs Doublet mm) rotation angles in the neutral sector  CP-conserving - o
Model where CP is explicitly m=p soft breaking parameter CP-violating - &, o, and s
broken CP-conserving - m?, From Rui Santos talk

CP-violating - Re(m2,,) at CMS Higgs meeting
March 3%, 2020
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The search strategy and status for MSSM

. . -1
50 CMS Preliminary <5115 (7 Tev) +<19.7 15" (8 TeV) - 60 CMS Preliminary 35.9fb" (13 TeV)
o e N T = 7 7
& ig N / MSSM m:‘“ 7 ¢ rrraee b E 50 7
I‘” i e 40 B
30 v J 7 m=eeey | g h/H/A /
A 30 |7
20 A _ A

- - m=125GeV /

10 /
R m,=124 GeV /
6 S - -~ m=123GeV \ //
- - mE122GeV 10 $
5 |:| Observed exclusion 95% CL
4 [ ] Observed exclusion 95% CL o
e //////; Expected exclusion 95% CL 7 LIS rlf()(pec;ted exclusion 95% CL
L < 125
3 ) [ ] W = v (arxiv:1508.07774) 6 EPJC 79 (2019) 421
[ A/ — bb (arXiv:1506.08329) 5 AHA = pp
2 ’ CMS-PAS-HIG-18-010
G A/H/M — pp (arXiv:1508.01437) 4 A/H — bb
JHEP 1808 (2018) 113
; [ ] AHh = 11 (HIG-14-029) A e
1 x e L H — WW/ZZ (arXiv:1504.00936) 3 JHEP 1809 (2018) 007

H— WW (lv Iv and Iv qq)

100 200 300 400 500 1000 JHEPO3é§02)O)034
TT,

H — hh (

. m, [GeV] 2 PLB 778 (2018) 101
H—tt
CMS-PAS-HIG-17-027
P
Access this region with ST hMSSM
1 Z | | | |
H/A->yy, H/A->tt 130 200 300 400 1000 2000
/ f m, [GeV]
and continue searches for A/H->t1
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s

Prospects for HL-LHC in (h)MSSM

A. Djouadi et al arXiv:1502.05653

27/09/2022

hMSSM

LHC 14 TeV
3000 fb

300
M, (GeV)

400 500 G600 700

100

with Tt mode (FTR-19-001)

CMS Projection

95% CL expected exclusion: YR18 syst. uncert.
[1JHEP 09(2018)007 mmtto +2g
----- 300 fb” 3000 " - 6000 fb’
ﬂ ED: T T T I T T T T T T T T I T T T
;ﬁ [
50F ]
40 4
301 .
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can searches for H/A->yy and H/A->tt close a “white gap” ?

Search for New Physics in Higgs sector at LHC

46


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

[loknan nocesawaetca Butanmio Cepreesnyy KagptaHoBY

03.12.1931, MockBa — 14.09.2006, BapHa
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Latest CMS h,,- mass measurement

27/09/2022

CMS

Run1:5.1 o' (7 TeV) + 19.7 fb” (8 TeV) —— Total Stat. Only
2016:35.9 fb™' (13 TeV)
Total (Stat. Only)

Run 1 H—yy —— 124.70 £ 0.34 ( £ 0.31) GeV
Run 1 H— ZZ— 4 —_— 125.59 + 0.46 ( £ 0.42) GeV
Run 1 Combined —— 125.07 £ 0.28 ( £ 0.26) GeV
2016 H—yy —— 125.78 + 0.26 ( £ 0.18) GeV :
2016 H— ZZ— 4l —— 125.26 £ 0.21 (£ 0.19) GeV
2016 Combined —— 125.46 + 0.16 ( £ 0.13) GeV
Run 1 + 2016 -t 125.38 £ 0.14 (£ 0.11) GeV |

ll‘llIl‘llll‘llll‘llIlllllllllllllllllll

122 123 124 125 126 127 128 129
m, (GeV)
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@ ATLAS CONF Note y

L ATLAS-CONF-2020-052 <7

EXPERIMENT
12th March 2021

Combination of searches for invisible Higgs boson
decays with the ATLAS experiment

assuming Higgs boson production according to the SM. An upper limit on the invisible Higgs boson
branching ratio of By, < 0.13 (0. 12+0 82) is observed (expected) at the 95% CL. A statlstlcal
combination of this result with the combmatlon of direct H — inv searches using up to 4.7 fb~! of pp
collision data at v/s = 7 TeV and up to 20.3 fb~! at 8 TeV collected in Run 1 of the LHC yields an

observed (expected) upper limit of By _jny < 0.11 (0.1 lfg:gg) at the 95% CL. The combined Run 1+2

result is translated into upper limits on the WIMP-nucleon scattering cross section for Higgs portal models.

The derived limits on owvp.ny range down to 107 cm? and 2 x 1077 cm? in the scalar and Majorana
fermion WIMP scenarios, respectively, highlighting the complementarity of DM searches at the LHC and
direct detection experiments.
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Non-SM h decays: LFV with h—urt

CMS 359" (13 TeV) CMS 36.0 fo' (13 TeV)

uth'DJetS I IIIIIII|III|IIIIIII|
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"
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SILICON TRACKER
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2HDM signatures as an evidance Red points can be probed
at HL-LHC with A/H->tt

for EWPT to be searched at HL-LHC  °, . 0 70 .

Electroweak phase transition in the 2HDM.:
collider and gravitational wave complementarity

Dorival Gongalves,! Ajay Kaladharan,! and Yongcheng Wu!l

arXiv:2108.05356

1 L L 1 L L L
250 500 750 1000 1250 1500 250

ma [GeV] m4 [GeV]
* continue with A->ZH->1lbb search, o EE——
however is restricted by m,< 2m,, w1
when H->tt is open t

e L

e Search for heavy A(H)->tt and o RS
H étb '2.,:;“ .'x(ll(l T.“;(l ](IIUI) \:‘)Zl.ﬂlf : l.,'.l(lll '_?.::)u .j(llll T::J(l lullm 1\}')_;3:1 S1.‘;()1)
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Prospects for Higgs p at LH-LHC

e CMS FTR-18-011 * Spira et al. arXiv:2109.02987
TH test of EFT input

1o CMS Projection __3000b"(13Tev) . CMS Projection 3000 fb” (13 TeV)
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The chromomagnetic dipole operator

gsii ' a /I va
can be tested also in the top sector: ‘ P 7 a3 (v+h)G}, (tLo™ T g + h.c),
arXiv:1910.03606, CMS: arXiv:1811.06625, arXiv:2012.04120
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This measurement is very interesting in 2HDM |

Exclude scenario when h,(h,,: )
is SM like but decay to tt™~ as CP-

The strange case of CP-violation in a complex 2HDM

1.5 1.5
no EDM Yconpm = ap + iysbp
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https://link.springer.com/content/pdf/10.1007/JHEP02(2018)073.pdf

New: first CMS result on low tanf3, large m,
MSSM channel H/A->tt (l) (arXiv:1908.01115)

e semileptonic and di-lepton topology selected

* interference effect between gg->H(A)->tt signal ( 3P,(!S,)* 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 m,, in bins of cos0",

CMS | +jets channe
0<|cos8;| <04
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o
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— tt rest frame
- - - laboratory frame

\ Data — SM
|

t — bqq

—-10F l —— A (ma =400 GeV, Ta/my = 4%, gai =i0.9)

* Z§7-I;Cj).ﬁlij)2;2 J= I S I + I L I p oo I S I = I LI Search for New Physics ir:OI:ingss s;?coor atsli)oHC750 oo mtt [GEV] 55

—
=t
Data — SM
Yo W 5
(=] o
- \’ :
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New: first CMS result on low tanf, large m,

MSSM channel H/A->tt (1)
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Trigger on the most sensitive mode VBF h—>invis

Event selection (online)

59.8 b (13 TeV)

o LI U LI L L L IO B O Event tr|ggers req[_"re Iarge missn’]g
= - CMS Supp}ementary i .
w - {1 momentum + jets
iy e
i I —e— 1 + MTR (missing-momentum trigger) target
- 4 . high p;™* events
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04— MTR Mii’goTU GeV, A9 <1.8 | VTR)basedonreconstructed p;™* and
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Using refined alignment/calibration for 2017/2018 analysis
—> Substantial performance gain for forward jets!

Slide from Nick Wardle
talk at Higgs2021
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From 2011 to 2022 in MSSM charged Higgs searches

CMS PAS HIG-11-008 arXiv:1903.04560
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Excellent prospect for
forward jet
reconstruction

at HL-LHC:

CMS HGCAL (tracker)
up to |n| = 3.0 (4.0)
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Electroweak baryogenesis

Bubbles of the non-zero
Higgs field VEV nucleate
from the symmetric vacuum

CP-asymmetry Is converted
Into a baryon asymmetry by
sphalerons in the symmetric
phase in front of bubble wall

(P»=0

They expand & particles in
plasma interact with the phase
interface in a CP-violating way

[*<q>c(7:.)>/7:. > 1 ]

' "y
P, T.
VEVand T
at EW phase
transition

S w,

Produced baryons muss not
be washed out by sphaleron
processes In symmetric phase
in front of bubble wall
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ATLAS

EXPERIMENT

BSM Higgs 12 years later

in ATLAS and CMS
LHC Days in Split 2022

A. Nikitenko,
Kurchatov Institute, Moscow, Russia
also Imperial College, London, UK
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