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Qutline

¥ BSM Higgs searches (Neutral Higgs, Charge Higgs)
- Conventional Channels
- Exotic channels

- Not included in this talk: hi2s exotic decay, connection to
dark matter, ...

¥ Current results are already very useful — complementarity
- Indirect vs. direct searches
- Conventional channels and exotic channels

¥ Would be nice to have ..
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BSM Higgs Sector

Models with extended Higgs sector: arise in natural theories of EWSB

® Higgs sector of MSSM/NMSSM ® neutral Higgs

® Generic 2HDM » CP-even Higgses
» CP-odd Higgs

» mixed CP states
@ Composite Higgs models ... ® Charged Higgses: H:
© Doubly charged Higgses: Ht. .-

@ Little Higgs, twin Higgs ...

@ SM+singlet: parametrized by a simple mixing parameter
@ 2HDM: covers board class of known models
@ Allow for convenient parametrization

®© Many features shared by many extended EWSB sectors

S.Su 3



Higgs Couplings

® h/H VV coupling il .
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@ Yukawa couplings

Higgs Couplings

1 b2 $n | Ex Ew || €4 | &4 3
Type-I||cot 3| cot 3 | cot S |[cot B|— cot B|— cot 3
Type | u,d,| Type-1I||cot 3|—tan B|— tan B||cot f| tan 3 | tan (3
Type Il |d u Type-L||cot 8| cot 3 |—tan B||cot B|— cot 3| tan
Type-F||cot f|—tan 3| cot 8 |lcot 3| tan B3 |— cot 3
Type L | u,d
Type F |d u,l

@ tri-Higgs couplings

Alignment limit: hff, hVV coupling = SM

Alignment limit: no H—AA, H—hh
unsuppressed: h—AA
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BSM Higgs Searches

@ Search for extra Higgses
= Precision Higgs study: couplings of the SM-like Higgs

= Direct search of extra Higgses: direct evidence for BSM
new physics

® Conventional search channel (even for non-SM Higgs):
vy, ZZ, WW, 11, bb, pp, tt
@ Charged Higgs is challenge!
@ Exotic Higgs decay modes open for BSM Higgs
= relax the current search bounds

= offer new discovery channels

S.Su 6



S.Su

BSM Neutral Higgs Searches:

Conventional Modes

vy, ZZ, WW, 171, bb, HJ,



S.Su

BSM Neutral Higgs Searches:

Conventional Modes

vy, ZZ, WW, 171, bb, HJ,
/!

small Br



S.Su

BSM Neutral Higgs Searches:

Conventional Modes

Yy, ZZ, WW, 171, bb, HJ,
/! t

small Br absent or
suppressed



S.Su

BSM Neutral Higgs Searches:

Conventional Modes

Yy, ZZ, WW, 171, bb, HJ,
/! t t

small Br absent or small Br or
suppressed large BG



S.Su

BSM Neutral Higgs Searches:

Conventional Modes

vy, ZZ, WW, 171, bb, pp, tt
Sty

small Br absent or small Br or
suppressed large BG



S.Su

BSM Neutral Higgs Searches:

Conventional Modes

vy, ZZ, WW, 171, bb, pp, tt
Attt

small Br absent or small Br or challenge
suppressed large BG



Searching for Other Higgses

® A/H decay
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Exotic Decay

New channels open up for non-SM Higgs decay

HH type |(bb/TT/WW/ZZ/yy)(bb/TT/WW/ |hsm — AA,
ZZIyy) H — hswm hsw,
H— AA,
H+H- type |(Tv/tb)(Tv/tb) H — H*H-
neutral
Higgs WH: type |(lv/qq’) (Tv/tb) H/A— WH*
ZH type | (Iiqq/vv)(tt/bb/TTIWWIZZIyy) |H — ZA,

A— ZH, Zh
charge |WH type (lv/qq’)(bb/TT) tH* production,
Higgs H*= WH

H:— WA
s.su Need hierarchical mass spectrum for BSM Higgses!
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New channels open up for non-SM Higgs decay

HH type |(bb/TT/'WWI/ZZ/yy)(bb/rt/IWW/ (| hs
ZZ/yY)
H— AA,
H*H- type | (Tv/tb)(Tv/tb) H— HH =
neutral
Higgs WH: type |(Iv/qq’) (Tv/tb) H/A— WH:
ZH type |[(ll/qg/vv)(tt/bb/TT/IWWI/ZZ]yY) < — ZA,
— ZH, Zh
charge WH type |[(lv/qq’)(bb/TT) tH tion,
Higgs < *= WH
i WA
s.su Need hierarchical mass spectrum for BSM Higgses!



BR(A)

16

1072

Y10 e

1

S.Su

Exotic Decay

E . -

B
-
-*

| IIIHIII I Illlllll

| | lllllll

13



v

'_'800 1 a = T rrrrrrTTrrTTT T T T T T T [T TTTT
g - 2 2 ATLAS N
< 700 - S. 700 Vs = 13 TeV, 139 fb™]
e . N 2HDM Type | -
] 600 i 95% CL exclusion A
600 E - — Obs. tanp=1
i 10—1 B = 1
500 ATLAS E ke — oo tanpes
Vs =13 TeV, 139 fb 1 400 Exp. tanp=5 1
400 95% CL. upper limits (obs)on 4@ | &/ e +1otanp=5
o x B(A—ZH) x B(H—bb) ] 300 — Obs. tanp=10
300 gluon-gluon fusion_: 1072 Exp tanﬁ 103

vl v il 1. e e e

200 300 400 500 600 700
m,, [GeV]

unsuppressed at the alignment limit.
S. Su

200 300 400 500 600 700 800 900 1000

m,, [GeV]

ATLAS, EPIC 81 (2021) 396.
14



b b
b
h, h,
A ; a7 ; suppressed at the
v, K_ ______ v, E_ . ° .
7 . alignment limit.
b
7 A A Yy,
a \\\IIIIII|I\\\\\\\\‘\\Illlllll\\\\\\\\\
E LIS B L L O I L L L O ) I L L B L L B B BN B ~ _ATLAS A—)zh’h —)meA=7ooGeV B
= ATLAS 95% CL limit % 2HDM Type |
< 10? s =13 TeV, 139 fo” —— Observed limit H102 - I +1sd — Exp 95% CL limit-
N = ggA combined (OL+2L) limit E - Vs=13Tev TH0 >0 ClExcluded ]
t coe e Expected limit 3 " 139 b : /: - E clude ]
< 10 0 [ Expected =1 s.d. = —
! Eoo 3 - a
o C [ ] Expected =2 s.d. 3 ) ) ) .
e W Expected limit OL) 3 Constrain regions away from alignment limit.
E R Expected limit (2L) 3]
107 & 3
= = 10
1072 E 0 Ssaaeel
10_3 E 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
400 600 800 1000 1200 1400 1600 1800 2000
m, [GeV]
1
ATLAS, JHEP 06 (2023) 016 ;
IR
S. Su -1 -0.5 . 1
cos (B-a)




S.Su

Complementarity

16



Constraints

Neutral scalars

@ theoretical constraints
vacuum stability/Unitarity/perturbativity/.. mi22 = my2Sin3 cosf
® Precision Higgs measurements (y, n)
® Conventional channels: vy, ZZ, WW, 11, pp, bb, tt
@ Exotic decay into h: A—hZ, H—hh
@ Exotic decay of hSM: h—AA, h—»zHH
® Exotic decay of BSM sector:A— 2HZ, H—»AZ
® LEP searches: ete—Z—HA, ete-sZ—2H
®© SM non-resonant processes: ttZ, tttt
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2HDM Neutral Scalars @ LHC

Type-I: my =150 GeV and m, =400 GeV
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2HDM Neutral Scalars @ LHC
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2HDM Neutral Scalars @ LHC
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2HDM Neutral Scalars @ LHC
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Degenerate Case: Type I & Type II
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Degenerate Case: Type I & Type II
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Degenerate Case: Type I & Type II
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Degenerate Case: Type I & Type II

tang
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Degenerate Case: Type I & Type II

+tanR
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Degenerate Case: Type I & Type II
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Degenerate Case: Type I & Type II
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Non-Degenerate Case: Type II
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Non-Degenerate Case: Type II
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Non-Degenerate Case: Type II

® Non-degenerate: A—ZH, H—ZA
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Charged Higgs: challenge!
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Conclusion

© BSM with extended Higgs sector: BSM Higgses
@ Current search for BSM neutral Higgses: conventional channel
@ Current search for charged Higgs: challenge
@ Exotic Higgs decay modes open:
dominant, relax existing limits, new discovery channel

= Higgs — light Higgs + gauge boson

= Higgs — two light Higgses
© Exotic decay complementary to

= Higgs precision: insensitive to alignment limit

= conventional channels

= A—Zh, H—-hh, H—=VV: vanish under the alignment limit
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Conclusion

®© We can already do a lot with exisﬂng data. THANK YOU!
© Would be nice to have updated results with more data available.
@ Would be nice to add more channels

= H — H*H-~ H/A— WH*

could be new channels for charged Higgs production/discovery

© Would be nice to map all mass region instead of a few benchmarks.
= mHx vs mA/H

@ Continuum search could also be useful for BSM Higgs with large width
= ttZ, tttt, ttbb

An exciting journey ahead of us!
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Charged Higgs Challenge

® Charged Higgs is challenge for discovery

Mz < My mu: > me: tbH* production (small)
ttbar production with - H* — tb, large BG
t— bH:, H* — Tvorcs = Ht = 1vorcs, suppressed Br.
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© EW

Charged Higgs

precision constraints

MHpm ~ MH, MA, M
® direct searches

H:—cs, cb, Tv, tb
® flavor constraints
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Charged Higgs Challenge

© New decay mode for Hi: Ht = AW/HW
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Channels

Charged scalars

® theoretical constraints
vacuum stability/Unitarity/perturbativity/.. mi22 = my2Sin3 cosf
© Hpm width measurements (FHpm)
® Conventional channels: 1v, cs, cb, tb
@ Exotic decay of BSM sector: H:— AW/HW/h\W
® LEP searches: e*e-—Z—-+H+H-
® SM non-resonant processes: ttbb, constrain toHx(>tb)

involve fiducial phase space with nontrivial cuts.
Need detail collide analyses to reinterpret

® Flavor
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Degenerate Case: Type I

H+ to AW/HW not open

Type-I: cos(B a) =

® degenerate: mux= my=ma

. ' T HE o>Tv

no BSM sector exotic decay |arge tanB  HEstb
weak constraints +

© Type I: b2, w/d/l Lo — e | Z:_f
BSM Higgs Yukawa ~ 1/tan 3 —r

tanf
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Degenerate Case: Type I

H+ to AW/HW not open
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Non-degenerate Case: Type I

® Type I: ¢4, u/d/I
BSM Higgs Yukawa ~ 1/tan 3
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Non-degenerate Case: Type I
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Non-degenerate Case: Type I
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Degenerate Case: Type I/II
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Degenerate Case: Type I/II
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Exotic Decay

New channels open up for non-SM Higgs decay

HH type |(bb/TT/WW/ZZ/yy)(bb/TT/WW/ |hsm — AA,
ZZIyy) H — hswm hsw,
H— AA,
H+H- type |(Tv/tb)(Tv/tb) H — H*H-
neutral
Higgs WH: type |(lv/qq’) (Tv/tb) H/A— WH*
ZH type | (Iiqq/vv)(tt/bb/TTIWWIZZIyy) |H — ZA,

A— ZH, Zh
charge |WH type (lv/qq’)(bb/TT) tH* production,
Higgs H*= WH

H:— WA
s.su Need hierarchical mass spectrum for BSM Higgses!
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Conclusion

© BSM with extended Higgs sector: BSM Higgses
@ Current search for BSM neutral Higgses: conventional channel
@ Current search for charged Higgs: challenge
@ Exotic Higgs decay modes open:
dominant, relax existing limits, new discovery channel

= Higgs — light Higgs + gauge boson

= Higgs — two light Higgses
© Exotic decay complementary to

= Higgs precision: insensitive to alignment limit

= conventional channels

= A—Zh, H—-hh, H—=VV: vanish under the alignment limit
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Conclusion

®© We can already do a lot with exisﬂng data. THANK YOU!
© Would be nice to have updated results with more data available.
@ Would be nice to add more channels

= H — H*H-~ H/A— WH*

could be new channels for charged Higgs production/discovery

© Would be nice to map all mass region instead of a few benchmarks.
= mHx vs mA/H

@ Continuum search could also be useful for BSM Higgs with large width
= ttZ, tttt, ttbb

An exciting journey ahead of us!
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