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Motivations

e Neutrino oscillation

Neutrinos are massive, masses are generated through a type-l||
seesaw mechanism. (pFr. Perez, T. Han, G. Huang, T. Li, K. Wang, 2008)

e Baryon asymmetry of the Universe

Electroweak baryogenesis from the Higgs portal.

 Roadmap for future colliders

CEPC (China), ILC (Japan), FCC (Europe)
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Model key features
A(1,3,2)

V(®,A) = —m?®T® + M*Tr(ATA) + [u®@"inAT® + h.c.] + A (@T0)?
+ A [Tr(ATA))] ? L THATAATA] 4 M\ (@TO)Tr(ATA) + \sdTAATD
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Model key features
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Model key features

A A
2 2 2 2 2 5 2 2 2 5 2
my =~ 201 = 207 A1, Mg X MA X Ma, Mpy+ X MA — — Vg, Mpy++ = MA — — Vg
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Model key features

A A
2 2 2 2 2 5 2 2 2 5 2
my =~ 201 =~ 20° A1, Mg X MA =X Ma, M+ :mA——4 Vy, Mi++ :mA——2 V%
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Fixed by SM
Higgs mass
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Model key features

A5 |v3 A5 |07
Am = |mygt:r —mpys| = |mygs — Mg | ~ 25|V = Asv
’ SMA SMA

Determined by mass splitting
N
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Model key features

As|v3 A5 |07
Am = |mygt:r —mpys| = |mygs — Mg | ~ 25|V = Asv
’ SMA SMA

Determined by mass splitting
N

A A
m7 ~ 205\ = 20° N1, My = MA X MA, Miys ~ MA — ZSU(%, M2t ~ MA — 751)%
v l
Fixed by SM Basically the mass
Higgs mass scale of the triplet
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Model key features

A A
2 2 2 2 2 5)2 2 2 5 2
my ~ 205A1 = 209N, Mg X MA X MA, Myr =~ MA — 0%, Mir++ :mA——z V%

A

Also determines the mass hierarchy

)\5§OI mh<mH2mA§mHi SmHii
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Model key features

V(®,A) = —m?®T® + M>Tr(ATA) + [p®TirAT® + h.c.] + A (®T®)?
+ A [Tr(ATA))] 2 L TATAATA] + \(@TO)Tr(ATA) + A BTAATD

l

How determine?
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Model key features

V(®,A) = —m?®T® + M>Tr(ATA) + [p®TirAT® + h.c.] + A (®T®)?
+ A [Tr(ATA))] 2 L TATAATA] + \(@TO)Tr(ATA) + A BTAATD

l

How determine?

Br(A — hZ,H — ZZ,H - WTW~ HT — hWT) = F(\4, s, ...)
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Model key features

Brief summary

Fixed by SM Higgs mass

V(®,A) = —m?®T® + M*Tr(ATA) + [p®'inAT® + h.e.| + A\ (®TD)?
+ X0 [Tr(ATA)]® + A Te[ATAATA] + A (DTR)Tr(ATA) + A;DTAATD

- From the BRs

v
Determined by mass splitting
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Cross section[fb]

Model discovery

A =0.129. My = 0.2, A3 =0, Ay = 0, \s = —0.1

Production cross section at \/; =100TeV
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Production cross section at \/; =100TeV
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Cross section[fb]

Model discovery
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Model discovery

mpa=400GeV, va=10"*GeV
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ma=400GeV, As=—0.1, vo=10"*GeV
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Model discovery

mpa=400GeV, va=10"*GeV
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Ao = 0.2

A3 =0
A =0
A5 = —0.1

ATLAS, JHEP03, 041(2015)
ATLAS, Eur. Phys. J C78 (2018)
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1 LHC Vs =13TeV exclusion region
B LHC Vs =8TeV exclusion region
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2 " a2 5 2
Mgy =MaA — 7’0@

ma > 0GeV
S mpg++ > 54.78 GeV

LEP constraints
automatically satisfied

OPAL (1992, 2002)
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Higgs portal parameter determination

| Aslvg | As|v?

. Y

SmA SmA

Am = |mpg++ —mp| X |my+s —mpg A

Upon discovery, A5 can be determined readily by the mass splitting.
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Higgs portal parameter determination

A5 |02 s |02
Am = |mpgss — mgs| ~ [mgs — mu a| ~ 1250% o Pl
7 SmA SmA

Upon discovery, A5 can be determined readily by the mass splitting.

Can determine A4 from precise measurements on Br( H= — AV * )
after discovery.

Parameter scan on the vaA-mAa plane and BDT analysis for

pp — H¥THT = (=5 WT /WEWEhw T
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hW=WTWT hW=07/¢

200 400 600 800 1000 1200 400 600 800 1000 1200 400 600 800 1000 1200 1400
mA[GeV] mA[GeV] mA[GeV]
VA = 1071 GeV VA = 1074 GeV VA = 107° GeV

Rpyy = 1162575 (LHC)
Rhyy =1 £0.05 (FCC-ee)
Rpyy = 14 0.01 (FCC-hh) Contino et al, CERN Yellow Report (2017)
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Summary

Can generate neutrino masses through a type-ll seesaw
mechanism and explain BAU via EW baryogenesis. Same-
sign di-lepton channel is the smoking-gun signature.

pp — HYTH-— /H*HT with g** - /20 /w*w* H* - hiv* could
cover a significant portion of the CTHM parameter space for
model discovery.

Upon discovery, the Higgs portal parameter A5 can be
determined from the mass splitting, \; can be determined
from precise measurements on Br(H= — AW )

h — vy decay rate can indirectly help A\, determination by
excluding a large part of the parameter space.
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CTHM setup

SM Higgs Doublet Complex triplet (1,3,2)
- + - I AT g+t
= 1 ( Sp_|_ ix) A= 1 vz At
B\ TIX) _E(5+m) -5
Potential

V(®,A) = —m?®T® + M?>Tr(ATA) + [p®TirAT® + h.c.] + A (©T®)?
+ do [Tr(ATA)]® + A Te[ATAATA] 4+ A (DTR)Tr(ATA) + A;DTAATD

Kinetic Lagrangian

9 acira 9 Yo
D, o = (((9“4—227 Wu+z 5 BM><I>

Liin = (D, ®)T(D*®) + Tr[(D,A)T(D*A)] ,

g'Ya

9 avrra :
DA = B,A + i [r* Wy, Al + == B,A
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Model key features: Type-ll seesaw mechanism

LY :(hy)ijLiciTQALj -+ h.c.

isB»(my)ij — ﬂ(hy)ijm — h, can be O(1)

Lepton number violated by 2, and we have the same-sign di-lepton
channel for the doubly charged component of the triplet--Smoking-gun
sighature for the triplet
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Model key features

V(®,A) = —m?*®T® + M*Tr(ATA) + [p®'inAT® + h.c.] + A (®TD)?
+ A [Tr(ATA))] ? L T ATAATA] + \(@TO)Tr(ATA) + A BTAATD

?
Vertex Coupling
hAZ — S cos On (cosasin 3y — 2sinacos 3)
2iemz> /e o | .
HZZ SIERZ(28in g cosav — cos By sin «v)
hllll()\g'
HW*TW~- Lgmz cos By (sin By cosav — cos B sin «)
hH- W Y (sin B4+ cos @ — V/2cos B4 sin o)
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Tree-level vacuum stability
Perturbative unitarity

Arhrib et al, PRD84, 095005 (2011)
Bonilla et al, PRD92, 075028 (2015)
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-3-2-10 1 2 3
Ag
Tree-level vacuum stability
Perturbative unitarity

couplings
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Chao et al (2012), Riesselmann et al (2012)
Machacek and Vaughn (1983, 1984, 1985)
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mpa=400GeV, Br>0.4

va=10"*GeV, Br>0 4
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Log|[10,vA][GeV]

A4:2, A5:—0.1, Br>0.4

—~10

Log[10.4][GeV]
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I_I:

vA 10 4GeV A4

Production and decay
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va=10""GeV, A5=—0.1, Br>0 4 va=10""GeV, 15=-0.01, Br>0.4
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va=10"*GeV, Br>0.4
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mpa=400GeV, v,=10"*GeV

H-hh

N

mpa=400GeV, v,=10"*GeV
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Signal and bkgs

HYYH- = = (770"~ (for small vp)
Signal
H"H = > W™"WTW-W~ = (70700 (for large va)
——
pp = ZWTW— = (74 _(""+("'"_E7~
Background
pp = LZ = (00

F: Missing transverse energy; H7T': Scalar sum of transverse momentum

my++ : Positively doubly-charged Higgs mass, m - - : Negatively doubly-charged Higgs mass
leading sub-leading Tr
T+ 0 Pt '
leading sub-leading
To— 5 Prog- - Ir

ansverse momentum of the /1 with leading and sub-leading pr respectively

ansverse momentum of the £~ with leading and sub-leading pr respectively

App+ o+, ARy+p+: Agp and AR of the two positively charged leptons
A¢y—y—, AR,—,—: A¢ and AR of the two negatively charged leptons
mz.1, mzz2: Two minimal combinations of the four leptons with same flavor and opposite charges
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Signal and bkgs

pp — HTH* — hWTE0F S bbl'T (=1 F. (for intermediate va)

Signal op— HTH== = hWTWEWE = bl == E, (for large va)
- - _
pp — hZW= — bbl 0 V' E
pp — hZZ — bbbl 0~ 070
- pp = ZW T = UG
Background pp = 11Z — WIbW b7l bl 0" 1 Ey

pp — ZW=bb — bbl 0 (=,
pp = WIW bbj — bl 0 jE,
pp = ttW= — WTbW b= E; — bbl' 0" (T F
pp — tt] — WTbW " bj — bbl' 1" jE ;

Tt
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Higgs portal parameter determination

Kanemura et al, PRD85, 115009 (2012)
Arhrib et al, JHEP04, 136 (2012)
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