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WHAT THE MODEL
LOOKS LIKE



GENERAL FEATURES

» Higgs triplet models have the following features:

- type-ll seesaw for Majorana neutrino mass, generated by the
VEV of the new triplet scalar field;

- existence of a doubly-charged Higgs boson, leading to like-sign
LNV and possibly even LFV processes at tree level,
w3 link between neutrino and LHC physics

- SM-like Higgs possibly having stronger/weaker couplings with
weak bosons;

- existence of a Hs*W=Z vertex at tree level through mixing and
proportional to va (only loop-induced in models such as 2HDM);

« Georgi-Machacek model with custodial symmetry allowing a
larger triplet VEV va.
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VERIFYING THE MODEL

» To verify the model, it is crucial to find the entire Hs family:
(i) there are three charged states;

(i) they are almost degenerate in mass;

(iif) they are CP-even;

(iv) they have correct couplings with SM particles;



NeEUTRAL Higgs CoUPLINGS

* Normalize all couplings to those for SM Higgs boson

(V =W,Z; F = quarks):
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DECAY PATTERN

CWC,Yagyu JHEP 2012
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SIGNATURE FOR SMALL VvV

o

* In the case of small va, both  * / /
++ and H#* decay primarily into v

eptonic final states, same as
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PRODULCTION FOR LARGE VA

 For large va, H** couples primarily to weak bosons.

* VBF as dominant production processes for sufficiently

large va and sufficiently large MH...
CWC, Kuo, and Yamada JHEP 2015
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TRANSVERSE MASS DISTRIBUTIONS

chw = 1.3 with (Bn,&) = (40°55°) and CWC, Kuo, Yagyu JHEP 2013
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CONSTRAINT FROM Hs**

- ATLAS data of same-sign di-boson (light leptonic decays)
events (20.3/tb, 8-TeV) can be used to put constraints on

the va-mps plane: ATLAS 2014
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* Results are independent of a. CWC, Kanemura,Yagyu PRD 2014



CONSTRAINTS FROM Higgs PATA

- Consider the tree-dominated Higgs decays into ZZ, WW,
bb, and TT in a chi-square fit.

- Exclude yy to avoid uncertainties in the loop.
- Solid: 10 contour; dashed: 2o contour.
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HOW LEPTON COLLI
CAN HELP —

D

ERS

FOCUSING ON 5-PLETS



GM @ LerToN CoLUIDER

» Although in the case of a large triplet VEV the exotic Higgs
bosons have diminishing Yukawa couplings with charged
leptons, the 5-plet Higgs bosons can still be produced via
productions in association with weak gauge bosons that
serve as promising detection channels at lepton colliders,
such as ILC, Compact LC, CEPC, or the electron-positron
branch of the Future Circular Collider.

ILC
ECFA/DESY LC Physics Working Group Collab. 200
Linear Collider American Working Group Collab. 200
Linear Collider ACFA Working Group Collab. 2001
Moortgat-Pick et al., 2015

Compact Linear Collider
CLIC Physics Working Group Collab. 2004

CEPC

CEPC-SPPC Study Group Collab. 2015
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GM @ LepToN CoLLIDER

* It is possible to probe this sector using the uniquely
featured tree-level vertex of Hs*W=Z at high-energy e+e-

colliders. Godbole, Mukhopadhyaya, Nowakowski 1995
Cheung, Phillips, Pilaftsis 1995

- Make use of the excellent energy resolution for jet
systems to help tagging dijets from W and Z bosons.



REMARKS ABOUT H:'S

* An important feature of Hs’s is that they have no tree-level
HsVV couplings. But Hsf f couplings are allowed.

* Instead, they have Yukawa couplings that are proportional
to tanBx or va through mixing with the Higgs doublet
w their decay patterns are the same as those of the extra

i i - Gunion, Haber, Kane, Dawson 2000
nggs bosons in the Type | 2HDM Kanemura, Yokoya, Zheng 2014

* Their possible production mechanisms at ILC are pair
oroduction ete-—HstHs~ and the fermion associated
orocesses ete-—f fH30 and ete-—ff'Hs*.

- Dedicated studies of the production and decays of Hs’s at
_HC has been done before. CWC and Yagyu 2013




Hszs INTERACTIONS

* There are three types of interactions which induce the
decays of the 5-plet Higgs bosons at the tree level:

(i) scalar-gauge-gauge interactions,
(il) scalar-scalar-gauge interactions, and
(ilf) scalar-scalar-scalar interactions.

* When the mass of the 5-plet Higgs bosons is smaller than

the total mass of the 2-body final-state bosons, one or
both of the boson must be off shell.

- In our analysis, we consider up to 3 bodies in final states.



Hs INTERACTIONS

- Scalar-gauge-gauge H=% — WEW=
interactions lead tQ HE = Wtz
proportional to va
H) ~WTW~/Z7
- Scalar-scalar-gauge H " — W*Hy

interactions lead to
proportional to

weak gauge coupling H50 — WiHj/ZHg

- Scalar-scalar-scalar H>* — Hy Hy

interactions lead to
e | HY — Hy HY/HYHS
involving triple Higgs
couplings H5O — HSngF/HgHg




BR's oF H=
* Fix mus = 300 GeV, va = 10 GeV and M22 = 0.

» Choice of M+2 results in more changes in yy and Zy,

through the triple Higgs couplings in Hs loops.

*M12 and M22 are two parameters related to ®PA and A3 trilinear terms in Higgs potential.
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WIDTHS OF H:'s

- Total widths of Hs’s as functions of mus = mus, so that only
the diboson decays of Hs’s are allowed.

* There is almost no difference among the Hs widths,
another evidence of custodial symmetry.

* They increase with muys and va.
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PRODUCTION OF Hs's AT ILLC

» Three types of production modes at ILC:  Gunion.Vega Wudka 1990
 Pair production (PP) processes

ete™ = 7%y — HITH: ~ independent of va
L U o dominant for small va
e"e” — Z% /v — Hy Hj kinematically limited to /s/2

 Vector boson associated (VBA) processes

e " e’ " depending on va

dominant for large va and mps
up to \/S—MW,Z or \/S—ZMW,Z
H involving Hs*W*/ vertex

e e e — —— e/« depending on va
zZ/W- .
‘ L 0 dominant for large va and ms
K o H
w Z/W up to ~+/s
et < Ve et

/% involving Hs*W#Z vertex



10

CrOoSS SECTIONS @ ILC

Pair Productions

CWC, Kanemura, Yagyu 2016
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cross sections of lower two types of processes for
other values of va can be obtained readily by scaling



VBA CrOosSSsS SECTIONS @ ILC

 Production rates for the neutral and singly-charged Hs are
higher than the doubly-charged one, and are =z O(1 fb) for

a wide mass range.

same-sign diboson production larger cross sections

constraint from LHC Run-| /
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VBA CrROosSsS SECTIONS @ ILC
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VBTF Cross SECTIONS @ ILC

Vs = 500 GeV
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SIGNALS AND BACKGROUNDS

» Cross sections of 3- and 4-gauge final states in the SM:

NG 777 WtW—-Z WtW-WtW—- WtW-2ZZ 7777
500 GeV 1.1 fb 39 fb 0.13 fb 0.036 fb 6.8 x 10~* fb
1 TeV  0.86 fb 57 fb 0.79 fb 0.46 fb 3.0x 1073 fb

* Although W+W-Z has larger -

- W - e 7
background, it also receives
more contributions in GM 2N ZN
model via the VBA diagrams. ¢ s ¢ "

- They can be used to study properties associated with
singly-charged and neutral Hs bosons.

« Assume mus—mus < 50 GeV, then BR’s(Hs—VV) ~ 100%,
because Hs—V(*)H3s and Hs— HsH3 are forbidden.
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INVARIANT MASS PDISTRIBUTIONS

* Invariant mass distributions for subsystems of the
ere-— W+W-Z process, including ISR with scale set at Vs.

- Narrow peaks are due to Hs* and HsP?, respectively.
* Precise measurement of the Hs*\W=Z vertex is possible.

V5 = 500 GeV and va = 30 GeV
mp. = 200 GeV (black) and 300 GeV (red)
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Peaks at same location in both plots serve as a test of custodial symmetry.



INVARIANT MASS PDISTRIBUTIONS

* Invariant mass distributions for subsystems of the
ere-— W+W-Z process, including ISR with scale set at Vs.

- Narrow peaks are due to Hs* and HsP?, respectively.
* Precise measurement of the Hs*\W=Z vertex is possible.

Vs =1TeV and va = 50 GeV
mp. = 600 GeV (black) and 700 GeV (red)
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For mus= 700 GeV, it is difficult to find a peak because the signal cross

section is suppressed, while the widths become larger for larger mus.



SMMMARY

- Concentrate on the study of how one can test the GM model
at the ILC with proposed colliding energies of 0.5 and 1 TeV.

- Show decay BR'’s of the three charged states of Hs as
functions of mps — mps.

- With a cleaner collider environment, it is easier to determine
singly-charged and neutral Hs mass with high precision at the
ILC than the LHC, using the VBA production processes with
the W+W-Z channel.

* A synergy with LHC for the mass of doubly-charged Hs helps
verify the model, including its custodial nature.
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Thank You!



