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WhHY Higgs TRIPLETS?

All models are wrong, but some are useful.
--- George E.P. Box

» Higgs triplet models have the following intriguing features:

- type-ll seesaw for Majorana neutrino mass, generated by the
VEYV of the new scalar (automatically induced by EWSB);

- 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 couplings with weak
bosons;

- existence of a H*W=Z vertex at tree level through mixing (only
loop-induced in models such as 2HDM).



GEORGI-MACHACEK MODEL

Georgi, Machacek 1985
Chanowitz, Golden 1985

» The Higgs sector includes SM doublet field ¢ (2,1/2) and
triplet fields x (3,1) and € (3,0)
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QEORGI-MACHACEK MODEL

Georgi, Machacek 1985
Chanowitz, Golden 1985

 The Higgs sector includes SM doublet field ¢ (2,1/2) and
triplet fields x (3,1) and € (3,0)
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transformed under SU(2).xSU(2)r as
® - U.dUgt and A — UL A Ugt
with UL r = exp(i BLr2 T2) and T2 being corresponding
SU(2) generators.
» Take vy = ve = va (aligned VEV).
- SU(2)LxSU(2)r — custodial SU(2)v
w0 =1 at tree level
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VACUUM EXPECTATION VALUE

» The VEV'’s are subject to the constraint

1
= (246 GeV)?
NoTeP ( )
with two mixing angle definitions seen in the literature:
2\/§UA (%0
t
Vg 2v/2va

v2:vq2b+8fu2A:

+ One could attribute EWSB entirely to va (= 87 GeV) while

: _ Georgi, Machacek 1985
keep|ng ch — O Chanowitz, Golden 1985

» Perturbativity of top Yukawa coupling demands
va s 80 GeV.

> other constraints later



CustToplAL SU(2) CLASSIFICATION
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NeUuTRAL Higgs CourPLINGS

- Normalize all couplings to those for SM Higgs boson
(V =W,Z; F = quarks):

__ YoFF _ Gpvv
P ="M MV = 7sm |
9hrr grv v group factor that makes it
possible for the entire factor
Higgs K Ky to be greater than |
cos (mixing required)
o
h : sinﬁcosoz— 0s (3 sin «
suppressed by & sin
HY S sina sin B sin o + cos 3 cos
! sin (3
HY in s cot B 0 gauge-phobic
COS 2 cos .
HY 0 \ RWw = — \/; and Ky = \/§B quark-phobic

ns = +1 for up-type qu‘égks and —1 for/down-type quarks and charged leptons.

independent of «;
proportional to va
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DECAY PATTERN

 Decay rates of new Higgs bosons generally depend on
their mass hierarchy, va (or tanBy), and mixing angle a.

 Possible mass hierarchies in the decoupling limit:
* Am =0 " Mpys = MH3 = MH1
« Am > 0 "™ mp1 > MH3 > MHs

* Am < O ™ Mp5 > MH3 > MH1

» General mass spectra without fixing a and consistent with
current Higgs data and some other theoretical and
experimental constraints have recently been worked out.
All six mass hierarchies are possible.  CWcC Kuo,andYamada 2015



CONTOUR PLOTS FOR Hs PECAYS

* Fix mh = 125 GeV and a = 0 in these plots.

» Decay rates now depend upon va, muyz and the mass

splitting between 5-plet and 3-plet:
Am =mpy, —mp.
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DECAY PATTERN

CWC, Yagyu JHEP 2012

Am <0 (mpg, > mg,)
Ot — HfW* , HY — H Z/HYW™ | HY — HFWT/H)Z
H — HYW™' , H) - HYZ

[Am|
Am > 0 : (mp, > mg,)
HiT — oot
H — (Tv
HY — v
Hy — HI "W~ /HS Z/HJW
HY - HEWT/H)Z

| Am >0: (mpy, >mpg.)

Hi T — wrwt

Hf - WtZ

HY) - WtW~™/ZZ

HY — HI "W~ /HS Z/HJW
HY - HEWT/HYZ

~ MeV
HS " — (0", H = {'v, H v |H " —>W™WT"T  HS  -W"Z H =W "W~ /ZZ |

H —(Tv, H] = vv. HY — 77v/c5/th, HY — bb.
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SIGNATURE FOR SMALL Va

* In the case of small va, both H= and H* decay dominantly
into leptonic final states, same as the simplest Higgs triplet
model in phenomenology.

Akeroyd, CWC, Gaur 2010

Discovery potential |—— : — —

CMS 2012
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A general lower bound of 400 GeV from
4-TeV LHC like-sign dilepton modes is given by both
ATLAS and CMS. ATLAS 2012,2014



PRODULCTION FOR LARGE VA

» For large va, H*= couples dominantly to weak bosons.
- VBF as dominant production processes for sufficiently

large va and sufficiently large MH..-. CWC, Kuo, and Yamada 2015
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- Upper curves for ++ and an experimentally less explored

lower curves for —— scenario, and unique for GM



IMPORTANCE OF VBF PrROCESSES

uwCGF =1.0 +0.1 Ky contours Kr contours

* Enhancement (suppression) in BR(h—VV) due to ky > 1
(< 1) Is compensated by suppression (enhancement) in
gluon fusion cross section duetokr <1 (> 1).

w importance of studying the VBF processes in GM
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TRANSVERSE MASS DISTRIBUTIONS

chvw = 1.3 with (Br,&) = (40°,55°) and CWC, Kuo, Yagyu JHEP 2013
Mps = Mz = My = 300 GeV  m» no mass hierarchy
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CONSTRAINT FROM Hs~ 7

ATLAS 2014

- ATLAS data of same-sign di-boson events (20.3/fb, 8-TeV)

can be used to limit the va-mus plane:
limit from 8-TeV LHC of 20.3 /tb 50‘ reach at |4 Te\/ L|—|C

2?00 20\ 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900 1000

Mys> M3 [GeV] (5 e < 200 GeV more Mas a3 [GV]
most severe bound onva  events from 5-plet Higgses more improvement

at mps = 200 GeV are rejected by kinematic cuts in high mass region

» Results are independent of a. CWC, Kanemura,Yagyu PRD 2014
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CONSTRAINT FROM H,°

CWC and Tsumura JHEP 2015
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» ZZ is more constraining than i,
WW when Mu1=375 GeV as
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CONSTRAINT FROM H5°

CWC and Tsumura JHEP 2015

» Since Hs does not couple to SM quarks and charged
leptons, it has only VBF ZZ, WW, and yy channels.

- Constraints are generally weaker, but independent of a.
- The WW mode does not provide a useful constraint.
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No CONSTRAINT FROM H:° YET

CWC and Tsumura JHEP 2015

- Signal strength of H3°—ff is significantly enhanced in the

mass range between 2Mw and 2M:

A
GGF Hs 2F1/2(MH3)

Fr [H3] = (kg*)
8 Fls/Q(MH3)

1000

hZ threshold — .

10+
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Mrr[Hs]
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0.1
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CONSTRAINTS FROM Higgs PATA

CWC, Kuo, and Yamada 2015

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

- Do not include yy to avoid uncertainties in the loop.
 Solid: 10 contour; dashed: 20 contour.

60,‘“l“‘l“‘l“‘l“‘l‘,

* In our work, we sample a few
points in the allowed region and
scan for viable mass spectra for
exotic Higgs bosons.

a [degree]
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UNITARITY/STABILITY BOUNDS

* (Tree-level) perturbative unitarity bound Aoki, Kanemura 2008

6A1 + TAs + 1A |+ 1/(6A1 — TAs — 11A2)2 + 363 < drr .
)\4—>\5‘<27T, ‘2>\3+)\2‘<7T,

’2)\1—)\3—|—2)\2’—|—\/(2)\1—|—)\3—2)\2)2—|—>\§<4ﬂ'.

* (Tree-level) vacuum stability bound Arhrib et al 201 |

1
)\1>O, )\2—|—)\3>O, )\2+§)\3>O,

1
— | F 2V AM D2+ A3) >0, Ay — ZM + /221 (202 +A3) >0 .
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VIABLE MASS SPECTRA

CWC, Kuo, and Yamada 2015

* mH1 on the mus-mu3 plane, satisfying stability and unitarity
constraints and measurements of the S parameter and the
Zbb coupling at 20 level.

va=20 GeV, a=-10°

va=10 GeV, a=-10°
E'J‘ﬁl :ﬁl T T .

1000 N | | | | N |

1000

my, [GeV]

» Just two examples; more in our paper.
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YY AND yZ DECAYS OF h

va=20 GeV, a=-10°
1000 ——

e

- Signal strength of the yy

mpy, [GeV]

« LHC 7 TeV + 8 TeV data

___________________

mode via GGF.

...................

_______________________

. ATLAS: 1.007+0%4 1050 gt 0

« CMS: 1.32+0.38
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= o Tl | H |

- Signal strength of the yZ = aeE
mode via GGF.
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PoueLE Higgs PECAY OF Hy

* When mu1 > mp, H1— hh becomes possible.

- BR varies a lot.
w affecting search scheme

* In certain cases, it can be larger than 90%!

va=10 GeV, a=-10°
IOOO'I'EI'EI':'I"

1000 —

800

mp, [GeV]
mp, [GeV]
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W-PAIR/CASCADE

mpy, [GeV]

BR(HIT = W (= Tv) WH (= £Tuvp))
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S5-PLET AT ILLC

» Three types of production modes at ILC:
- Pair production (PP) processes

ote s Z* Jy* H5++H5__ independent of va

dominant for small va

ete” — Z*/v* — H Hy kinematically limited to /s/2
- Vector boson associated (VBA) processes
e " o~~~ w- depending on va
. _dominant for large va and mus
zn -7 s el )/ s up to Vs — Mwz
T —h AN~ T | + +
ot - e W™ Involving Hs*W¥*/Z vertex
 Vector boson fusion (VBF) processes
e — — e e — — ¢/% depending on va
Z s :
e . dominant for large va and ms

w Z/w* up to ~+/s

+ . . —
et — — % et — — ¢/% involving Hs*W*/ vertex
26




VBA CrROosSS SECTIONS @ ILC

CWC, Kanemura, Yagyu 2015

 Production rates for the neutral and singly-charged Hs are
higher than the doubly-charged one, and are ~ O(1 tb) for
a wide mass range.

_ o . .
e'e > H"WW +cc ee - H,W +cec

—————— 95% CL,8TeV,20fb" |

56,14 TeV, 300 fb"

| | | 50,14 TeV, 3000 gb“

w i [N N A N TR NN NN N NN N N N
?OO 150 200 250 300 350 400 450 ?00 150 200 250 300 350 400 450 ?OO 150 200 250 300 350 400 450

m, [GeV] my [GeV] my [GeV]

Vs =500 GeV
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INVARIANT MASS DISTRIBUTIONS

Invariant mass distributions for subsystems of the

ere-— W+W-Z process, including ISR with scale set at Vs.

Vs =500 GeV and va = 30 GeV

mp. = 200 GeV (black) and 300 GeV (red)
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Narrow peaks are due to Hs* and Hs9, respectively.
Precise measurement of the Hs*W+Z vertex is possible.
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-SMMMAR,Y

« With SU(2)L.xSU(2)r-symmetric Higgs potential and vacuum
alignment, GM model preserves custodial symmetry, allows a
large va, and possibly has hVV couplings stronger than SM’s.

* There is an [approximate] mass degeneracy in each of the
3-plet, and 5-plet Higgs representations.

* For large va, VBF processes are useful for searching for
exotic GM Higgs bosons, verifying their mass spectrum, and
extracting hVV couplings.

- Latest LHC data are employed to put constraints on the
parameter space (e.g., va Vs a), and comprehensive scans
are done to search for viable Higgs mass spectra.

- Synergy between searches of Hs* and HsC at ILC and Hs* at
LHC will make the 5-plet study more comprehensive.
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Thank You!



