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Motivations

extended scalar sector

singlet (1,0): s

singlet (1,2): S+

SM +
doublet (2,1): H, H+

triplet (3,Y): H, Ht, H*++



Motivations

charged scalars

singlet (1,0): s

singlet (1,2): S+t

SM +
doublet (2,1): H, H*

triplet (3,Y): H, Ht, H*++



singlet: S+
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Renormalizable model

Assumption: S is the only new

S ~ (1,-2) degree of freedom at vgy
T
Q=T3+Y/2
SM + S with dimension-4 interactions A. Zee, Phys. Lett. 93B (1980)

389; 161B (1985) 141; K.S.

Babu, Phys.Lett. B203 (1988)
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a, B are generation indices

Higher dimensional operators are important



Effective operators

* Dimension-5 operators (non-redundant)

eneiSS, | QpHupS, QpHdySt, 7;Hepst flavor-diagonal*

v, B(:’—l_BI_L—I_BT—'—B]:]-
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Constraints from the LEP

LEP Joint SUSY Search Results
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Direct searches at the LHC

No constraint due to my* > 80 GeV and Htb coupling

Quantity m ., (GeV)|upper limit at 95% CL
B(t — HtO)B(Ht — 7tv.) | 80— 160 1.3 - 0.23%
B(t - H"5)B(H* = 7%v,) | 80— 160 1.2 -0.15%
B(t - Hth)B(H — c5) 90 — 160 6.5 —1.2%
B(t — Htb)B(H'T — c3) 90 — 150 5—1%
)| B(t— HYb)B(H'T — cb) 90 — 150 1.1 - 0.4%
o(pp — t(B)HE)B(H* — 7%1,.)| 180 — 1000|  0.76 — 0.0045 pb
a(pp = t(B)HF)B(H* — 7*v,)| 180 — 600 2.0-0.13 pb
a(pp — t(b)H*)B(H* — 7%1,)[200 — 2000 2.0 — 0.008 pb
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Direct searches at the LHC

Dilepton: ATLAS JHEP 1405 (2014) 071 (8TeV), ATLAS-CONF-2017-
039 (13TeV, 36.1 fb1) ATLAS-CONF-2016-096 (13TeV, 13.3 fb1)

Ditau: ATLAS JHEP 1410 (2014) 096 (8TeV), CMS-PAS-SUS-17-003
(13TeV, 35.9 fb1)

No constraint due to mgy sy > 80 GeV and low luminosity
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Direct searches at the LHC

following slepton/chargino searches, we consider

qq — V)2 — STS™, 8% = (Fuy, 750,

with the same cuts and BKGs taken from

Dilepton (chargino): ATLAS-CONF-2016-096 (13TeV)

Ditau (slepton): CMS-PAS-SUS-17-003 (13TeV)



Combined sensitivities for S+

B, = 1— (B, + B,) with 8,=0
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Combined sensitivities for S+

B, = 1— (B. + B,) with =0
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doublet, triplet: H+

Jian-Yong Cen, Jung-Hsin Chen, Xiao-Gang He, GL, Jhih-Ying Su, Wei Wang, 1811.00910
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No Ht*W-Z interaction in doublet models

Latwsye = emw (W;}'A#G_ + h.c.)

+ gmgz [W:Z“ {G" cos? B — \/iitw ;Yk Y=1

X ¢1T+Uk+(W] +11.c. . T v =0
vev in the last component
:[H' - (T TT+'U»;
\/-mw { Uk (M] +Z'?, }

J. F. Gunion, H. E. Haber, G. L. Kane, S.
Dawson, The Higgs Hunter's Guide
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Distinctive signature for higher representation
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H+W-Z interaction at the LHC

type-Il see-saw model
2SM

Georgi-Machacek model

Where does H* come from?
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H+W-Z interaction in triplet models

1
m2, my = 892; (AT, (Tx + 1) — V2] 02 + gZZT (T; + 1)
P=—3 3
WLZC 19
- mQZ Z C_Q ZYk U
wook
(T,Y) = (1/2,1) P~ =1.00039 £ 0.00017 PDG 18'
-
complex triplet p=1 real triplet
(T,Y) =(1,2) (T,Y) = (1,0)

@ vev is servely constrained with one triplet (type-Ill see-saw model and 2SM)

H+ SM
@ vev is less constrained with two triplets (Georgi-Machacek model)
H+ s G\ g.zgze(zg%iSaSr;délgflé Machacek, Nucl. Phys.
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Georgi-Machacek model

v (X2 X e (V2 &
X —xt/V2 ) & —E/V2

SU(2), x SU(2)g — SU(2)c Higgs potental

0 g—}— X++ Uy

7,0 Bt X Ve =
v (-hﬂ hO) , A=|—xt & x*
yHHe gt 40

S
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i 2 a b
H + Agtr (ATA) } + Agtr[@F @]t [ATA] + Astr [@T %«p%} tr[AtTeAT?)
: .I.O'G’ o? + — b1/ pt
L -1io + pptr [ @ 7@; (PTAP)p + patr[ATT* AT (PTAP) g,
P=—| 002 )
V2 ; .
1 ¢ 0 M. S. Chanowitz and M. Golden, Phys. Lett. 165B

(1985) 105, M. Aoki, S. Kanemura Phys.Rev. D77
(2008) 095009
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Georgi-Machacek model

scalar fields can be decomposed: SU(2), x SU2)g — SU(2)c

20213 303518305
Hy*, G+ (W+), GO (Z) Hs*

Two H+'s in the GM model

* Hs* couples to fermions but
not W-Z

* Hs* couples to W-Z but not
fermions (need to check it)
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Modified Georgi-Machacek model

V= ¥rivz gt ¢ /2 €f
X —xt/v2 )’ & =&/V2

vg + hyg +ily O_UX+hX+iIX

hO = 5 = ) 0 = + h
NG X NG §" =g+ he
. 1 me,
kinetic: (D, H)'D*H + ~(D,£)'D"¢ + (D, x) " D*x p=—5
2 myc:
vy + 202 + 4vg
P = 5 5
vy + 4y - o = 1 at tree-level
ve=—% tion)
13 \/@ our convention
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Modified Georgi-Machacek model

v (X2 X e (V2 &
X =xt/v2 ) & —&/V2

J.-Y. Cen, J.-H. Chen, X.-G. He, J.-Y. Su,

Int.J.Mod.Phys. A33 (2018) 1850152; S.
- i, S. tis, K. Y;
General potential Blasi, 5. De Curtis, K. Yagyu,

Phys.Rev. D96 (2017) 015001

1
V(H, X, &) = wyy H'H + Mg (HVH)" 4 23 T (x"x) + g Tr(€€)

+ )\x( Tr(XTX))Q + X'X Tr(XTXXTx) + ;l)\é(Tr(fﬁ)F

+ = (HH) Te(§€) + o (H'H) Tr (x"x) + s3 (H xx" H)

+ % Tr(&€) Tr(XTx) + k5 It [ﬁXT] Tr[éx] + H&HHHT&H

- {,uXHHHTxH + ANHTyv¢H + h.c.} + gy TT [x*&x] .

custodial symmetry restored only if v¢ = and specific coupling relations

S’@
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Modified Georgi-Machacek model

J.-Y. Cen, J.-H. Chen, X.-G. He, J.-Y. Su,
Int.).Mod.Phys. A33 (2018) 1850152; H. E.

Coup”ngs to WZ and quarks Haber, H. E. Logan, Phys.Rev. D62 (2000)
015011

g2 vu(2v] — 4v7) g 42w,
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2 2 2 2
g UH(Q’UX = 4’()5) ) g 4\/§UXU€ drrr—
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Hy \ [ cosd sind Hit GM model: 6 =0
H |\ —sind cosd A

0 is a function of v, and couplings in the general Higgs potential
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Modified Georgi-Machacek model

J.-Y. Cen, J.-H. Chen, X.-G. He, J.-Y. Su,

pertuabative unitarity; Int.J.Mod.Phys. A33 (2018) 1850152; H. E.
Haber, H. E. Logan, Phys.Rev. D62 (2000)
015011
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H+W-Z interaction at the LHC

type-Il see-saw model
2SM
Georgi-Machacek model

modified GM model

q q

!

q 4q

J.-Y. Cen, J.-H. Chen, X.-G. He, GL, J.-Y.
Su, W. Wang, 1811.00910 26



Collider analysis at the 13 TeV LHC

cut flow (in pb) for mp= = 500 GeV

cuts signal it tW tq
cuts in Eq. (6) 7.76E-03  9.97E+01  1.04E+01  3.02E-+01
Al ool 7.76E-03 9.96E+01 1.04E+01 3.02E+01
n; >4 6.53E-03  8.06E+01  5.67TE4+00  4.16E+00
b-tagging 3.23E-03  3.14E+01 1.53E+400 1.28E+00
single lepton 2.03E-03  1.50E+01 7.97E-01 5.02E-01
Emiss > 30 GeV 1.62E-03 1.15E4+01  6.12E-01 3.70E-01
> 2 non-b jets 1.35E-03 6.19E400 3.12E-01 1.77E-01
|A-?7jj‘ > 3.5 1.02E-03  1.10E+00 5.35E-02 8.31E-02
m;; > 400 GeV 9.52E-04  8.41E-01 3.94E-02 5.91E-02
P > 65 GeV 5.80E-04  3.39E-01 2.08E-02 1.72E-02
pé’nl > 120 GeV, pg; > 65 GeV || 2.21E-04  6.44E-02 5.95E-03 2.87E-03
my, > 400 GeV 1.15E-04  2.94E-02 3.67TE-03 1.29E-03

VBF and optimal cuts for

200 GeV < myg+ <1000 GeV
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Sensitivities at the 13 TeV LHC
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Summary

* Alight St with mass as low as 65 GeV is allowed

e |tis very promising to discover/exclude S+ at the LHC

* mg* < 80 GeV (LEP blind spot) can be discovered/excluded in
dilepton channel

* mg* < 140 GeV (260 GeV) can be discovered (excluded) at the
HL-LHC

 We proposed a complementary search for H+
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