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» Introduction to type |l seesaw EJC, Lee, Park, 0304069
Triplet boson spectrum and decay channels
CMS/ATLAS search

» Constraints from EJC, Lee & Sharma, 1209.1303

EWPD, Perturbativity/vacuum stability,
& Higgs-to-Diphoton rate

» Triplet-antitriplet oscillation & EJC & Sharma, 1206.6278
1309.6888
Same-sign tetra-leptons
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Introduction

» An SU(2) doublet boson (Y=1/2) responsible for the
masses of quarks and charged leptons as well as for the
electroweak symmetry breaking is discovered.

» What about neutrino masses? Maybe due to

‘¢SU(2) triplet boson (Y: | )a, : o e 6
Cheng and Li, 80
Type [l Seesaw Schechter and Valle, ’80

Lazarides, Shafi and Wetterich, 81
Mohapatra and Senjanovic, '81

» Peculiar prediction of a doubly charged boson:
A= (A, A, AY

» Main search channel: A**=> [T |*
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Type II Seesaw

» Introduce a doublet (Y=1/2) & triplet (Y=1):
_ (et @O _(AY/V2 AT
(I)_((I) 7(13) A_( AV —A+/\/§
» Triplet VEV generates neutrino mass matrix:
Ly = fos LLCiTsALg + L 1@ i A® + h.c.

, V2
= ’UA:PJU—@Q = m’, = fa,(g’UA
M3 ap
» Two free parameters related by neutrino mass:
fap— ~ 10712
Vo

» Collider probes neutrino mass pattern by measuring

fap
BR(ATH = I717)! EJC, Lee, Park, 0304069
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Scalar sector

» Scalar potential of type Il seesaw

V(®,A)=m?®T® + M?Tr(ATA)
+ A (PT®)? + Xo[Tr(ATA)]? + 2A3Det(ATA)
+ A (TR)Tr(ATA) + X5(@T ;@) Tr (AT A)
+ \%[J(I)T?:TQA(I) + h.c.

» Five boson mass eigenstates

A++,A+, A0
oT, @Y

H™  HT H/A
h

—
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Scalar sector

» Doublet-triplet mixing controlled by £ = v /v

q-:":r? =GV —2cA” ot =Gt +VUH? {,-"}% . al H 0
A= A0 4 E’{'GU At = gt — \@{'GJF AV — g0 +at AL

a =2+ (4N — Mg — As)v3 /(MZo — m2)

» p parameter constraint:
p = (1+282)/(1+4£%) > £ <0.03

> We will work in the limit of £ << 0.03.
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Scalar spectrum

= Mass splitting among triplet components:

A — Ay
Mzey = M?4+222 502

) AM:]V[H+ —MH++

/‘\h’,
Mps = Mpzs + 2= My,
\” AM ~ 28 My
Miposo = Mips + 23 My @2 M v

= Tiny mass splitting between H® & A° due to L violation:

1
Lx=—u®T ity AT® + h.c. = —puvg h° H°
A \/il‘L 2 HUP
2 V3 M?
_ _HY% SMpa =~ 2Mpo -5 H2 < AM
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Triplet decay channels
» Two mass hierarchies:
MH++ < MH+ < MHO/AO if )\5 > (0
MH++ > MH+ > MHO/AO if )\5 <0
» Gauge decays for non-vanishing AM (\.):
H°/A° — HEW* — HEEW*W*
H™ — H*W* — HY /A" W*W*
» Di-lepton (same-sign) decays through f_;:
H = 5 HY — g HY/A® —vavg <3 fop
» Di-quark/di-boson decays through &:
H™ - WTW™;, HT — tb; HY /A — tt, bb <::§:U_A
— ZW,hW — 77, hh/Zh g

I AM(As)
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Lepton Yukawas of the Triplet

» The neutrino mass matrix (assuming vanishing CP phases)
determines the coupling f = M¥/v, for givenv,:

NH IH
/(LUU4UB 0.00816 PLUUQGQW\ / 0.0479 —0.00557 —0.00573
M”

0.00816 0.0264 0.0215 —0.00557 0.0239  —0.0240

\U,f.ﬂllQG'&J 0.0215 0.0286 ) \—{'J,{'J{'JETS —0.0240  0.02693

» Assuming 100% BF for di-lepton channels (v ,<10* GeV)

Br (%) | ee e er | pp | pr | TT
NH 0.62 | 5.11 | 0.51 | 26.8 | 35.6 | 31.4
IH1 47.1 | 1.27 | 1.35 | 11.7 | 23.7 | 14.9
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LHC search

» CMS looks for three or four lepton signals from
ppP2H " H 2> 1I"I"lv & pp 2> H*"H- > I"I"[- I.
» ATLAS looks for same-sign di-letons from pp = H™* H-
ol M A A
» Assuming 100% leptonic decays & AM=0.

q Ny Ly
Zy* fI’++___..--""‘{:f‘"*-——-___ [k W or . ---"’:::-*—-____ h
VVVVV 'v"\f'-i-".'.::.,: /- VVVVVVVY (-

P _;""---.__::___--—-""' i o~ ..--lh""'-ﬂ——-—'*’______ -ﬂ:

q S~ ¢ N~ Y
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o CMS, 1207.2666
LHC7 limit ATLAS, 1210.5070

Benchmark point Combined 95% CL limit [GeV] 95% CL limit
for pair production only [GeV] ++ + i+ F ++
BT S e e S T00% o, 5 BR(H; — — (={) 95% CL lower limit on m(H; ) [GeV]
B(dTt —etut)=100% 453 391
B(dH+ = ettt) = 100% 373 293 ete* pep e u
B(dtt = ptpt)y =100% 459 395 exp. | obs. || exp. | obs. || exp. ‘ obs.
++ +rt) = o 37F 300
Bt et — 1o0% i o 100% 407 | 409 || 401 | 398 || 392 | 375
BP1 383 333 33% 318 | 317 317 | 290 || 279 | 276
br2 o o 22% 274 | 258 || 282 | 282 || 250 | 253
BP4 100 353 11% 228 | 212 234 | 216 || 206 | 190

T T T
q=- Expected limit (pair-production) | |
= (Observed limit (pair-productian)
— Pair-production cross section

10% g

L LA e e s s s
—— Observed 95% CL upper limit

---- Expected 95% CL upper limit

[ Expected limit + 1o

[_] Expected limit + 26

—— alpp — Hr H). BR(I—f*—» wpt)=1—
£=8o(pp — H Hy), BR(H. - pipt)=1

[N

10k

o(pp — H™ H )x BR(H™ — put) [fb)

104 - ATLAS
. | | i i i . i J.Ldt=4.7fb'1
150 200 250 300 ii350' 400 450 500 - S=7Tev ~
B < 0.22 Mass of 0= [GeV] 10700200 300 400 500 600
Mg+ < 100GeV m(H") [GeV]

Il SS4L from Type |l Seesaw EJChun@KIAS  Planck 2014, Paris



Vacuum stability & perturbativity

» Relevant scalar potential terms:
V(®,A)=m?®T® + M?>Tr(ATA)
+ A (®TD)2 + Mo [Tr(ATA)]? + 2XA3Det(ATA)
+ A (DTR)Tr(ATA) + \5(@T ;@) Tr (AT A)

» Demand the absolute vacuum stability condition:

o A >0, Arhrib, et.al., 1 105.1925
@ \o > 0,

® A2+ A3 >0

o Ay A5 + 2V A1 A2 >0,

o s A5 +24/A (A2 + $Ag) > 0.

» Perturbativity: |\,| < V4r.
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Vacuum stability & perturbativity

» Use | -|00P RGE: Chao, Zhang, 061 1323
Schmidt, 07053841
167D = 2403 4 A (-093 — 3¢ +1207) + Sgd + 2 (67 + 2)?
— 6yr 4 3M] +2\;
16;72% = No(—12¢"% —24¢3) + 69" + 995 + 129”7 g5 + 2873
+ 8XoAz +4A3 + 277 + 2)3
16#% = A3(=12¢"" — 24¢3) + 695 — 249”7 g5 + 63
+ 24MoAz — 4A7
16#% = (- 159’2 — ?93) + gg"‘ + 6gs + Aa(12X4
+ 16A2 + 4X3 + 4hg + 6y;) + 8AZ
16#%’“ = (- 159’2 —~ %g%) + 69705 + As(4A1 + 4\

— 43+ 8\ + 6y]),
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RG]

» An

L running

example
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EWPD

» Triplet contribution to S, T & U: Lavoura, Li, 9309262

1 m? 9 +1 mQ 2
§=-—l—1-2 Z(Tng%v)QE(m?}m?

3T m<y TTng—l 7 mz
1 = mg, M,
T = 2 —To(lq —1 3 i
IEWC%VS%V TEI( 3( 3 )) g (mgz ’ m?z
1 mz, M,
U=—In - 2T — Qs )2 & 3 3
6 mﬂm 1 ng—:—l 2 mQZ
m#, m,
(2T3(T31))£( 23: 23)]
My, Ty,

'H?.-_|_1‘.[].1_1 = fll_.ErH+—|-‘H-|—?HG

» Strong constraint on mass splitting.
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EWPD

_3 | 1 | | 1 |
100 150 200 250 300 350 400 450 500

M H++ (G EV)

IAM| < 40 GeV (£ << 107%)
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Higgs-to-diphoton

» H™ & H' contribution sizable for low mass < 200 GeV

-
¥

H:t w e ’M,L«.N
A& R S
R + -« Attt e W . oL
; ‘JH G < T<
HT “*on H7™ % H-*

Cr_F‘ft‘HTﬂ-?; T : 1 1 1 1
I'ith = ~yv) = 128x/§*r; Z f\r'cQ‘} ﬂffffli;"ﬂ(ﬂff] + girw Al (zw)
‘ f
h h h h 2
+og+p-Aolrg+) +dgg++g——Ao(rzg++)
2
o gh gy =AV10— Arhrib, et.al., | 112.5453
HT 5 Kanemura,Yagyu, 1201.6287
o 5’}3++H++ — ""45’\3 ”fﬂ Akeryod, Moretti, 1206.0535

H++ Melfo, et.al., | 108.4416
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Combined results for cutoff 101° GeV

1 1
12=U.05 + Moz I
i g=010 - # 025 il
lz:U.‘I-d- 4

I | | | |
0.2 -0 ] 01 02 03 04 05 0.2 04 0 01 02 032 04 05 -0.2 -04 ] 01 02 03 04 05

Ag Ay Ay
mpg++ = 100GeV mpg++ = 150GeV mpg++ = 200GeV
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Triplet—antitriplet mixing

» Triplet (lepton) number is conserved in the production:
» Triplet number breaking by doublet-triplet mixing:

Ly= %u‘I)T’ZZ’TgAT(I) + h.c.
» Leading to A- A mixing (L=2):

s} WY f o

» Note a tiny mass splitting btw H/A (L=2):
0 770 vA Mo
EA:_[!/U(I)}Z H” = OMpga ~ 2Mppo 5 5 5
U — m
0 HO hO
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A-A Mixing

No Mixing

AN

Mixing

SRR AN

H-i-
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A-A Oscillation

» Initial A = HY + i A? evolves as

[A®)) = g+()|A) + g-(1)|A)

g+(t)

1

[F :FHU :FAO]

_ _6—Ft/2 (eiMHot + e’LMAot)

2

» Probabilities of A going to A or A are

Jo_ dtlg=(t)[?

22

X+ = 7= s
Jo dtlg+ ()2 + [y dtlg—(t)[?

X+ = §

’

\

24>
2(1+x2)
72

2(1+x2)
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Same-Sign Tetra-Leptons

» Lepton number violating processes:

pp — APAY = AOAY — HTHYOW—- — HHTHTH4W -
ATAY = ATAY 5 g oW - — HYHHTH3W—

» Production cross-section:

.
_HA | BR(H0/A° — HEWF)
1+ THa '

x [BF(H* = HEWF)]? [BF(H*E = (£%)]*:

o (4 +3WF) = o (pp — HEH' + HA) [

* 2 . -'2 . .'2 ) ¥ . - +
o (AE 1 AWF) = o (pp - HOAY) |2 A _THA | pp(g0 g BR(AY 5 HEWT)
2 2

Lt aga Loy | |

x [BF(H* = HEWF)]? [BE(H*E = (£%)]°.
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Same-Sign Tetra-Leptons

» Conditions for observable SS4L:
i) H*" is the lightest and sizable o-BR(H*" = I"|"): larger f
(smaller v ,) preferred.
i) AM large enough to allow A® > H* W- 2> H** 2W- .

iii) Sizable oscillation parameter: x ~ | prefers smaller AM

2 2 5
i UA V/ G<AM
5 HA ~ 2—?)(% HO FHD/AU ~J Fﬂ_g

| va~1071GeV, AM ~2CeV = 6Myra ~ Dpojao ~ 107 11GeV|

24 SS4L from Type |l Seesaw EJChun@KIAS  Planck 2014, Paris



2.0F

A papyy =

/ 1/ f 27, hh

300GeV
< Mg+

LogiaM)

H+

25

< MHO/AO

-8 —6 -4 -2 0

Logig Va
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AM (in GeV)

SS4L cross-section

» SS4L production including the oscillation factor:

LHCS LHC14
5 18 5
16
4 14 4
1.2
3 1 3
0.8
2 06 2
1 04 4
0.2
0
10 107 1072 107 107

Mp++ = 400GeV

» Benchmark point:
v,=7x10 GeV, AM=1.5 GeV.
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Event numbers

Final State|o/th (8 TeV)|o/th (14 TeV) Pre-selection|Selection
H*+HY 0.761 2.931 (F0E=r+ (LHC8-NH) 4 3
|5/fb
H+AY 0.761 2.931 (ErEEFE (LHCS-TH) 9 ]
H~H" 0.275 1.209 (F1==* (LHC14-NH) 110 94
_ - 100/fb
H-A” 0.275 1.209 (FEEE (LHC14-TH) 24() 210
HYA" 1.014 4.322 No background; Lepton selection cuts only
150
LHC14-NH 1,1, LHC14-H 1yl
125 - I‘I’IS """""""" MS """""""" i
E 100 |- o A i
o .15 .15
5 15 lylg --eeeee lplg -emeee-
S 50 - i
L ¥ !
25 - i L
0 a2 --nun_ o FLeh Ty e i =.—,J_J.,a=,_-;§":ﬂ|- St
0 100 200 300 400 O 100 200 300 400
my, my
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AM (GeV)

AM (GeV)
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Conclusion

» A triplet boson may be responsible for the generation of
neutrino masses through its VEV.

» Vacuum stability/perturbativity, EWPD, and Higgs-to-
diphoton (for m++ <200 GeV) provide strong

constraints on the scalar potential couplings requiring, e.g.,
|AM| < 40 GeV.

» Although limited, there could appear triplet-antitriplet
oscillation in the neutral component leading to a novel
signature of same-sign tetra-leptons .

» Its observation confirms the existence of a tiny triplet
VEV and thus the type |l seesaw mechanism at work.
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