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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. July 4,201]2!

» What about neutrino masses? Maybe due to an “SU(2)
triplet boson (Y=1)", A = (A**, A*, A% :Type Il Seesaw

» Clean signals A*™ = |* I" & more [see Sharma’s poster]
» Implication to the Higgs-to-diphoton rate.

» Non-SUSY version constrained by EWPD, perturbativity
and vacuum stability. EJC, Lee, Sharma, 1209.1303

» SUSY version with one light triplet and Higgs controlled
by the D-term potential. EJC, Sharma, 1301.1407
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Type II Seesaw (Non-SUSY)
» Introduce Higgs doublet (Y=1/2) & triplet (Y=1):

A+ A+t
(I):((I)+a(1)0) AZ( A/Oﬁ —A+/\/§)

» Triplet VEV generates neutrino mass matrix:

1
Ly = fog LECigALg + —=pu ®T i A® + h.c.
/ / \/§
2
VA = ;}% = m, g =f,sva & fagz—i ~ 10712

» p parameter constraint on £ = v ,/v:
p = (1+282)/(1+4£2) > £ <0.03
» We will work in the limit of £ << 0.01, neglecting the

tree-level Ap contribution.
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Higgs sector

» Higgs potential of type Il seesaw:
V(®,A) =m?2®Td + M?*Tr(ATA)
+ AL(®T®)2 + Ao [Tr(ATA)]2 4 2A3Det(ATA)
+ M (DTR)Tr(ATA) + \5(®T7;@)Tr (AT A)
+ %MQT’iTQAq) + h.c.
» Five boson mass eigenstates:
0
AJrJrj A+, A
(I)-I-’ (I)O
» Doublet-triplet mixing controlled by £ = v ,/v:

o = G = 2047 ot =G+ VAHY of = h’ —at H'
AY =AY +2¢GY At = HY — Va2t A% = 10 1 a1

—> RO HY A gt Ht
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Triplet boson spectrum

= Mass gap among triplet components: EJC, Lee, Park, 0304069

A — Ay
Mzey = M?4+222 502

g
D
Mk = Miow+2°0M3 AM? = 275 72
] g2 w
A
Mo 40 = Mps + 2 M
= Mass gap between H® & A% [see Sharma’s poster]
1
Lx= — u®T i AT® + h.c. = —pveh HY
V2
2 V% M?
— e SMpra ~ 2M o5 Ho
VA = HA ~ HO
ST VaMz, 2 M2, —m2,
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Triplet decay channels

» Two mass hierarchies:
Mpg++ < Mg+ <A'{H0/AO it A5 >0
Mg++ > Mg+ > ]WHO/AO it A5 <0
» Gauge decays for non-vanishing AM (\.):
HO/AO . H:I:W* N H:l::l:w*W*
HYY - HEW* — HYJA"W*w*
» Di-lepton (same-sign) decays through f_;:
HYT 1305 HY — 1fvg; HOA® »vavs <3 fup
» Di-quark/di-boson decays through &:
H™" - WW*; Ht — tb; HOJAY —tt, b (¢
— ZW, hW — ZZ hh/Zh Vs

{1 AM()s)

v

>
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Collider search

» Look for H™ — I" I

» Neutrino mass pattern can be determined by measuring
BR(HTt =25 11 5! EJC, Lee, Park, 0304069

» Updated neutrino mass matrix after 6,5 (no CP phase):

Br (%) | ee ew | er | pp | pur | TT
NH 0.62 | 5.11 | 0.51 | 26.8 | 35.6 | 314
[H1 47.1 | 1.27 | 1.35 | 11.7 | 23.7 | 14.9

EJC, Sharma, 1206.6278

Benchmark point | ee | ey | et | up | putv | 11
BP1 0 | 001|001 |030] 038|030
BP2 121 0 | o |1/8]1/4|1/8
BP3 13 0 | o [1/3] 0o |1/3
BP4 1/6 | 1/6 | 1/6 | 1/6 | 1/6 | 1/6 | €MS, 1207.2666
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CMS limit

» CMS looks for pp2H" " H- =2 I" I - v CMS, 1207.2666
&&pp2?>H " H-=2>1"I"11.
» Assuming 100% leptonic decay & AM=0.

BPI (NH)

| == Expected limit (pair-production) _
m— Observed limit {pair-production) |
— Pair-production cross section

& 150 200 250 300 iiBSU 400 45(0) 500
Mass of ¢ GeV
B < 0.22 [GeV]

Mp++ < 100GeV
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ATLAS limit

ATLAS, 1210.5070

|\I T T T
L

T T T T | T T T T | T T T T
—— Observed 95% CL upper limit

---- Expected 95% CL upper limit

7] Expected limit + 1o

[ ] Expected limit + 20

— olpp— H[* H), BR(I—FE*-» eet)=1 —
~-.olpp — H: H ), BR(H:—> e'et)=1

]
-
o

2]
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[ Expected limit + 1o
[ ]| Expected limit + 20
== olpp - H" H)), BR(H - wu*)=1—

) [fo

[
+

L 1L IIE

10E

- ATLAS S ofpp - T HL ), BR(HE > )=t
N J.Ldt =47fb" N 5
- (§=7TeV ) 1
L 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 < L 1 1 1 .
100 200 300 400 500 1

m(H) [GeV]

|
o(pp — H™ H )x BRH — ptp

10—1 e e e e e |‘ Sy |
100 200 300 400 500 600
m(H=) [GeV]

* No mass limit for Br(H** = I* ") small enough.
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EWPD

» Triplet contribution to S, T & U:
» Most recent STU fit;

Lavoura, Li, 9309262

Shest it = 0.03, og =0.10 Baak, et.al., 1209.2716
Thest it = 0.05, o = 0.12
Upest iv = 0.03 ., ou = 0.10

per = 0.89,  pey = —0.54, pry = —0.83

» It strongly constrains the mass splitting.

— T - 1 ¥
&b Tg0g TJgdp p_gT TgOrr p;_c;,{; &5
AT TSOT PST oToT oTOUPTU AT
AU CUTSPUS OCUTTPTU oUoU AU

< —2In(l—CL)
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Constraint on AM (A

3 |

T
T %/
1;/,“;/ 40

0 ton— 0

AL \6\2._\_—
2] Q}\
-tog_°-

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

M H++ (GeV)

» EWPD limit | AM| < ~40 GeV for £ << 10-2.
» Strong constraints on A; for small triplet mass:

As

As = (—0.1,0.4), (=0.2,0.6), (—0.35,0.7) My =100, 150, and 200 GeV
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Vacuum stability & perturbativity

» Higgs sector of type Il seesaw:
V(®,A) = m2®T® + M?*Tr(ATA)
+ A (@TD)2 4+ N [Tr(ATA)]? + 2X3Det(ATA)
+ A (®TR)Tr(ATA) + A5 (T 7;0)Tr(ATT; A)
+ % u®Tity A® + h.c.

» Vacuum stability of the SM Higgs changes due to its
couplings to the Higgs triplet.

» Triplet self coupling (\,) tends to diverge rapidly.
» Strong constraints on A, 3 4.
» Take A\=0.13 and p <<y.
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Vacuum stability & perturbativity

» Demand the absolute vacuum stability condition.

A1 > 0,

Ao > 0,

Ao+ 2A3 > 0

Ag £ A5 + 2/ A1 > 0,

Arhrib, et.al., 1 105.1925

A £ As o+ 2\/A1(/\g +1X3) > 0.

» Perturbativity: |\;| < V4.
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Vacuum stability & perturbativity

» Use | -|00P RGE: Chao, Zhang, 061 1323
Schmidt, 07053841
16720 = 240 4 A (~993 — 307 + 1203) + od + 2 (o7 + B
—  Gyr + 301+ 2)8
16772% = Aa(—12¢" —24¢3) + 69" + 995 + 12¢"% g3 + 2873
+  8Xodg + 4N + 2XF + 27
16#% = A3(—12¢"" — 24¢3) + 695 — 2497 g5 + 673
+ 24X0)3 — 43
16772% = /\4(—§g’2 — %93) + %9"4 + 695 + Aa (12
+ 16X2 44Xz 4 4\a + 6y7) + 8\
16w2d;5 = (- 1;9,.2 - %g%) + 69" g3 + As(4A1 + 4

—  4)a + 8\ + 6y2),
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Constraints on \’s

» RGE — an example:

couplings

» Allowed ranges:

0.9
0.8
0.7
0.6
0.5
0.4
03
02
0.1

0

0.1

2 I I [ [ [ [
18 - Gondition 1
1.6 |- GCondition 2
14 | Condition 3 N
g 1.2 |-
g 1t
S 08}
06 |
0.4 |
02 | |
| | | | | ﬂ | | | | | | |
8 10 12 14 18 18 0 2 4 B 10 12 14 16 18
0910 1 (GeV) logyo H (GeV)
10° GeV 1017 GeV 10" GeV
A2 (0,1) (0,0.5) (0,0.25)
Az | (=2.0,24) | (=1.0,1.25) | (—=0.55,0.62)
A | (=0.5,1.7) | (=0.1,0.9) (0,0.5)
s | (=1.5,1.5) | (=0.7,0.7) (—0.4,0.4)
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Higgs-to-diphoton
» |-loop process — sensitive to New Physics.

» A large deviation in the current data.

» lts precision data is important to constrain NP.

CMS (s=7TeV,L=51fb" \s=8TeV,L=53fb"

[ | | | | g | m, = 1255 GeV
ATLAS 2011-2012 {m, = 1260 Gev

W.ZH — bb -

Vo=7Tev: |Lat=47 " i

H— 1t - H— vy ——

Ve =7 TeV: |Ldt= 4.6-4.7

H—WW" > viv ,
\E:TT&:v::}Ldt:ri.?qu _é_._ H- ZZ i

Vs =8TeV: |Ldt =55 i
H— vy

\e=7Tev: [Lat=48m" E ——
s =8 TeV: JLd(t‘:T 591" E H_—s WW et
H—-ZZ" — 4l :
Ve =7 Tev: |Ldt= 4.5 i P
Ve=8Tev: [Lat=58m" '
: H— 1t e
Combined
e f-as-sen’ 1 =14+0.3 o p=0.87+0.23
E=sTev: JLot=52-50m" :
I | | | | i | H— bb el
_1 D 1 L1 | | I I | | L1 1 ‘ L1 1 | I I | | L1
-1 0 1 2 3
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Higgs-to-diphoton

» H & H™ contribution:

G’Fﬂﬂm-?-:_ r ' 1 i T
I'(h —=~vy) = 128\,f’§ﬂr; Z NeQF gAY ja(zf) + givw AT (zw)
‘ f
h h h h 2
+9u+n-Ao(zh+) ¥ 49 ++p—— Ao (zE++)
2
o gl 4y =, Arhrib, etal,, 1112.5453
HT 5 Kanemura,Yagyu, 1201.6287
° Q?}JFJFHJFJF —(Ad—Ag M;}D , Akeryod, Moretti, 1206.0535
R s Chiang,Yagyu, 1207.1065
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Combined results for 1012 GeV

L | | | | | ]
12 K005 +
1 _;"12=U13 H ]
ho=0.21 X

0.2 -04 ] 01 02 03 04 05 -0.2 -04 0 01 02 03 04 05

| |
12:0.05 + Y ]
=0.0
1 ho=0.10 = 3 025 i
hz:ﬂ.“dn H :

| I I I I
0.2 -041 ] 01 02 032 04 05 02 -04 0 01 02 03 04 05 0.2 -0A 0 01 02 03 04 05

Ay Ay Ay
mpy++ = 100GeV mpy++ = 150GeV mpy++ = 200GeV
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Combined results for 1019 GeV

-0.2 0 0.2 04 0.6 0.8 1 -0.2 0 0.2 0.4 0.6 0.8 1

0.2 -

R | &+
02-01 0 01 02 02 04 05 086 07 0201 0 01 02 03 04 05 08 07

Ay Ag
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hs

Combined results for 10° GeV

2 T I I T 2 T T T = — 2 T T T
A=025 + Aa=0.0 . e Az=0.25 + ’ o o ho=0.25 + - ,_,l"
;\.2:[}.?5 b4 : '_; '4" / ?tz:D?E * L a/ cHE ,". 15 ?ﬁz:ﬂ.?E o Ha=0.0 ,’ o o

15 Poc0.04 % : y 15 No00d %7 P A3=0.0 1 T hez00a x T
# - *
I ‘_/ / 1
L 1 AR g
< L’ e . <
2 : 08
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0
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0 : 0.5 v |
0.5 0 0.5 1.5 2 0.5 0 0.5 1 1.5 2 05 0 0.5 1 1.5 2
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2
Ap=0.050  + | e
-
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o hg=175 -
A2=0.185 3 -

[V
o
0.5
0
-0.5
0.5 0 0.5 1 1.5
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Supersymmetric Type Il Seesaw

» Needs a vector-like pair of triplets to write the gauge-
invariant superpotential:

AT A~ A0
AL At _ 2 Al
A=(V2 T L] A=Y L
A0 AL A—m A

V2

1 1 1 _ _
W = 5f@jL?i’TQALj + §A1H?"E-TQAH1 — §A2Hg‘i?2AHQ + ,(.LH?‘E-TQHQ + ﬂf’Tl‘[AA]

» D-term potential: mass splitting & Higgs-to-triplet
coupling:

2 i _ — 0.
Vo = T [HDP - [HSP + 2ATFP - 2]A° — 2]A7 4 2| A%P]

’9 _ ‘ ‘ ; _ - - ; ~ ;
b L (B — [HYP - AT = 2lAF P - 2)A0 + 20A2 4+ 2147 4+ 2)A0P]

2
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Triplet boson spectrum

: , 2
» Triplet mass matrix: (M « By )

By M3,
M3, = M>+mi +doMzeys+© folzrgca.
ﬂfga = M? +-m5 —daﬂfZ(:2ﬁ+ f)\%z%q%

(diy,de.dy) = (1 —2sf.—st,—1)  (cay.ca,co) = (0,1,2)

» Mass eigenvalues:

1 ) ‘ ‘ ¢
MRg, = 5 |2M2 4+ mi +m3 F \/(m} —m} +2dMZey)” + 4B,

» Mass splitting among triplet components:
N2 Af2 _ A2 a2 _ 2 N A2

2 _ 2
ma — My

\/ (m3 — m% ) +4B3%,
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A light triplet boson & its couplings

» Mass hierarchy: Ma, < Ma,
MAj'Jr < MA;F < MA? if co5 >0

» Di-lepton/W coupling:

1 T r— r—
£ T es fili Prly + & My W= W] ATT + hee.
» Higgs coupling:

12

, —g"” g
Vp = eapeasto | = (ATF? = |ATF)?) - 7(|A1+\2 - [AF]%)
M3 M
h o My 2
Ga+ A+ = —C25C2800 m‘;f” and gk i avt = cascap(l —tiy) mw
h h
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Higgs decay to di-photon & di-A

24

III]|II|

1 1 1 | | [ I | 1 1 1 | k-]t‘b\""r'-"\.l 1|

/
/
4
Jd
ﬁ | | I|-IlI | | |

—
T,

50 60 70 80

Mﬂ"“"
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Light triplet decays to di-lepton/W

101 F | | |

AT SWHWH
ATTS[HF mmmmmns

104 ’ | | | | | |

50 60 70 80 90 100 110 120

Ma++
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LHCY7 limits for NH & IH

10‘3:|||| ||||L||||||||||||||_IJ|||||||||: 10‘3:|||| ||||L||||||||||||||T||||||||||:
c ATLAS- [ ATLAS-ee 17 F ATLAS-pp 1 ATLAS-ee 17
. ] C 0.1% ]
““'0-134’ ------- 00-0.5% ==ees== ] i “_0'125" e eeée_'1o/: A
M e~~~ 01% —=-—1 - b 10% —=-—1
e H-10% e ee-U.1% - MH-10% m— ee o
1074 T T 10 B e E
1058 e 105 | sl
Normal Hierarchy . - Inverted Hierarchy .
10_5 rev v e P v v v v v v ey 10_6 T T T T T T T YT T O
50 60 70 80 90 100 110 120 50 60 70 80 90 100 110 120
Ma++ (in GeV) Ma++ (in GeV)
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1073

104

10°°

108

Future sensitivity
» Lines for o x BF(ll) = Ifb:

ee'LHC14'—=-m]
ee-LHC8

ATLAS-pp [ 14
ATLAS-ee 1|

T T T T | T T T T T T T |
LHC14
“ﬁp e S—

—

uuuuu
-
-
-

c0s26=0.2

L
¥
y

Normal Hierarchy

50

60 70 80 90 100 110
Ma++ (in GeV)
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f"‘l.l;lil T T T | T T LHCI T T T T IelelLHc1l4- _Il-:§
T — pp LHC8 = = =  ee-HC8 =====-= ]
— .. ATLAS-pp 11
L TR .QTLAS ee 1
c0s20=0.2 ;
Inverted Hierarchy ]
1 - 1 | 11 | | I 1| 1 | | 1 1 | | I 11 1 | | 1| | 1 | L1 | |
50 60 70 80 90 100 110
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Conclusion

4

EWPD constrains tightly the triplet mass splitting:
|AM| < 40 GeV.
Vacuum stability and perturbativity put strong bounds on
the Higgs couplings, roughly A. <~ 1.
Higgs-to-diphoton rate can be enhanced up to 100% ~

50% for the triplet mass 100 GeV depending on the cut-
off scale.

In SUSY, an enhanced diphoton rate implies the presence
of a light triplet boson (<80 GeV).

The Higgs precision data will severely constrain the
Higgs-triplet parameter space.
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