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Introduction

» An SU(2) doublet boson (Y=1/2) is responsible for the
masses of quarks and charged leptons as well as for the
electroweak symmetry breaking. July 4,20]2!

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

» Main search channel A** = |* |*; and others...
» Study the properties of the SM 125 GeV Higgs.

» Consider EWPD, perturbativity and vacuum stability to
constrain the type |l seesaw sector, and analyze its impact
on the Higgs-to-diphoton rate.

EJC, Lee, Sharma, 1209.11303
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Type II Seesaw
» Introduce Higgs doublet (Y=1/2) & triplet (Y=1):

¥ ++
o= (27,0 A= (AA/O\E _AA+/\/§>

» Triplet VEV generates neutrino mass matrix:

1
Ly = fop LLCimsALg + —=p ®TimA® + h.c.
V2
2

(25 - UA —12
VA — ijﬁ—aﬁ\fAﬁfaﬁgwlo

» p parameter constraint on £ = v /v :
p = (1+282)/(1+4£%) - £ <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) = m2®T® + M?>Tr(ATA)
+ A (®T®)2 + Mo [Tr(ATA)]? 4 2X\3Det(ATA)
+ M (PTO)Tr(ATA) + X5 (PT7;8) Tr(ATA)
+ %M@TiTQA(I) + h.c.
» Five Higgs boson mass eigenstates:
ATT AT AV
o, "
» Doublet-triplet mixing controlled by £ = v ,/vg:

{;-:‘}? = GG — QLEAD f._.-";*+ =Gt T '\/i':HJr H?% = h —al H”
‘.ﬁ“ _ A” 1 E{;CT!U A-|— — H‘|‘ _ \/E{(T'—I_ AU _ HU 4 {'I.u.ﬁ h:

—> RO, HY AY HT HT
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Higgs spectrum

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

Ay — \s

Mpyew = M? 42 Mg

g9°
g
/\
Mo g0 = M +2 M )

= Mass gap between H° & A%

1
Lx= —u®Llirm AT® + h.c. = —pvgehP HC
A \/QM 2 HUD
2 vi  M;:
_ _HY% SMpa ~ 2M H?
INCIVER AT T My, —mis
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Higgs triplet decay channels

» Two mass hierarchies:
MH++ < MH+ < MHO/AU if )\5 >0
Mg++ > Mg+ > MHO/AO if A5 <O
» Gauge decays for non-vanishing AM (\;):
HYJA® — HEW* — H==W*W*
/ {3 AM(As)
HY" - H*W* — H° /A W*w*
» Di-lepton (same-sign) decays through f_;:
Ht l;l;; HT — ITvg; H°JA® — vavp <:I fozﬁ
» Di-quark/di-boson decays through &:
HY = WHW*: Ht — th, HOJAY -t 0b (=2
— ZW,hW — ZZ hh/Zh Ve
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M g0/ 40
> M+
> Mpyg++

H++

Logip v Logig va

EJC, Sharma, 1206.6278
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Collider search

» Only H"" H- —> I" I" I I so far.

» Neutrino mass pattern can be determined by measuring
BR(ATT Lo [;}Fzg—)! EJC, Lee, Park, 0304069

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

Br (%) | ee el er | pp | o pr | TT
NH 0.62 | 5.11 | 0.51 | 26.8 | 35.6 | 314
IH1 47.1 | 1.27 | 1.35 | 11.7 | 23.7 | 14.9

EJC, Sharma, 1206.6278

Benchmark point | ee e et i Ui 11
BP1 0 | 0.01|0.01]0.30] 0.38 ] 0.30
BP2 /2] 0 0 | 1/8|1/4 | 1/8
BP3 1/3| 0 0 |1/3] 0 |1/3
BP4 1/6 | 1/6 | 1/6 | 1/6 | 1/6 | 176 | €MS, 1207.2666
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LHC7 limit

» CMS looks for pp2H*™ " H- =2 "I v CMS, 1207.2666
& PP SH*H-D1I"I"T1 1. ATLAS, 1210.5070
» Assuming 100% leptonic decay & AM=0.

Benchmark point Combined 95% CL limit [GeV] 95% CL limit
for pair production only [GeV]
B(dTT - efe’) = 100% 444 382
B(®tt — etput) =100% 453 391
B(®tT —wettt) =100% 373 293
B(®Tt — ytpt) =100% 459 395
B(®tt — put1t) =100% 375 300
B(®dTT —1717) = 100% 204 169
BP1 383 333
BP2 408 359
BP3 403 355
BP4 400 353
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LHC7 limit

Normal hierarchy: BP1
CMS /s =7TeV, [ Ldt =4.9 fb~!

|
- { == Expected limit (pair-production) ||
: . . m— Observed limit (pair-production)
X 7—0 — Pair-production cross section

e o

150 200 250 300 350 400 450 500
Mass of ¢+* [GeV]
Br < 12%

My++ < 100GeV
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Search for other channels?

» If £ > 1, Br(ll) < 100% weakens the mass limit. Search for
other channels may be necessary:

H** > W*W*, H* > W*Z,tb; HYAY > ZZ, hh/Zh, tt
» Missing triplet if A;<O and f >> ¢ :

H** 2> H*W" 2> H/AAW'W* 2> uy WW*,
» No mass limit yet in these two cases.
» We will take the doubly charged mass as low as 100 GeV.
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EWPD

» Triplet contribution to S, T & U: Lavoura, Li, 9309262
» Most recent STU fit;

Shest fit = 0.03, o5 =0.10 Baak, et.al., 1209.2716
Thest it = 0.05, op = 0.12
Uest 6t = 0.03, oy = 0.10

psT = 0.89, psy = —0.54, pry = —0.83

» It strongly constrains the mass splitting.

AS r T505g oOSOTPST  OSOUPSU\ ! AS

AT OSOT PST oToT oTOUPTU AT

AU oUospus oUuoTpTU oUuou AU
<—2In(1 —-—CL)
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EWPD

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

M H++ (GeV)
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Constrained )\5
» EWPD limit | AM| < ~40 GeV for £ << 102,

» Strong constraints on A; for small triplet mass:
As = (—0.1,0.4), (=0.2,0.6), (—0.35,0.7)

M4+ = 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 (DTP)2 4+ Mo [Tr(ATA)]? 4+ 2X3Det(ATA)
+ M (PTR)Tr(ATA) + X5 (P17 @) Tr(ATT;A)
+ % u®T ity AP + 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, ;4.
» Take A\;=0.13 and p <<v,.
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Vacuum stability & perturbativity

» Demand the absolute vacuum stability condition.

A1 > 0,

Ao > 0,

Ao+ 223 > 0

Aa £+ A5 + 2/ A1 A2 > 0,

Arhrib, et.al., 1 105.1925

N £ \s + 2\//\10\2 +123) > 0.

» Perturbativity: |\;| < V4.

Higgs at Seesaw Type Il
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Vacuum stability & perturbativity

» Use | -|oop RGE: Chao, Zhang, 0611323
Schmidt, 07053841
16W2% = 24MT + Mi(=9g5 — 3¢ +1207) + 393 + g(g*'2 +g5)°
— 6y + 3014228
16#% = Ao(—12¢"7 —24¢3) + 69" + 9g5 + 12¢"% g5 + 28)3
+ 8AoAs + 4N + 2X% + 23
16#% = A3(=12¢"7 — 24¢3) + 695 — 24¢"% g5 + 63
£ 24M\0)3 — 4AF
16772% = (- lfg"? — %93) + gg"‘* 1 65 + A (120
+ 16A2 + 4\ + 4y + 67) + 8A}
16#%’"‘ e ljg’g _ %;g) 1 6¢2g2 + N5 (4M1 + 4N,

—  4X3+ 8y +6y7),
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RGE running

» An example

0.9
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Cut-off scale 101° GeV

0.6 - 1\3=|-U 25 | o 06 - }.3=ID 5 | | -
0.4 - . 0.4 - -
0.2 - - 02 F -
2 o 1 £ oot .
02 - _ - 02+ -
04 [Ap=013 - o 1 04 |n=005 - |
2p=020 A2=0.10
06 22025 | | | o 0.6 Ae004 < | | | o
02 01 0 01 02 03 04 05 02 01 0 01 02 03 04 05
As Ay
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Cut-off scale 1019 GeV

02 01 0 01 02 03 04 05 06 07 02 01 0 01 02 03 04 05 06 07
As Ag

A3=0.0

0.5 [3;=0.05

=025 -

.2\.2:0.43 ¥
|

0.2 0 0.2 0.4 06 0.8 1
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Cut-off scale 10° GeV

T
hg:ﬂ 050 -
1 Ae=0.170
A2=0.185
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Allowed ranges

10° GeV 101 GeV 101 GeV
Ao (0,1) (0,0.5) (0,0.25)
Ag —2.0,2.4 (=1.0,1.25) | (=0.55,0.62)
A4 —0.5,1.7 (—=0.1,0.9) (0,0.5)
A5 —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'

| | | [ | i | m, =125.5 GeV
ATLAS 2011-2012 { m, =126.0 Gev
W,ZH — bb -~
e=7Tev: [Lat=a7 :
H— 1t -~ H— vy ——
\&=7TeV: Lat = 46471 :
H - V}JWL " viv .
[5=T7TeV: |Ldt=47 " HIPY .
:’E= 8 Tev: ILd:=5.afb" : H—Z2Z
H— vy i
Vs =T TeV: _rLdt=4.8fb'1 [ —
Vs =8 Tev: J‘Ld[t*? 591" ; H— WW . &
H—ZZ " — 4l :
\s=7TeV: |Ldt=48fb" H Py
=2 Tev: [Lat=58 1" :
: H— 1t —l—
Combined :
ST w=14203 | e p=087+023
-1 0 1 AP | L1 |
-1 0 1 2 3
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Higgs-to-diphoton

» H & H™ contribution:

HY a7 H= #"NW H™ v H=* v
A A N PN
" + e _&” L 7T+t o _e @ . o~
T R T N A "--,.x<£
H:F o quF L Ny H:I: H:I:ﬂ:
7 Y
T} _ C;F&Em'?l N 2 h f"‘lh h 4!1 i
(h—=yy) = 128+/27 E NeQF gy 1;2(93f] + gwwAi (zw)

f
h h h h 2
+9u+u-Aolzu+) + 49grrg—— Ao(zp++)

2
o gh . =0 Arhrib, et.al., | 112.5453
Ht ) Kanemura,Yagyu, 1201.6287
o gLy =R 0 Akeryod, Moretti, 1206.0535

g++
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Higgs-to-diphoton

» Sizable H™*/H™" contribution if light enough (< 250 GeV).
» CMS limit does not apply if BR(H™ = I*I*) is not 100%.

» Calculate possible deviation by Higgs triplet combined
with conditions from EWPD, vacuum stability and
perturbativity.
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1 T 1.5 T = T T 7T 7
L | 2-‘ 15 ,1'5 ' J_/
. A /s
06 - . x'{ e /
w05 F Y N 4
Lo4l - ; /s
K A 0.5
0.2 ok Y }B
. /5
of roF
i 0.5 |- i &/
LN | | [ I | | |
-0.4 2 16 -1 -06 0 05 1 15
hy
mp++ = 100GeV my++ = 150GeV mp++ = 200GeV
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Combined results for 101° GeV

|
12:0.{]5 g i hg=0.0
1 _}12:{].1 0 0.25 il
l.z:ﬂj 4 X ’

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

Ay Ay
mpg++ = 100GeV mpg++ — 150GeV
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Combined results for 1010 GeV

12 FE T T T T —
= A=0.05 + ,,d"' -
1 jz:U.EE * - #J‘. ~

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

ha Mg
I I I I I I I I I _]
125,005 + 12
1 _1220.10 b ..-'""{ 1
ho=020  x =0. -
0 L2 hg 0?5"__-* ‘_.-; 0.8
-~ -
- ‘ - 0.6
< - < 0.4
0.4 0.2
0.2 0
0 0.2 - i
0201 0 01 02 02 04 05 0B 07 0201 0 01 02 02 04 05 068 07 0201 0 01 02 03 04 05 08 0.7
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hs

Combined results for 10° GeV

2 I I I I L I'/ - 2 | | }"’ I 1 o 2 1 1 | | ,’ | e
ho=0.25  + Ag=0.0 PR As=0.25 + . ) =025 + » ,,-
A=075 ‘ - S A=075  x ¢ ~ 15 e=075 < 3 _po LS -

15 H=0.04 X ‘ - 15 =004 %7 7 19=0.0 =004 x .

J/ i
I 'f / i
L | 1t s / .
< . e s <
A 5 0.5
, 0.5
05 |- -
0
0
0 . -0.5 /s
05 0 0.5 1 15 2 0.5 0 05 1 15 2 05 0 0.5 1 15 2
Ay Ay Ay
2
A2=0.050  + | e
1.5 He=0170 = H.475 7
h=0.186 X s
]
i
<
0.5
0
0.5
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Conclusion

» 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.

» The Higgs precision data will severely constrain the Higgs
triplet parameter space.
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T hank you
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