LHC Phenomenology of
Type II Seesaw

KIAS Eung Jin Chun %= [& &

Korea Institute for Advanced Study




Outline

» Introduction to type |l seesaw

Higgs spectrum and decay channels

» LHC search

EJC, Lee, Park, 0304069

Doubly charged Higgs production and decay

CMS result
» Same-sign tetra-leptons

Triplet-antitriplet oscillation

» Higgs Phenomenology
EWPD
Perturbativity & vacuum stability
Higgs-to-diphoton rate

2 Type Il Seesaw at LHC

EJC & Sharma, 1206.6278

EJC, Lee & Sharma, 1209.1303

EJChun@KIAS 2012-10-10 IPMU



Outline

» Introduction to type |l seesaw
Higgs spectrum and decay channels EJC, Lee, Park, 0304069

» LHC search

Doubly charged Higgs production and decay
CMS result

» Same-sign tetra-leptons

. o o EJC & Sharma, 1206.6278
Triplet-antitriplet oscillation

» Higgs Phenomenology
EWPD

Perturbativity & vacuum stability

) ) EJC, Lee & Sharma, 1209.1303
Higgs-to-diphoton rate

» 3 Type Il Seesaw at LHC EJChun@KIAS 2012-10-10 IPMU



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 4,2012!
» What about neutrino masses?! Maybe due to an “SU(2)
triplet boson (Y=1)":
Type Il Seesaw
» Peculiar prediction of a doubly charged boson:
A = (A++, A+, AO)
» Main search channel: A™ = [*|*
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Type II Seesaw

» Introduce Higgs doublet (Y=1/2) & triplet (Y=1):

¥ ++
o= (27,0 A= (AA/oﬂ _AA+/\/§>

» Triplet VEV generates neutrino mass matrix:
2

1 v
Ly = fop LLCimaALg + —=p ®TimA® + h.c. = va = o

V2 R
vA _
’m,;ﬁ = fapUA = fap— ~ 10712
(%)
» Collider can tell the neutrino mass pattern:
Fa
Measure BR(ATT =5 1117)! EJC, Lee, Park, 0304069
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Higgs sector

» Higgs potential of type Il seesaw

V(®,A)=m2dT® + M>Tr(ATA)
+ A (@TD)2 4+ Mo [Tr(ATA)]? 4+ 2X\3Det(ATA)
+ M (®TR)Tr(ATA) + X5 (P17, @) Tr(ATT;A)
- %/ﬂb%’ng@ + h.c.

» Five Higgs boson mass eigenstates

ATt AT AV
ot Y

|:> hO,HO,AO,H+,H++
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Higgs mixing
» Doublet-triplet mixing controlled by £ = v ,/vg:
U? = T — erlﬂ 'I’._;'I'J‘—I_ = :r'—l_ -+ \/if;H—l_ {_ill}[j}{ — ’]?D —a L.J H[l

AV= A" 4 2¢c0 AT =HY V26T AD = B0 g agh”

a=2+4+ (4)\1 — Ay — /\5)U(21,/(A112{n — min)

» We will work in the limit of £ << |,

» (note) p parameter constraint:

0= (1+2€2)/(1+4£) > ¢ < 0.03
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Higgs spectrum

A5 M3,
AM%92 i < Mw

= Mass gap among triplet components:

Ay — Ay
MZey = M?24+222 002

2 2 ) AM = M+ — Mis
JIH:E — _"TLIIH:I::I: —I_ 2_

s
Mo 40 = M +2 M )

= Mass gap between H® & A% 6Mpa =~ 2Mpo—5

1
L= Eu(bTiTgATé + h.c. = —pvgeh’HY
v v
A —
V2M?
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Higgs triplet decay channels

» Two mass hierarchies: EJC, Lee, Park, 0304069

M pr++ <MH+<MHO/A0 if A5 >0
Mg+ > Mg+ > MHO/AO if A5 <O

» Gauge decays if AM ()\;) large enough:

0 0 4 F e T T
H-I—-I- . H:I:w:l: _ HO/AszI:WzI:
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Higgs triplet decay channels

» Di-lepton (same-sign) decays through f_

HtT — lelZi.L

H™ — 1Tvg <:|faﬁ

» Di-quark/di-boson decays through &:
HT+ S WTWw™

Ht — tb
— ZW, AW {1 E=va/ve

HO/A® — tt, bb
. 27, hh)Zh
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Best search channel: SSD from H**
» Measure BR(H**=21*I") to determine

the neutrino mass pattern: EJC, Lee, Park, 0304069
Garagoya, Schwetz, 0712.1453
e.g.) NH vs.IH Kadastik, Raidal, Lebane, 0712.3912
Akeroyd, Aoki, Sugiyama, 0712.4019
BR(ee) : BR(ep) : BR(up) = Perez, et.al., 0805.3536

4r Sin4 912 : ’l"SiIl2 2912 01 (NH),
4: 2 sin? 2015 : 1 (IH1);
4 :4tan? 20,5 : 1 (IH2)

NH H
o 0.6— T T T L ' T Iln :'0 1 06— ' ' ' ! ‘ I 1‘11 —IO ]
- PP e 0 ] r o ]
. AmZ, 003 i TR ; o ;
— 2 . : - h 7
Amatrrl 04F
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cross section [ {b]

Production at LHC

&\ - 1= nipHﬁ—S JGeV 7
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T SN —eny, = 111H+++83Ge\"'§
_ 10 SRR .
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CMS search CMS, 1207.2666

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

P + e J+
{q — ft'P 7 E
- L

Zi et W ot e 1

\VAVAVAVAVA \,-F'U/\,f'-:._.l

VAVAVAVAVAVAVAV Y
e

i e

-
=

— .
~_V,

101:. e = Associated production cross section |
E — Pair-production cross section ]

[a—
o
—_
T

Cross section [fb]

10-2! ; a a | | :
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LHC7 limit
H*H > 1" "y & H*H > I*I* 1 [

Benchmark point Combined 95% CL limit [GeV] 95% CL limit
for pair production only [GeV]
B(dTt s etel) =100% 444 382
B(dtt — t'+IH+) 100% 453 391
B{®++ —et1t) =100% 373 293
B(®TT — utut) =100% 459 395
B(®tt — ptrt) =100% 375 300
B(dTT — T+T+] = 100% 204 169
BP1 383 333
BP2 408 359
BP3 403 355
BP4 400 353
Benchmark point | ee | ey | e1 pp | ptT | 11

BP1 0 0.01 | 0.01 | 0.30 | 0.38 | 0.30

BP2 1/2| 0O o | 1/81/4 | 1/8

BP3 1/3 | 0O 0 | 1/3 0 | 1/3

BP4 1/6 | 1/6 | 1/6 | 1/6 | 1/6 | 1/6
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Search for other channels?

» CMS searches only for 3l+missing or 2 SSD :
H™ =2 I'I" (H* = I"v) assuming f >> £,
» If £ >>f, other channels open :
H** > W*W*, H* > W*Z,tb; HYAY &> ZZ, hh/Zh, tt
» Missing triplet if A;c<O and f >> ¢ :
H** 2> H*W" 2> H/AAW*W* 2> uy WW*,

» No mass limit yet in these two cases.
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Triplet—antitriplet mixing

» Triplet (lepton) number is conserved in the production:

» Triplet number breaking by doublet-triplet mixing:

Lx= %pbe?ﬁgAT@ + h.c.

AO NS h N AO

» It induces a tiny mass splitting:

Lx=—puveh"H® = §Mpya~2Mpyo—5
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s — —
r th Lftq . B e —
b ot s -
0 W W BY 0
B{F B‘-T B‘i’
- -
q 5 7k b q i T Tk
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tq th tq b
No Mixing ﬂ"’p,_ Mixing )u,"'p,"'
pt -B Mesen *Daughter”
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A-A Mixing
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A-A Oscillation

» Initial A = H® + i A? evolves as

A1) = g+(1)]A) +g-(1)]A) [T =Tpgo =T 4]
g+ (t) = %e—”/Z (eiMHot + e@'MAOt)

» Probabilities of A going to A or A are

Jo_dtlgx(t)]?

X+ = 7 59
Jo dtlgr (D2 + [y dtlg—(1)[?
(2412 1/
L 2(1—|—ZE2) _ v Tdec
Xi_< .’L‘2 T = T —Tosc
\ 2(1—|—3§'2)
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Same-Sign Tetra-Leptons

» Lepton number violating processes:

pp — ACAD = AOA0 . g+H+OW— — HH+HH4W -
A+AL = A+AL — gHHH2W - — HY+H++3W -

» Production cross-section:

- . -'2 ) *
o (45 +3WF) = o (pp— H*H" + H*A) [ 1 in; ] BF(H?/A" — H*WT")
.'ITHA

x [BF(H* — HEWF)]” [BF(H*E - (£%)]*:

* 2 . -'2 . -'2 . * - *
o (4 + AWF) = o (pp — HOA) l " s Tha ] BF(H® — HXW* )BF(A" - H*IV#)
1 —l_ J:HA. 1 —|_ J}-'qu ) '

x [BF(H* — H¥W*))* [BE(HEE - (2%))*
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Same-Sign Tetra-Leptons

» Is this observable!?
i) H™" is the lightest and f ;5 > &.
i) AM sufficiently large to allow A® > H* W- > H** 2W- .

iii) Sizable oscillation parameter: x~|1.

2 GQ AM5
SMpa ~2-2Myo  Tyojao ~ —E=
Vg ™

[ VA ~ 10_4Ger AM ~2GeV = oMpgya ~ FHO/AO ~ 10_11G6VJ
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Lepton Yukawas of the Higgs triplet
» The observed neutrino mass matrix (assuming vanishing
CP phases) determines the coupling f = M¥/v, for given
Va - 0.00403 0.00816 0.00259
MY = | 000816 0.0264 0.0215 | for NH
0.00259 0.0215 0.0286
0.0479  —0.00557 —0.00573
MY = | —0.00557 0.0239 —0.0240 | for IH
—0.00573 —0.0240 0.02693

» Di-lepton channel dominates for v, < 10* GeV:

fE~107 = frEnrv107°
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Triplet decay channels

H’ A H* ++

— tt — tt — th N
— bb — bb S R N 7l £ T
— VvV — VvV L WtZ

— L/ — ZhY s WO

S RO | HEWTF | HH W

— HEWF

25 Type Il Seesaw at LHC EJChun@KIAS 2012-10-10 IPMU



AO

Mpyg++ =
300GeV

< M+
< MHO/AO

Vad 11+

-2 0

Logip Va
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AM (in GeV)

Maximizing the branching fraction

100 | T T | T T | sl | Tl 05 _I T T I T T | T T | T 3 025
. 0.45
0.4 0.2
0.35
0.3 0.15
10 0.25
0.2 0.1
0.15
0.1 0.05
0.05
1 0 0
t6? 10f 40" 40® 10~ wW* 107 107 1060 w07 10% 10° 10t 107
vV, (in GeV) Vv, (in GeV)
for 41 + 3W* for 41l +4W™
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AM (in GeV)

SS4L cross-section

» SS4L production including the oscillation factor:

LHC8 LHC14
5 18 5
16
4 14 4
3 }2 3
0.8
2 06 2
1 0.4 1
0.2
0
10 107 1073 107° 107

Mpy++ = 400GeV

» Benchmark point:
v,=7x10~> GeV, AM=1.5 GeV.

28 Type Il Seesaw at LHC EJChun@KIAS 2012-10-10 IPMU

O = M W B 0 3



Event numbers

Final State|o/fh (8 TeV)|o /fb (14 TeV)
HtHY 0.761 2.931
HtAY 0.761 2.031
H H° 0.275 1.209
— 40 - 1«
H~A 0.275 1.209 No background
0 A0 1.014 1.399 Lepton selection cuts only
Pre-selection|Selection
(ErErErE (LHCO8-NH) 4 3
15fb~1
(EErErE (LHCS-TH) 9 8
10051 (F0EF e (LHC14-NH) 110 04
(FE+¢+ (LHC14-1H) 240) 210
29




Events/10 GeV

Mass reconstruction

150
LHC14-NH 1], LHC14-1H 1,
125 | lq,lg —ee Ll e ,
I rI """"""" I ,I -------------- :r-:
100 |- ol ol
ly,lg ——————- ly,lg ——————- |
75 |- [P p— [P
50 -
0 100 200 300 400 0 100 200 300 400
my, m,
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Conclusion I

» Type |l seesaw may show a novel signature of same-sign
tetra-leptons due to the mixing between two neutral
(triplet) Higgs bosons.

» LHCI14 with 100/bf could see more than 10 such signals
for the triplet Higgs boson lighter than 600-700 GeV.

» The tiny VEV and mass gaps of the Higgs triplet may be
measured through the oscillation phenomena.
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Outline

4

» Higgs Phenomenology
EWPD
Perturbativity & vacuum stability

] ] EJC, Lee & Sharma, 1209.1303
Higgs-to-diphoton rate
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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 Al
» EWPD limits | AM| < ~40 GeV for £ << 10,

» 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.
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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)°
— 6ys 3014228
16#% = Ao(—12¢"7 —24¢3) + 69" + 9g5 + 12¢"% g5 + 28)3
+ 8oAs +4AF + 277 + 272
16#% = A3(=12¢"7 — 24¢3) + 695 — 24¢"% g5 + 63
£ 24M\0)3 — 4AF
16772% = (- lfg"? — %93) + gg"‘* 1 65 + A (120
+ 16As + 4\ + 4\s + 6y7) + 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
0.8
0.7 -
0.6 -
0.5 |
04 -
03 -
02 |-
01 |

couplings

conditions

0.1 | L L

o 2 4 6 8 10 12 14 16
logp H (GeV)
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0.6
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02
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o 2 4 6 8 10 12 14 16 18
logyp H (GeV)
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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

41 Type Il Seesaw at LHC EJChun@KIAS 2012-10-10 IPMU
YP



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 [ —
\'€=ETe"f":J‘Ld[t*?S.be'1 ; 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++)

h Ay Y .
® i+ = 2 W2 Arhrib, et.al., 1 112.5453
H+ ) Kanemura,Yagyu, 1201.6287
o G4y =248 0 Akeryod, Moretti, 1206.0535
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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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A
mg++ = 100GeV m++ = 150GeV

mg++ — 200GeV
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Combined results for 101° GeV
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Combined results for 1010 GeV

02 01 0 01 02 03 04 05 086 07 0.2 0 0.2 0.4 0.6 0.8 1
Ay Ay
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Combined results for 10° GeV
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Conclusion II

» 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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