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CERN Large Hadron Colliderl

e LHC is colliding protons at /s =7 TeV (until 12/2012)
e From 2014 it will operate at /s = 14 TeV

e Search for the SM Higgs boson of high priority

e Its search is receiving attention in the media
e Detectors ATLAS and CMS have collected 5 fb—1
e Sensitvity to the mass range 100 GeV < My < 600 GeV

e T he Higgs sector of the SM will be confirmed or falsified

within two years




LHC search for the Higgs Boson of the Standard Model

CMS Preliminary,\s =7 TeV = Observed
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The mass range 115GeV < My < 128 GeV is not excluded (small excess?). Similar result from ATLAS



Electrically Charged Higgs Bosons (Scalars)

The Higgs boson of the Standard Model is a spinless, neutral

particle with a vacuum expectation value (v =246 GeV, m; = hsv)

Still undiscovered| If exists, how many Higgs bosons?

Classify Higgs bosons by their electric charge

e [Neutral: »h° (SM 1967), H?, A0 (2HDM 1973, MSSM 1980...)
e Singly Charged: H* (2HDM, MSSM..)

e \Doubly Charged: H** (this talk, twice the charge of e*)
These three types have received considerable theoretical /experimental attention

(Order of priority: neutral > singly charged > doubly charged)



Models with Doubly Charged Higgs Bosons, HT*

Motivation — neutrino mass generation

Scalar triplets (isospin I = 1) and scalar singlets (I = 0)

e Higgs Triplet Model: I = 1,Y = 2 (tree-level mass for v)
e LR Symmetric Model: I = 1,Y = 2 (tree-level mass for v)
e Zee-Babu Model: I = 0,Y = 4 (radiative mass for v)

All of these models are in textbooks (‘“classic models™)

I will discuss the |Higgs Triplet Model




Neutrino Mass and I\/Iixingl

Strong evidence for neutrino masses and mixings
from both terrestrial and celestial sources

MNS = ( 0 _0523 igi ) ( —s13¢ 0 C1s ) ( 812 CC1)2 0 )
Mixing angles are being probed by oscillation experiments:

i) Atmospheric angle is close to maximal: sin? 0>3 ~ 0.5

ii) Solar angle is sizeable, but not maximal: sin? 61> ~ 0.3

iii) Reactor angle is not measured: sin? 013 < 0.03

iv) Mass differences small: AMZ, . ~ 1073eV?2, AM2, ~ 107 >eV?

Higgs Triplet Model can accommodate these values




Higgs Triplet Model (HTM)

SM Lagrangian with one SU(2); I = 1,Y = 2 Higgs triplet

A — 5+/\/_ 5Tt
50  —6T/V2

Higgs potential invariant under SU(2),®U(1)y: m? < 0, M >0

V =m2(dTd) + A (dTd)2 + MATr(ATA)

+X; (quarticterms) + u(dDTzTQATdD) + h.c

7

Triplet vacuum expectation value ;| < 60 >= v ~ pv2/M2

(va S5 GeV to keep p = (MZcos?Oy) /M2, ~ 1); A has L# = 2 and so u(dTim, ATd) violates lepton number



Higgs boson spectrum

The HTM has 7 Higgs bosons: H** H* HO A0 pO
o HTT is purely triplet: HTT = §+=+

o HE HO9 A9 hO are mixtures of doublet (¢) and triplet (§) fields
e Mixing ~ va /v and small (va/v < 0.03)

e 10 plays role of SM Higgs boson (essentially I = 1/2 doublet)
o HE HO AO are dominantly composed of triplet fields

e Masses of H¥* H* HO A0 close to degenerate ~ Ma

e For H**, H* in range at LHC require Ma <1 TeV




Masses of the Higgs bosons in the HTM as a function of u (~ vaM3 /v?)

M

H++

M,

M, M.,

The triplet scalars tend to be degenerate, and H** is the lightest for A\s > 0




Neutrino mass in Higgs Triplet Model (HTM)

No additional (heavy) neutrinos: £ = hjbl; CimoAip,, + h.c

,(p;li — (Vmgz)v S €, U, T
Neutrino mass from triplet Yukawa coupling, h;; (complexand symmetric):

hZ] [\/§Z§PL£J(S++ —I— (ZSPLVJ —I— Z§PL1/7;)5+ — \/5177;6PLVJ'5O] —|— h.c

Light neutrinos receive a Majorana mass: MZVJ ~ vpahi;

L 1 - T
hij = \/_Q—,UAVPMNSdzag(ml’mQ’m3)VPI\/INS

(m;=neutrino masses; Vppmns = VJVV; take V; =1 and V, = Vemns)



Decay channels for H** and HT

Decays of HT* :

e In HTM: hjjua ~ My, (neutrino mass matrix)

o M(H* — 707) ~ |hy|? ~ 10 T(HEE - WEWE) ~ 0
F(HTE — 020 > T(HYE - WEWE) for va < 1074 GeV

Tevatron/LHC Searches have only been performed for H¥*+ — ¢*t¢*

Decays of H*:
o M(HE — (Fv) > T(HT — WEZ,tb) for va < 1074 GeV
Notably, if [hj; > Rejectron then necessarily wa < 10=% GeV.

— leptonic decays H** — ¢ and HF — v dominate



BR(H** — W*W*) and Y BR(H** — (/) against triplet vev

M,**=400 GeV ' M,*=200 GeV

I will only discuss the phenomenology of H** — E;’Eﬁf (not H** — W*W*), assuming va < 107% GeV



Branching ratios of HTT — ¢4+

BR(H:E:E — E;tﬁét) determined by h’L] (six decays ee, eu, pp, €T, W, TT)

mpg++

F(HE — G0F) ~ Ihijl?

In HTM hij IS directly related to the neutrino mass matrix

=1 - T
hij = ﬁUAVPMNSdzag(ml’m2’m3)VPMNS

Prediction for BR(H** — ;") | determined by: |enimesmame

e Neutrino mass matrix parameters (masses, angles, phases)
e Neutrino mass hierarchy: normal (m3 > m»> > mq) or inverted



HTM prediction in the plane [BR(H** — eTet),BR(HTE — e p®)]

normal, inverted

’.x HTM I
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White region is ruled out by neutrino oscillation data




Limits on hz’j

Presence of H** would lead to lepton-flavour-violating decays

Many limits exist for h;; (assuming my++ < 1 TeV): [Glipeejbalidsenios
¢ BR(u — eee) < 10712 — |hychee| < 1077 possmelemicominele penment
¢ BR(T — £ifj€y) < 1078 — |hpihyy| < 1077 iiSHomOIEORIEesiEs
e BR(p — ey) < 107 — ¥ |hyihe| < 107° EiEEROERomES

All constraints can be respected with |h;;| < 1072 or 1073

T hese decays provide valuable probes of virtual effects of H*=*



Production of HTT at Hadron Colliders
(Tevatron and LHC)



Pair production of HTT at Hadron Colliders

First searches at a hadron collider in 2003 [FeVatieREbFD0)

£=i|(0"H ") HYF| (W3, 4 ¢'By) + h.c
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® 0;++—— Nas no dependence on hy;



Single HT=* production via ¢'g — HTTHT

A mechanism not included in the Tevatron searches

£=ig|(o*HY)H ™ — (o*H~") HT| Wi + hec.

e op++yF IS @ function of my++ and my+ |ESenEeNBEHSE|
e Similar magnitude to o(pp — HTTH ") for my++ ~ mpy+



Inclusive single HT* production at Tevatron

Experimental search was sensitive to og++ = o(pp — HYTH ) + 20(pp — HTTH™)

900 110 120 130 140 150 160 170 180 190 200
(GeV)

H++

Mass limit my+ > 150 GeV at Tevatron would strengthen to myg+ > 180 GeV



LHC cross sections at /s =7 TeV for qg — HYTH~~ and q¢ — H¥*HT

Pair-production (NLO)
== = = =: Pair-production (LO)
Associated production (NLO)
=== = =: Associated production (LO)

Cross section [pb]

Mass of & [GeV]

o(qf — H**HF) > 0(qqg — HYTH ") for mpy+ = my== and so should be included in searches



Importance of g7 — HY¥*HT

e o(qf — H¥THT) can be as large as o(gg— HTTH )
e Increases the sensitivity to myg++ in 2¢ and 3¢ search channels,
thus enhancing the discovery potential for HT* paeamerms

e Received almost no theoretical attention from 1982 to 2005

e Not included in event generator Pythial, unlike qg — HTTH——
o In JAGAYCHERg/GaIREG \We Ccreated a CalcHEP file to generate events

for qgf — HTTHT, which can then be used as input for Pythia
e [ his enabled the CMS collaboration to carry out a
search for q7¢ — HXTHT



Strategy of search for HT* by CMS collaboration (LHC)

o H** decays via h;; to same charge [ee, ppi, 7, €, €T, AT
e In the HTM, BR(HT* — ¢£¢%) depends mainly on

i) neutrino mass my and ii) Majorana phases ¢1 and ¢
e Define four benchmark points for BR(HTE — ¢£¢*)




Search strategy for HT* — ¢=¢* and HT — ¢*v at LHC

CMS search for H** is the |first onel| to include both production
mechanisms _ and lgg/ — HTEHT (cvs pas HIG-11-007)
i) 4¢ signature (¢7¢te—07):

e Backgrounds are negligible after all selection cuts

e Only HTTH—— contributes to the signal

i) 3¢ signature (¢T¢E¢F):

e H**HT contributes to the signal (assume mpy+ = my++)

e HTTH—— contributes if one lepton is missed



LHC (CMS collaboration) search for 3¢ signature

CMS Preliminary
\s=7TeV L=0.98fb"
BP4, m(®*)=150 GeV

CMS Preliminary
\s=7TeV L=0.98 b
BP4, m(®*)=150 GeV
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Excluded cross sections from 3¢ and 4/ search: ee and eu channels

= CMS Preliminary
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Excluded cross sections from 3¢ and 4¢ search: er and ur channels
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Mass limits on my++ from CMS search for H++ — ¢+

- Excluded by Tevatron or LEP
-1
CMS Preliminary ¢ CMS\/s=7 TeV | L=0.98 fb

BR(®"— e*e*)=100%
BR(®"— e*u*)=100%
BR(®""— u'ut)=100%
BR(®"*— e*t*)=100%
BR(®"*— ut*)=100%
BR(®"*— 1*1*)=100%
BP1: normal hierarchy
BP2: inverse hierachy
BP3: degenerate masses

BP4: equal branchings

200 250 300 350
Lower limit on mass of ®** [GeV]

Mass limit mg++ > 300 GeV for BR(H** — ¢*¢*) = 100% for £ = e, p




Recent ATLAS search for HT+ — ,u:':,u,:t arXiv:1201.1091

ATLAS has performed three searches for qg — HtTH——

e Search in arxivi1201.1001 is only performed for H¥* — ;*,*
e Uses 1.6 fb—1 of integrated luminosity (cwms used 0.98 ©o-1)

e Signal is defined as two same-signed (puTu*)

e Differs from CMS search strategy (£X¢=¢F and ¢1T4T¢=¢7)
e Number of signal events is linear (not quadratic)

in BR(H** — y*uT)— can probe smaller values of BR

e Current search does not include q7/ — HXTHT



ATLAS search for H** — p*u* with 1.6 fb=! (CMS used 0.98 fb~1)

ATLAS
Ldt= 1.6 fb*

\Vs=7TeV
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Limit my= > 355 GeV; stronger than CMS bound for H** — u*u* (mpy= > 313 GeV)




Status of searches for HTT at LHC

The CMS collboration has performed the first search

(July 2011) for HE* at the LHC (cwms pas HiG-11-007)

e Used 0.98fb~ ! at \/s =7 TeV

e Both 4¢ and 3¢ signatures studied

e All six decay channels investigated: ee,eu, uu,er, ut, 7T

e |[For the first time| g¢/ — HTTHT included in search for H**
e ATLAS (aug/oct/nov 2011) have searched for 24, 3¢, 44

e Have not vet included gqg’ — HETETHT in the 2¢ and 3¢ searches




Case of non-degeneracy of triplet scalars
Mpr++ < Mp+ < ME0 A0



Case of non-degeneracy of triplet scalars

The ongoing CMS searches assume [mpy++ = Mg+ = M0 40
This is only true if A, = 0 in scalar potential term A4 HIAATH

e FOr Ay >0 one has mpy++ < mp+ < Mpo o

e The decay H* — HT*W* would be open, and can have a
large branching ratio even for myg+ — myg++s << myy

¢ g — W* — HTTHT then leads to | HTTH~~W* | Rensisvanag

e Would increase sensitivity to my++ in 4£ searches



BR(H* — H*TW*) as a function of (my= — mpy++) and v, |REA/SIGVAmaEH

(@) my == 200 GeV, v,=100 eV, m,= 120GeV, mg > m,;=0.1 eV myx= 200GeV, m;,= 120GeV, mz > m=0.1eV
1 _

o o o
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Large parameter space for BR(H* — H¥W*) > 50%



CMS sensitivity (with 0.98 fb~1) to mpy= in £T¢T¢=¢~ channel as function of mpg: — mpg=

Sum Rule

Direct search |
LHC 980 pb™! [
(va=10"°GeV)

)

my=130GeV
Sum Rule &
Z width

400 500 600 700
ma- [GeV]

q¢ — HT**HT with H* — H*¥*W* increases sensitivity to mg+= by as much as 50 GeV _




Five-lepton/six-lepton signals and detection of HY and A°

Several cascade decays involving neutral triplet scalars

BR(A? — HEW*) and BR(H? — HEW*) can also be ~ 100%
dq— W* - HEHO H*AO leads to HTTH ~W*W*W*

qg — Z* — HO9AQ leads to HTTH —W*W*W*W*

W* — v (L = e, ) Of particular interest

Leads to 5¢ and 64 signatures with negligible background
Would enable detection of HY and A pemmisetisiEvamzEs)

No search yet for 5¢ and 6£ signatures



Cross sections for 5-lepton and 6-lepton signatures at LHC with /s =7 TeV

(@) s = (7 TeV)?
v, = 1000 eV
Myt = 300 GeV

6/(Total)

@) s = (7 TeV)?
v, = 1000 eV
mgx = 300 GeV

Maximum of 4 fb for 5¢ and 0.6 fb for 64 _



Conclusions

e Doubly charged Higgs bosons appear in the Higgs Triplet
Model of neutrino mass generation

e Neutrino mass generated at tree-level as h;;va

o HTT — /=¢= is a distinctive signal

e Multi-lepton signals ¢—e» from gg — HYTH ~— / ¢'g — HETHT

e Searches (x—-an are ongoing, with sensitivity myg++ < 300 GeV

e [he HTM also predicts a |[SM-like Higgs boson| in most of

the parameter space of the scalar potential
e A large parameter space of the model will be probed
at the LHC



