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Salute To ATLAS/CMS !	
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A discussion is given of the production, decay and observability of the scalar Higgs 
boson H expected in gauge theories of the weak and electromagnetic interactions such as 
the Weinberg-Salam model. After reviewing previous experimental limits on the mass of 
the Higgs boson, we give a speculative cosmological argument for a small mass. If its mass 
is similar to that of the pion, the Higgs boson may be visible in the reactions n-p + Hn or 
yp --t Hp near threshold. If its mass is < 300 MeV, the Higgs boson may be present in the 
decays of kaons with a branching ratio 0(10-T), or in the decays of one of the new par- 
ticles: 3.7 + 3.1 + H with a branching ratio 0(10e4). If its mass is <4 GeV, the Higgs 
boson may be visible in the reaction pp --f H + X, H --f n+p-. If the Higgs boson has a mass 
<2m , the decays H -+ e+e- and H + y-r dominate, and the lifetime is 0(6 X 10m4 to 
2 X ib-12) seconds. As thresholds for heavier particles (pions, strange particles, new par- 
ticles) are crossed, decays into them become dominant, and the lifetime decreases rapidly 
to O(lO-*o) set for a Higgs boson of mass 10 CeV. Decay branching ratios in principle 
enable the quark masses to be determined. 

1. Introduction 

Many people now believe that weak and electromagnetic interactions may be de- 
scribed by a unified, renormalizable, spontaneously broken gauge theory [l]. This 
view has not been discouraged by the advent of neutral currents, or the existence of 
the new narrow resonances [2]. These latter may well be a manifestation of some 
form of “charm”, a new hadronic degree of freedom [3] favoured by constructors 
of weak and electromagnetic interaction models. A comprehensive discussion of the 
phenomenology of conventional charm has been given by Gaillard, Lee and Rosner [4] 
At the time of writing, the discovery of charm has not been confirmed, but gauge 
theorists are not yet discouraged. 

Other particles have been suggested by gauge theorists, including heavy leptons [5], 
Higgs bosons [6] and intermediate vector bosons. Experimental searches for heavy 
leptons M+ coupled to muon neutrinos have ruled out [7] masses below 8 GeV. From 
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The “EHLQ” (80’s)	


Theories say the first word,	

Expts say the last word!	


B.W.Lee	
Goldstone	
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Marching into TeV scale physics:	

But, no sign for BSM physics (yet)	
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Under the 	

Higgs lamp post 	
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Now we know a LOT:	
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Neutrinos are Hot!�
Active programs, rich physics

2

I. INTRODUCTION

II. NEUTRINOMASS AND OSCILLATION PARAMETERS

The neutrino mixing matrix is given by

VPMNS =











c12c13 c13s12 e−iδs13

−c12s13s23eiδ − c23s12 c12c23 − eiδs12s13s23 c13s23

s12s23 − eiδc12c23s13 −c23s12s13eiδ − c12s23 c13c23











× diag(eiΦ1/2, 1, eiΦ2/2)

(1)

where sij = sin θij , cij = cos θij , 0 ≤ θij ≤ π/2 and 0 ≤ δ,Φi ≤ 2π. The phase δ is the Dirac

CP phase, and Φi are the Majorana phases. The magnitude of the mass-squared splitting between

three neutrino states is extracted from neutrino oscillation experiments. The sign of ∆m2
31, how-

ever, remains unknown, which can be the Normal Hierarchy (NH), ∆m2
31 > 0, and the Inverted

Hierarchy (IH), ∆m2
31 < 0, for the spectrum of the neutrino masses.

In the neutrino mixing parametrization, the presence of non-zero angle θ13 determines the s-

mallest component V 13
PMNS and is intimately related to the leptonic CP violation. Several reactor

experiments have recently reported non-zero measurements of θ13, namely Double Chooz, RENO

and Daya Bay, by looking for the disappearance of anti-electron neutrino. Among these reactor

experiments, Daya Bay remains the highest precision and the smallest projected sensitivity for

the measurement of θ13. Taking into account these reactor data, the latest global fit results of the

neutrino masses and mixing parameters, at 2σ level [? ], are

7.27× 10−5 eV2 < ∆m2
21 < 8.01× 10−5 eV2, (2)

2.38 (2.29)× 10−3 eV2 < |∆m2
31| < 2.68 (2.58)× 10−3 eV2, (3)

0.29 < sin2 θ12 < 0.35, (4)

0.38 (0.39) < sin2 θ23 < 0.66 (0.65), (5)

0.019 (0.020) < sin2 θ13 < 0.030 (0.030), (6)

for NH (IH). Also, we adopt the tightest constraint on the total neutrino mass by combining the

Planck+WMAP+highL+BAO data [? ],

3
∑

i=1

mi < 0.230 eV. (7)

  

Jan Hamann

CERN

Workshop on the Origin
of Neutrino Mass ― 

From Majorana to LHC

ICTP Trieste, 2-5 Oct 2013

Cosmological neutrinos after Planck

Still need to know:	

•  m1 – m3 mass hierarchy	

•  CP phases	

•  Dirac/Majorana	
 And what theory at work?	
  

Neutrino mass constraints

Planck + WP Planck + WP + BAO

No evidence for neutrino masses

[Planck 2013 results XVI]
  

Neutrino mass constraints

Planck + WP Planck + WP + BAO

No evidence for neutrino masses

[Planck 2013 results XVI]
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Weinberg’s operator:	


6	


Neutrinos are “hot”!

Active field, rich physics

At dim-5, the leading gauge invariant operator is ∗

1

Λ
(yνLH)(yνLH) + h.c. ⇒

y2
νv2

Λ
νL νc

R.

yν Yukawa coupling, v the Higgs vev, Λ an energy scale.

The See-saw spirit: †

If mν ∼1 eV, then Λ ∼ y2
ν (1014 GeV).

Λ ⇒
{

1014 GeV for yν ∼ 1;
100 GeV for yν ∼ 10−6.

∗S. Weinberg, Phys. Rev. Lett. 1566 (1979); Belen Gavela, this conference.
†Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...
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         Illustrative models:	

•  Neutral fermion N (type I)	

•  Charged scalar H±±, H± and WR (type II)	

•  Charged fermion triplet T±, T0 (type III)	




The search for ΔL=2 processes
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The Search for ∆L = 2 Processes

(1). Neutrino-less double β Decay

f1

f2

W −

W −

f1

f2

li
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lj
−

’

’

× UiN
p/+mN

p2−m2
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The transition rates are proportional to

|M|2 ∝































〈m〉2ee =

∣

∣

∣

∣

∣

3
∑

i=1

UeiUeimi

∣

∣

∣

∣

∣

2

for light ν ⇒ 〈m〉ee ∼ O(0.1 eV)

∣

∣

∑n
i VeiVei

∣

∣

2

m2
N

for heavy N ⇒ |VeN |2 /mN < 5 × 10−8 GeV−1

Very challenging! (update talks in this conference.)
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Extension to N Resonance Signals

The transition rates are proportional to†

|M|2 ∝
Γ(N → i) Γ(N → f)

mNΓN
for resonant N production.

• Active searches:∗

τ, K, D, B decays: M+ → "+i "+j M− via N

• Other processes to look for:

D+, B+ → "+"+K∗,

B+ → τ+e+M−, τ+µ+M−, τ+τ+M−.

at Super-B, LHCb.

†A. Atre, T. Han, S. Pascoli, B. Zhang, arXiv.0901.3589.
∗LHCb Collaboration: arXiv:1201.5600 [hep-ex]; PDG listing.

(2).	
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Figure 6: mES and �E projection distributions for the decay B+ ! K�e+µ+. The
blue solid line is the overall fit, the solid green shape the overall signal and the black
markers indicate the data points.

Figure 7: Summary of all 90% confidence-level upper limits for all the lepton-number
violating B decays measured. Blue circles indicate the published BABAR measure-
ments and solid magenta triangles the new preliminary results. Other measurements
include the CLEO Collaboration (black diamonds), Belle (red squares) and LHCb
(open triangles). Note that LHCb upper limits are quoted at 95% confidence level.

of the decays studied. Our best sensitivity to branching fractions for these modes is
of the order of 10�8. Higher luminosity experiments such as Belle-II and LHCb can
still increase the sensitivity to these decays. However, the higher background levels
can make study of these rare decays more di�cult. Some future experiments will be
specifically designed to look for lepton-number violation and lepton-flavour violation.
One of these is the Mu2e experiment at Fermilab, which will search for muons con-
verting to electrons. The goal of the experiment is to be able to reach a sensitivity
to this type of process of the order of 10�17. Other experiments specifically designed

6

BaBar: arXiv:1310:0876	


Figure 12: Branching fraction versus heavy neutrino mass m4 for decay modes M+
1 → !+1 !

+
2 M−

2

not yet constrained by direct experimental searches. The regions below the curve are theoretically
allowed.

u d

d̄ ū

W+

W+

N

!+1

!+2

u

d̄

W+

!+1

N

!+2

W+ d

ū

Figure 13: (a) Left: Feynman diagram for like-sign dilepton signature via WW fusion in hadronic
collisions; (b) right: the exchanged coherent diagram which is same as heavy neutrino production
and decay.

We discuss the signatures for a heavy Majorana neutrino and the sensitivity to probe the
parameters m4 and V!4 at the Tevatron and the LHC.

As for the production of a heavy Majorana neutrino at hadron colliders, the represen-
tative diagrams at the parton level are depicted in Fig. 13, with the exchange of final state
leptons implied. The first diagram is via WW fusion with a t-channel heavy neutrino N4

exchange, directly analogous to the process of 0νββ. The second diagram is via s-channel
N4 production and subsequent decay. Although in our full calculations, we have coher-
ently counted for all the contributing diagrams of like-sign dilepton production including
possible identical particle crossing, it is informative to separately discuss these two classes
of diagrams due to their characteristically different kinematics.

The scattering amplitude for the process in Fig. 13(a) is proportional to V!14V!24 and
the cross section can be expressed as

σ
(

pp → W±W± → !±1 !
±
2 X
)

= (2 − δ!1!2) |V!14V!24|2 σ0(WW ), (4.1)

where σ0(WW ) is the “bare cross section”, independent of the mixing parameters. We
show the bare cross section at the LHC energy of 14 TeV versus the heavy neutrino mass

– 26 –

Atre, TH, Pascoli, Zhang:	

arXiv:0901:3589	
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The Search at the LHC �
A few illustrative cases:

(1). Type I Seesaw: N	
(2). LHC searches for Majorana Neutrinos

At hadron colliders: § pp(p̄) → !±!±jjX
qi

q̄j

W∓

l∓

N

l∓

W±

σ(pp → µ±µ±W∓) ≈ σ(pp → µ±N)Br(N → µ±W∓) ≡
V 2

µN
∑

l

∣

∣

∣V !N
∣

∣

∣

2 V 2
µN σ0.

Factorize out the mixing couplings: †

σ(pp → µ±µ±W∓) ≡ Sµµ σ0,

Sµµ =
V 4

µN
∑

l |V!N |2
≈

V 2
µN

1 + V 2
τN/V 2

µN

.

§Keung, Senjanovic (1983); Dicus et al. (1991); A. Datta, M. Guchait, A. Pilaftsis
(1993); ATLAS TDR (1999); F. Almeida et al. (2000); F. del Aguila et al. (2007).

†T. Han and B. Zhang, hep-ph/0604064, PRL (2006).

(2). LHC searches for Majorana Neutrinos

At hadron colliders: § pp(p̄) → !±!±jjX
qi

q̄j

W∓

l∓

N

l∓
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σ(pp → µ±µ±W∓) ≈ σ(pp → µ±N)Br(N → µ±W∓) ≡
V 2

µN
∑

l

∣

∣

∣V !N
∣

∣

∣

2 V 2
µN σ0.

Factorize out the mixing couplings: †

σ(pp → µ±µ±W∓) ≡ Sµµ σ0,

Sµµ =
V 4

µN
∑

l |V!N |2
≈

V 2
µN

1 + V 2
τN/V 2

µN

.

§Keung, Senjanovic (1983); Dicus et al. (1991); A. Datta, M. Guchait, A. Pilaftsis
(1993); ATLAS TDR (1999); F. Almeida et al. (2000); F. del Aguila et al. (2007).

†T. Han and B. Zhang, hep-ph/0604064, PRL (2006).

Suffer from mixing suppression.	

(see talks by F. Del Aguila; P.S.Bhupal Dev)	
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Type I Seesaw: A case with B-L	


In general,	


34

Fields Vertices Couplings Approximations

Z ′ q̄iqiZ ′ −iQq
BLgBLγµ −

q1 = u, q2 = d Qq
BL = 1

3

"̄"Z ′ −iQ!
BLgBLγµ −

" = e, µ, τ Q!
BL = −1

Nm1
Nm2

Z ′ −i(UT
C U∗

C − V T V ∗)m1m2
Q!

BLgBLγµPR iIm1m2
gBLγµPR

νm1
νm2

Z ′ −i(U †U − V †
CVC)m1m2

Q!
BLgBLγµPL iIm1m2

gBLγµPL

Nm N c
m"−W+ −i g√

2
V ∗

!mγµPL −

NT
m"−W+ −i g√

2
V ∗

!mCγµPL −

νm1
N c

m′

2

Z −i g
2cW

UνN
m1m′

2

γµPL −

νm1
Nm′

2

T
Z −i g

2cW
UνN

m1m′

2

γµPLC −

ν!Nmh −iV!mPR

(

MN

m

v0
cθ0

+ MN

m

vS
sθ0

)

−iV!mPR
MN

m

v0
cθ0

ν!NmH −iV!mPR

(

MN

m

v0
sθ0

− MN

m

vS
cθ0

)

−iV!mPR
MN

m

v0
sθ0

TABLE I: Feynman rules forZ ′ and heavyMajorana neutrinoN in SMwithU(1)B−L extension, whereUνN = U †V .

2. Higgs Bosons Properties

As we have discussed before the Higgs sector of this model is composed of the SM Higgs, HT = (H+, (v0 +

H0 + iξ0)/
√

2), and an extra Higgs, S = (vS + S0 + iSI)/
√

2, which is needed to break B − L and generate

neutrino masses. In this context one will have only two CP-even physical Higgses h and H , and the mass matrix for

the these fields is given by

M2
0 =





λHv2
0/2 − aSv2

S/4 aSv0vS

aSv0vS λSv2
S/2 − aSv2

0/4



 . (C16)

The physical Higgses are defined by




h

H



 =





cos θ0 sin θ0

− sin θ0 cos θ0









H0

S0



 , (C17)

where the mixing angle is

tan 2θ0 =
aSv0vS

λHv2
0 − λSv2

S + aS(v2
0 − v2

S)
. (C18)

It is easy to check that SI is the Goldstone boson eaten by the Z ′ in the theory.

3. Feynman Rules

We now summarize the Feynman rules for the SM with U(1)B−L and U(1)X extensions in Tables I and II,

respectively.

P. Fileviez-Perez, TH, T. Li, arXiv:0907.4186.	
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II. TYPE I SEESAWMECHANISM AND PARAMETER CONSTRAINTS

In the case of the Type I seesaw mechanism for neutrino masses one introduces at least two SM singlets,

right-handed neutrinos, νR ∼ (1, 1, 0), in order to generate two non-zero neutrino masses. In this case the

relevant Yukawa interaction and the Majorana mass term are given by

− LI
ν = Y D

ν l̄L H̃ νR +
MN

2
νT

R C νR + h.c.. (1)

Here H̃ = iσ2H∗ and the lepton number is broken in two units due to the presence of both terms. Now,

integrating out the right-handed neutrinos one finds that the mass matrix for the light neutrinos is given by

Mν = mD M−1
N mT

D, (2)

where mD = Y D
ν v0/

√
2 is the Dirac mass term and v0 is the Higgs vacuum expectation value. Therefore,

in this framework one could understand the smallness of neutrino masses, since the mass scale MN in the

above equation could be large,MN $ Y D
ν v0, This is the so-called canonical Type I seesaw mechanism [1].

The mass matrix for neutrinos is diagonalized by unitary rotations as detailed in Appendix A. The three

light neutrino masses can be expressed in the following way

m = V †
PMNS Mν V ∗

PMNS, (3)

wherem = diag(m1,m2,m3) and VPMNS can be taken as the leptonic mixing matrix for the three gener-

ation of light neutrinos [11] without the loss of generality.1 Working in the basis where the heavy neutrino

mass matrix is diagonal and using the Casas-Ibarra parametrization [12] one can writemD satisfying Eq. (2)

as

mD = VPMNS m1/2 Ω M1/2, (4)

where M = diag(M1,M2,M3) for heavy neutrino masses, and Ω is a complex matrix which satisfies the

orthogonality condition ΩTΩ = 1. It is shown in Appendix A that using the seesaw formula and the relation

between the leptonic mixing one can find a formal solution for the mixing between the SM charged leptons

(# = e, µ, τ ) and heavy neutrinos (N = 1, 2, 3):

V"N = VPMNS m1/2 Ω M−1/2. (5)

Therefore, for a given form of Ω, one can establish the connection between the heavy neutrino decays and

the properties of the light neutrinos. The impact of the existence of the Ω matrix on the decays of heavy

1 The 3 × 3 rotational matrix is not exactly unitary when there are extra Majorana neutrinos, but it is a good approximation to
equal it to the traditional VPMNS , see the formalism in the appendix.

Casas-Ibarra parameterization:	
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FIG. 1:
∑

N |V!N |2MN/100 GeV versus the lightest neutrino mass for NH (left) and IH (right) in Case I (degenerate

N ), assuming vanishing Majorana phases.

low scale. Using Eq. (A15) and assuming degenerate heavy neutrinos we obtain the relation

M
∑

N=1,2,3

(V ∗
!N )2 = (V ∗

PMNS m V †
PMNS)!! ≡ (Mν)!! , (! = e, µ, τ). (12)

We see that one can obtain simple relations for the heavy neutrino mixings and masses in terms of the light

neutrino mass matrix independent of the unknown matrix Ω, which in turn is given by the parameters from

the neutrino oscillation data. One can thus predict the decays of the heavy neutrinos in each spectrum for

light neutrinos. Note that in this degenerate scenario, we are unable to convert the constraints of Eq. (12) to

predict
∑

N |V!N |2 in general. We can predict the decays of heavy neutrinos in terms of the other oscillation

parameters only when all phases vanish since in this case the modulo square of the mixings (which govern

the decay rate) are equal to the square of mixings (the left-handed side of Eq. (12)).

In Ref. [17], we have shown that using the experimental constraints on the neutrino mass parameters the

elements of the neutrino mass matrix has the following properties:

Mee
ν " Mµµ

ν ,M ττ
ν for NH,

Mee
ν > Mµµ

ν ,M ττ
ν for IH, (13)

Mee
ν ≈ Mµµ

ν ≈ M ττ
ν for QD. (14)

Following the same approach, we plot the allowed values for the normalized couplings of each lepton flavor

in this scenario in Fig. 1, as a function of the lightest neutrino mass in each spectrum, the normal hierarchy
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FIG. 5: Branching fractions of degenerate neutrinos
∑

i Ni → !+W− + !−W+ (! = e, µ, τ) for NH and IH versus

lightest neutrino mass withMN = 300 GeV andMh = 120 GeV, assuming vanishing Majorana phases.

1. Decays in Case I: Degenerate Heavy Neutrinos

In Fig. 5 we show the impact of the neutrino masses and mixing angles on the branching fractions of the

sum of the degenerate neutrinos Ni (i = 1, 2, 3) decaying into e, µ, τ lepton plus W boson, respectively,

with the left panels for the Normal Hierarchy (NH) and the right panels of the Inverted Hierarchy (IH),

assuming vanishing Majorana phases. Qualitatively, it follows the relations in Eq. (14)

BR(µ±W∓), BR(τ±W∓) " BR(e±W∓) for NH,

BR(e±W∓) > BR(µ±W∓), BR(τ±W∓) for IH. (32)

The branching fraction can differ by one order of magnitude in NH case; and about a factor of few in the

IH spectrum. As one expects that all these channels are quite similar when the neutrino spectrum is quasi-

degenerate, m1 ≈ m2 ≈ m3 ≥ 0.05 eV. Therefore, in this simple case one can hope that if the heavy

neutrino decays are observed in future experiments one should be able to distinguish the neutrino spectrum.

2. Decays in Case II: Non-degenerate Heavy Neutrinos

For non-degenerate neutrino spectra we once again study the simple choice: Case IIa Ω = I . We show

the branching fractions of processes Ni → !+W− + !−W+ (! = e, µ, τ, i = 1, 2, 3) corresponding to
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FIG. 11: Heavy Majorana neutrino pair production total cross section at the LHC versus its mass. The solid, dashed

and dotted curves are forMZ′ = 1, 1.5, 2 TeV respectively, when vS = 3 TeV, (a) for U(1)B−L coupling and (b) for

U(1)X coupling, as given in Tables I and II.

in the mechanism

pp → Z ′ → N1N1. (40)

The parton level cross section for this process is

dσ(qq̄ → Z ′ → N1N1)

dt
=

1

32πs2Nc

2g4
BL

9

1

(s − M2
Z′)2 + M2

Z′Γ2
Z′

[

(t − M2
N )2 + (u − M2

N )2 − 2sM2
N

]

(41)

where t = (pq − pN )2. The total cross section versus heavy Majorana neutrino mass at the LHC is plotted

in Fig. 11, assuming vS = 3 TeV with (a) for U(1)B−L coupling and (b) for U(1)X coupling, as given in

Tables I and II.

The Majorana signals for ∆L = 2 decay of N1 are

N1N1 → #±#± W∓W∓, # = e, µ, τ (42)

To confirm the important feature of lepton number violation, we demand the W ’s decay hadronically. The

overall branching fraction to be included becomes

BR(N1N1 → #±#± 4 jets) ≈ 2 · (
1

4
)2 · (

6

9
)2 =

1

18
. (43)
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FIG. 17: Event contours in the MZ′ − MN plane at the LHC with an integrated luminosity 100 fb−1 and 10 events

number for (a) degenerate case
∑

i=1,2,3 NiNi → !±!±WW for NH, IH, and QD, and (b) non-degenerate case for

N1, N2 andN3, all as predicted in Eqs. (54) and (55).

• Working in the context of two simple extensions of the Standard Model with a local gauge symmetry

B − L or X = Y − 5
4 (B − L), one can produce the heavy neutrinos through the Z ′ gauge boson

in each scenario. In both cases one has a dynamical mechanism for the generation of heavy neutrino

masses, related toMZ′ .

• In the case where the heavy neutrinos are degenerate, we show the possibility to distinguish the

neutrino spectrum. The branching fractions can differ by one order of magnitude in NH case

with BR(µ±W∓), BR(τ±W∓) # BR(e±W∓), and a factor of a few in the IH spectrum with

BR(e±W∓) > BR(µ±W∓), BR(τ±W∓) when the Majorana phases are ignored. As one expects,

all these channels are quite similar when the neutrino spectrum is quasi-degenerate, m1 ≈ m2 ≈

m3 ≥ 0.05 eV.

• In the case whenΩ is an identity matrix or with only unity entries generally, we find: BR(e±W∓) >

BR(µ±W∓), BR(τ±W∓) forN1 decay, BR(e±W∓) ≈ BR(µ±W∓) ≈ BR(τ±W∓) forN2 and

BR(µ±W∓), BR(τ±W∓) # BR(e±W∓) for N3 in both NH and IH. The branching fractions in

these cases are independent of Majorana phases.

• In general, the form of Ω governs heavy neutrino decay patterns. Future tests on the flavor combina-

pp à Z’ à NN	


pp à Z’ à NN	

à l+l+ W-W-	
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(2). Type II Seesaw: WR & N	
ATLAS† study for SU(2)L ⊗ SU(2)R symmetric model:

Vladimir’s last talk.

A clean channel with rich physics:†

• Significantly enhanced rate at WR resonance; ¶

• If observed, determine N ’s nature: ∆L = 2, azimuthal angle ...

• and determine W ′ chiral coupling to ! − NR,L and q − q̄.
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uðpAÞ !dðpBÞ ! W 0þ
R;LðqÞ ! ‘þ1 ðp1ÞNðpNÞ

! ‘þ1 ðp1Þ‘þ2 ðp2Þqðp3Þ !q0ðp4Þ:
(33)

The two diagrams that contribute to this process are shown
in Fig. 3. Figure 4 shows the total production cross section
for the like-sign dimuon process as a function of mN . In it,
the solid line denotes the pure W 0

R gauge state while the
dashed line represents the pure W 0

L state. Since the W0
R !

N! branching ratio is larger than W 0
L ! N! ratio, the

cross section for W 0
R is systematically larger than for W 0

L.
Additionally, as the neutrino mass approaches theW 0 mass
the cross section drops precipitously due to phase space
suppression.

In principle, the conjugate process, !ud ! W 0$, should
also be possible at the LHC. However, it will possess a
much smaller production rate because the !ud initial state
has a smaller parton luminosity than u !d. Despite this, all
reconstruction methods and observables discussed below
are applicable to both processes.

A. Event selection

For simplicity, we restrict our study to like-sign muons.
There is no change in the analysis if extended to electrons;
however, 6ET requirements must be reassessed for inclusion
of unstable "’s [37]. Consequently, our signal consists
strictly of two positively charged leptons and two jets, a

fact that allows for considerable background suppression.
In simulating this like-sign leptons plus dijet signal, to
make our analysis more realistic, we smear the lepton
and jet energies to emulate real detector resolution
effects. These effects are assumed to be Gaussian and
parametrized by

#ðEÞ
E

¼ affiffiffiffi
E

p & b; (34)

where #ðEÞ=E is the energy resolution, a is a sampling
term, b is a constant term, & represents addition in quad-
rature, and all energies are measured in GeV. For leptons
we take a ¼ 5% and b ¼ 0:55%, and for jets we take a ¼
100% and b ¼ 5% [38].
After smearing, we define our candidate event as two

positively charged leptons and two jets passing the follow-
ing basic kinematic and fiducial cuts on the transverse
momentum, pT , and pseudorapidity, $:

pj
T ' 30 GeV; p‘

T ' 20 GeV; $j ( 3:0;

$‘ ( 2:5:
(35)

Table I lists the cross sections for Eq. (33) assuming the
pure W 0

R;L gauge states at the 8 and 14 TeV LHC without
smearing or acceptance cuts (row 1), and with smearing
plus acceptance cuts from Eq. (35) (row 2). Here and

FIG. 3. The partonic-level process for a heavy W 0þ production and decay to like-sign leptons in hadronic collisions.
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distribution with the same cuts as Fig. 12(b) except the
!Rjj cuts. For comparison, both the Monte Carlo simula-
tion with cuts (solid line) and analytical results without
cuts (dashed line) are shown. It is clear that the discrimi-
nating power of the lepton angular distribution would
increase and the Monte Carlo distribution approaches the
analytical results if the jet isolation cuts are relaxed.

The analyzing power in Eq. (54) can additionally be
related to the forward-backward asymmetry

A ¼ !ðcos"‘ # 0Þ % !ðcos"‘ < 0Þ
!ðcos"‘ # 0Þ þ !ðcos"‘ < 0Þ : (56)

Without cuts or smearing, A ¼ A, and for the values of
mN, MW 0 stipulated in Eq. (19),

A ¼
!þ0:43; W 0 ¼ W 0

R

%0:43; W 0 ¼ W 0
L:

(57)

The simulated values for the forward-backward asymmetry
with consecutive cuts are shown in Table II. Again, simu-
lations are in good agreement with the theoretical predic-
tion for the forward-backward asymmetry for no smearing
or cuts. As the cuts become more severe, the simulated and
theoretical values deviate more; however, the W 0

L and W 0
R

cases can still be distinguished clearly. Furthermore, as
shown in the final row, if the !Rjj cuts in Eq. (37) are
relaxed, the discriminating power of the asymmetry is
greatly increased, and the theory and simulation are in
much better agreement.

B. W 0 chiral couplings to initial-state quarks

Thus far, we have only presented the results to test the
chiral coupling ofW 0 to the final-state leptons. It is equally
important to examine its couplings to the initial-state
quarks. Define an azimuthal angle

cos" ¼ p̂N ' ~p‘2

jp̂N ' ~p‘2 j
( p̂N ' ~pq

jp̂N ' ~pqj
; (58)

as the angle between the qq0 ! N‘þ1 production plane and
N ! W%‘þ2 decay plane in the neutrino rest frame, where
~p‘2 is the three momentum of ‘2, the charged lepton
identified as originating from the neutrino, p̂N is the

direction of motion of the neutrino in the partonic c.m.
frame, and ~pq is the initial-state quark momentum. The
definition of " is invariant under boosts along p̂N; hence,
the quark and charged lepton momenta can be evaluated
either in the partonic c.m. or the neutrino rest frame. The
angular distribution between the two planes is thus calcu-
lated to be

d!̂

d"
¼ !Tot

2#

"
1þ 3#2

16

$N

2þ$2
N

0
@!̂ðW0Þ % !̂ðWTÞ
!̂ðW0Þ þ !̂ðWTÞ

1
A

'
0
@g

q
R
2 % gqL

2

gqR
2 þ gqL

2

1
A cos"

#
:

(59)

The distribution for W 0
L is 180) out of phase with the W 0

R
distribution and the slope only depends on the W 0 chiral
coupling to the initial-state quarks. Hence, the phase of this
distribution determines the chirality of the initial-state
quarks couplings to the W 0 independently of the leptonic
chiral couplings to the W 0.
To understand the distribution in Eq. (59), we consider

the spin correlations between the initial and final states. As
noted previously, the angle " is invariant under the boosts
along p̂N . So for simplicity, we consider the spin correla-
tions in the heavy neutrino rest frame. Figure 13 shows the
spin correlations of the neutrino production in the neutrino’s
rest frame for both the (a)W 0

L and (b)W
0
R cases. Like before,

TABLE II. Forward-backward asymmetry for pp ! W 0þ
L;R ! $þ$þq #q0 with consecutive cuts

at 8 and 14 TeV LHC. The last row has the same cuts applied as the previous row with the
removal of the !Rjj cuts in Eq. (37).

8 TeV 14 TeV
A W 0

L W 0
R W0

L W0
R

Reco. without cuts or smearing %0:42 0.42 %0:43 0.43
þsmearingþ fiducialþ kinematics [Eq. (35)] %0:46 0.33 %0:47 0.34
þisolation [Eq. (37)] %0:11 0.59 0.083 0.72
þ 6ET þmjj requirements [Eq. (43)] %0:078 0.62 0.11 0.75
þmass reco. [Eq. (44)] 0.16 0.77 0.18 0.77
%!Rjj %0:34 0.49 %0:34 0.49

FIG. 13. Spin correlations for neutrino production in the neu-
trino rest frame. Single arrowed lines represent momentum and
double arrowed lines represent spin in the helicity basis. The ẑ
axis is defined to be the neutrino’s direction of motion in the
partonic c.m. frame and the ŷ axis is defined such that y compo-
nent of the initial-state quark momentum is always positive.
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Figure 1: The partonic level process for a heavy W ′+ production in hadronic collisions.

• Bounds from FCNC processes in the minimal left-right symmetric model can be as severe

as MW ′ > 2 TeV [20], but quite model-dependent. With a certain form of the right-handed

quark mixing (CKM matrix), the bound can be relaxed to about 300 GeV [21]. For left-right

models with extended Higgs sector, the bound can also be relaxed to about 1 TeV depending

on the structure of the Higgs sector [22,23].

We thus will primarily study the case MW ′ = 1 TeV for illustration, and will comment on the

situation for a heavier one.

3 Signal for W ′ → tb at the LHC

At the LHC, the dominant parton-level subprocess for a heavy W ′ production is depicted in Fig. 1,

as labelled with the corresponding momenta

q′(p1) q̄(p2) → W ′+ → t(k1) b̄(k2) → W+(q2) b(k3) b̄(k2) → !+(k!) ν(kν) b(k3) b̄(k2), (5)

plus its conjugate process of W ′− production with a smaller rate. We wish to identify the signal

events with a very energetic charged lepton, two high-energy b-quark jets, and large missing energy

from the undetected neutrino.

3.1 W ′ production and decay

The partial width for W ′ decaying to a pair of fermions is

Γ(W ′ → q̄q′) = 3g2
2(gqq

′

L

2
+ gqq

′

R

2
)
MW ′

48π
, (mq = mq̄ = 0)

Γ(W ′ → tb) = 3g2
2(gtbL

2
+ gtbR

2
)
MW ′

48π

(

1−
m2

t

M2
W ′

)(

1−
m2

t

2M2
W ′

−
m4

t

2M4
W ′

)

, (mb = 0). (6)

Here and henceforth, we generically denote the W ′ with both left- and right-handed couplings gL

and gR, and set the gauge coupling strength to that of the SM SU(2), g2. The partial widths of

6
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Figure 10: The angular distribution of the charged lepton in pp → W ′ → tb̄ → bb̄ !+ν! production
at the LHC for MW ′ = 1 TeV in the top quark rest-frame with respect to a spin quantization
direction â taken to be the top direction in the c.m. frame, for (a) without smearing or cuts, and
(b) with energy smearing and cuts in Eqs. (16),(18),(19),(23), and tagging the softest b-jet.

Table 4: Forward-backward asymmetry of the charged lepton in pp → tb̄ → bb̄!+ν! for ! = e+ or
µ+ at the LHC for MW ′ = 1TeV with and without the SM W contribution.

A W +W ′
L W +W ′

R W ′
L W ′

R

No Cuts or smearing −0.42 0.17 −0.48 0.48

No Cuts −0.42 0.15 −0.49 0.45

Cuts Eqs.(16) −0.48 0.24 −0.51 0.37

+Eq.(19) −0.49 0.39 −0.49 0.40

+Eq.(18) −0.53 0.36 −0.53 0.37

+Eq. (23) & tagging 1 b-jet −0.48 0.40 −0.48 0.40

Using the reconstructed events we can also determine the asymmetric observable A. The results

for A are given in Table 4 for the signal of W ′
L and W ′

R with and without including the SM

W contribution. To demonstrate the realistic kinematical effects, we give the asymmetries with

consecutive cuts in the table. Once all the cuts have been applied we still obtain a very good

determination of the chirality of the W ′.

4.3 W ′ chiral couplings from transverse momentum distributions

As discussed already in Sec. 3.2, the pT distributions also convey information on the W ′ chirality

as shown in Fig. 3 due to their spin correlations. The charged lepton pT in the case of W ′
R is

harder than that in W ′
L. This can be understood from angular-momentum conservation; for the

23
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Figure 4: Helicity and spin correlations in the chains tL,R → bW+ → b "+ν! from W ′
L decay in

(a), (c); and from W ′
R decay in (b), (d). Figures (a) and (b) are for longitudinally polarized SM

W ’s, and Figs. (c) and (d) are for transversely polarized SM W ’s. The decay goes from left to right
as labelled by the particle names. The momenta (single arrow lines) and spins (double arrow lines)
are in the parent rest frame in the direction of the top quark’s motion (ẑ) in the W ′ rest frame.

Jacobian peak near M/2. This peak will be subsequently smeared by the transverse motion of the

parent particle. For the sake of signal illustration in this section, no acceptance cuts are imposed

and the SM contribution via W exchange is not included here. In Figs. 3 (a) and 3 (b), we show

the transverse momentum of the two b-jets for the W ′
L and W ′

R, respectively. The harder b jet

clearly shows the above kinematical feature from a heavy W ′ decay. It is interesting to notice the

slight difference for the softer b jet in these two panels: W ′
L leads to a harder b jet than W ′

R. This

is a natural consequence of the top-quark spin correlation as illustrated in Fig. 4, where the decay

chains of a polarized top quark of L,R helicities are depicted. Figures 4 (a) and 4 (b) illustrate the

dominant decay chain with a longitudinally polarized W boson (W+
0 ), whereas the accompanying

b quark is boosted along (against) its motion by a parent top quark in the case of W ′
L
+ (W ′

R
+).

The transverse momentum distributions of the lepton and missing neutrinos for the left-handed

(Fig. 3(c)) and right-handed (Fig. 3(d)) W ′ can be understood similarly as seen in Fig. 4. The

charged leptons tend to be softer in the left-handed case than those in the right-handed case, as seen

from the correlation in Figs. 4 (a) and 4 (b). Although sub-leading with about 30% contribution

from the transversely polarized W as shown by Figs. 4 (c) and 4 (d), the successive boosts of the

top and the W in the same (opposite) direction for the W ′
L (W ′

R) lead to a softer (harder) charged

lepton distribution and a harder (softer) /ET distribution as seen in Figs. 3(c) and 3(d). Finally,

for the case of W ′
R
+, the charged lepton transverse momentum distribution is only slightly harder

10
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Type II Seesaw: H±± & H±	
(3). Type II See-saw at the LHC

H++H−− production at hadron colliders:

10
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1
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10 2
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MΔ (GeV)
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fb

)
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10
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BR

Unique decays:

Γ(φ++ → "+"+) ∝ Y 2
ijMφ, Γ(φ++ → W+W+) ∝

v′2M3
φ

v4,

with Yllv
′ ≈ mν (eV ) ⇒ v′ ≈ 2 × 10−4 GeV the division.

Will concentrate on the leptonic modes. †

Current LHC bound: MH++ > 400 GeV for BR(µµ) = 100%.

†Pavel Fileviez Perez, Tao Han, Gui-Yu Huang, Tong Li, Kai Wang,
arXiv:0803.3450 [hep-ph]; ATLAS/CMS: 4.7 fb−1
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Type II Seesaw: H±± & H±	


H±±, H± decays predicted by the light neutrino spectrum:
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Summarize the discovery modes:
Spectrum Relations
Normal Hierarchy BR(H++ → τ+τ+), BR(H++ → µ+µ+) " BR(H++ → e+e+)
(∆m2

31 > 0) BR(H++ → µ+τ+) " BR(H++ → e+µ+), BR(H++ → e+τ+)
BR(H+ → τ+ν̄), BR(H+ → µ+ν̄) " BR(H+ → e+ν̄)

Inverted Hierarchy BR(H++ → e+e+) > BR(H++ → µ+µ+), BR(H++ → τ+τ+)
(∆m2

31 < 0) BR(H++ → µ+τ+) " BR(H++ → e+τ+), BR(H++ → e+µ+)
BR(H+ → e+ν̄) > BR(H+ → µ+ν̄), BR(H+ → τ+ν̄)

Quasi-Degenerate BR(H++ → e+e+) ∼ BR(H++ → µ+µ+) ∼ BR(H++ → τ+τ+) ≈ 1/3
(m1, m2, m3 > |∆m31|) BR(H+ → e+ν̄) ∼BR(H+ → µ+ν̄) ∼BR(H+ → τ+ν̄) ≈ 1/3

Without / With the recent measurements for θ13:
†

†TH, Gui-Yu Huang, Tong Li, to appear.
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Type II Seesaw: H±± & H±	


Summarize the discovery modes:
Spectrum Relations
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(m1, m2, m3 > |∆m31|) BR(H+ → e+ν̄) ∼BR(H+ → µ+ν̄) ∼BR(H+ → τ+ν̄) ≈ 1/3

Without / With the recent measurements for θ13:
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†TH, Gui-Yu Huang, Tong Li, to appear.

Sensitivity to H++H−− → !+!+, !−!− Mode: †

Nearly background-free.
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(H

++
→

 l+  l+ )

With 300 fb−1 integrated luminosity,

a coverage upto MH++ ∼ 1 TeV even with BR ∼ 40 − 50%.

Possible measurements on BR′s.

†Pavel Fileviez Perez, Tao Han, Gui-Yu Huang, Tong Li, Kai Wang,
arXiv:0803.3450 [hep-ph]
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(3). Type III (& I) Seesaw:  T±  & T0	
(4). Type III See-saw at the LHC: T0, T±

Lepton flavor combination determines the ν mass pattern: †

mij
ν ∼ −v2yi

Tyj
T

MT
, BR(T±,0 → W±", Z") ∼ y2

T ∼ V 2
PMNS

MTmν

v2
.

Lepton flavors correlate with the ν mass pattern.

†Abdesslam Arhrib, Borut Bajc, Dilip Kumar Ghosh, Tao Han, Gui-Yu Huang,
Ivica Puljak, Goran Sejanovic, arXiv:0904.2390.
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Type III (& I) Seesaw:  T±  & T0	

Production rates at the Tevatron/LHC: †

• Single production T±!∓, T0!± :

Kinematically favored, but highly suppressed by mixing.

• Pair production with gauge couplings.

Example: T± + T0 → !+Z(h) + !+W− → !+jj(b̄b) + !+jj.

Low backgrounds.

• LHC studies with Minimal Flavor Violation implemented. ‡

†Similar earlier work: Franceschini, Hambye, Strumia, arXiv:0805.1613.
‡O. Eboli, J. Gonzalez-Fraile, M.C. Gonzalez-Garcia, arXiv:1108.0661 [hep-ph].
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Summary

• It is of fundamental importance to test the Majorana nature of ν’s.

• Type I See-saw: for a sterile neutrino N4

• τ, K, D, B rare decays sensitive to

140 MeV < m4 < 5 GeV, 10−9 < |V#4|2 < 10−2;

• LHC sensitive: 10 GeV < m4 < 400 GeV, 10−6 < |Vµ4|2 < 10−2.

• With W ′± → N#±, reach MN < MW ′ ∼ 4 − 5 TeV.

• Type II See-saw: for a scalar triplet Φ±±

• LHC sensitive: Mφ ∼ 600 − 1000 GeV (#±#± or W±W±).

• Distinguish Normal/Inverted Hierarchy; Probe Majorana phases.

• Type III See-saw: for a lepton triplet T±, T0

• LHC sensitive: MT ∼ 800 GeV.

• Also distinguish Normal/Inverted Hierarchy.

The See-saw models for mν may be the best playground

for synergies among the frontiers:
intensity, energy and astrophysics/cosmology.
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Last, not least 
 Many Thanks to the organizers:	


It has been a lot of fun!	


F. Ferroni	

C. Leonidopoulos	

F. Nesti	

G. Raffelt	

G. Senjanovic	

F. Vissani	
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Special thanks to Goran! 

Best wishes to your new endeavor!  	



