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What is lepton number?

]
]
]
]
]
]

It is a quantum number assigned to colorless fermions in the SM.

e, i, 7 and their associated neutrinos are given lepton number ¢ = 1.
The colored quarks have ¢ = 0.

Where this comes from is a mystery?

In the SM it appears to be largely conserved (accidentally)

The origin of £ is not known and all tests of SM do not require this
knowledge. clrTHis should bother you
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Connection to v mass

@ In the minimal SM it is violated by a small amount due to the very small
neutrino masses.

@ If neutrino masses arise by the dim 5 Weinberg operator

Cc

m, ~ AI/LV[_HH
A is some high scale and H is the Higgs.
@ After SSB
cv?

m, = ——

A
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Lepton number from U(1), Symmetry

[

U(1), as a broken global symmetry so as to implement seesaw for neutrino
mass.

A massless Majoron exists and can be candid for dark radiation
U(1), as a unbroken gauge symmetry
A massless leptonic photon exists.

Test of equivalence principle set ap < 10~ *aem

¢ &6 ¢ ¢ ¢

U(1), broken gauge symmetry similar to U(1)y.
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SM leptons are anomalous under U(1),

The SM is anomalous under U(1), with or without righthanded singlet neutrino.
New anomaly coefficients are

A([SUQ)PU(L)) = —1/2, (1)
A([UQ)YIPUL)) = 1/2, (2)
As([U)vlu@)?) = o, 3)
A(U(Q)P) = -1, (4)
As(U(1)e) = -1, (5)

where As is for lepton-graviton anomaly.

@ Other SM anomalies Ag([SU(2)]?U(1)y), A7([U(1)y]®) and As(U(1)y)

remain cencelled.

@ To cancel A;.. 5 we need new leptons.
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Two sets of chiral leptons similar to SM

@ The first set consist of a SU(2) doublet and a singlet and has the
eigenvalue /4

1
-5 él]v ElR; [1)_1)€l]

Lip = (N, Ear); [2, >

@ A second set with opposite chiral projections and eigenvalue = /¢,

1
Lor = (Nar, Esr); [2,—5,42]7 Exi; [1,-1,09].
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Anomalies Cancellations

@ Anomalies equations become

1
Ay = —5(81 —€2+1), (63)
1
A, = 5(@1 —ly + 1) R (6b)
A3 = 0, (6¢)
Ay = —6B+06-1, (6d)
As = —(61 —ly + 1) . (66)
@ Solutions
@ Solution |
f1=-1 and 4 =0,
@ Solution Il
€1:0 and €2:1.
o A677,3 =0.

For each family of SM lepton.
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Another Solution

Instead of taking all three SM lepton to have £ = 1. They can take different
values.

@ /=1 for muon. ¢/ = —1 for 7.

@ All anomalies cancel between 2nd and 3rd families
Use previous solution for the first family.

Need only ONE pair of vectorlike leptons.
Generalize U(1),—~.

Our solutions do not require Ng.

e & 6 ¢
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Lepton Fields for anomaly free solution

The gauge group is G = SU(2), x U(1)y x U(1)e.

The leptons are

JNN (Triumf)

Field suR)| v | ¢
0 = (”L> 2 | -1 | 1
eL
ER 1 -1 1
N
Ly = ( “) 2 | -1
Eir
Eir 1 | -1 | -1
N
Log = ( 2R> 2 | -1 | o
Exr
Ext 1 | 1] o

Table : Lepton fields for anomalies free solution |
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Minimal Scalar fields

Form all combinations of lepton bilinears and identify the new scalars to get
lepton masses

Field su@R) | Y | ¢

S 1 1 0
o, 1
o, 1 0 2

Table : Minimal scalar fields for leptons of solution |
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Yukawa Interactions

L, =yelierHo + Ya2L1 ExrHo + YaLorEar Ho
+ MO Lor®1 + Mo Eorer®] + AsLif Lor®;
+ MEo Eig®1 + Y1l HiEg + flSelq, S
+ h.c.

Can accommodate a charged singlet scalar S.
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Scalar Potential

The minimal G invariant scalar potential is given by
V(Ho, Hy, 1, 92, 5) =
— wPH] Hy + m3H] Hy + g (HJHO) + Ky (HTHI)
+rg (M Ho) (HiH) + na (M3 ) (M Ho)
+mists ¢ ng (sTs)? - Z 2ol0;

1,2

o (612) (of0n) 1 w12 (o) (o5
+ g (0] 03) (0] 0,)

X R (O] Fop] )

i=1,2j=0,1
+ %,,S(cv}‘o,.)(sfsw > NH,,S(H,TH,-)(STS)
i=1,2 i=0,1,2

2
+ gty etgsTof + xpprl Hy(o7)

+ gl 03 + ua(0])20 + hc..
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Charged Lepton masses

@ SSB breaking of lepton symmetry is given by (|1 2|) = w/v/2 # 0 and is
the only such scale in the model.

@ In general ®; and P, need not have the same VEV. However, we shall
assume they are equal.

@ The charged lepton matrix in the weakbasis £ = (e, E1, E2).

w (Ve 0 A2
ME = —F 0 er )\4
\/E )\1 /\3 Y3r

where r = % < 1.

JNN (Triumf) gauged lepton symmetry Dec 29 2018 13 /30



Neutral Lepton Masses

@ The neutral lepton mass matrix in terms of the chiral states (v}, Ni, NSg)

IS
(0 0 N
My="10 0o x
V2 )\ a0

@ This is at tree level.
@ Active neutrino remain massless at this level

@ Generate them radiatively.
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Gauge Interactions

@ The covariant derivative is

D, =0, —iEW, -7 —ig'YB, — igs(0) Zs,. .

2

Y the hypercharge, and ¢ the lepton number of fields Z, couples to.

Mx = 8/ W12 + 4W22

=224g,w for wy = wp, = w.

@ Mass of Z; is

and w? = wi + 4w gives the overall lepton number violating scale.
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Gauge Interactions of leptons

@ Neglect kinetic mixing U(1)¢ and U(1)y.
@ The SM photon, Z and Z; interactions are

ie [way“ew + By P E + E2"/ME2:| Ay

ig:

— 2 [DW"(”ZVW + NP ENg + Nz'y”lA?Nz} Z,
2ew
igy . . _ R .
- = [ew"/“(gLL + grR)ew + EyvH (g L + grR)EL
w
+EyvM (g R + gRE)EZ] 2z,
— E [wa“lew + ley/"‘ZEl + Nz'y”lA?Ez} wt + h.c.
V2 H

igp [wa“lvw + eyt ew — gy HIng — Eﬂ“ﬁ] (Zo

where A denotes the photon, g = —1/2 + s2 and gg = s2, are SM
electron couplings.
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Z; couplings to SM leptons

o

[

The physical mass eigenstates &, = (e, E_, E;) where « = 1,2,3 are
related to the weak states by
g,l = Viagaa
where V' is the unitary matrix that diagonalizes Mg such that
(VAT . Mg - VA = diag{me, —(Aw — mg), Aw + mc}.
Z; has vector couplings to £. _
Define a matrix Q¢ representing this coupling by £Q%~,£Z}, where

1 0 0
Qf = 1 o).
0 0 0

In the mass basis Q¢ = VIQfV
In general Q¢ is not diagonal.
Zy — e — e coupling strength is

13 = | Ver|? — | Ve )2

Charged lepton flavor violation couplings are in general expected.
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Penomenology of Z;

Limit on Mx comes from LEP Il bound on 4-leptons contact interactions

4
(Awv)?

(8v"€) (Ivul) nonr

@ The limit given is Ay, > 20.0 TeV

@ The gives
Mx > /pyv/a x 20.0 TeV ~ 1.77,/p TeV.

where p = (g¢/e)?
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Front-back asymmetry (Agg) in ete™ — up~

Exchange of Z; will interfere with the SM exchanges of Z,~.

do

2
T 2 >
= —— 4|D~, g 1°(1 + cos” 6)
d cos 0 25 {10

2 2 2,2 2
+————1D71% [(e] + gR)*(1 + co5” 0)
4swew)
2 2.2
+2(gf — gR) cos 9}
1 * 2 2
+———=R(D},Dz) [(er + gr)*(1 + cos” 0)
2Aswew)

+ 2(g — g,,-‘>)2 cos 9]} s (8)

where 6 is the scattering angle of u~, and s is the center of mass energy
squared.

ps

= 14—
s — Mg +iMyTx

~L
s

s— M +iMgry

where ['x the width of Z;.
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@ The cross section is parameterized as

do Tl 5
i v [A(1 + cos®0) + Bcost)] .

9 Arg is given by

1 do 0 do
Arg = fO dcosodcos@ _f—ldcosodCOSO _ g

1 do 9
J-,dcosf L 8A
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Arp graph

We give a plot of Agg, for Mx =2 TeV and p = 0.3,1.0.

1.0 . .
@ 0.5
& 0
<t
—0.5
-1.0 : :
10 102 103
Vs(GeV)

Figure : The Arg vs /s with Mx = 2TeV. The black curve is for the SM, and the
red(blue) curve is for a Z; with p = 0.3(1.0).

JNN (Triumf) gauged lepton symmetry Dec 29 2018 21 /30



Z; Production at LHC

The mechanism is pp — ete~Z;, — ete™(utp™) sharp resonance in ptpu~
pair. The expect cross section

V5 Mx _os5 M _q140 Mx _,9 @ Mx _s5p
TeV Tev =% Tev — ! Tev — % Tev =
14 < 54x107°  1.7x107%  19x1078 9gx107 1
&7
0BG 22x107%  14x107% s54x1078 62x1071
Wmax R R
T 0.61 0.43
30 < 26 x107%  1.5x107%  s51x1077  1.0x107°
&
oBG 6.8x 107> 7.1x107% 42x1077  57x107°
Wmax
g 1.02 0.85 - -
100 < 1.7x1073  15x107%  11x1075 1.8 x 1077
&
0BG 3.0x 1074 32x107%  2.8x107° 7.6 x 1078
Wmax B
nax 1.79 1.85 1.83
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Oblique parameters S, T

They constrain the mass splittings of the pair (E, N).
@ For each generation new leptons we have
2

1 ME' 2X;
AT = —— S B (14 Inx |, 9
167rsgv ,Z M2, ( TNTTTX ”X) )

Z 1+Inx),

where x; = M3 /M3 .
@ For the new Higgs doublet

1 Mg 1 2z

AT = Temme z |12 1=z
1

AS = —mlnz

where z = M?. /M2,
1
@ AT from fermions and doublet scalar are both positive, but AS from the
doublet scalar can be either positive or negative.
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Figure : Contours from AS and AT constraints for different In x. For a given In x, the
allowed masses region is above the direct search bound on My, the horizontal red
line, to the right of the direct search bound on Mg, the vertical dashed red line, and to
the lower left of the blue (dash)curve.
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Impact on Higgs physics

Impact comes from the new charged leptons and charged scalars. New terms are

L£L>— ZyEEEh— > XiMwhHH

i=1

e H— vy

F(H — ~yv) =

where 7; = (my/2m;)?and

Fo(7)
F1/2(7)

Fi(m)

JNN (Triumf)

i=1,2

2,3
Gra?M,
128v/273

+ 0N

j=1,2 &

4
F(mw) + —F1/2(Tt)

FO(TH)

2

+ZVE

F1/2(TE )

i

= =l =,
= A+ (= DA/

—[272 + 37 327 — DF()]/72,
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Higgs physics

@ Diphoton width

GF052M3
M(H— ) = 7128\@:;

+8.3x107%(1.3 x 1072) x A2 + 0.087(0.42) x \;

x | -8.324 + 1.834

6
+3°0.32(3.64) % ye |
i=1
for Mg, = 1000(100)GeV, My, = 2.0(0.5)TeV, and My, = 200(100)GeV.
The first two terms are SM W and top quark contributions.
@ Higgs to 4 leptons

hsm — 2hy(2a1) — Gil; + 0;¢; .

32 My M2,

. . V2 (katk3)? 4am? 2
@ The decay width is [(hsp — hihi(a1a1)) = S22 (1 - 1) where
My (= 125GeV) and m;y are the masses of hsy and hy(a1) respectively.
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Production of New leptons at e*e™ colliders

@ Cross section for ete™ — EE is

— M2 (1 +2XE)
. ()SWCW) (4~ xe)(F ) + (&)7) + 6xeaf af]
(f + &) ps
2(;WC "; (gL +&r) (1+ —/\/I2> (1 XE)}
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Production of heavy neutral leptons via ete™ — NN is

o(ete” — NN) ~

4o ps \°
VIi—4
3s XN{(S—/\/I)2<> (1+2x)

(&7)” + (gr)°
+ 8(chw)4

A (L) o)

(1 + 2XN)
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Production Cross Sections

108 T T T 102
g g
= =
&3] =
4 107 1 10
N N
+ +
2 2
5 g
10! 1.0
(a) (b)

Figure : (a) The EE, and (b)NN production cross sections v.s /s at an e"e™ collider.
The masses of E(N) are labeled next to the curves.
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Conclusions

L
L
]
L
L
]
]

Solve the anomalies for gauge U(1), for each family.

Solution does not require singlet Ng.

Existence of Z; is universal to all gauged lepton models.

Best studied at lepton colliders.

Afrp can reveal its existence even before it can be kinematicall produced.
Production at hadron colliders are challenging.

Oblique parameters strong constrain on the new leptons to be quite
degenerate.
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