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Fermion masses for dummies

Lpirac = meVOf
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Fermion masses in the Standard Model

Fermion masses for dummies

Chiral representation
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Fermion masses in the Standard Model

Fermion masses for dummies

Lpirac = m(f:fR +fRTfL)

~£Majorana = m(fgefL _fgefR)
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The Standard Model

Gauge group:

Gsm =SU(3)c®@SU(2)L ® U(1)y

Quarks:
a uy a a
— YL
q. = d®)’ Ugs dr
Leptons:
VL
= e
L eL s R
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Fermion masses in the Standard Model

The End?
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Fermion masses in the Standard Model

The Higgs mechanism
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Fermion masses in the Standard Model

Quiz

The ABEGHHK'tH mechanism
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Higgs Mechanism

Higgs boson:
® Spin-0, Lorentz scalar
= SU(2)_ doublet

P
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Dirac masses and Higgs couplings

Lyukawa = Yegzq)eR

= Ye(v + h)efeg (6)
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= meeL
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CMS (2020) [arXiv:2009.04363]
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Higgs mechanism in the SM

= Asingle mass scale: (®) =v.

» Direct relation: m < y.

Ratio to SM
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Neutrino mass in the Standard Model
Gsm =SU(3)c @ SU(2)L ® U(T)y
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Neutrino mass in the Standard Model
Gsm =SU(3)c @ SU(2)L ® U(T)y

o uﬁ( (24 o
q|_ = da s UR: dR:

v
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Neutrino mass in the Standard Model

Neutrino mass in the Standard Model

Right-handed neutrino is sterile if it exists, so either

vg does not exist = No Dirac mass
Vg does exist =  Both Dirac and Majorana mass
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Majorana mass from scalar triplet

We could introduce a triplet
s &t
A= (5+ 5++)

Lrripiet = ya ] A8,

coupling as
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Majorana mass from scalar triplet

Assume VEV for the neutral component
_[Va 0
w=(3 3

-£Trip|et = (¥a VA)VIVL

gives mass term
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Neutrino mass in the Standard Model

Majorana mass from scalar triplet

Small VEV:
= Light lepton number violating scalars

Big VEV:
= Corrections to Higgs mass
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Neutrino mass in the Standard Model
Gsm =SU(3)c @ SU(2)L ® U(T)y

o uﬁ( (24 o
q|_ = da s UR: dR:

v
4 = ( L) , €R, VR.
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Neutrino mass in the Standard Model

Neutrino mass in the Standard Model

Dirac mass
-£Dirac,v = —yVBZe'((I))*vR
; (17)
= —MpV| VR
Majorana mass
1 T
Lwajorana,y = _EmMVRVR (18)
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Neutrino mass in the Standard Model

Neutrino mass in the Standard Model

Neutrino mass matrix

0 m v
Ly mass ~ (VL VR) (mD m;) (V;) (19)
Mass eigenstates
m, O v vy 7
Lymass ~ (Vv N) ( 0 mN) (N) ,  where (N) =U (VR) (20)
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Seesaw mechanism

By assuming
Mp < My
we get
my = My
my = -0

(21)




Neutrino mass in the Standard Model

Introducing generations

The SM contains three generations of fermions

Vel
VL — [ VuL (23)
VL
The masses turns into mass matrices
0 mp 0 M}
(mD mM) - (MD Mm (24)
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Introducing generations

My = My

M, = ML —M
v DMN D

UNIVERSITY
OF OSLO

Neutrino mass in the Standard Model

(25)

22



Inverting the Seesaw

One generation:
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—  mp =iVmymy = yv
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Neutrino mass in the Standard Model

Inverting the Seesaw

Three generations:

N 1
My = VaynsMuVayns = _Mgm_NMD- (27)

To solve for Mp we notice that
_1 _1 _1 _1
I = (im, 2VaynsMpm,, 2) (imy 2 MpVeunsm,, ?) (28)
and it follows that
Mp = iVmyOom,Vi ., where 0 € O(3). (29)

Casas, Ibarra (2001) [arXiv:hep-ph/0103065]
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Neutrino mass in the Standard Model

Right-handed neutrino in the Standard Model

= Mechanism to suppress m,
» Arbitrary mass scale my

= No direct relation between masses and couplings
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The Standard Model

Gsm =SU(3)c®@SU(2)L ® U(1)y

ua
Qﬁ( = (d(Lx) s Ug,

VL
o = , €R,
L eL R
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The Left-Right Symmetric Model

Gir =SUB)®SUR)L® SU(2)r ® U(1)B-L,
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The Left-Right Symmetric Model

Quiz

What are the weak hypercharges of the SM particles?
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The Left-Right Symmetric Model

Gr=SU(3)®SU(2)L ® SUR2)r ® U(1)s_L ® Z5,
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The Left-Right Symmetric Model

Discrete LR symmetry

Parity:
fiofr (30)
Charge conjugation
feff
* 31
fu o efg e
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The Left-Right Symmetric Model

New particles in the LR model

Three new SU(2)r gauge bosons

TR
Wi Who (32)
One “new” U(1)g_L gauge boson
u
Bh | (33)
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New particles in the LR model

One scalar bidoublet

Two scalar triplets
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New particles in the LR model

One scalar bidoublet

Two scalar triplets
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The Left-Right Symmetric Model

The scalar potential

Vo=—12Tro'd - yﬁ(e“g1 @D+ h.c.) — il (tr AL +tr A;AR)
2 i 2 F 2 4 T&
+ Aq (tr qﬂqa) + )tz(e' 2 (tr G} q:) + h.c.) +A3trdTDtr o’ d
tp (e 1 G ia ) ia )
+ Agtr ® CI)(e tro'® + h.c.) + p1 (tr ALAL) + (tr ARAR) (37)
+p2 (tr ALALtr A A +tr AjAg tr A;Ag)

+patr A AL tr A AR + p4(e‘54 tr A AL tr ATAT + h.c.)
+ (6 terms coupling @ and A)
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Symmetry breaking

Neutral scalars acquire VEVs

<(1)>:(chs/3 0 )

vsin B

vg O vp O
AR:((? o) AL:(OL 0

To recover the Standard Model
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The Left-Right Symmetric Model

Gauge boson mixing

Neutral gauge bosons will mix, similarly as in the SM.

Find mass eigenstates with masses

m: =0
2 2 v?
m} = m2,,(1+0( 7)) (42)
R
m2, o v3
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Gauge boson mixing

Also the charged gauge bosons will mix:
w; 1 =&\ (W~ : V2
T =1, L with o —,
)= e ) ) 7
and similarly
2

my, = mp, (1+ 0(;—))

N

m, = 5
(CDF 11, April 2022)
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The Left-Right Symmetric Model

Yukawa couplings

Dirac term:
Loirac = —Y 8 DL, (45)

Majorana term:
Lwajorana = ~Y 8] A8 — YRERARER (46)
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The Left-Right Symmetric Model

Neutrino mass in the LR model

Dirac term:
Loirac = —~(v1Y)v]vg (47)

Majorana term:
-EMajorana = _(VLYL)V[VL - (VRYR)VEVR (48)
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The Left-Right Symmetric Model

Neutrino mass in the LR model

Neutrino mass matrix

T
Ly, mass ~ (VL VR) (//\\ﬂ”; AI\Z?) (:j:;) (49)

Seesaw approximation
My = Mg

o (50)
My = M, — ML —Mp
Mg
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The Left-Right Symmetric Model

Constraints from LR symmetry

Transformation of scalar fields:

D@, Ao A (51)
Constraints on Yukawa couplings:

y=vT, v="vs (52)
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Neutrino mass in the LR model

Constraints on mass matrices
Mp = M, My = —M,

Neutrino mass
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The Left-Right Symmetric Model

Neutrino mass in the LR model

Neutrino mass

Vi 1
M, = —My — Mp—Mp (55)
VR My
Now we can solve directly for Mp
Vi 1
Mp = My — — —M, (56)
VR My

Nemevsek, Senjanovi¢, Tello (2013) [arXiv:1211.2837]

UNIVERSITY
OF OSLO

42



The Left-Right Symmetric Model

Summary

Neutrino mass requires a new mass scale

» Seesaw mechanism explains light neutrinos through a high mass scale

LR model connects the neutrino mass to the LR breaking scale

We get a predictive relationship between couplings, masses and mixings
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Summary
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Neutrino mass could be a feature, not a bug!

The Left-Right Symmetric Model
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