
Beyond the Standard Model

The Minimal Stadad Model is extremely
successful

,
& themtical consisten. However

,
we

know it is incordate from various phenomenologica
and theoretical issues-

Phenomenological Issues
- Neutrino Flavor oscillations have been observed

,

indicating that neutrinos must have mass

- We have observed it accounts for only
- 4. 6 %

of matter in the mivuse

- struggles to explain the obsured rate-atimate

asymetry S

---

Theoretical Issues

- No acceted mification with gravity
- hirarchy problems , fine-tuning ,

1 cosmological constant
- CP problem

- -



It is generally acceted that the SM is a

low-energy approximation to a more fundurtal theory,

2 = Es + Ten + Stism
V

U Beyond the
Ensein-Hilbert Standard Model
for classical gravity

There are many theoretical approaches in looking for

RSM physics
- More sparity (GUTS ,

Sosy, ...
)

- More d. o. F.

- Less symmetry leg ;
Loretz violation

- More dimensions

- Extended Fundamental drof.

----

Her we will focus onane of the more well-known

extensions BSM - Newtrno masses .



Neutrino Physics
Let's

go through a brief history of thenetrino

-

pre-v , B-deny spectrum was puzzling .

Observed EN,N' + c -
,

Bo
, spectrum was continuous

M
- observed spectra expected z-bid
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Pauli proposed a light fermion which intents weakly
called thereutive v

= = N + c
-

+ Te

- 1956 We was discovered

- 1962 Vi was discovered

- 1974-1977 Ut evidence

(2001) Vediected (DONUT e Favilas)



Neutros exibibit panity voldia (22 1956),

are left-handed (Goldhaber 1958) ,
and zodeys

indicate that there are b ligh families
. All

consistent with SM so for

Bowen 1970 & 1994
, may

observations o

Solar neutrinos indicated a neutrino deficit

4p ->
*He + ze+

+ zve reation in sun

flux predicted

Expeintally observe re-flux- (theory prediction

Experiments & SNO (20017 and Superk (1998)

found flux (we +ru) = theoretica flux
. Fished to

the hypothesis that neutrinos exhibit flavor transmutations ,

i
.e

.,
weak egenstes + propagating sates .

(Cf
.
CKM marix & mentral mesa oscillations (

This mixing suggests newtwos have mass !



Let's look of a simple Quartie mechanica model,

with no sphar structure & any 2 flavors

13
,

C = e
,m produced by weak ineations

1j) , j = 1
,

2 propagating states

i . e,

() =( !)
↑ ↑

Mixing marix

Consider a fixed p-state Ive = /Ve11]

A +20
,

- it t

IVeCT = e Ive]

-
it

- 2 (Cost(z) - Su (23)

= it cst11)-eiEntshO12L

Probability to died Ive] Ot is

↑ (t) = KWelVely(12
e- 2

= / - iEit cost + e-Entsizal"
---

= 1- sin2 28 su ((E.-E) tra)



In the utraretivistic limit
, 191m= 1vE

t - L
-

some distanceEj = 11+ at time +,

=> Petelt) = 1 -520 sir (12)

where Ama? = m3-m,

Similar analysis gives

Pe- (t) = S.220Su2(NL)

Notice that we are not susitive to Mj , jut sma

Bo
, experimentally

= 9x10 ev

Trz? = 5x152
,v

Cosmological observation & direct measurerats give

my ZaV



Also notice thatwe need both 0 0 & Am +0

=> Need Flavar mixing & mentrio masses !

The tral probability is 1
,
Pete +Hete = 1 * t.

This model holds in vacnue
,
and assures coherent

and monochromatic neutrinos (though could extend

argurat to wave packets ,

& also GFT)
·

So
,
i order to study neutrinos with the Sh ,

we

need to estud it with no masses. Our you
is to maintain gange-structure f MSM ,

with moreizable

ituctias & him for minimal changes.

Divac Mass

Recall that Fate = 0 = Fin-

To add a mass turn
,

we need a new field ,

24
mas

M, Feath this .

=> Need new d. o .
f

. to MSM
, Up .

(t , 1)0 > Can argue this by money cancellation

No strong iss. > I new field
(Not doubl



Try Yukawa-Higgs terrs

G([C) Up thic. SO(3)
,
SUCH) sing ~

Y : + 1 +1 - 2 X Ve stood by Y =0

> Does not transform correctlywoe
Hyperchange !

.

Try Conjugte-Higgs

G([4 Up this SUB)
, Soci singht, -

Y : + 1 -10

Q = Ts +!Y = 0 + 1() =0-

= G(ICY Vo + h . C. gives mass to r !

S
,
add new field to SM

,
N = Ve , (Etlo

Yukava coupingsbre tiny -> New heirarchy problem?

mass logio 22

-2 - 1 O I 2 345 G 78 9 10 11

( I I 11 11 I I I I I ->

& 6 &

F ⑧ O O

&

neutrino Yukawa complis MSM Yukawa couplings



Since redy have So,
two possibilities for mass spetur

7
M2 em?

Ve vers//19/1/1 Mz

um
Ut
eeform ,?

vers/1/m?

uns11/11/10/ mi en!

Normal Invented

Have neurno mass
,
who about mixing?

his revisit Yukawa mixings for lates -
Now thi

there is a right-handed rentro ,
cannot perform

diagonalization trich .

l = (uq) v
=
(0 ,")E

ep = (u) s Ve = (Wev) Ve
So

,

leas-G 10, (2) +hL
mess

-G (
,0)() + hi

=-_ Es (Vile"(Wilco, ) (list i theE I

e
L

S
(Wilta (Wilca ,

% (acise) this
I I

Choose St. Diagna
- - meet + L - urE + h . <



As with the ChM Matrix
,
this lette mixing

afreds interations with WF
,

[CL = (
, ,
) r S

#

Eisnt)(e)- igh- #

= IPL> (wit(swt) (02) in

+ (Ult(is) (vi)

Defia Vans = (Wist(vi)

Pateconvo-Mahi-Nahagaua-Salata (PMNS) mixing matrix

Mixing agle counting is same as CRU

+ 0 . 750

Giz = 33
. 41

°

- 0 .72- Assumes normal ordering

82 = 49.
10

+ 100

- 1. 7 0

Os = 8 .54a ↓ 0 . 11
"

- 0. /22

8 = 1970
+ 420

[
my difficult to measure

- 250

Corpore with ChM : 0
,
-130

, 03 -20,
0

,30. 20
,
fo you



So
, adding neutri masses "seems" single,

the MSM

with 19 parantees, add right-handed neutrinos with

3 mass parances + 4 PMNS parates · Why is

this not accepted is "SM"
,
and considered as "RSM"

It turns out since unthines are revie
,
there is a

afunctive way to add nothing messes with she fields
.

Majorana Mass

Recall for scalar fields ,

e
*
C US - el

> has consumed > no consumed
current curat

Both are mass terms ! For Spin-ty ,
have similar structures

Fu US. i2 complex cojug

> has consumed > no consumed
current current (Not Complex conj)

=> Still Lautz invariat

Recall : 4" = CIT

F 4" = FC IoT we called Majoraa mass tens
.



Propose newrass terrs

2 - (Fr = 1 IF CET
> SomeI field mechanism

Let's try various constrations
- d = 3 turs

Cr,
T ICIT

L /

hypechage Y = + 7 +1 +1 +1 => Y +0 X

- d = 4 ters
,
need one Higgs doublet

=> still1 macconatedSucI index !

([d) CIT
,
([4Y CI X

-

< Sulzs index
No SOC2) Mdex

- d = 5
, two Higgs fields

Lee know that IC is sight unde all
gage groups

of MSM

Y= + 1 -1 =0y

try
↓ C[QY </[***

% a sele indices

+ h- 2 .

M
- = ACTIT
[M] = GeV



After SSi
,
4= ) !

=> + ([q4((d
* [T) + 2.

& na
E Z

=C + hrc -

Majoraa mass ter !

Notice no mass tern generated for -leftens.

Suppose Mr10 "GeV (GUT sale)

=> Mor (Ger =3v

So
, Lin =

- [44 C([44 + h. c.

No new particle & no new hirarchy problem !

Can extend to 3 families
.

The d =5 operate is

called "Weibug operator" (1979) ,
and is usual

interpented as an effective iteration



Nie also that leton # is not conserved !

v = eiQv
+ e -

iQ, v

=> CT - e2iQc,

T

violdes Lepton number by I wits

MSM -> each lette # is conserved

Diracr + MSM -> Total Peter # is conserved

Majorac V + MSM -> Lefon #not conserved

To include mixing, -> (pHAD (H) = Girl

< family inclex

Consider CPT = (IF CET)
F flower space

=

- CT
,

+T
,
c = - C

= CVE E Spendric !

So
, ~ Hap First

=> Hap is symmetric ! HT= H (Wile Yahana in MSMI



~ in ! I not Herritic !

Diagandize ,
WH UT = diegand

Lot J = HH = j = It Herritic

So
,
VTIV = disgra ,

real eigurcues

Lo A = VTHV
,
AT= VTHT = A suce HT= H

Su
,

A+A = V+ H + V
* VTHv

(VV
+) * = 1

= VFH +
HV diagend ,

I real

LO A= X + :Y , X, Y reductives (x*
=X

,
YT= Y)

A+A = X= Y + XT :Y - iYX

= X
=-Y + i[X,Y]

Since AtA is RalE [x, Y) = 0

=> X
, Y sinntaeond

, diagendizable

WX WT diagn
WY WT dingung



=> UHUT = WUTHUWT
-

A
↳ U = WuT

= WAWT

= w(x + iY) WT

= diagona !
.

So
, can diagudate to go mess terms.

Defie
:

= E
, (WE) ,

others as before

> Notice
, defined with VI

#[DL = ( ,e) y(
-Eigeniswt)(e)

#

= diagat terms

= is (wi)("Wit (02) Es

-zig(westywe (wil
Define Un = (UY) (UP)

Un = (West Wilt = Winos



(1)Paramete conting for Wors

Since U = Vous is mitay ,
UtU = 1

= u = e
GE
G = Gt

# parars

The G = X + : Y
,

so G-G = X = xT En(n +1)

Y = - YT zn(n - 1)

So
, Ux = eixe = eit- En cut phases

-

UT = e-
1E

= ShE
,

Cost = EnCn-1) mixing angles

For a Divac mass terr
,

3 phases 3 assasin . &(2)
b phases

E + 3(b + 1) - 6 + 1 = 1 phase
-

- uncastrated place

For Majorana mass terr,

any b phases can be absorbed into I

= (3(3+1) - 3 = 3 phases



Ca write

Upins = Verus ( endin
a

SO 1

6& we CD violding phases E So for unconstrained !

Sunday f Neutro mass approaches

Divac Majorana

S2 G([k"Vethc [PYCIIDY+ h . c

New D .0.F. 3 O

Coupling G
,
[G) = 0 t [E3 = Ger

-

Mass Dim
.

4 I

Total Leta consumed Not conserved
Number

Parameters 3 masses 3 masses

3 mixily angles 3 Mixing angles
1 P phase 3 &P phases



- 3 Mixing angles have been measured

- smeie Smas have also been measured

- 1 CO phase is next major gow.
- seeking opportunities for 2 Majoraa pleases

- Next major goal is absolute mass scale
.

Che opportunity is on double budecay . It has been

observed the 2n-> 2p +ze + 2ve

P
7

N
3 ·

↳ 7
e-

& Te

C Ve
·

M 2
& 3 e-

2

P

Bo
,
if retro is also Majoraa ,

have OVBR-deanca

P
7

N
3 · e- Leften #w-

1

3
violation !

X Ve (Majorana)
W

w-n > 2-

M 2 ·

2

P



Seesaw Mechanise

The Majona mass twin suggests this is an effective

iteration
, cy ,

Far-Fur : they from sh

M Vr
2 u Ve

~ S 2
① Ve -> · & ve

E 2
·

e-
ga _

2- Low Energy

y(e)
- [g] = 0M - g2(- ) e

if phamo => min = 1 + O(p(mm)
mr

=> Mr
2 (r)y(e)x

- G 36-

mer
?

W

Gf TGf] = - z

So
, Le GJ, yea

M

higher dimension operator !

This effective theory breaks down & phonch



Applying this idea to Majoran netrios,

(t( <[10 <(5544T

May be seen as loco-engy effective openta
from was fudartal theny with heavin draf

.

=> No necessarily a theotic problem

VL V Vz Vi

im
& ⑧-

H H

-

- ·
H

These are various models which explore this .
We corom

are is the seesaw mechanise
.

Gaside a single

family , heavy drof.
~

S Inse = - GCIQYUm-IM I've this
1 1

Direc mass offer Majorana mass

SSTs SSB miv

~

=
- -(vi) ()( ? ) +...



Conside U = 1
,
rutuut = 1(- /M vir)

For Mm
,

S2 = / (F , ve" vT()ouT

=
-

nu
G

t higher ander(
O M

&
So UT( = Gre Mie)(uncy

expada

-

(
vi -

v (va + ar

=> Light (most) left-handed Majoraa "V,
"

Heavy (mostyl right-handed Majorana "Ve"


