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Standard model and neutrino
mass

s SM > Gauge group SU(3). x SU(2) x U(l)y

> Matter: Doublets: () = [ML}; W = [H‘T‘);
d.[- €1,

K

Singlets: ugp: dp; ep

0
Higgs: H = (H )

H-
> Ly = huQLHu;g - h-d@[.Hrf;g + hE't;’LHﬂ';g + h.c.

s Neutrino massless to all orders because ot two tacts:
No Vp + exact B-L symmetry.

= Discovery of neutrino mass - first evidence for
physics beyond the standard model.



Other reasons to go
beyond SM

me puzzles of SM:

() Origin of Mass: two mass problems:
(a) quark masses <H>; Requires Higgs m”™2 < 0 and
why m << Mplanck

(b) neutrino masses (?); Requires different Higgs.

(ii) Origin of Flavor:
Fermion masses, mixings, CP and P-violation

(iii) Cosmological Issues:
Dark matter, Origin of matter, inflation

(iv) Origin of Parity violation




How does a heutrino mass

i look like ?

Since neutrino is electrically neutral, conservation laws and
relativity allows two possibilities for fermion masses:
Vs vs wiCly, |
Dirac Majorana
Dirac masses:
(1) they requires an additional symmetry (L) — estblishing
Dirac nature will reveal a new sym of nature.
(i) They imply the existence of new neutrinos (RH comp.)

Majorana mass: No symmetry required, nor any new
neutrinos :: a more natural choice for neutrino mass.

As we will see, theories seem to prefer this.




Mass and helicity:

; relativistic transformation: no change in state:
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More about Dirac, Wevl,
Majorana fermions

o c equation from Q. Mech. Lecture:
. NOtathn: Write »» = (fgfl'*):
£.X twu—cumpuﬁént objects;
+ matrix convention: ~; = (_Dg_ ?]; vy = (? é]

n_,_(f D].
T =1 )

= (5)omaoe = ()
[ — ([l' and g = ’fﬂfz,‘{* '

m £,y are representations of SL(2,c) group.

s Mass term-4-comp:-L= m1 ¥ ¥z + m2 v,C'y, + h.c.
+m3 L=2R

= Two comp language: L=md<&y+m,EE+m,yy +h.c.



Weyl to Majorana

= IM=0 spin half: Equation:
N it aﬁgﬁ =0

or -
c-Pg=E¢
This > particle: €=> anti-particle: —=%>

For a single 2-comp spinor, only way to have
mass Is to have the particle and anti-particle be
same . It must be a Majorana fermion.



? Field Theory for Weyl Case

sider particle moving in the z-direction:

G-PE=ES  og=" -
1

= +ve E > 5:0!{0) veE> & :ﬂ:@

= Field expansion of & ~Xlwse ™ o + af, P74 ]
r



i Field Theory for Majorana

m Majorana-single 2-comp & — i¢ia"9, ¢ — Lm(c¢ + ¢leh)

spinor:
i 0,83 = m&'

S _ Z[ﬂp1+g—ip.r - {LL1_E7IP.I]& ,-'E —|—j’.3'

+ Z[E{-PE_E’_FI + E.L,+Eip‘1].r3 E —p.



More on Majorana fermions

= In"a beta decay, the particle produced is anti-neutrino. If it is
Majorana, what is the meaning of an anti-neutrino and neutrino

= This characterization really comes from the m-> 0 limit where
left-handed helicity + is the neutrino and RH - anti-neutrino.

= For small Majorana masses,

creates anti-nu and from the
second line, a bit of nu with
+ [ap—€P* +al, P73\ E —p.  amplitude m/E.

P

£= ZP: :ﬂp1+€,—ip..1' o ﬂL_Eip..r]ﬂ.va + D

Similarly in nu-less double beta decay = proportional to m
<E(X)E(0)>><0]aa " |0>20



i Majorana neutrino In pictures:

s |WO states: - . v

— V

-

Left-handed

B [5Y. A - = ; o+
Lsat =_F(£LF viWa + VLt W,

N I n S M Absorbs right-handed v =
When v=v

v ; » makes /-

\ ’ » makes £+



Dirac vs Majorana mass

i matrices

One 2-comp spinor: L mass=  — am(E€E + £TET)
- [ml “j - 0 m
Two: Majorana M= vs Dirac:

Zeros reflect L symmetry.

Majorana mass matrix is symmetric and can be
diagonalized: In particular if m, >>m,, u«, It gives two
hierarchical eigen values:(basis of seesaw mechanism)



Neutrino magnetic moment:

= A matter of great interest for understanding the nature of
Interactions of the neutrino:

= 4-component language:

'770;11/‘”': o — (ZT 620[/151/]5 T 4 < 5) F o

= Need two 2-comp spinors to get mag mom.

I.e. one needs Dirac neutrino or two different neutrino families to
get a nonzero mag mom. ( transition mag mom.)

= Current limits from lab: < 10™{-10} Bohr mag.;
s Astrophysics two orders stronger.



* Fermion masses and mixings:

If there are more fermions of the same kind, then
-’:::rr!-:.m = aﬂ"'f-:bqf:f'-::[.q#b:ﬂ

v Masses and mixings from the Lagrangian

= M= Mass matrix

= [hagonalize the mass matrx
LITAMV = diagi(oiy, ma, -, -}

= LV gres the mings between different (L, H) fermions,
1». and 1y are the actual masses e g for quarks, U7,

contains the CEM mixings (eg. Uspar = U0,
wherell and V" denote the rotations in the up and the
down sector)

s Key to understanding fermions is to
study their mass matrices:



Definitions:

or 10 mMass  flavour mass
basis el _ye | ‘
Vu V2 U: mixing matrix

In general: U =U+_U,

= Mixing matrix Upwmns:

1 0 O Ci3 0 SHE'ia' Ci2 52 0
U= 0 €y Sy3 0 1 0 S$12C2 0
0-5,;Cyg 5,800 ¢4 0 0 1
u |\/|aSS€S ml,2,3 def .-"‘».mim = mi—mi > 01 < ()
¥ i i

f [ = . :| ;—' - II.—' :_.:.
Am g My — My 0



Present information:

Masses: AmZ, =7.67x107°eV? - Amg, =2.39x10%eV~
Mixings: sin?6,, =.312;sin?6,, = .466 ; Sin° 65 <.04
Overall mass scale: < .1- 1 eV (roughly) (WMAP,)

Mass ordering not known:

(1113)2 (1n2)ﬁ

(‘Alnz)Sol
(m,)z_I_

(Alnz) atm

an,»?
| (Aam?y_,
(m,)” ()" e —

= M3 — Ny > OT < 0



& PDG summary
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parameter best fit 20 3o

Am2, [10~%V?] 7.5910-23 7.22-8.03 | 7.03-8.27
|AmZ, | [10-2eV?] 2.40t3;ﬁ 2.18-2.64 | 2.07-2.75
sin? 5 0.318T0012 | 0.20-0.36 | 0.27-0.38
sin? fa 0502097 | 0.30-0.63 | 0.36-0.67
sin? f4 0.013+0088 < 0.039 < 0.053

Thomas Schwetz}, Mariam Tortolai and José W. F. Valle§




Quark mixings vs Lepton

i mixings:

= Compare what Is alreac

==
O

Log,; mieV
rd = i e
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An Interesting mixing

* pattern ?
= [ri-bi-maximal mixing for neutrinos:

()
U=| v v v
6 3 2
\ & 3 =2/

s Is it exact ? If not how big are corrections ?



Things we need to know:

s Absolute mass scale:

. 2

Mass hierarchy a2, = w2 wl-or<o

Mixing angle 6,

CP violation

Dirac or Majorana:

Extra neutrinos : heavy as well as light

What physics is implied by what we already
know ?



Absolute mass scale

Xpt.

1. *H Decay end point: =ym Uy * < 2.2 eV? (KATRIN
expected to improve it to 0.2 V)

2. Cosmology: ©=my < 0.4 eV [WMAP, 5D55: will be
improved by Planck)

3. If neutrine Majorana 1.e. v = &, J;, results imply:
Ty U2my < 03 — 0.5 eV (Expected improvement to 0.03
eV )



Missing mixing angle info.

(Fogli, Lisi, Marrone, Pallazo and Rotunno’08)

& i Atm & LBL & CHOOZ
. | Solar & KamLAND
L | ALL v oscillation data 2008
e i ALL + MINOS 2009
0 o010 003 L 004 005 006 007
sin’6,,

Too early for definite conclusion--However

Value of ¢, significant for new physics




How far can we go ?

(JBLE r
- Expts:@ = SN2 2

Trip

Sensitivity to sin®26,5 at 90% CL

B Systemartic MINOS +
I IC‘U'I'TELI.'LTIQH - GPERA+
e Double CHOOZ | L
aouble
le CHOOZ 10 £ GW b
E— _— B
1 NovA

1

n O

1 Chooz+
Lolars Eaml AR

Huber, ML. Rolinec, Schwetz, Winter el ©os cn

=2 Tims
Sil’lE 20,5
~Present limit



Majorana neutrino and
neutrinoless double beta decay:

= Majorana implies that v =y
= Itcanleadto N+Nn— p+ p+2e°

E pr

_ -y
w

1 ='E_ -
|
|

v
|
1




i Possible candidate nuclei

= Nuclei: Hiaher the O-value the better.

@ (MeV) Abund.i%)

*Bra—*T 4271 0.187
Tge —=T05g 2. 040 7.8
oe—=Kr 2995 9.2
T r—%EM0 3.350 28
OO 0 — 1 0Ry 3034 9.5
L0pd =00 2013 11.8
LECd—s185n 2802 7.5
1245n—=124Tg 2228 5.64
L30Te—130xe 2533 345
L6y e—138Rq 2479 8.9
50— 1E05m 3.367 5.6

- g 5 B
B! A=136

b
- 4

—_— L |
- '.,l_f){e."_‘;f Cs \p _
BB - 4

L, . i
L —
(MeV) Ig'ﬁﬁﬁa
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i Matrix element uncertainty:

= P. Vogel- (factor of 2-3)

B
. @ Bu-
gl B CRPA
m Sk
@ ® 4
4 - ®
® @
£ - E
< 3
= .
5 ® " . % o ®
*
1.
0

A=76 82 100 128 130 136 150 154



Predictions tor nu-less double
beta decay for normal and
Inverted hierarchy

s Measures effective neutrino mass:

Im|=C,3? [M,c;52+e“m,s,,2]+m4elfs, 52

0% CL. (1 dol)
Feruglio, Strumia, Vissani

= Should be observed
If inverted mass H.

e CAUTION! even with normal hierarchy, there
could be “large” effects from heavy particles such as
sparticles, doubly charged Higgs bosons or RH
Majorana neutrinos.

_f' a




How can we tell Majorana
i from Dirac experimentally ?

= Some ongoing expts could even tell:

e Sign of Am?, 35, and KATRIN result can tell us

a lot:

3 4, | A3, | KATRIN Conclusion

yes | =0 yes Degenerate, Majorana
yes | =0 No Degenerate, Majorana

or normal or heavy exchange

yes | < 0 no Inverted, Majorana

yes | < 0 yes Degenerate, Majorana / NR —exchange
no | =10 no Normal, Dirac or Majorana
no | <0 no Dirac
no 0 yes Dirac
no | =10 yes Dirac




i Sterile neutrinos

= Mini-Boone did not confirm LSND- so no compelling need for

sterile nu’s.
= KeV steriles possible as dark

matter candidates:(Abazajian, Fullel
Kusenko; Shaposnikov et al.)

= Mixings constrained by solar
and atmospheric data

= BBN allows at most one
with large mixing angle.

= Peak searches,Beam dump

(Atre, Han, pascoli, Zhang)
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Constraints on other mixings

, Mu-s and tau-s
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Now to theory: Primer on
fermion masses and mixings:

v Look for bilinears of the form «'pig in the
Lagrangian

If there are more fermions of the same kind, then
-‘::J'r!.-:.m = aﬂ"f-:b'l.l:f'-::[.'#-’b:ﬂ

v Masses and mixings from the Lagrangian

= M= Mass matrnix

> [hagonalize the mass matrix
LITAMY = diag(mg, mia, -, <)

= I, V gwes the mixings between different (L, H) fermions,
1+, and i, are the actual masses e g for quarks, U7,

contains the CEKM mixangs (eg Uspay = U0,
wherel” and V" denote the rotations in the up and the
down sector)

s Key to understanding fermions is to
study their mass matrices:



é Goal of Theory

termining and understanding the Neutrino
mass matrix :

= Two parts to the story:

(i) Scale M,

(1) Flavor structure AF
(The neutrino matrix)



Specific Challenges

cale issue: Why |m << m, | ?:

(I

(i) Flavor issues: A: ?
A. Milder mass hierarchy compared to quarks and
charged leptons:

B. Neutrino mixing angles much larger than quark

C. Quarks and leptons so different- are they unifiable ?



* SM + RH nu
= Add RH nu to SM and tune h_nu=10"™-12.

= Right order of magnitude.
= Radiatively stable due to chiral sym. ypy — VeV

= Why so small coupling ?

= No way to test this.



Neutrino mass as a high
é scale effect
u

trino mass vanishes In SM:

SM is of course part of a bigger theory which
manifests at a scale M;

This new theory could induce operators that give nu

mass. Form of effective operator:
LHLH > g o <H >?

M S M
Could it be gravity ? Too small.
What is the scale M and where 1t comes from ?

(Weinberg)




Why M, << mq,, and M?

saw Paradigm:

= Add heavy right handed neutrinos N, or heavy
something to SM and play seesaw with them:

s Two classes of seesaws depending on whether
N i1s Majorana or Dirac.




Type | seesaw

(Minimal extension)

vy Majorana N

L, =h LHN, + M NN

= M Breaks B-L : New scale
and new physics beyond SM.
= After EWSB

-Neutrino majorana

rnD — hVVWk

Requires strong hierarchy: Y
R

sMinkowski,Gell-Mann, Ramond Slansky,Yanagida, Mohapatra,Senjanovic,Glashow

R

x b 3
HO . HPY
1 V‘Q :
Vv, I vV,
M (Vo Ve
-7 -10
~107" -10




INnverse Seesaw

s Mostly Dirac__N, i.e. add another singlet S

L, =h LHN, + MN.s + .85 p<<M
(VL’VR’S)
(0 hv, 0} mo=-mlMuM ‘m,
hv,, 0 M

0 My
%~10—3

= Requires weaker hierarchy M
(RNM,86;RNM, Valle’86)
It is not the “largeness” of M but “smallness of mu”--



Other seesaws:

ype Il seesaw: a heavy trinlet Hiaas:

s

|
= (ATALA) S fLLA + uHHA r: -
m, = fitd SN
SRVE ' o [P
triplet

-

¥
I
Lazaridis, Shafi, Wetterich; R.N.M.,Senjanovic; Schecter, Valle’81 I
- l

Vi La Vi

s Type 1l seesaw: triplet fermion instead of NR iIn
type I case. (Foot, He, Lew, Joshi)



Seesaw at LHC ?

utrino masses do not determine seesaw scale
> M ~10"GeV : My~ 10" GeV

Both My = M and high seesaw scale indication for
SUSYGUTSs; No collider signals !

- _ - B-Lscale at TeV

LHC signals with only gauge forces; No GUTs with type I.

5 _ - B-L at TeV and GUTs can co-exist:

since Mp = M possible




Seesaw phenomenology

= Seesaw matrix involves both light and heavy RH neutrinos:
Diagonalization therefore leads to non-unitary PMNS:

= Type | case diagonalizing Unitary matrix

V= VBXB v 3x3 PMNS> N = V3,3 ~ (1 — %FF‘F") [/
\ 3x3 Vv 3x3

m
Typical departure from unitarity> MV <107
R

Situation different for Inverse seesaw (9x9 matrix): v :[V% stsj
V6><6

- | IR L .
g N = Vi~ (1 —oFF ) U departure from unitarity much bigger



i Current bounds:

Antusch, Biggio, Gavela, Fernandez-Martinez, Blenow, Lopez-Pavon, Ohlsson, Donini, Altarelli

2.0x 10~ 35 x10% 8.0 x 10-3
nl < | 3.5x10° 8.0x10~* 5.1 x 103 _ l FFE+
8.0x 103 51 x10% 2.7 x 10-3 4 2

Search for departure from unitarity may be a hint for
Inverse seesaw or at least something beying beyond
simple type | or type 11l seesaw.

Type 1l seesaw: no departure from unitarity:



Higher dimensional corrections
to seesaw:

= POssible new ooerators from hiah scale physics:

Type | > 5pd=5 _ (EL&-:::} :Fg( tgm} /M2
— Leads to non-unitarity V|a neutrino KE.
Type I1: [ L= . (E}"& T (E?‘ v} EL)

4 é£ﬁ¢ = —2 .-1"'|.3 +.-1'!'|.5:| %J— |[|'_'."'.I ﬂ'-':]

éLw J”—?J—(@*T@)CETD”)( Tm) |

o Type Il oe = (1) ip(3'7s).
= A way to distinguish between seesaws !

Abada, Biggio, Gavela,Bonnet, Hambye



Flavor pattern:

= Quarks vs leptons:

—_—

10 S 0.97 0.22 0.00
> - Crmmn Verp =1 022 1.00 0.04
S8 e, 71001 004 1.00
*.';nﬂ B d_'-' Adapted from POE 2002
L & : ©

4 |

— 0.84 034 0.1
2 | Upms =| 044 056 0.7
B 032 =063 071

O - Upper limit on m,

i (e )
- : |{"Ii"rll.|z.'.|:-I|:|'~;I‘._ L




Quarks vs leptons

= Hints from data on mass matrices for model bldg.
= Must give large mixings: &, ~ A =Cabibbo angle
= Quarks:-up quarks diagonal:

(2 2 2
M,=m| 2 A X
S |

\ J



The Neutrino Matrix:

avor of the Neutrino flavor research
Generic mass matrix (NH)

6, NEAR MAXIMAL

[ .n>1
g

&y

\ &3

&4
1+ ¢
-1

53\

-1

l+g, )

S parameters

%

& = Acapivne <<1

923 maximal

(gsnzl ., :, \ - TBM
g g g
83 _1 1+ gl ! 3 3
\ / & l+eg  —-l44
& —l+e& l+g
—> [ <> T sym.
3 param. 2 param.



Testing mu-tau sym using 6,

= Weak breaking of mu-tau sym. - correlation between

¢, and departure from maximality of atmospheric
mixing angle:

Normal hierarchy

0.015 F
1R
00| g an
0.01 Fl & BB
0O0TEY b BM |
0.005 Fleso |- .
- « 00001 o
— w F
© a = | A CY
—le-05
1=03E = bt
F| « DR
-0.005 1e06f| v ox
F |+ LM
0.01 le-07 | <~ VR
2e 1ERL
-0.6 -0.4 -0.2 0 0.2 1e08 — . o,
04 0.05 0.96 097 0.8 0.00 1

sin” 28

mu-tau sym GUT vs mu-tau



Inverted hierarchy:

= One possibility:

0 my me
L {ml (] 0 } + 5rn
i

ey 0

= Approx sy}m. - But sym breaking large.

1 1+ a € )

o +a € 4

= Another possibility: [ ¢ 143 5 |or e —1+0n
] oo 0 n B

= NO sym.



i Approximate mass matrices:

o om can have 6 small parameters:

= There may be corrections to PMNS from the charged
lepton sector, which are also constrained by
symmetries that give TBM.

= These corrections can teach us a lot about physics
beyond SM and throw light on the flavor puzzle.



i Lecture |11

Testing neutrino mass physics:

(1) Lepton flavor violation

Expts: MEG, PRISM/PRIME
(i) Testing at LHC




Present status of lepton flavor

i violation

= MEGA:  B(u—>e+y) < 2x10™M{-11}

= BELLE,BABAR B(r — uy)<4.5x107°

= Future B(u—>e+y) 10™-13} MEG
10~{-18}, JPARC, PRISM

Since neutrino oscillationsa violate flavor by large
amount, they could lead to other LFV effects !



# Simple Dirac extension of SM

ent, stealth model—

= Even though nu mixings are large, hardly any lepton

violation :
g (mjmv)Zlmy
167°M,;,

Ay —>ey) o«

= Same story with Majorana seesaw nu without new
TeV scale physics e.g. susy or LR.



i Seesaw with SUSY and LFV

= SUSY assume-> no flavor mixing for sleptons
and degenerate mass at GUT scale.

= Extrapolate—> slepton flavors mix:

= Amount: sm?2 = ——,2{3??1.% + A3)(YILY,) Lj=1n (%) 550
ﬂ +¥iq
virtual effects of heavy (s)neutrinos
VR -
<: la,r b lar “a_ l
b ZZ 522 ha
/ o Y




Magnitude:Type |

= Typical branching ratio

N2 (2
[(0mrL )3,
3

=

I'(l; — ly) x (_".I:'S'T??.-i_

m

= h Increases as MR does.

. 2 L '
Br(p —3e) a8 In m;, 11 m-°L e & |
_ e Qs a2 =
Br(p —ey) 8m3 m2 4 aE
E
1w
= E
1 0 F
R
1w
6_‘_‘_: a..-E-
SE- |
10"




LFV In type I
= [ype Il superpotential:

1 1 i — _ .. 11;'},'
Wr = —=Y{LTL; +—=AHTH +MTT m, = ?Iff

VoL L

O mj + 3 ag A

= Slepton mixings: iy = ——gz— (Yr¥r), lngr
= LFV directly measures neutrino mass matrix




LHC sighals of seesaw-
Type | case

Are there any observable signals ? . r
Seesaw + only sm interactions: ’

L, =h LHN, +M_NN +L"

Del Aguila et al.

First condition: M, ~ TeV or less; neutrino masses
require h ~h, ~10"° not more fine tuning than SM.

Production only through V — N mixing. Observable
S|gnamln requires mixing > 0.01. Typical mixing Is

0" ~—=~10" - not observable. Situation will change
with nBw forces. Type 11, 111 situation different.




Type Il seesaw at LHC

o E heavy triplet Higgs: TeV mass

s (AT ANA) S .
HE[] xiﬂ}f ,H[]
s 3
[ L: fLLA +ILlHHA l&ﬂ He.c:‘vy
l triplet
2 o l -
— T v, % oy,

4 2
MA



i Type 1l case:

= Direct production of Delta fields: Decay channel

At —)|+|+,W+W+

— 1 T
LoE@R® N,
m B j I'u
1n'1:— _ My**=300 GeV |
[ fwwr
-2
10 F
1|:| E - |-I|.|| :
10" 10 10° 1

i
Vo (GeV)
&

ER(H"™)

1 p—_—————— =
) H* ]
- . i H\"x\,__ g
-1 e
10 F whwt 1"l ~
E E
10k E
- v= 107 Gav ]
-3
10 —
150 in”
I'I.-'1|_+ (Gey

i)

Mo "=y

" LHC Production of Triplet Scalars’

-. H:E:EH¥
H"H—
HEH,
20 400 500 EOO 1000
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i Type 111 case:

= Lagrangian:
L=Ly, +hI7-3H+M.,2-Z+hc.

= Consequences:

me-Y mix;asdo ,_y°



Type Il at LHC:

= W-exchange in pp- collision at LHC: Reach

<TeV (Nemevsek, Kamenik, Bajc, Senjanovic...)

T Tax
o' T
i S T
B
4
g1
30 00
my (GeV
[ L
104 _]
LHC i
r*7°% - 1*1* + 4 jets | ]
14 TeV 10 TeV
102 1
o Dotted:
)
“;’ branching fraction.
100 |~ ‘\, —  Dashed:
o ) selection cuts.
02 | L. !




New gauge forces likely
i giving neutrino mass ?

= Seesaw requires new physics below Planck scale.

= A natural understanding of this comes when there Is a
gauge symmetry whose breaking gives seesaw scale.

= With gauge forces, seesaw can be visible at
LHC.

= Obvious local symmetry is B-L. Could it be larger ?



Theoretical consistency of
adding new particles:

= Adding scalars to SM does not raise new ISsSuUes.
But adding fermions does.

= Anomaly cancellation:

= Type I: it brings new anomaly free group B-L.

= Type IlI: Anomaly free group can be B-L or different.



é Triangle anomaly: Type |

uge theory must be anomaly free:

Tr[‘ga{gb,gc}] — O

s SM satisfies them.



E* Apply to SM

y arbitrary quantum No. Y

= > Y, =-3Y;Y, =-2Y,;2Y, =V,
Y, +Y, =2Y,

= Any extra U(1) X is multiple of U(1)_Y.



Emergent Gauge degrees of
freedom

= SM: TrU(1) {B-L}[SU(2)]"™2=0
However

Tr(B—L)% =0
= Add nu_R> Tr [(B-L)*3]=0

= New emergent gauge degree of freedom - B-L



i()ther reasons for Local B-L

s Neutrino masses - seesaw scale much lower
than Planck scale> New symmetry (B-L).

» Gauged B-L eliminates R-parity problem of
MSSM and ensures proton stability and dark
matter: Another advantage of B-L (rnwss; martino2)

s Extend SM gauge symmetry to include B-L-
many ways-



Inverse seesaw also more
# natural with gauge forces

Verse seesaw case.

( Vo)
4 0 hvwk 0 3 0 hVwk h Vik
= Why  |hv. 0 M why not | hv, M M
\ 0 M ,Ll) \h VWk M = J

= New Gauge symmetry can explain this !!



B-L as a part of left-right

* symmetry
O : uL uR

uL
d, dg d,
. add [wj
Vi Via 2>\ &
ex r—

!




i Left-Right (LR) details

= New Gauge group: SuU(2), ®SuU(2), ®U@),_,
N NeW W, and Z, WLi WRlL Z1ZI17/
= Fermion assignment

GECT (2
d, d, e, 3
n Two Avatarg of LR:

= Etype | $(2,2,0) ;A:(1L3+2) DA (31,+2)
Inverse seesawd(2,2,0+x. (21-1) + xz (1.2,-1)




Parity Violation out ot
Spontaneous Breaking and

* electric charge formula
e

weak Lagrangian of model:

L= L3 W, + 3 W, ]

Weak Lagrangian Parity Inv.; Low energy parity

violation due to M, ,. >>M,, .
R L,
A more satisfactory formula for Q:

Y
SM: Q:|3L+E

LR: Q=1

3L+|3R+

B —

Y Is a free parameter.

L

All entries physical.



SEESAW FOR NEUTRINOS:
CASE (1)
SU(2), ®SU(2), ®U (1),

0 0
[o vaj ¢<AR>¢O

SU (2), ®U (1),

v, hx i/ <¢>:(’< Oj My M, =0;m,, #0
hx fv, 0 «

U (1 Explains small neutrino

(1) er

T It mass- relates smallness to
m, = fVL —M oMM | weakness of V+A forces.




SEESAW FOR NEUTRINOS:
INVERSE SEESAW

SU(2), ®SU(2). ®U(@D),_,

¢ < Xr 2= Vg

[ SU (2), ®U (1),

[0 h, i 0} \L <¢>:(K 0] M, M, #0;m, #0
hx 0 fv 0 «'

U ().,

m, =-m MM *my M = 1vg

0
fvg
R M

o O O

0
0
fv




Quark and lepton masses:

* SM L =h,QHu, +h,QHd, +h,LHe,

s 13 parameters;

* LRU L, =h, ,Q4,,Qs +h,,Lg R+ fLLA_+ LR

= For u,d,e sector same 13 parameters except
now Yukawa coupling matrices are hermitean
due to LR symmetry.



* BOUND ON LR SCALE

= LOwW energy observables: combination of KL-KS,
epsilon, d_n together.(uncertainty from long distance
contribution);

= Parity defined as usual: (¥ <> ;) minimal model:

= Parity as C (as in SUSY lL.e. ¥ < s ) (Maezza, Nesti

S _

= With SUSY: bounds weaker: > 1 TeV (An, Ji, Zhang’08)

= Collider (CDF,D0O) 640-750 GeV.



Bounds from Nu-less
i double beta decay

= New contributions from WR-N exchange (only
fOI’ Case I) (RNM, 86; Hirsch, Klapdor, Panella 96)

= Diagram: -
&/’ WL.r
(my )\ (~1/4 2"
- My 2 1.1( TV ) [TeV] |
From Ge/6:
L
s Consistent with ﬁ;m

. 2

WR In the TeV range.



i DO and CDF (Case I and I11)

Collider signal mode:case | «euna

Senjanovic) T aey v

700 | T (gfg’=1 Vi<V

[ - = (gglg) =12 VE=VE

C oy R
600 C - {gﬂ'gl)z_l 1"us_]'
L (gglg)’=2 VE=1
s00 [ e

- {gR,"g],)I=l.-': 11'-1:'.‘=1

400 |

Ny Mass (GeVich)

300 [

200 |

100 |

0 a 100 200 300 400 500 600 70D 800

W, Mass (GeV/c?)
W_R signal: pp->lljj; like sign; similar for Dirac N
(Abachi et al. ; Phys.Rev.Lett.76:3271-3276,1996. DO : /00 GeV



i 7' Mass limit

Different sources for the limits:
= LEP data, Atomic parity violation
N Roughly MZ’ = 800 GeV ! (Langacker,..)

» WR and Z’ phenomenologically allowe above 2
TeV.



* LHC Signals

= LHC can access new particles of the
model i.e. WR, Z’, N

= What are the signhatures ?

s (Azuelos et al; Del Aguila, Aguilar-Saavedra; Gnienko et al; Han, Perez et
al....)

= Can we rule out GUTs by these observations ?



i Collider signal with WR
P

ends on mass of WR; for WR In the few TeV

range, N-decay profile changes:

. 1. .. 1.... 1
No WR case: N il R Tl Tl Bl
a-UN RSB~ X

. 3,,.. 3,_.. 1 ..
With WR (TeV) N —>=1"jj+=1"jj+—=Ijj
8 8 4
No missing E in second case;

Trilepton signal very sub-dominant.



‘L WR production at LHC

s Rates:

i;_ |
= W b
Z o |
T 10
Ti 1 Te¥re?
= 10
T x 1T
. 10
= |
B 10 \ 3 Tevic
o \ p
10 ETeVWic
10 o 6 Tevie®
M M | M M M M | " "E | . M | M
nz k.4 . LI, ] 1

P = MM m W



‘L TeV Z’ cross section at LHC

~20%)

12.5TeVZ

to

5TeV



i LHC Reach of Z’

x 14 TeV

L (fb™1)

103

102

10l

100

10—!

1000 2000 3000 4000 5000
My, (GeV)



TeV Seesaw with B-L
forces (Z’)

s Seesaw effect observable at LHC even with tiny
v—N mixings as in generic neutrino models.

= pp—=2> Z'+X; Z->NN followed by N-decay;

= Like sign dileptons is the tell-tale seesaw signal.




LHC Signals for seesaw

= LHC production of WR: ud —»W, — "N
uu - Z'—> NN
= N-decay gives signals:
i -m —
« Type lcase: N —=>17]] I"IFv
. Seesaw Slgnals Signals (5r*  FAF Backgrounds

(ErE EEF

ne s - e - =
I I + ”1' I IV+ ” EIE‘(ZM] 1.6 263 ttnj 194 156
. E=N (Zy) | 2400 1922 tw 6 6
= Inverse seesaw: Only NN (Z|Ny) [ 2021 252.6 Wttnj 12 47

Trileptons; no like sign dileptons Sinj 30

_ ETE- (Sp) | 42 809  WWnj 5 0
(Aguilar-Saavedra)-> EXN (Tp) | 123 3983  Winj 24 38
NN (ZiNp) | 81 4819  ZZnj 4 5

WWWnj 71



‘L LHC Reach for WR (Case )

Azuelos et al; Gnienko et al

I S N NN N AN NN TN NN TN AN NN TN NN TR NN TN S NN N BN B
1%{]{] 2000 3000 4000 5000
M, . GeV

Observing this mode via WR decay will rule
out simple GUTs.



Testing Left-right type |
;hseesaw with exotic Higgs

aw requires symmetry breaking by B-L=2 Higgs:

i A+ A++

2
o % K
Doubly charged Higgs which can have sub-TeV mass.

Very different from known Higgs in that it couples only
to leptons and not to quarks: Coupling not small.

One coupling to left and another to the right sector:
Both decay to lepton pairs (from | | A coupling)

A=

A" > ptutee, . N opv,ev, T,



Present lower bounds on
doubly charged Higgs mass:

Drell-Yan pair production main mechanism at hadron
colliders: Signal: pp -->7 T ,u+,u+ or all muon

Collider: CDF, DO: MA++ >136 GeV

HERA > 141 GeV
Low energy: Muonium-ian I-muonium 0sScC. (PSI)G 10
A <3G, x10° ~ =2 PRISM goal .

ue >y e’ SM .

ror f.~f =0.1

w1, . M++ >250 GeV..



Q-L unify TeV seesaw
s SU(2)xU(1)rxU(1)s-L < SU(2)XU(1)rxSU(4)es.

u)l (v U, vy N ( c..; :.;J |
y y .".'1 |'."1 * - r
" d) \e) dqeq “ C/LR

L
L (Pati, Salam)

= Recall Origin of RH nu mass for seesaw Is from NNA,

s Q-L unif. implies quark partners for4,,, i.e. .,
- color sextet scalars coupling to up quarks ;
similar for dd- only right handed quarks couple. Come
from (1, 3, 10)

s SU(4)rs breaks to U(1)s-L above 100 TeVv




‘L Baryon violation graph

}1'-3'_3' c Jc sz o c..C
5 Aacardid; + T DueweWiU; A A ee Bgege Bgege A

2 CdC CdC VRVR

Lr =

+ h. C.

A B=2 but no AB=1; hence proton is stable but
neutron can convert to anti-neutron!

N-N-bar diagram o d’
uﬂ
(Marshak, RNM’80) ‘ktﬁ(_,ﬁ 1\—4- d
] T TRES
d _j':‘l:.- -l'-.
' c
dﬂ {.S.v:tc'?

A coupling crucial to get baryogenesis (see later)



A new low scale Scenario for
Origin of matter

= (Babu, Nasri, RNM, 2006)

s Call ReA, , = Sr; TeV mass : S-vev generates seesaw
Baryon number is broken once (S) %= 0

leading to B-violating decays Sy — 6q, Sy — 66

= Baryogenesis: Due to high dimension of operator, B-
violating process goes out of eq. below 100 GeV.




Upper limits on Sr and
i color sextet masses:

= Two key constraints:

g . az61m f3 0 Vg fa3m Vg

-2 Ms < 500-700 GeV to get right amount of
baryons.
s Decay before QCD phase transition temp:

18PN MY
— (2m)?(6Mx )1

(S, — 6q)

= Implies Ms< Mx < 2 Ms.



Two experimental implications:

— N _oscillation: successful baryogenesis implies

that color sextets are light (< TeV) (sabu, Rum, Nasri,06; Babu,
Dev, RNM'08);

N—-N arises via the diagram:

~10° —10" sec. -
nn [

Present limit: ILL =>10M8 sec. similar bounds from
Soudan,S-K etc.

10M™11 sec. reachable with available facilities !!

A collaboration for NNbar search with about 40
members exists-Exploration of various reactor sites
under way for a second round search.



i Color sextet scalars at LHC

= Low seesaw scale + baryogenesis requires that sextet scalars
must be around or below a TeV:

= Two production modes at LHC:
(1) Single production: uu — A e,c — tt Or t + jet
xsection calculated in (rnm, okada, Yu'07;) resonance peaks above
SM background- decay to tt or tj depending on RH nu
Majorana coupling; directly measures seesaw parameters.

: e A *
(1) Drell-Yan pair production: qq >G —>A . A™ . .
( Chen, Klem, Rentala, Wang, 08)
s Leads to tttt final states: LHC reach < TeV



SINGLE SEXTET PRODUCTION AT

*ch

10§ """"""" ECMS = 14 TeV
£ L A
0.3 0 0.3 5| i :
fu=10 00 =% ol * s
0.3 0 0.3 e ; tt |
112 omf : :
g f |
b 0.001 f
107* = S—— ]
400 600 800 1000 1200
M;[GeV]

Diquark has a baryon number & LHC is "pp’” machine
> o(tt) > o(tt), o(t+ jet) > o(t+ jet)

Depends on Yukawa coupling



Pair Production of Deltas

= Due to color sextet nature, Drell-Yan production
reasonable- independent of Yukawa coupling

= Leads to tttt final states:

% . Colored Scalar Pair Production
= Can be probed upto a TeV TR ot the LHC
_ _ _ _ ; %, R = 3,6,8 under SU(3).
using like sign dilepton mode. | < Octet

10 F  Triplet

400 600 800 1000 1200 1400
M, ¢ (GeV)



*PHENOMENOLOGICAL ASPECTS

v O YA = fiiAyee ufu§+ A L d7AT 4
Constraints by rare processes

D% — DO mixing u® ~\ p¥ M€
e A . .exchange
1/(mp)?
u® c
_ doJin /22 S
W N A
K=K 1/(ma)’\§° d‘qc
dC

Similarly B-B-bar etc. Can generate
neutrino masses - satisfying FCNC



Details of FCNC

i constraints:
-'IIIHHJL.fuudE

i < 126 % 107"
= Hadronic prean (TaV)[2
Idd:tfd.iﬂ L
e (Tev T = = 1
*'t'f"ﬂ—-ﬁi'ﬁf- T
[mae (TeV)|2 =
- da
fu1 f33,, .
— = bh42 =« 107
[mae [TV i
H —)e‘|‘7/ fi11]12 : :GF\/T&§1.17><10—5

[ma++(TeV)]



Examples of color sextet
Eb couplings that work.

wn sector 0 0.95 1 .
fu=1 095 0 0.01 10

1 0.01 —0.0627357

uu

T3

= FIts neutrino mass via type | seesaw.



Is TeV Seesaw compatible
‘L with leptogenesis ?

= Leptogenesis detalils:

= Buchmuller, Di Bari, Plumacher papers:



Basic idea

0 OpOsal: Heavy UR decays. (Fukugita and Yanagida ,1986)
vp— L+ H R=(1+¢)
VR — L -|- H R = (1 & )

» Generates lepton asymmetry:
s Gets converted to baryons via sphaleron interactions;

(Kuzmin,Rubakov,Shaposnikov)

= No new interactions needed other than those already
used for generating neutrino masses !!

= Seesaw provides a common understanding of both
neutrino masses and origin of matter in the Universe.




Leptogenesis: High vs Low
scale

Diagrams: .7

Two classes ot models depending on RH mass pattern

High Scale leptogenesis: Expected in GUT theories:

Adequate asymmetry->|M =10°GeV. | for lightest RH
(for hierarchical masseS)(Buchmuller, Plumacher,di Bari; Davidson, Ibarra)

Resonant leptogenesis: degenerate N’s, self
energy diagram dominates:~ pM2_M 2+MT

i j
Resonance when MyEM; ;works for all B-L scales.

(Liu and Segre’94; Covi et al'95 ; Flanz et al.’95 Pilaftsis’97)




AN ISSUE WITH HIGH SCALE
SUSY LEPTOGENESIS

= Recall the lower bound on the lightest RH neutrino

mass _ for enough baryons in GUTs

s Problem for supersymmetric models:

they have gravitinos with TeV mass that are produced during
Inflation reheat along with all SM particles-

= Will overclose the universe if stable for TR=10"9 GeV.
= If unstable, Once produced they live too long -affect

BBN._ . (Kohri et al.)

= NoO such conflict for TeV scale resonant
leptogenesis ! Goes well with TeV seesaw !



Does leptogenesis work
with TeV Z’ and WR ?

- nditions:

(1) RH neutrinos must be degenerate in mass to
the levelof M,—-M, ~10"" M since h~10"-5 ;
(i1) Since there are fast processes at that

temperature, the net lepton asymmetry and
primordial lenton asvm are related by

Nnp =~ 10_225-:1-& e

where K <1- dependgﬂon Z’ mediated e"e” — NN
and inverse decay IH —> N

Not clear that a TeV scale Z’ is even allowed by
baryogenesis due to rapid rates ?




L ower bound on Z’ mass

from leptogenesis

B er the Z" mass, faster the scattering anc
less the efficiency S —

Implying a lower limit
on Z mass !

x(BLANCHET, CHACKO, GRANOR, RNM: -
ARXIV:0904.2974) = 1000}

* Mz > 2.5 -3.2 TeV for Mz = 2Mn (Accessible
at LHC)



WR limit for leptogenesis:
case |

m Mwr > 18 TeV, L-violating scatterings e.qg.
e, +U;, —> N +d; will erase lepton asymmetry.

(Frere Hambye and Vertongen) 5[0 10" @

GeV]

fy, [in

o
log,, 1

Weaker limit for Inverse
seesaw, since L=2
Suppressed by mu !!




What iIf RH neutrinos are TeV
* scale but non-degenerate ?

an one have seesaw scale around a TeV so
LHC can see it and still understand the origin
of matter related to seesaw physics ?

= Yes- baryogenesis can arise from seesaw
related physics below 100 GeV (but not from
RH N decay) (post-sphaleron baryogenesis)

(Babu, RNM, Nasri'06)

= Predicts light color sextet Higgs (< TeV) that
can be observed at LHC via decay to two tops.



SUSY GUTs and Neutrino

ﬂass Physics

Lecture 111



GRAND UNIFICATION

vpothesis: all forces and all matter become
one at high energies no matter how different

they are at low energies. Leptons%? =

quarks—>
become same.
----Aestetically appealing
----Explains charge quantization;
----High scale goes well with ideas in cosmology ;



i Supersymmetric Route

= We follow the supersymmetry route;
(1) It stabilizes the Higgs mass ;
(i) Explains <H> via radiative corrections;
(i) Provides a dark matter candidate

i i o LT
g ek I 0 Pk WD

Standard particles SUSY particles




K

normalization determines running: For gauge

Coupling unification
formulae:

theories with fermions and scalars

do, _ B(;)

dt

27

SUSY

non-susy:

Im:1

i)

40

10

0

'\‘\f"ﬂr




Supersymmetry hypothesis
i provided extra boost

C Ilng UniﬁCatiOn in MSSM(Dimopoulos, Raby, Wilczek)

.“E 60 | o 1/a = 60 Ia,
mﬁh SM e MSSM
S0 S0 N
RH_ . -a'f \“
7 |
40 L /;;;&\ 40 e, \
Il S S 0| - _ -
20 P~ 20 o
Jﬁr - "'{5‘
w}t 10 1
1/ ay e
0 0
0 5 1o 15 0 5 10 ];5
“og Q Mog Q

= > There could be one grand unifying group, raising the hope
for predicting parameters of SM (e.g. fermion masses)



‘L Some examples:
SUSY  Non-SUSY SO(10)

with seesaw

y . =
50 - —
40 — —
20 - o
D M| 1 | 111 " .J‘__I | B [ I |
o o 10 15 =G
log, (p/GeV)

E] io 17
Tog,, (1t /GeV)

SM

10

ity

log Q



Simplest SUSY GUT: SU(5)

= The simplest GUT model (circa 1980s)

(d" ) ‘0 uy —un wp dp
d* 0wy U g
= Fermions: 5 = | 4° | and 10 = 0 wug dy
L er

L & | ) o

= : Higgs b@:b & 24.

= Predicts: at My, my = m,; vary good pradiction

Also predicts m, = m,,; my =m,; VERY BAD
PREDICTIOMI

= Mo axplanation of neutring mass:

How to explain neutrino mass ?



Other pros and cons of

‘L SUSY SU(5)

m Pros:
(1) Stabilization of weak scale

(1) Radiative EWSB
(111) Candidate for Dark matter with R-parity
s Cons

(1) No understanding of origin of matter
(11) Large edm of neutron (SUSY CP )




Proton decay Problem for

i SUSY GUTs
= Proton decay in SUSY GUTs have two generic
sources: | .
= (i) Gauge exchange: .
2
p—etnl mt s L\%—g mp A [1075Fyr] e
= (I1) Higgsino exchange: w
p—>;~.‘7K+ 'L“ H, v H, “
Tp_l ~ [MH MSU&}] (471_)2 [ 028 1032@/7"]_1 Wl ) "'W: \\
V

S
= Second graph too large: SUSY GUT problem;
any model must address this issue.



Experimental status of p-
decay

evidence for it yet.

On Soudan Frejus Kamiokande IMB Super-K

p—=e*xl
n— et




i Plan of the Talk:

= For SUSY GUT program to fulfill its

promise, it must be part of a bigger theory
that preserves its good features (gauge
hierarchy, coupling unification, dark matter)
and cure the “bad” ones e.g. neutrino mass,
susy CP etc.

= To address nu-mass, the GUT group must
contain B-L;

= Minimal group SO(10).




B-L Cures proton decay
* problem of MSSM

has stable proton- but MSSM takes a step
backward !! protons decay In an instant in
MSSM.

s Culprit: R-parity breaking terms
W'= LLe® +QLd® +u‘dd®
A A A
m SUSYLR either version does not allow the last term In

renormalizable part. dim-5 term 1 Q°Q°Q°7° -
suppressed for TeV inverse seesaw M,




SO(10)

s Fermion unification:

= {16}-dim. Spinor:
= Includes RH nu:

m (Georgi; Fritzsch, Minkowski)



Symmetry breaking

sym breaking down to SM: many ways:
= Two popular ones:

e SO(10) M5 3,2, 1, (MSSM) "9 3.9, 1,-(SM) Y2 3.1,

o SO(10) 22 3,2,25151 22 3.2 1y(MSSM) 57 3.2, 14(SM) 22 3.1,

M, >10"°GeV; M, ~TeV




Challenges for TeV scale
* SUSYLR Grand Unification

ning of couplings determined by field content
below a scale:

= MSSM at TeV gives right running fir unification; so any
new particles (e.g. WR, Z' etc.) will change this and
ruin unification.

= To check for unification of any new theory with LR,
Define a GUT indicator: Xu =500, —12.6b,, —8.4b; —3b,,

If Xu=0 tol, theory unifies.
» Type I: X ™ ~-90 No unification possible.
= Inverse seesaw X, ~ —1 Unif. OK




Unification of TeV Type |
i seesaw does not unify:

= Does not unify to SO(10)- too rapid proton

decay:(Kopp, Lindner, Niro,Underwood’09) (Parida, Raichoudhuri, Majee, Sarkar’08)

Minimal SUSY—-LR model .
. Location of Landau pole

goj Mg Ho
i 1 (GeV) (GeV)
60F o7l | 1 10° 776 % 104
I e ] 10% 4.56 % 104
i 107 2.56 x 101
40t

I 10® 6.16 x 101
[ - 10 1.4 % 10"
20 = R 10t 346 x 10'°
' ;_-___g/ T ] 101 831 x 104
0_ .-. 1 1 1 1 1 ] 1 1 N ] \ \ .5;

0 5 10 15

log,, u/GeV

= Culprit: B-L=2 triplets have high b-coefficient.



New TeV scale SUSYLR
? theory with gauge unification

eqguirements:
() B-L and LR breaking at TeV scale;

(i) Two bidoublets at TeV scale to get realistic
fermion masses;

(in) at least one RH doublet for Inverse seesaw
and B-L breaking.

(iv) All multiplets used must be part of an
SO(10) multiplet required at GUT scale.



SO(10)Unification with TeV
‘L Inverse Seesaw (LR)

m lNnverse seesaw does unify and give realstic

model: with both WR and Z’ in TeV range;

=0 T
a0 L L
L R
Two bidoublets, two RH doublets + 70 b n ot
a vector like singlet quark from 45: L e,
50+ I
s P
o D o op
of ..
P -Tn-.
20 | LI *
=)= -
10 AT Ty,
0 |: : 1 1 1 1 1 1
0 2 4 G ] 10 12 14

t [Iogg(GeV)]

= New SUSY GUT model for Tev scale nu-pnysics:
= SO(10) Higgs: 16, 10, 54 +45 :(Dev, RNM, 09; PRD);



Proton decay constraints:

= Proton decay arises from Dim 5 operators; need
cancellation to fit lower limits along with large squark
masses

Q; Q Qr
b
H X 3, W.B
o, 17 L
(b)
Decay Experimental Predicted upper limit { x 10% V1)
mode lower limit (x10% yr) [ M fg=136TeV [ My=15TeV | My =2TeV
p— K17 2.3 2.35 3.5 11
p— K%t 1.3 409.5 606 1.9 x 10°
p— K%* 1.0 2.3 % 10° 3.4 % 10° 1.1 % 108
p— wlet 8.2 1.4 % 107 2.0 x 107 6.4 x 107
p— mut 6.6 2.4 x 104 3.6 x 104 1.1 % 10°
p—7TT 0.025 1.5 2.2 7.1




New Dark matter in TeV
i scale Inverse seesaw:

= If super-partner of RH neutrino is the lightest, it will
be stable due to R-parity- become DM.

W =W, ., +h LHN + fv NS + 4SS
= Soft breaking:

—L=—L"" 4+ M2NN +M2SS + ALHN + BNS

soft

= Lightest linear combination of these is the dark
matter:



Relic density

| Ve rse SeesaW: (Fornengo, Arina, Bazzochi, Romao, Valle; Matchev, Lee, Nasri)

= New DM : :Two contributions to relic density:
Z exchz‘a}nge No or small Z’ effect

M,. > 2.5TeV

?i:l'l:l||| L

1 M, ~100GeV

M s < 456 eV e ::.: BECE .:._ r 1500 'J1I-::-' ':AI:-:' rln-:- 3000



Conclusion:

= Neutrino mass theories most likely imply
the existence of WR, Z’ and N;

s Observing Wk, Z’ and N at LHC is not
evidence against SUSY GUTs; they can be
embeddable in SO(10) GUTs.

= However observing their decay modes
e.g. like sign dileptons and doubly
charged Higgs A" will rule out simple
GUTs.




1V: Neutrino Mass and Grand

!'_ Unification of Flavor



Quark, Lepton flavor:

* Definitions

= Key object in Flavor study: Mass Matrix
Def. Lyas =Q My ¢Qr +1.M, 15 +v'myv+hec.

o Mixings:
_ +
Ve =Ul  Unus =UU!
(Vud Vus Vub\ /Uel Ue2 Ue3\
Vcd Vcs Vcb Uﬂl U/‘Z U”3
Ve Vi Ve, Ua U, Uy




é Flavor Puzzle < 1998:

uark masses and mixings (at GUT scale)
= Up quarks: m,:m,:m = 0.0008:0.2:82

= Down quarks: M, :m,:m, =0.002:0.03:1
= Mixings: V,=0.22;V, =0.037;V, =0.003

= Leptons: m,:m, :m_=0.0005:0.093:1.58

= Note: my=m_;m, ~3m,

WHY ?



Attempts to Understand
é using texture zeros

ation: ;\/”Td —2>d-s Mass matrix (0 aj
us ms a b

a’ a
M a<<b—>mS=b;md:—F;VUS:E: M,
m

S

(Weinberg; Wilczek,Zee; Fritzsch)

s Also GUT scale relations: My, =M.
and m,m, ~ mym, = Det[M'] = Det[M ‘]
= Finally at GUT scale, m, ~3m,

) ) ] O a O a
= This implies: Md= (a bj whereas I\/I|=(a _3bj
(Georgi, Jarlskog)



Neutrino mass discovery
has added to this puzzle

= Quark and lepton flavor:

S
10 | — 097 0.22 0.00
> - € e T Ve, =1 022 1.00 0.04
Se b o, 1001 0,04 1.00
‘.‘:nE B d_'-' Adapted from PDE 2002
3 & : [ —
4 -
B 0.84 054 0.1
2 | Upps =| —044 056 071
B 032 -0.63 0.71
0 - Upper limit en m,
i _{&mg "'l'l'.:ll-;E
- : I::"E""'I"E.'.n:-luﬂsb‘._ b




An Interesting mixing

‘L pattern ?

= Tri-bi-maximal mixing for neutrinos:

(55 )
U= 5 v v
6 3 2
\ 6 3 2}

(Harrison, Perkins, Scott; Xing; Wolfenstein)

s Is it exact ? If not how big are corrections ?



New Challenges posed by
* neutrino masses

s Flavor issues

A. _
B. _

Quarks and leptons so different-
IS a unified description of
Flavor possible ?




Matrices for Masses

tark mass matrices very different from lepton mass
matrices: up-quark and charged lepton diagonal basis:

4 25
13

3
\ﬁ,

13
12
/12

23
12
1

\

J

M

|4

112

(&

1
&3

\ 3

g ~ A = Cabibbo angle

&3
1+ ¢

g5 )

:I.-I—g1 y



é Strateqgy for texture

y Idea: SM has a large sym for zero fermion masses
: [SUB)ITS;

= Choose subgroup: Discrete subgroup with 3-d. rep.
s Replace Yukawa’s by scalar fields (flavons);

= Minima of the flavon theory determines
Yukawas:



* Symmetries indicated:

arged lepton diagonal basis:

/51 &3 &3 \
& 1+g —l+g
\53 —1+ &, 1+ &, y

Is invariant under the transformation matrices

1 0 0 1 2 2
0 0 1 2 -1 2
01 0 2 2 -1

L2 part of A4 group



Many neutrino models
using symmetries

s Successful Family symmetries for TBM.

Sz(ﬂ_f) ( S.,S,,A,,Z,, AGBn).,..

—
1 I'

= Non-zero g,will provide important clue about
new physics- Is it symmetry + corrections or
perhaps TBM an accident ?

(Ma, Rajasekaran; Babu, Ma, Valle, King; Altarelli, Feruglio, Chen, Mahanthappa; Everett,
Ramond; Luhn, Nasri, Yu, RNM, Hagedorn, Morissi,..... )




Basic strategy to unify

% quark-lepton flavor:
s ASssumption (1): Suppose a theory gives:

(Dutta, Mimura, RNM’PRD-09)

M. = fVL 8,41 << M,

V

= Choose basis sof diagonal. Then lepton mixings
are given by the matrix that diagonalizes; M| |
= For anarchic Mo, quark mixings are small while

lepton mixings are large.



How to see that ?

-*pose: UMUS =M

= Then VU, (M, +0,)U V' =M™

= Since 0,4, <<M, off-diagonal elements of

V are small.

= On the other hand, U =U, whose matrix
elements are large.

m Does not however explain mass hierarchies

PMNS



Rank One mechanism and
i mass hierarchy

= Assumption (I11): Mo has rank one I.e.
(q)

M,=|blla b c)
\C)

= gives mass to third gen fermions: t, b, tau + M, =M,
others are massless. Turnon 9,4, << M|
Other fermions c,s,mu pick up mass with

mc,s,ﬂ << mt,b,f and relates mixings to masses



# Illustration for 2-Gen. case
= Suppose MO:(CJ(C 5) and T =diag(s,,&;) oc 9,

S

= = Atm. angle; chosen large; f <<h.

o Predictions:-

m - -
— ~-V_ tand consistent with

m, ) .
observations:

\




‘L Rest of the talk

= Show that this strategy can be realized for
three generations naturally In a certain class of
SUSY GUT theories of neutrinos:

s ldea testable in neutrino experiments e.g.
those planning to measure O .



* What kind of GUT theory ?

= Adding

uLj Uy (uL](_)P [uj
(dL g Add> \du s
NI _EERE
\eL eR € eR

RH neutrino suggests left-right sym.unification

pbased on SU(2).xSU(2)rxU(1)e-L XSU(3)c

= Minimal GUT group containing this is SO(10):



Left-Right and SO(10) just
i right for our ansatz !!

call ansatz: - as 5§ . —>0,M, cM,

= In SM, Uz d; singlets- so My, Md unrelated.

= We need a theory where, [Y= | are in a doublet.
dp

= Left-Right symmetric sU (2), xSU(2), xU (1), xSU (3),

and SO(10) (which contains LR) are precisely such
theories.




i SUSY SO(10) Features

= Minimal GUT group with complete fermion unification
(per family) is SO(10)-its spinor rep contains all 16
SM fermions (including RH nu) in single rep.

» Has B-L needed to understand why MrR<< M _pi
s Theory below GUT scale is MSSM:
s B-L needed for naturally stable dark matter.




From SO(10) down to the

i Std Model
SO(10) Nu mass

\
= LR Sym. SU@.xSUQxxU®; . xSUQ). 00
J AB-L)=0{gm

= Standard sy (2), xU (1), xSU (3).

Model- om
l’ -= Sseesaw m M

SU@B).xU(@Q),,.



SUSY SO(10) and unified
i understanding of flavor

mions in {16}
16mX16m:{10}H+{120}H+{126}H
= Only renorm. couplings for fermion masses:

L, =h16-16-10, + f16-16-126,, +h16-16-[12010].
» Has SM doublets = contributes to fermion mass

= {126}+ responsible for both neutrino masses
and guark masses:-> helps to connect guark
mixings to neutrino mixings: Unifies quark and
lepton flavors: (sabu, mohapatra, 93)




Fermion mass formulae In
* renormalizable SO(10)

« Define Yi =My /vy

= The mass formulae: Compare with ansatz
Y, = h+rof +r3h
Y, = rith+f+hn")

Y. = ri(h—=3f+ch)
Y, = h-=3ryf +c,h

s Both sets of formulae identical for f, h'<< h



Neutrino mass in
Renormalizable SO(10):

6} has an SU(2). triplet with B-L=2:

L (¥ '“'H-

= New formula for nu-mass: » x
. 1 T thxxjf%ff Hﬂ
BL VAT e
2 |
V > !I -
_ wk , Y ,
A

= Type Il seesaw: M N Mu gives naturally small v
. 2
= Two independent parameters: M ,,V,



‘L Type Il dominance:

n If M, << f\/BL first term dominates
s Then the fermion mass formula become:

Y, = h+rof +r3h

Y, = ri(h+f+H

d 1( f ) mv E fVA
Y. = ri(h—=3f+ch)
Yy — h— 3?"2f + Cyhfr

(Babu, Mohapatra’92)
= Neutrino mass and quark and charged lepton
masses connected and all ingredients of our
ansatz are realized in SO(10) .

(Bajc, Senjanovic,Vissani’02)



Rank One mechanism for

Flavor
o eric case does not explain mass hierarchies
Y, = h+rof +r3h/
, m = fv
Yy = rm(h+f+1) 4 A
Y. = ri(h—3f+ch) a

-AssUmeh isrank 1 h=[bj@a b c¢) + f,h'<<h

= For f, h’=0, only 3" gen. pick up mass.
s Leads to m,, <<m,; meﬂ <<m. with f, h’<<h

mso -
atm



é Origin of Rank one SO(10)

k one model as an effective theory at GUT scale:
Add one vector like matter v {16} + ¥, {16}
and singlets: ¢

Superpotential: W = ¢iwi§\/ +¢v¢v H+ MY, ¥,

Voo, Y i v

<

H

Flavor texture depends on < ¢i>; with
symmetries it can be predicted.




How to determine the
Yukawa alignment ?

Strategy: Take a discrete group G with 3-dim. Reps:
Examples: A,,S, A(27), PSL,(7).....
Take flavons ¢ and matter {16} in 3-d reps of G

Minimize flavon potential inv under G; this will
determine < ¢ >

Effective matter Yukawa ~ w@wdH , wdwdA,...

Flavon vev’s determine the Yukawa texture:

since the flavon vevs correspond to minima of
theory, Yukawas are determined by dynamics!!



VEV alignment from flat
directions and flavor

= Examples: S4 triplet flavon case:

1 1
W = qui'z — Ag* = Em(xz +u* 4 2%) — Azyz.

[ F-flat vacua (¢ # 0) are

m

=—{ (1,1,1)or (1,—1,—-1jor (—1,1,—1) or {—1, -1, 1}}.

I . 1 : 2
| Whlle W = Em@ﬁz—;’—}[hﬁijl—ﬂ{ﬁi}z (15)
| Kz
=§I:l‘ +u +z }—ml' +§'+ )—?U{Iy +E-"*5 +z-rj

The nontrivial F-flat vacua (¢ £ 0) are

{mM [ mM - mM

m_v- - i, VHI_FEHEL", VH1+HEE? (16)

where @ = (0,0,%1), (0,+1,0), (£1,0,0), b = (£1,41,41), and & = (0,=£1,=+1),




Realistic 3-generation
i model for Flavor:

= Our proposal after diagonalization of h
. (0 0 0) with appropriately

rotated f and h'.

s Different ansatzes for f and h' lead to different
realizations of this idea:



A specific realization with

predictive textures:
= Group: SO(10)xS: D3, +3,+2+1 +1,

= Consider flavons ¢ ,; =3,, ; matter {16}c3,
= Inv effective superpotential at GUT scale:

W = (p10) (010 H + (0200 (o)) A + d5tptb A\ + dotitp H'

- 0 0 1
= The flavon vevs align as: |, _ ( ) o ( ) o ( )
»m=101, o= -1 |, &= 1 |.
1

0 0 0 0 1 1 0 1 —1
m Leadingto f=|o0o 1 -1 |+rxl1 01| andh’'=] 1 0 0
0 -1 1 110 1 0 0

s Gives realistic model for fermion masses and mixings



Prediction of SO(10)xSa4

Bottom-tau: - and M, =—3m,

Leading order PMNS: -

(

\

“|%iaf, #I%
SRR

w|§|w & o

/

Testable prediction: -

Double beta mass 3 meV.

Dutta, Mimura, RNM arXiv:0911.2242



Prospects for measuring

(Lindner, Huber,Schwetz,Winter’09)

sin22913 discovery reach

Our prediction

1072 F

10

sin22813 discovery potential (NH, 90% CL)

GLoBES 2009

-

Double Chooz

-

.
...... RENO
Daya Bay
B novA v
Sl maa NOVAvonly
Solar excludad
2010 2012 2014 2016 2018
Year

_L
=1
[

sin’ 26,5 discovery reach
3

Reactor, Long base line e.g. T2K, NoVA:

sin22913 discovery potential (IH, 90% CL)

GLoBES 2008

Double Chooz

- T2K

RENO
Daya Bay

- NOvA: v+7

=== NOVA v only

CHOOZ+

Solar excluded

2010 2012 2014 2018

Year

2016

sin® 26,, > 0.01



GUTs and Proton decay

= Proton decay in SUSY GUTs have two generic

sources: u y d
= (1) Gauge exchange:
- 5 9 u® o
+..0 -1 ~ | 97 5 ~ 1036:|:1 —1
p—e 7T, T ~ my, ~ r
\—*—)<—>—/U/
= (1) Higgsino exchange: o HoR
p— VKT / W \
o~ L 1P(&)%m3 ~ [1028-1032yr] 1 V
33
« Present limit: 7. > 2.3x107yrs



Present experimental

!‘h limits

= Super-K, Soudan IMB, Frejus
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Rank one also solves the

proton decay problem
on decay problem in SU(5): one Higgs pair s

>=x=—=< —> A, Y)Y,

0 In SO(10), there are more Higgs fields “ @
and if flavor structure is such that triplet i

Higgs do not connect, no p-decay problem:

Q; Ly

m Choice flavor structure that does It outta, mimura, Rnmos)
0 0 0 F0 0 ATy
hll:l — [D i U]; hlEﬁ — [ .-1III.E .:'!ILE '
0o o 1 AT AT A2

0 A3 A3
flion = (—;’13 0 }LEW;
V=A% —A2 0 )




$ Conclusion:
(1) New ansatz to unify diverse profiles of

quark and lepton flavor patterns.

(i) SO(10) GUT with type Il seesaw
provides a natural framework for
realization of this ansatz.

(i) Predicts measurable 9 and solves
proton decay problem of susy GUTs.



