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Different Approaches to
ﬂ neutrino masses

Symmetries A, , S, 2 (TBM)

QLC Anarchy,

texture zeros

Seesaw and GUTs



Seesaw paradigms for

ﬁ small neutrino mass

= Generating the Weinberg operator LHLH

theories: M > v
= Two UV complete realizations:

v from UV

h k
= Type I sM+ Majorana N M, ~ 104 GelV

(Minkowsk’; Gell-Mann, Ramond, Slansky; Yanagida; Mohapatra, Senjanovic’)

s Type II SM+ Triplet Higgs [mv =~

fvik

Mp |

(Maag, Wetterich; Lazaridis, Shafi, Wetterich; Mohapatra, Senjanovic’;Schecter,Valle)

Ma ~ 10MGeV



How to test high scale

‘-L seesaw ?

= Seesaw (I and II) have two features:
(i) Near GUT seesaw scale
(ii) B-L=2

= How good a testis u »>e+7vy ?

= First it needs susy

= Tests “large Dirac Yukawa couplings” but not B-L=2

= Can test Seesaw only in GUTs like SUSY SO(10)

= How to probe B-L=2 nature ?What if there is no susy ?
= Nu-less double beta decay (only if inverted or degenerate)




iB-VioIation and GUT seesaw

= Need more probes of B-L violation to test high
scale seesaw

= Main theme of the talk:

= Selection rules in B-violating processes e.g.
proton decay and NN-bar oscillation can provide
another window to probe seesaw in GUTSs

= A new way for GUT scale baryogenesis as an
alternative to leptogenesis




Neutrinos and GUTs

= Coupling unification scale ~ 1016 GeV~ seesaw scale
- Natural theories for neutrino mass are GUTSs

= Provide a unified description of quark and lepton
flavor : potential to explain curious features of neutrino

masses e.g. m@/m@ ~ 006013 ~ 0

= Possible GUT embeddings of seesaw:
-SU(5) with Type I, II
-SO(10) with type I and type II



Proton decay seesaw
‘L connection

= B-L is @ good symmetry of SM;
= Neutrino mass breaks L-part

= Therefore, if there is B-violation in neutrino
mass theories, the neutrino mass specific B-
violation must then break B-L symmetry:

m Since GUT-seesaw models naturally lead to
proton decay- they are right models for
exploring this issue.




roton decay: Current Status

Super-K
p—> o 70 0 ae n>e K+ 7 >103yrs,;
P pp>K* K+ T >1.7x1032yr
p—= vt

n — vao
p—e'n
p—u'n
n—wvmn

p — e po

S-K (Miura talk, BLV'11)

N —% & p=

p — u* po
n— p* p-
p—~vp*

n — v p0
p—etw
p—pto
n—vw

p — et KO
n—etK-
n—eK*

p — u" KO
n—ptK-
p—=vK*

n — v KO

p — et K*892)0
p — v K*@o2)*
n — v K*@892)0

1033
/B (years)




Selection rules for B-violation

(|) =6 OperatOI‘S (Weinberg; Wilczek, Zee'79) B'L=O
O, = (du)"(QiL))ei;, Oz = (QiQ;)(u€e®) €5, O3 = (QiQ;)(QrLy)eijcri
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‘LB-L=2 B-violation
(“)ﬁ=7 . Have B'L=2 (Weinberg; Weldon, Zee’80)

O, = (dcuc)*(chz-)*HJ’f‘ez-j, Oy = (dcdc)*(ucLi)*Hj’f‘eij,
O3 = (QiQ;)(d°Li) Hjeijers, Oa= (QiQ;)(d°Ly)" Hy (T€)sj - (T€)xi,
O = (Q:e°)(d°d°)"H, O = (d°d°)*(d°L;)™ H;,
O; = (d°D,d®)*(Liv"Q:), Os = (d°D,L;)*(d°v*Qy),
Oy = (d°D,d°)* (dcrec)
> N % e T

(i) D=9: u°d°ducdcdc B-L=2>n —n

(RNM, Marshak’80; Glashow’'80)

= Same property as seesaw 2> Are they present in GUT
theories for neutrinos?



i GUT Possibilities: SU(5)

= Minimal renorm. SU(5) —not realistic due to
Mg = My, Ma = Me : add 45:

s Type I seesaw: 5+45+ N, with Majorana mass

-Why large M, ?
-60 parameters; Need symmetries to predict:

(Altarelli, Feruglio; King, Luhn, Antusch, Spinrath; Chen, Mahanthappa; Smirnov, Schmidt,
Hagedorn....)

= Type II alternative: SU(5) +45+15
- 45 pa ra meterS (Joaquim, Rossi, Hambye,Raidal; Nasri, Yu, RNM,...)




S0O(10) SUSY GUT -dream
icture for neutrinos

= SO(10) unifies all fermions/family (including RH nu) in
single rep.

(Georgqi; Fritzsch, Minkowski)

= Scales : SO(10) - MSSM - SM

= Contains all the ingredients for seesaw

= Minimal renormalizable models with 126-Higgs is
predictive for nu masses and mixings in terms of
quark masses (19 parameters) (sabu,Mohapatra93)

(Fukuyama,Okada’02; Bajc, Senjanovic, Vissani’'02; Goh, Mohapatra, Ng'03; Babu, Macesanu’05;
Aulakh,Bajc,Melfo,Senjanovic, Vissani; Fukuyama,Ilakovic,Meljanac,Kikuchi,Okada;
Dutta,Mimura,RNM;Bertolini,Frigerio,Malinsky; Joshipura,Patel’11;Altarelli,Blankenburg’11; Dev, RNM,
Severson’ll)



Predictive SO(10)-

‘_h no symmetries-just minimal
= Quark lepton masses with 10(H)+126 ( A) Higgs
= hWpyH + fppA

M, = hvy 10 + fUu,126

%d = fled 10 +3fvd 126
¢ — U4 10 — Ud, 126
Mp = hvy, 10 — 3f Uy, 126

M, = fvr, — Mp(fog)  Mp

Few parameters—> predictive for neutrinos; (Goh, RNM, Ng; Babu, Macesanu)

Daya Bay value .15 913 =~ 17 m@/m@ ~ A




Theta_13 prediction of

* S0(10),,. Models

ype 1l seesaw case: e s -
GOh, RNM, Ng 03 913 ~ O. 17 0.1

Ue3 0

-0.0

-0.1
= Babu and Macesanu’05: 9]_3 ~ O . ]- 56_0'15 ———
0.8 0.82 0 0.88 0.9

84 0.86
Sin?20,

= Non-SUSY case (Type I)(Joshipura, Patel, 11 Severson’12)

sin? 0,3 = .024 013 ~ 0.156
(Daya Bay-RENO-DC value ~0.15)



Testing seesaw via new nucleon
é decay modes in SO(10)

y ingredient of minimal renorm. SO(10)
models for nu mass is 126-Higgs field that leads
to large Majorana mass for Nq.

= If some of the {126} scalar fields remain
at intermediate scale, they can give enhanced
B-violation with B-L=2e.g. n — e 7"

T, — TLOSCI”atIOn(Babu, Mohapatra; arXiv:1203:5544; 1206.5701; PRL)

= Can be observable in Hyper-K etc.
= Way to distinguish between SU(5) and SO(10)



Origin of B-L=2 n-decay

= Diagram for neutron-decay: = d=7/ Operator O,

Q b 0,=(QQ)(L) Het
e SO S w in {10, 126};
¥ . p(3,2,1/6) {126}

Q B-L=2g  © d wp*H in {126}*

/ Ac\ |-

s leadsto n — e + T decay



Coupling unification and
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Non-SUSY vs SUSY S0O(10)

= Only as lone operator: dcdcucLh,

= Arises both in {16} and {126} models:
e.g. in 16 models: {16}%{16}%,, {16}* {10},
{10}, {45}

= Distinguishing between SUSY vs non-SUSY
n—> e K* allowed in non-SUSY but not in SUSY



Alternative SO(10) scenario

= NON-SUSY SO(10) does not unlfv without low scale

particles,
= Coupling unif with1
sub-TeV Aud(6, 1, g)
+ 2 SM triplets;

= Predicts seesaw scale
near M;,~101° GeV;

s A, g mass ~1TeV GeV

(Babu, Mohapatra, arXiv:1206.5701, PLB; Patel, Sharma)

= B-L violation>GUT scale couplingv g1 Ay, g Ay d N dd
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# Scale sensitivity-1-loop

oupling unification is sensitive to sextet mass
1 TeV 2 TeV 10 TeV




Observable neutron-anti-
# neutron oscillation

violation at GUT scale leads to couplings

« UBLAudAudAdd <

= (Babu, Mohapatra’12 PLB)

3 7 200 Gev
B 9 G —_ /UBLf QCD > GUT scale field
nn-bar M4 M
Aga
1
s = 10° GeV> > 7,5 = AT ~ 10'% — 10M sec
n—mn QCD

= Current bounds: 7,,- > 2 X 10%s. 1LL; sksNO

s Observable with available reactor fluxes



Given this limit on[Tng
i why are nuclei stable ?

s Oscillation inside nuclei are 2SUDDressed
by the factor ( 0Mnp ) < 1062

an T V'ﬁ
s More detailed calculation: over, cal, richard)

TN e :RT,,% R =03%x10"sec” %TNuc 1032y7°3

= Super-K search T - > 2.44x108 sec



Possible N-Nbar search
¢ At Fermilab Project X

__p-beam_ o=y Neutron

source

Surface level

GGeV.!.OmACWLinac NeUtron
( trajectory _ Focusing
/h Super-m
us ars Reflector
Nuclear K,:‘;sw“s Mu L ~ 20m
Dedicated spallation target L
optimized for cold neutron production Vacuum /} pont
\ 5:’1 . . .
o “Background free” detector: L~100 m ol kg
. 1 ~ H ~2
one event = discovery dia~4 m "
o Expected sensitivity > 2,000 ILL units Anniiiation
4 2
P N . nate
n—"n i scales
7- =
n—nm 3




olor sextets 22 @LHC

s TeV scaleColor sextets Can be searched at LHC:
(I) Single production:

xsection calculated in (rnm, okada, yu' 07;) resonance peaks above
SM background- decay to tj;

= Important LHC signature: O(tt) > U(ZZ)

ud — A, %z‘]‘

(II) Drell-Yan pair production (99 =G — A A,
= Leads to #j#j final states:  LHC reach < TeV

(Chen, Rentala, Wang; Berger, Cao, Chen, Shaughnessy, Zhang’ 10; Han, Lewis’ 09)




Seesaw in SU(5) and B-L
‘L nucleon decays

= SU(5) with type I seesaw:
= Recall: exotic nggs coupllngs for BLV decay:
wp h;n*ph; p"®h; x“nh
= But 0 and 7 absent in SU(5) nu models with
type I or III seesaw.~> hence no B/L p-decays
= Way to distinguish SU(5) vs SO(10)
= SU(5) with type II seesaw—-> {15}-field

= | eads to observable BVL n-decay but not
observable nn-bar



GUT scale baryogenesis:
i why SU(5) failed
= In SU(5) dominant B-violation conserves B-L;

= Baryon asym, AB = A(B - L)+ A(B + L)
= B-L conservation> AB = A(B + L)

= But sphalerons violate B+L and therefore erase
A(B 4+ L) and hence no asymmetry !

= Things change with the inclusion of {15}
because of tiny B-L breaking




B-L=2 Proton decay and
ibawogenesis in SO(10)

= In our case, p-decay violates B-L
= Decays of w—> o H can produce baryon asym.

p S p
« ¢ A V°
----- > oo <to>--0 (A°) e yenn- L--»--0 (A°)
W .
. W N

H
= Graphs break B-L;
= Sphalerons cannot wash B-L hence leaveAB # 0



Asymmetry related to
‘L neutrino mass

= Asymmetry related to w-couplings that are
couplings of {10} and {126} and related to
neutrino masses:

6(c) . lIm -TT{YdCVCw YdTCLp YVCLH MVC FQ(MVC)} /\’UR-
B—-L — - ‘)\’UR‘Q

= For the light color sextet case: leptogeneis
works.



Baryogenesis in the color
* sextet model

-bar interactions go out of eq. around 101>
GeV;

= TWo sources of matter-anti-matter asymmetry:
(a) Leptogenesis
(b) B-L violating GUT scale by A, ,(w) decay

.
. 7’
/, 4
7’ /’
)
7 4
e /,
7z
. ,
. ud : ud
4 7
7’
7’
<
~



* Summary

= Baryon non-conservation are generic to GUTs !

= Observation of B-L conserving modes does not
say anything about GUTs for neutrino masses

= Proton decay modes bearing direct seesaw
sighature (i.e. B-L=2)are n— ¢ 7T and
n —n oscillation !

= They can be observable in realistic SO(10)
models for neutrino masses !!

= Lead to revival of GUT scale baryogenesis




Coupling unification with
TeV LR Inverse seesaw

ning plot: Inverse seesaw with Tev WR and Z’

S0
o o - new appeal of inverse
L) S . 1 seesaw
. so ' ' 'g i
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ﬁ Current best fit values

B .Schwetz, Tortola, Valle :1108

best fit +1o 30 range prec@3o

S 7.59+0.20 7.09-8.19 7% | KamLAND
Anm?, 2.5070 %% 2.14 — 2.76 o

0T | (2404008 —(213-267) | 27 MINOS
sin® f12 0.312+9911 0.27-0.36 14% SNO

+0.06
sin® Gas 00532;%056 0.39-0.64 24% SuperK
vy 0.013%9:907 0.001-0.035 T2K
sin“ ¢ : 1209
B 0.016+9:90¢ 0.001-0.039 " | glob

: (-0.6170%2) =

) 988 027 —~

| (-0.4155%) = |

upper: normal hierarchy, lower: inverted hierarchy

Curious feature!

2
Am@ ~ 920 bibb

2 abi1bbo
Am@




General SM multiplets
responsible for B<L decays

Multiplets: »(.2,+1/2), h(1,2,-1/2), w(3,1,-1/3), (3,1,1/3),
p(3,2,1/6), 7(3,2,-1/6), 1(3,1,2/3), 7(3,1,-2/3),
®(3,3,-1/3), &(3,3,1/3), x(3,2,7/6), %x(3,2,—7/6),
5(3,1,—4/3), 5(314/3

Couplings: (,up*h, ph (I)h, X*nh

Present in (126)* coupling in SO(10)

£(16,;16,;105) = hg; [(u;.—‘Qj + L) h — (dSQ; + eSL;) B + (;Q.-Qj + ufeS — dfu;) w
+ (euid; + Q:L;) <], (6)

+/3i (;Q Q; — useS + quc) wi + V3i(Q:L; — eutds) ws
+\/§(dfuc—+—uec)w2+2\/_zdc p—2\/§iqujp—+—2\/§ufu;n
—2vV3Biul L x + 2V3ief Q; X — 2\/_dfe§<5+ V6iQ: L; d + ] (7))



Flavor puzzle in particle
+L physics

= quark flavor puzzle: hierarchical pattern

= Neutrino mixngs: 6 ,;~45°%/large 6 ,, ~33Y
+Recent 6 ,; results:

= T2K: 0.03 < sin2(26,,) < 0.28

= MINOS: 0.00< sin?(26 45) < 0.12

= Double Chooz: sin?(2 6 ,;) = 0.085+0.051

s Daya Bay: sin°26,;=0.092 £ 0.016 £+ 0.005

= RENO expt. sin2 26 ;; = 0.103 £ 0.013 + 0.011

= How to have a unified understanding of flavor ?




Type II dominance and

# mixings
« Il seesaw (A =c(M,-M))

= GUT relation m, =m +12> A =0c= 0.22

(X2 2\ (X X
M,xm|X X Xl|l-m|X =3X

3 g2 2
\/lﬂl \ A

( Bajc, Senjanovic, Vissani’ 02{

A2
1

)

/

~ A

2

[\
),lE

LA

\2
L+ A
1

A
|
L)

= Predicts (913 ~ 17 ; m@/m@ ~ A (Goh, RNM, Ng03)

(Daya Bay central value~.15)



*‘ SO(10) with Type I+II

y?

= How well does the GUT relation

m, = nm_+ A2 work ?
= Quite well for susy SO(10) with large tan 8 ~50;

within 2 sigma for tan 5 =10

= Large tan 8 values have problem with p-decay
= Non-Susy no m, = ni_
= More general analysis with I+II4+CPV (aby, macesan;

Bertolini, Malinsky, Schwetz;'05)

= Large ()15 generic of 126 models with susy.



