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Neutrino mass generation

e my, # 0. Needs to go beyond the SM

@ Key for Majorana v: Weinberg operator; the only dim-5 SM
inv. eff. operator, L #0, B = 0.

(LH)?
A
@ dilepton L # 0, B = 0: see-saw 1,2,3.
o Leptoquark (LQ) L # 0, B # 0 is also a legitimate candidate
e To have B =0, either (1) 2 LQs with Ly : Ly # By : By or
(2)LQ + Di-quark (DQ) with L =0, B # 0.
@ We go for 1LQ+1DQ and address the connection between M,
and experimental signatures.
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LQ DQ mass bounds

e LQ mass direct search bound (95% CL., GeV, 8 = 1(0.5)).
LQ decay BR into /g and vq denoted as § and (1 — (3), and A:
Yukawa coupling for IgA. The LQ is assumed to decay into
leptons within only one specific generation.

1st gen. 2nd gen. | 3rd gen.
CMS 1005(845) | 1070(785) 634

ATLAS 660(607) 685(594) 534
ZEUS | 699(\ = 0.3)

@ For an Eg-type DQ, CMS study gives ms > 6TeV.

@ Very sensitive to the assumptions of decay BR as well as the
flavor dependant coupling strengthes.

o We take ms = 7TeV and ma = 1TeV as the benchmark
values
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Colored Zee-Babu Model
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@ Relevant Lagrangian for A(3,1,—1/3) and 5(6, 1, —2/3):

— [LE g2 Q; + () (YR)gums | A" = (dr) < (¥e) s S™

+yU (uR,) driA + pA*A*S + h.c.

i,j: flavor indices, SU(3) indices suppressed. Ys: symmetric
in flavor

@ Proton decay (YL/R)/1A1)2 can be evaded. (1)A very small
y&. (2) y2 can be eliminated by for example some Z, parities
{—,—,+,+,+,—,+} assigned to {L, Ir, Q, ug, dr, A, S}
respectively.
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Colored Zee-Babu Model

(M, )iir = 24u(Yz)ijmai Lir (V) jjmay (VE ) jrir

I / d'ky d'ks 1 1 1 1 1
= .
" (2m)* 2m)t (kf —m3;) (b —m3) (k3 —m3;) (k3 —m3) (k1 + k2)? = m3
1L x2 (md
Lijp~1I,= (4z)4WT' (ﬁ) N M = max(ma, ms)
- 1+ Z(Ine—1) fore>1,
I“]i{l ) for -0

o Write M, = Y w YLT. wijr = 24MIumjmj’(YsT)jj’-
o Qualitatively,

22 2
pmyYiYs Y Ys TeV
my, ~ W ~ 0.06eV x <106 X m .
2-loop, typical values Yy, Ys ~ 0.01 and u, M ~ 1 TeV,
sub-eV m, w.o. excessively fine tuning.

@ scaling: YL2 Ys = const, trivial but useful.
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[terative solution for Y|

e Working assumption:Democratic Ys (easy in extra-dim).
@ Since mp > ms > my

0 0 0
WO =24ul, x| 0 0 myms(Yg
0 mym(Ys)sy mi(Y S)

(1) O (%) ~ O (ﬂ> (2)/\/7,50) = Yw©@ Y/ is of rank-2,

mp

(3) det M =o. (4) Lightest one ~ (mg/mp) x max(m,),
(5) quasi-degenerate disfavored.

@ once {/L, ms, ma, (Y5)13’23733, (YL)13}: YL can be determined

{{ (Y1)
oY = \‘““ [m.,:ut\/;,u 2

o ‘Jl‘,m‘ll‘/,‘zz] .

g

o
ol W ms o @ my &
W ) mp S
o7 (¥1) (Vi
T T s T I e
(YL). y (1) ms g3 y ) mp 33 0 (0)
- - . .
O’ = = i Dmg (Vs)a (128
o ) my oy o m dn @
075 : o 0o = oo - o))
2B, myms n mug I ma (Ys)s 2mg (Ys)s
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Tree-level FV

V)i (Yi) . a7 —ap_a
Dlog = {7‘ Zm‘i U (<Pt - dfP ) + PRty - afPRuf) + .
B {()'L)‘),nl())L)z/m,‘/r‘,,ﬂ’ TP+ ,,‘[}
2mk
+ M (7" Prv; - dfPrd; + Ty Pl - uf~ Pru)
23 i ]
la Ix dpa  dpa T 3.
YR)mt(YR)ij— a a
+ AT Bl P
—————————— 0 .
A s + {% (TLmo" Prts - 0 Prut) — (om0 Pl - uf o Prus) + hc
v, _
@ drs  dps + QO (g ) [, Bt

m,, requires nonzero Y.

Minimal flavor violation and Y =0
o from K — K mixing, |Ys| <9 x 1073 x (ms/7TeV).

1(Ys)11(Ys)ho| < 1.92 x 107° x (ms/TeV)?
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Some considerations for Y =0

e UV: (1) extra-dim (2) U(1) symmetry
@ pheno side: If Yg # 0, the 1-loop EDM

N mg

o2 Im[YLYR]

dp ~

For ma = 1TeV, |Yy| ~ |Yg| ~ 0.01, CP phase of order one,
the typical electron EDM is around 1072* e-cm (currently,
|de| < 8.7 x 1072%e-cm.)

@ Like in many models, a pressing theoretical issue. A plain
solution: ma 2 100TeV but the phenomenology..
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Some considerations for Y =0

o If Yr =0, EDM at 3-loop level.

al. my CKM (/T . 1 JPMNS
dy {6n)? mgAlm [(VL)ékaj (Y1) Ui ] :

cL %\t/\/\i\j UL . SR én\

wt T, ¥
e If Y ~0.01, ma = 1TeV, ~ O(1) CP phase,
|de| < 10737 e-cm. Slightly larger than SM d,.

@ once d. was measured, either the Yr = 0 assumption with
mp ~ O(TeV) is out or more NP beyond the cZBM.
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o
Lo %E’ (d[”m + d,’{,’PR) oM LF,, + h.c.
(€= £9) = T (g P+ 0K )

@ A straightforward calculation yields

N.e K . T
— m//(YR),/ (YR ) /
167r2m2A 9 9

(Y0 rg(Y )ar) Filrg) + ma(Y0 ) rg( YA )aFa(ra)]

’
di =

g=u,c,t, rg= mg/mzA. d[’/ by simply Y; <> Yg. The loop
functions have limit F7(x) — 1/12 and
Fo(x) = 7/6+2Inx/3 when x — 0.

@ In general, Yr = 0 also minimizes 1-loop cLFV.
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@ The most general Z — [I" amplitude:

iM = ieu(p) [(c,gIP’R + CLZIP’L) (—g,w + q“ql,> ~Y

2
mz

1 o
+—— (df P+ dB ) (0, )} v(=p)é"(a),
mz

(c,d: dimensionless, projection on anti-particle.)
e only C,g is kept in the study.

,o(.’n‘

v 1
> . < ] a
g Lw,

o ci ~ Y2(Mz/ma)? d/c ~ (m;/Mz) and
cf /g ~ (mi/Mz)?
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@ final result in numerical form:

B(Z — ') ~1.46x1077

2

<TeV>4

X — )
ma
where a2 = aZ ~ —0.125 — 0.077i = —0.1468¢3193° and
Z _

af = 1.
@ The imaginary part of aic comes from the on-shell light

quarks in the Z decay. CP violation is observable.

> a (Y)ing(Y)iq

q=u,c,t
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Numerical study

e once {u, ms, ma,(Ys)13,2333} plus anyone of Y;'s are fixed,
all remaining 8 Y}'s iteratively determined from m, matrix
and Upyns. ma = 1TeV and ms = 7TeV. For each config.
w randomly chosen from [0.1,1]TeV, sin2912,13’23, Dirac phase
dcp: 1 sigma from global fit

@ (1)All |YL]|'s are less than one. (2) all TLFV (3) 1-loop cLFV :

B(pt — ety) | <5.7x 10713, 90% C.L.
B(t — py) < 4.4 x 1078 90% C.L.
B(t = evy) | <3.3x107% 90% C.L.

BZ, < 1.2x 1075, 95% C.L.
BZ. <0.8x 1075, 95% C.L.
BZ < 7.5x 1077, 95% C.L.
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4Fermi bound

@ Dimensionless parameter:

o = (YL)i(YL)jn
v 4\6G,:m2A

o Comprehensive study: 1008.0280

€cell 1073 €oe12 | 941070 || €013 | 3.9 x 1073
€002 102 €co23 1073 €oea3 | 9.2 x 1072
it | T3x 1073 | €10 | 9.4 x 1075 || €13 | 3.9 x 1073
a2 | 1.2 1071 || €009 1072 €upzz | 6.1 x 1072
€rr1l 102 err12 | 94 %1070 [[ 6113 [ 3.9 %1073
€rr20 | 12X 1071 || 7703 10-3 €rr33 | 8.6 x 1072
€ept1 | 8.5 x 1077 || egprn | 9.4 x 1070 || €013 | 3.9 x 1072
a1 | 9.4 x 1076 || €000 0.24 €eu2s 1073
€eust | 3.9 x 1073 | €m0 1073 €eusz | 6.6 x 1072
€ertt | 84 x 107 || €or1n | 9.4 x 1070 || €ory3 | 3.9 x 1073
€eror | 9.4 x 1070 || €000 0.24 €023 1073
€er31 | 3.9x 1073 || €urso 1073 €er33 0.2
eurtt | 9.4x 1070 || €10 | 9.4 x 1070 || €,r13 | 3.9 x 1072
curar | 9.4 x 1070 || €700 0.24 €uros 1073
furst | 3.9x 1073 | eurs0 1073 €733 1
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cLFV for IH

mpa = 1TeV and |(Ys)s3| = 0.0097. Dashed lines: current limits
at 90%C.L. If Ys — Ys/\, BR — \°BR.
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cLFV for NH

mpa = 1TeV and |(Ys)33| = 0.0097. Dashed lines: current limits

at 90%C.L. If Ys — Ys/\, BR — \°BR.
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o

BE = B(Z — W)+ B(Z — 0")

o Interesting at Z-factory ~ 102713 per year. [ NH(IH) ]

lower bounds upper bounds (for Yy = 0)

B — ey) | 3.05 x 10716 (3.98 x 1071%) 5.7(5.7) x 10713
B(T = ey) | 3.16 x 10719 (2.03 x 10718) 2.3(0.51) x 107°
B(t — py) | 4.67 x 10717 (1.68 x 10716) 3.4(2.8) x 1078

BZ, 2.5 x 10716 (4.9 x 10714) 2.2(8.7) x 10711

BZ 2.9 x 10716 (4.6 x 10714) 3.6(1.0) x 10710

BZ. 2.5 x 1074 (7.8 x 10719) 5.5(4.5) x 1077

Npe T () x 107 TR x 107

Tre F5o(9) x 10712 PRE) x 1071

N +2 3(+1':3) x 10~ 11 1"3 I(Jrg?) X 10—11
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Double Ratios

@ Double ratios are useful .

@ Neutrino mass hierarchy can be determined if meet any of the

following
Double Ratio H NH
R = T/B = ey) Ry >10%or Ry < 0.1 NA.
Ra=BZ /B(i — m) Ry > 103 Ry < 0.1
Ry = /B(p — en Ry > 102 Ry < 0.1
1?4:3(7'%;1«)/3 ;t*}{;) Ry > 106 R, < 0.003
Ry = B(r — pv)/B(r — ) N.A. 0.03 < R < 30
Rsz(T%t‘} /B(/.L—)c ) Rg < 003 N.A.
=B ,r/ R; < R7 >3 x 10*
Rg = BZ /B N.A. Rg > 102
R = W/Bm Ry < 0.01 Ry >3 x 104

@ R5(NH) and R7(IH) look promising.
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Double

probability per Log.

ged Lepton Flavor Violating Processes and Scalar Leptoquar
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LQ decay BRs

o IH:
(1) B ~ 1.0 or (2) BS ~ 55% and B2 ~ 45%.

e NH:
075 B“A + B2 <1.0and 0.2 < B2 <0.8. In other words,
B2 <03

@ Current direct search assumptions are not founded.

o

N

o
Br(A->7q) [utct]

Br(A-q) [u+e+(]

°

°

# 00|

00 01 02 03 04 05 06 07 00 02 04 06 08 10
Br(A-puq) [we+t] Br(A- i) [u+e+]

(a) (b)

Figure 7. LQ decay branching ratios for (a) IH, (b) NH.
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@ Working assumption: democratic Ys, Yr = 0, Y, determined
by m,

@ interesting lower bounds on cLFV ( Z-factory)

@ double ratios and nu mass hierarchy

o definite LQ decay BRs.
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