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Introduction

* Light neutrinos are very different from other fermions

— Smallness of masses Fermion masses

6
I 4 Quarks
2 Charged leptons
— Structure of mixing angles = —
CKM matrix: 912 = 130, 923 = 2.4O, 913 = (0.2° 6 T~~——

Log[MeV]
|

PMNS matrix: 912 ~ 330, 923 ~ 4107 913 ~ 8.8° I @t neutr@

-10

* The behavior may suggest high energy physics beyond the SM

— Ex.) Seesaw mechanism, flavor symmetry, etc.

* Inorder to know the high energy behavior accurately,
we consider decoupling effects of top quark and Higgs boson
on the RGEs of light neutrino mass matrix

2014/6/18 FLASY2014 2



Light neutrino mass matrix

* Lepton mass terms (1)\ /;I)
L= YpL®ER — g(LC’@)(ch)

V—>—a_ |, ——VU

[/, : coefficient of an effective dim. 5 operator

* Light neutrino mass matrix
M, = KV

v is a relevant Higgs vacuum expectation value:

174 GeV in the SM
v =
174 x sin 3 GeV in the MSSM



Renormalization group equation for

 RGE for k at one-loop level

d .
167r2d—’z = Cp(YiYEp) k4 Cpr (YiYE) +ax

{ asv =2Tr |3Y Yy + 3V Yp + Y[ Vi| - 363 + 2

6
amssm = 6Tr [YJYU} - 59’% — 693

where ¢t = In y, and C'z = -3/2 (1) in the SM (MSSM)
S.Antusch, M.Drees, J.Kersten, M.Lindner, and M.Ratz (2001)

* Solving this equation, M (= kv?) is written by

M, (A) =R ( I M, (AEW) I) J.R.Ellis and S.Lola (1990)

Low energy

tA
I‘lzDiag{\/fe, \/[_w\/i}, I, = exp [—S—EQ/ dtyi] (a:e,/l,T)
™ tEw
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Neutrino mass matrix with 7 and ¢

* Then, neutrino mass matrix is written by

S Qe (Mo (Aew))en /T2 (M (Aew))er /3
MyA)=F | MAew)en /12 Ao f= - (Mo(Amw))r (/2 12

1
(L (Aew)er \/F - (M (Aew)ir B 2 O (Apw)er

— Wedefiner=R/I,,e; =1/l —1and ¢, =/I./1, — 1

— Since €, is numerically almost equal to 0, we can neglect ¢,

* Finally, neutrino mass matrix is approximately written by

(A[I/ (AEW))ee (A/L/ (AEW))e,u (A{y (AEW))F’T (1 + E)
M, (A) =7 (Mo (AEw))ep (M, (Apw)) (Mo, (Agw))ur (14 ¢€)
(M, (Agw))er (1 +¢€) (M, (AEW))HT (1+¢€) (My(Apw))rr (1+ 6)2

where we redefine € = €. N.Haba and R.Takahashi (2013)
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Neutrino mass matrix with 7 and ¢

 7rand e are calculated by

oA — M (A))ee M) — oy [ LGB [0 o]
(A)—(MU(AEW))%, (A) = p[28ﬂ2/ dt (y= y] 1

tew
 M,(Agw) is given by PMINS matrix (assuming mass eigenvalues):
(My)ap =Y _ULUszm;

_; _ 5 %1
€12C13 512€13 size” " e "2 0 0
s 5 o
U= | —s12¢23 — c12823513¢€" C12C23 — 512523513€° $23C13 0 el T ()
1

s s
512823 — C12C23513¢€" —c12823 — S12C23513€"° C23C13

 Mass squared differences and mixing angles in the EW scale:

Am?2, Am3, sin? 6y sin? g sin? 63
i 248 x 102 eVZ (NH) | . 0.425 (NH) | 0.0234 (NH)
el = —5.,1/2 . .
TdXA072eVT ) 102 eve am) | 0" | 0437 (1H) | 0.0230 (1H)

— We assumeAgw = M4 F.Capozzi, et al., arXiv:1312.2878.
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Decoupling theorem

* The RGEs in the previous slide are effective for m?'° < u < M

— Forpu< m%’Ole top quark is decoupled cutoff scale
. . Effective theory is valid
— For p <m,, Higgs boson is also decoupled in this region

* One of the quantum effects by fermions are shown by

cp—?ok-aﬁ

fermion
* Decoupling theorem says that, for p < m_ (xis some fermion)

>~ O --¢ already does not contribute to quantum effects

X (neglecting threshold corrections)
T.Appelquist and J.Carazzone (1975)



RGEs in the SIVI for u > mPe'

3
16720, = —5(YjVe)T k- 5 5 (ViYE) +2Tr [3Y] Yy + 3Y5YD +YiYp| &
—39%;{4—)\;{,
2 3yt 3 4 t i i
16720y, = YuqSYiVe - SYHYD + T [3YUYU L 3YIYp + YEYE}
17, 9
5ot~ 98 - 843
2 Syt 3y i i i
16728y, = Yp{ViVp— SYiYy+Tr [3YUYU + 3V vy + YEYE]
1, 9
U RLEY
2 3 f f 1 9 9 9,
16728y, = Yp{5YiVe+Th [3YUYU + 3V Yy +YEYE} -0 -9
9 0/3 , 2
16723y = 6A% — (59% +992) A5 (25g%+ - 9193 +92)

4T |3V Vi + 3V YD + ViV | A

8T |3 Yo ¥ Yu + 3V YpY, Vb + Y] YeY Ve .
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RGEs in the SM for my, < pn < mP°*

Diagrams with internal line of top quark do not contribute.

3 3
16720, = —S(Ve)T k= 5k (ViVe) +2 (T [3v vy + 3V ¥D + Vive| - 342) &
—39% K+ Ak,
3 17 5, 9
16728y, c(yo gy = YU {§YJYU YYD + (T [3YY0 + 3V YD + YETYE] 37) — 5597 — 795 8 gg} ,
3 1, 9
1675y, = w {51@ + (Tl‘ {3YJYU +3Y)Yp +YBIYE} - 3yf) -9 0 8992,} :
3 3
16728y, eyt = YD {ingD - S YIYo+ (T [3¥{v + 3V} YD + Vive| - 3y§) 8 gg} ,
2 3yt f i i 2\ _ 92 9o
16720y, = Yui{3YiVe+ (T [3vdYy +8Y[ YD + VivVe| - 847) - 19— 198
9 0(3 , 2
16726y = 6A% — (59? - 995) At (259'% + z9105 +gz)

+4 (T [3Y] Yy +3Y)Yp + ViV - 347) A

—8 (T |3V Yo VYo + 3V Yo Y Yo + VYR ive| — ) |
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RGEs in the SM for M, < u<m,

Diagrams with internal line of Higgs boson also do not contribute.

16728,
167r25yt

167T28YU€{yuayc}

167 By,

167’(’233@3

167‘(‘25)\

_392 K,
0, Fermion box diagram
2 S ~
Yu (_gg% - 89§> ) . »
1
YD gg% - 8.9%) ) P * “

(
YE ((29%) ; /

=8 (T [3vvo vy + 3Y Yoy yp + viveyive| - syt .



Numerical results
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MSSM
(SUSY = 1TeV)
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B Solid line: Including the decoupling effects
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B Dashed line: Not including the decoupling effects
» Red, Green, and Blue lines: tan3 = 5, 10, and 30
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Runnings of r and ¢

1_3[]_- T T T T T T T T T dl_l_dl____..l: [}__
L2531 _ _5.x10°6}
1.20¢ —0.00001}
SM r .15 o € _0.000015}
L10f 0.6% —0.00002 o
sl at u = 101 GeV © Below 0.1%

S —0.000025F

l-l}n_lr I I I I I I I I I I I 1] :' L L L L 1 L L L L L L .

2&3455?391011121314 2 3 4 5 6 7 8 O 1011 12 13 14

pole
t

0.014F T T T T T A

112} ] ; e
L10 et el TR 0.012}

- O 0.010} Below 0.1%

1.08} ;
MSSM 0.008}
r [ E [
1.06 ! 1.4% 0.006
(SUSY = 1TeV)  ro4f | - 1‘; 0.004]
Lo2k at ,Ll; = 10 GeV [}.[}[}25

l'ﬂn_l 1 1 1 1 1 ] 1 1 1 1 1 By [}.[}[}[}i- — I I rE— ! - ! ) —

2 3 4 5 6 7 8 9 10 11 12 13 14 23 4 5 6 7 8 0 10 11 12 13 14

log,[u/(1GeV)] logyo[1/(1GeV)]

* The differences between including the decoupling effects or not
are not negligible for r

 The main differences are occurred b}/ top quark decoupling
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tan( dependence of r and ¢

| ] 0.030 F

2 I' 0.025

1204 1 0020

MSSM r 1.15; | 1 e [}_[}15%

(SUSY=1Tev) .t 0.010

0.005 [

1.05f :
- 0.000 £

B These figures are results including the decoupling effects
> Red, Green, Cyan and Blue lines: © = 108, 10'Y, 1012, and 104 GeV

1.4 [ Comparison with previous work]
— (1010
1.3 _— \/ 9 5 9 _ . m(lO GGV)
m = mi + ms5 + msz, Meel = —
- 1 2 3 m(MZ)
£1.2 _
IS Mrel corresponds to the green line (upper left fig.)
L1 S This value is important for leptogenesis.
{ The difference between our result and previous

100 20 30 40 50 work is not negligible.
tan (3
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Runnings of mass squared differences

NH
(SUSY =1TeV,
tan( = 30)

IH
(SUSY = 1TeV,
tan( = 30)
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B These figures are results including the decoupling effects

B Solid, dashed, dotted, and red-solid lines: My o3 =0, 0.03, 0.0, and 0.07eV

B Shaded regions can be taken according to CP-phases for m,, 3 = 0.07eV
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Mass squared differences at © = 10 GeV

NH (susv 1TeV tanﬁ 30) IH (SUSY = 1TeV, tan/3 = 30)
305 @%%‘%‘u@t z.?sf- -

300 [
' 2.70 [,

b

b =]

L]
g
[=4]
L]

b3
=]
=

ﬂnﬁ,|10'3c‘v’2|
amd [107%ev?]

g
=
=

2.85] [
- 2550

2.80

Am3,[10-%eV?] AmZ, [10~5eV?]

B O(Red): Including the decoupling effects
B + (Blue): Not including the decoupling effects

» The clusters correspond to M3 = 0,0.01,0.02, .., and 0.07eV from the
bottom (top) in the NH (IH)

* The allowed parameters with the decoupling effects are about
3% lower than those without the decoupling effects
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Runnings of mixing angles
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B These figures are the results with the decoupling effects
B Solid, dashed, dotted, and red-solid lines: Myer3 = 0, 0.03,0.05, and 0.07eV
B Shaded regions can be taken according to CP-phases for my 3 = 0.07eV
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mixing angle
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Summary

We have considered the decoupling effects of top and Higgs
— Usually these effects are ignored

The effects of top quark decoupling are negligible for mixing
angles but mass eigenvalues

— When we build models in high energy scale, we should be careful about
the difference

Phenomenological aspects

— ro~m= \/m% +m3 4+ m3 is a parameter which give a bound of right-
handed neutrino mass in leptogenesis

— Decay rate of OvBp decay is proportional to (M, )ee =7 X (M,(Mz))ee
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EFT in type-l seesaw mechanism

* The analysis only with Weinberg operator is not always possible

— Type-l seesaw (M, < My, < My;) M. Lindner, et. al, JHEP 0503(2005)

D p> My,

(Y %k(Y )kj v2
(My)i; = Z (Mn )i N, decouple

@ My, < < My,

o V) ire(Yo)rj )2
(M,)i; = kij +kzl (M)

® My, << My, N, decouple

e DMy
(M )%J — Mg +kzl (MN)

@ p< My,
(M,)ii = #1702 N, decouple
v/jiy — Mg

When @ < My, we can analyze only with Weinberg operator
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Merit of using 7 and ¢

(A’fu (AEW))ee (A’fr/ (AEW))e,u (ﬂ’fr/ (AEW))ET (1 + 6)
My,(A) ~r ( (M, (AEW))ep (M, (AEW)) g (M, (Apw))pr (1 + €) )
(M, (AEW))er (1+€)  (My(Agw))pur (1+€) (M, (AEW))rr (14 €)?

r and € are calculated by

L (A/[F/(A))ee 1 CE ta
") = OL(Aw)., 29 <) = e [2 872 /t dt (y- ‘ye)] :

We have to solve only 1 RGE for M , (k)

We can extract mass eigenvalues and mixing angles from M,
at arbitrary energy scale
— We usually solve 6 RGEs for them (3 mass eigenvalues + 3 mixing angles)

It is easy to understand the light neutrino’s behavior
— Mass eigenvalues depend on both r and ¢, but mainly depend on r
— Mixing angles depend on only €



RGEs for gauge couplings

dga
2 _ 2 3
2
::> g4 (Agw)
gi(A): 4 5
1_ 1671 QQA(AEW)IOg( )
e SM
| 23 [ /1\? 2\ 1\? 1\? 13 (1\?
by = gg !(6) 6NQ+(§) 3NU—|—(§) 3ND—|—(§) 2N;, + Ng +§S (5) 2N
B 11 21 11
11 21

lNQz:z,NU:s,ND — 3. N, =3.Ngp =3 Ny =1

33

* For the MSSM, we can get (b1, b2,b3) = (3, 1, —3) in the same way.
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RGEs in the MSSM

6
16726, = (Y;YE)T K+ K (YETYE) + 2Tr [BYJYU] K — ggf Kk — 645 K,
2 _ t t [ oyt B, L5 16,
167°fy, = Yy {3Y)Yy + Y Yp +Tr |3Y(Yy| — so0f =305 — ai ¢
- 7 16
16728y, = Yp {3YgYD Y Yy + T |3V Y + YgYE} ——gi =3 — 2 gg} ,
9
16728y, = Yg {3YE*Y+T1~ [SYgYD - YgYE} — 291 - 393} .

S.Antusch, J.Kersten, M.Lindner, M.Ratz, and M.A.Schmidt (2005)
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How to calculate the RGEs

* In Landau gauge, contributions of electroweak gauge bosons
are calculated by the following two diagrams

The solid, dashed, and wavy lines show fermions, Higgs boson, and gauge
bosons, respectively.



Boundary conditions

* To solve the RGEs, we take the boundary conditions for
fermions and bosons as below:

m, = 2.3MeV, m. = 1.28 GeV,

mg = 4.8MeV, ms = 95 MeV, mp = 4.18 GeV,

me = 0.511MeV, m, = 106 MeV, m, = 1.78 GeV,

M, = 91.2GeV, my, = 126 GeV,
ot = 127.944,  sin®6,, =0.23116, o, =g3/(4m) =0.1184,

at u = M,, and m, = 160GeV at u = moc = 173 GeV.
PDG data (2012)



Matching conditions

 We use the RGEs at one loop level, and matching conditions at

tree level

* The RGEs of k are continuously connected at the thresholds
without the corrections
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SUSY threshold dependence of r and ¢

==

sl ,I-*"L” -‘-I"-I-.. roT ] 0.014
- ‘ T ' 0.012}
. 0.010}
ssm | 0008}
_ 0.006}
(tan3 = 30) 1.[}5; 0.004} 7,
] 0.002} s
100} 0.000 Fmmeat™

2 3 4 5 6 7 8 0 1011 12 13 14
log; [¢/(1GeV)] logyo[u/(1GeV)]

2 3 4 5 6 7 8 9 10 11 12 13 14

B Solid line: Including the decoupling effects
B Dashed line: Not including the decoupling effects
» Red, Green, and Blue lines: SUSY = 1, 10, and 100 TeV

e The fundamental behavior is same as before

— The differences between including the decoupling effects or not are almost
independent of SUSY threshold.

e All results for r and € are independent of mass spectrum of
the light neutrinos and all CP-phases
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Runnings of mass squared differences
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B These figures are results including the decoupling effects

B Solid, dashed, dotted, and red-solid lines: My o3 =0, 0.03, 0.0, and 0.07eV

B Shaded regions can be taken according to CP-phases for m,, 3 = 0.07eV
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Runnings of mass squared differences

207
18} _
NH =1 g
u_l-_'u P
1
= 14 / .....
(SUSY =1Tev, = ya _
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tan( = 30) 3 e ]
10} P et T
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* Asmy,sis large allowed region of Amy, is much larger than that of Amj3,
—For my 5= 0(0.01)eV, Ay, < mi < Am3,

> Amj,, is sensitive to the quantum effect of m,
2014/6/18 FLASY2014 30



Runnings of mass squared differences

Combinations of CP-phases which give the upper and lower bounds

NH Am3, Am3,
Upper bound (0, any, 7) / (0, m, m) (0, any, 0) / (0,0, 0)
Lower bound (. any, 0) [ (m, m, 0) (0, any, m) [ (m, m, 0)
[H Am3, Am3,
Upper bound | d =0,[¢; —¢pa| =0/ (0,0,0) | d=m, |y — | =7 / (m, 0, 7)
Lower bound | d =7, |¢1 — | =a / (7. 0, m) | 6 =0,]|d1 — 2| =0/ (0, 7, w)

The values in the table are (4, ¢, ¢,)

The former and latter combinations correspond to my 3 =

OeV and nonzero m, 3

For m; = 0eV in NH, both Am3, and Am3, are independent of ¢,

For m; = 0eV in IH, they are independent of |¢, —

P

The upper and lower parts of the allowed regions (except Am3, in IH)

are taken by 0 = 0 and 7, respectively

For Am3, in IH, they are taken by 6 = 7w and O, respectively



Runnings of mixing angles
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B These figures are the results with the decoupling effects
B Solid, dashed, dotted, and red-solid lines: Myer3 = 0, 0.03,0.05, and 0.07eV
B Shaded regions can be taken according to CP-phases for my 3 = 0.07eV
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Runnings of mixing angles

 Combinations of CP-phases which give the upper and lower bounds
| NH | B1a | B3 | B13 |
Upper bound depend on m; (0, any, w) / (0, m, w) | (7, any, 0) / (7, =, 0)
Lower bound | (m, any, 0) / (7, «, @) | (0, any, 0) / (0, 0, 0) | (0, any, 0) / (7, 0, 7)
| IH | B | Bag | b13 |
Upper bound depend on mgy - [ (m 0,0) -/ (m, 0, m)
Lower bound || 6 = 7, |[¢y — o =0/ (7, 0, 0) - [ (mw, m, m) - [ (w,m 0)
my (or my) eV 0.03eV 0.05eV 0.07eV
(0, any, 0) (0. 7. 0) (5,7.3) | (557
Upper bound L e or (% 2.3 | or (3,32 1) NH
of 19 0=7Zor i, (5 %%] (5, 0,m) (5,0, 7)
by — t_j_;.| =7 |or (3,37 5) | or (55.0,7) | o (32,0,7) IH

For m,; = 0eV in NH, all mixing angles are independent of ¢,

* Formy=0eVinlH, 6, is independent of |p, — ¢,|, and 0,; and 6,5 are almost

independent of all CP-phases 0y fon 0o
|91 — ¢2| | (D1,02) | (|6 — ¢l [0 — ¢2|)

Upper - (m, ) (0,7)

region (0,0) (m,0)

Lower 0 (0,0) (m,0)

region (7, 7) (0,7)
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