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Introduction

» Standard Model (SM) is most successful theory incorporate the dynamics of sub-atomic

particle

* However, SM cannot explain e.g, quark mass hierarchy

Nk

m; 1 =u,d,c,s,t,b

* Universal seesaw model — smallness of up quark mass
explained by the tiny ratio of SU(2) r breaking and
SU (2) singlet vector-like quark (VLQ) mass My

_ YuRUVRYu LV _ Yu U
2My V2

_ YuRVYRYuL

V2My

My, — Yu

v~ 246 GeV

Quark mass
(PDG)

Yukawa coupling

my, = 2.16 MeV

Yu >~ 1.24 x 107°

mg = 4.67 MeV | Ya = 2.68 x 107°
ms = 93.4 MeV | ys = 5.37 x 104
me=127GeV | y.~730x107?
my = 4.18 GeV yp ~ 0.024

my = 172.69 GeV | yr =~ 0.99

My, Md, Ms from MS at 1 = 2 GeV

Me, My from MS at 4 =M

m¢ from direct measurement

A. Davidson, K.C. Wali (1987); S. Rajpoot (1987); T. Morozumi, T. Satou, M. N. Rebelo, M. Tanimoto (1997)

Y. Kiyo, T. Morozumi, P Parada, M. N. Rebelo, M Tanimoto (1999)




Introduction

Physical observables are basis-independent

In quark sector, one have freedom to rephase the quark fields — Redefinition of CKM matrix

V(ij = ¢~ ¥a Vaj e’

Example of CKM rephasing invariants — CP-odd Jarlskog invariant J = Im(V11 V22 Vi5V5))

Flavor matrices (Yukawa matrices) are basis-dependent — weak-basis transformation

One generation case of
Quark sector of universal seesaw
model

- obtain the weak-basis invariants quantities

Our purpose:
- mass eigenvalue, mixing matrix at some hierarchy limit }
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The model [T. Morozumi, A.S. Adam, Y. Kawamura, A.H.P, Y. Shimizu, K. Yamamoto arXiv:2211.02360]

We study the quark sector of the universal seesaw model with SU(2)r, x SU(2)r x U(1)y~

Particle content: i = ( ZZ ) :(2,1,1/6) ok = ( Zz ) (1,2,1/6) T LEAI=L2S
v i Q=1Is + Iz, +Y
Ur:(1,1,2/3) Dy:(1,1,-1/3)
1 0
! ;s =75 )
ou=( % )@ en=( G )02 B
o= )

The Lagrangian of the model,

cDoublets—zsz(a WL — s E)%+Zwm(a gk — g1 E)%

tuia =307 (10~ 02~ M0, U+ Y07 (i 0By - M, )
I=1 I=1

LVLQ-Doublets = —Y % Wi drUs — Y% ;birdrUs — yd sbirdr Dy — y&i jbindrDy — h.c.



The model

Mass hierarchy:

A
My, Mp, Mg, Ms, Mp Seesaw mechanism works foru, d, c, s, b

Yu(d)RVRYu(d)LVL
QMU(D)

Zr,Wgr Moy (d) =

vy,

SM

We will study the one generation case
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Weak-basis invariants

[A.H.P &T. Morozumi arXiv:2211.02359]

The lagrangian of the model:

_ YuLVL _ YarLvr
- - - - MyL = \/§ mqr = \@
L=—vYrmy U —yvrmyrU —YrmarD — YrmarD — (h.c.)  YurUR  Yarvr

. - muR — \/§ de — \/i
- ULMUUR - DLMDDR - (hc)

Define following weak-basis transformation (WBT) on doublet quarks and VL quarks in this model as follow,

wlL — eiQVL ¢L7 w}{ — eiQVR ¢R7 U/ _ eiQU U, D/ _ eiQDD

The Lagrangian will unchanged if the quark and VLQ mass have to transform as,

/ (v, —0 / i(0y, —0
muL:e(VL D, muR:e(VR v)

M}, =My, M}, = Mp

/ (0, —0 / i(0y,, —0
MyR, mly = e v =), mhyp = e Or=00)m,p.

Denoting:

21 = eVe 2y = VR 23 = €U 2y = P

* * * *
g1 = Myr,q2 = My1,q3 = MyR,q4 = My, q5s = MdL,q6 = My, q7 = MdR,q8 = Myr,q9 = My,q0 = Mp
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Weak-basis invariants

Using Molien-Weyl formula  see e.g. [Y. Wang, B. Yu, S. Zhou (2021)]

1 Haar measure:
1 dzq dzo dzs dz4
det(1 — g;Ri(g)) /[dM]G = WZ{ — — — —

z1|=1 A1 Jlza|=1 ?2 J|zg|=1 #3 J|z4|=1 4

H(qi,...,qn) = /[d#}a |

1 =1

- : Itigraded Hilbert-seri 1N —
H(q, : ,qn ) : multigraded Hi ‘er series ex: [det(l — qi212; 1)] 1
g; : arbitrary complex number with |¢;| < 1

R;(g) : representation of group G where g € G

We obtain the multigraded Hilbert series:
1 — 419293949596 974s

1 —q1g2)(1 —q394)(1 — ¢596) (1 — q79s)(1 — q19449697)(1 — ¢2¢39598)(1 — q9)(1 — q10)

—— —— —— —— —— —— -
Il IQ 13 [4 I5 I6 I7 18

H(ql,...,qlo) = (

Basic WBISs:
2 2 2 2 * * * *
L =myp, la=myg, Is=mgy, li=mgp, Is=muyrm,gmgrmar, l¢ =My, MurMaLMyR
I; = My, Is= Mp

There is one relation among the basic WBIs  Isls = I1121314 1



Weak-basis invariants

By changing 41,---,410 — ¢, we obtain the ungraded Hilbert series:

H(q) =

1—|—q4

7 independent WBIs
* CPeven — Iy,15,13,14,17, 13

* CPodd — Jg=1I5— I

Next: Finding the source of this CP violating WBI

(1—=¢)%(1—¢*)*(1 —q%)

CP violating WBI:

W = Im(myrm, gmarmar) =

Jo

21
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e WL-WR mixing, mass eigenvalue, and mixing angle
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WL-WR Mixing, mass eigenvalue and mixing angle

WB freedom:

/ 7 —
QVL gy — _arg(muL) ml = 6'(9VL OU)muL
QVR _ 9U _ —arg(muR) m;R — eZ(GVR—QU)muR
Ov, —0p = —arg(mar) myy, = e OV =fImy;
Oy, — Op = —arg(myr) + arg(myr) — arg(mar) Myr = e Ovr=0D)

Lagrangian with the new weak basis:

m;L = My
m;R = ‘muR‘

m/dL = |mqr|

mhg = |mar|e®™

e’i@w}

_ ei(arg(de)—arg(muR)—arg(mdL )targ(maqyr))

ﬁ = —EmuLU — %muRU — EmdLD — w_RdeeiGWID — U—LMUUR — D_LMDDR — h.C.

Separate the up-type and down-type:

. - T 0 maqyrL
Lo = —(u UL)(”%R MU)(
M,
s = —(d; Dr) U o, T
¢ L mare” """ Mp
Flavor basis — mass basis Mg

i
M 14



WL-WR Mixing, mass eigenvalue and mixing angle

_ (T 7T\ yt 0 myr up \ /
o (0 () () (1)
\ }
! diagonalize Ur | _ g
(mm : ) g (0 )= (1)
0 My, i\ ; &
Dy b\ D’
_ A > TR Al 0 madr, dn d d
\ }
! diagonalize Vu,,Vur, Vb, Vby are 2 x 2 unitary matrices
md, 0 ) )
0 my — d.
Charge current Lagrangian: ’ dr ;VDW Lj
gL - IR _
Lo =—"= uL’}/MdLW + dL’}/ ur, W ) — —(UR’}/’“dRW + dR’)/MuRW )
\/5( ’ " \/§ ! . ur, = ZV(}kLuu/Lz
9L (_1y,* 71/ % —~ i=1
_2\—@ (u;VULMVDLlijM(l - 75)d;W:L +diVp,, Vo, (1= 75)u;W/~LL)
JdRr 5 + - -~ Uri; VDr1j
—/ * / * —
_—2\/5 (Uz‘VURliVDle’W’L(l + 7y )dquR + diVDRliVUle/Y'u(l + 7y )uquR> VCKM V(leiVDle
15



WL-WR Mixing, mass eigenvalue and mixing angle

qgr Iy dRr Y v —
Foctmes = 2V2 <ugVUL1iVDL1j7M(1 - 75)d;W;L> — = (VD Vum, v (1477 )us W)

2v/2
+
W,uL W:—R
Log = MPW W' + hc.

d;

JgLgdRr * *
— (VULlimui VURli)(VDLlj mq, VDle)g/u/[_CUV + log 2+ 1+ f(ﬂluZ ) mdj)]

1672

Iy, w,, (0)

* *
VULllmul VURll + VUngmU2 VUR12 =0 where

. . 2 2\ .2 2

seesaw condition:

flmus,ma;) = m2 —m?
* *k _ = '
VULllmul VURll + VUlemuz VUR12 =0 Ui d;

* * .
VDLllmdl VDR11 + VDlemdz VDng =0

__ 9LgR

W, wa(0) = T62

(VJ'Lllmul VURll)(VDLllmdl VD*Rll)guV[f(muumdl) + f(mu27md2) - f(mu17md2) - f(mu27 mdl)]

16



WL-WR Mixing, mass eigenvalue and mixing angle

(

Diagonalization of u

o )=

cos Oy,
sin eUz,

—sin Oy,

p-type quark and VLQ mass matrix

)( )(

/
ur,

/
Ur,

sin Oy,
cos Oy,

cos Oy,
—sin Oy,

) (

cos Oy,

Lagrangian of up-type mixing become:

UR
Ur

My,
My

B — cosOy, —sinfy, cosfy, sindy, 0
Ly=—(u), Up) ( sinfy,  cosfy, ) ( —sinfy, cosfy, ) ( Mug
____('_T Zﬁ—) cosly, —sinfy, 0 my, — cos Oy,
= uy, L sin Oy, cos Oy, My, My sin 07,
— My, O u
—— () (e ) ()
Mass eigenvalue:
_ \/M(_2] + (muR - mUL)2 \/M(2] + (muR + muL)2
My, = — 5 + 9
_ V/A45'+(VnuR'_7nﬂL)2 N/AL%_%(W%UR_+TnUL)2
My, = 5 + 9

)=
)(

sin Oy,
cos O,

sin Oy,
cos Oy,

cos Oy,
—sin Oy,

(9
)(

sin Oy,
cos Oy,

cos Oy,
—sin QUR

)(5)

Mixing angle:

Ov, = 0u, — Oy,

My, — M
tan Oy, = —= oL
My
2Mym,
tan 29UR = v i

2 2 2
MU +mg, —mg .

17



WL-WR Mixing, mass eigenvalue and mixing angle

Diagonalization of down-type quark and VLQ mass matrix
dr, \ [ cosOp, —sinfp, cosfp, sinfp, d;
Dy )\ sinfp, cosfp, —sinfp, cosfp, D7
drp \ [ €% 0 cosfp, sinfp, -1 0 d’p
Dr | 0 1 —sinfp, cosfp, 0 1 D7,
Lagrangian of down-type mixing become:

Lo=— (T D) coslp, —sinfp, 0 M, —eWicosfp, €Wisindp, dy
d L L sin@DL COSQDL dee_wWI Mp Sin@DR COSQDR D}i

(T P ma, 0 dp
——(z o) (") (e

Mixing angle:
Mass eigenvalue:
J QDL — QDR - eDl
- :_\/Ml%+(de—mdL)2+ VME 4 (M, +ma,)? M, — M,
1 2 2 tanfp, = A
D
\/Ml2) + (de B mdL)2 \/M% + (de + 7nd/:)2 2Mpmay,
Md, = + tan20p, =
’ 2 " MR +my, —mj,

18
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Hierarchy limit

My, Mp > vg > vg,

cosly, —sinfy, 0 my, —cosly, sinfy, \ [ my O
sinfy,  cosfy, My, My sinfy, cosOy, | 0 My,
( cosfp, —sinfp, > ( 0 ma, ) ( —eWicosOp, eWisindp, \ [ ma
. sin 0 cos 0 my.e 0wt Mp sin 0p cosOp N 0
Mass eigenvalues: b b " " .
o~ TurMup _ VRYuRYuLUL o M Mixing angle:
up — — ug — VU ) Moyl . MyRr
My 2My sin 0y, - sin Oy, ~ —
My My
MdrMd VRYdRYdLVL N
Md, = ]\1} - = IM ma, = Mp sinfp, ~ 4L gingp, ~ AR
D D r Mp " Mp
Recall:

* * 20
W = Im(myrmy, gMmirMdr) = My MyrMarmarlm(e”"V)

_ 9grLgRr
1672

Ty, (0)

cosfp,

cosbp, = cosly, = cosly, ~1

(V(j'Lllmul VUR11)<VDL11md1 VDRH)gMV[f(mul ) mdl) + f(mu2 ) md2) - f(mul ) mdQ) - f(mu2 ) mdl)]

My LMy RMILMAR

My Mp

6—20\;\/1) —

e
My Mp

0
mq,

20
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Hierarchy limit

My, Mp > vrp > vr

This hierarchy limit is applied for:

1st generation quark

My My, YRYuRYuLVL
-y — Mmy,,r =~ M
u My 2My; ; .
iy MdpMdy _ YRYIRYdLYVL myqg >~ Mp
T MD 2MD
2nd generation quark
S MepMler, _ YRYcRYcLUL me >~ Mo
c MC 2MC
.~ mSRmSL _ URySRySLvL mg =~ MS
s MS 2MS

21



Hierarchy limit
My, Mp > vrp > vr

1 ~ md
POKM _ ( cos By, cosfp, cosby, sinfp, ) N < ~ 1 AL )

sinfy, cosfp, sinfy, sinfp, 717\14”; ?}\7; Tf;

/CKM _ < cos Oy, cosOp, cosby, sinfp, ) ( —eifwr g) > N ( ~ 1 ST ) ( —etfwi é) )
R — ; ; ; 10w — Myr  MuR MdR 10w
sin Oy, cosfp,, sinfy,sinfp, 0 e M R 0 e

_ 9L CKM_ _9r CKM  p
Loc = ﬁ(umv d, WL+hc) ﬂ(umv d WR+hc)

This hierarchy limit is applied for:

1st generation 2nd generation

= _ mqyr _ _ mMyrL mdL — _ msr _ Mer MsL _

Joo =ty eyt ety st g = e+ s Mo Ms P
= = Mdr _ MyR _ MyR MdR - MsR _ / McR Mer MsR /
u—= __ 0 w g/ ! A =1 ! M= 1% Y u 1%
Jr = urydr + prrury g Ry e R Ry e TR = CRYTSE A G FCRYTS Ry RCRYTS R o FORY SR

22



Hierarchy limit

Mp > vrp > vg,
vr > My > vr

cosfy, —sinfy,
sinfy,  cosfy,

< cosfp, —sinfp, > ( 0 ma, —eWicosfp, eWisinfp,
. sinfp cosfp my.e 0wt Mp sin0p cosOp
Mass eigenvalues: " - " " "
Mixing angle:
Moy, = MylL My, = MyR 9 g )
: Mymyr  sinfp, ~
sinfy, ~ —5—
Mg, Md VRYIRYILVL Mur
R L .
mgy, = = ma, >~ Mp sinfy, ~ 1 i ~
' MD 2MD 2 Ur S11l QDR ~
cosfy, ~ 1
cosfp, =
My
cos Oy, >~ ——
myRr
pv My, Mumarmdar o, My W
Im (HW W (0)) = Im e = ——
LYV R muRMD muRMD

) (o

My, —cos Oy,
MU sin QUR

sinfy, \ [ My, O
cosOuy, | 0 my,

— md,
N 0 mq,

23



Hierarchy limit

Mp > vrp > vg
vr > My > vr

This hierarchy limit applied for:

3rd generation quark

my =My, =

_ YeLvp

V2

my = Mtp =

YtRVUR

S

MppMy,  VRYbRYLLUL

mp =

Mg 2Mp

my = MB

24



Hierarchy limit

Mp > vrp > vg,
vr > My > vr

mdr
Mp

Muymaur mar

POKM _ ( cosfy, cosfp, cosby, sinfp, ) N ( ~ 1
Mymur

sinfy, cosfp, sinfy, sinfp, | prog)
uR

2
muR

MU MdAdR

: 60 My
[OKM _ < cos Oy, cosllp, cosOy,sintp, ) ( —e'Wl 0 ) ~ ( p—

R sinfy, cosfp, sinfy, sinfp, 0 etdwi ~ 1

V2
This hierarchy limit is applied for:

V2

3rd generation quark

mMmuR MD
mdar
Mp

- mdr, - Muymar - Mymar MdL 5
p— _ m Y M
T =tpytbr + ——tp b, + ————t v b +
L Mp L miR msp MD
) My - My myr - o MdR 4

= trYHbr + —t gy + teYbR + —— MY
Jr Tour R7Y"OR mun Mp R OR R7 OR Mp R7 ORr

)
(-

cccz—g—L( VKM WL+hc)—g—R(usz§KM md, WR+hc)

LAY,

iGWI

0

0

629WI
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Summary

We study quark sector of universal seesaw model, in particular in one generation case

* There is one CP violating weak-basis invariant

. Jo
W = Im(my,pm, pmy;mar) = e

which appears in the WL-WR mixing
* We have applied the hierarchy limit to the appropriate generation

* On going work:
Effective theory —

Integrated out down-type and up-type VLQ and obtained the dim 5 and 6 effective
lagrangian



THANK YOU
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Effective theory: a preliminary study

Most BSM model, reduction to SM at low energies proceeds via decoupling of heavy
particles with masses of order A

Mass hierarchy (three generation case) :

4 MU7MD7M07MS7MB

ZR7WR

SM

Ur,

A

[B. Grzadkowski, M. Iskrzynski, M. Misiak, J. Rosiek (2010)]

1 1
Lsm= Lo+ 5 2 C Q7 + 5> 070" +0 (

1
A3

Mass hierarchy (one generation case) :

Mp
VR X~ MU
ZR7WR
UL
SM

30



Effective theory: a preliminary study

Integrate out down-type VLQ at tree level

¢ L1 = —yartrorD — yi Dol vy
—>

o1, bR o1, ®r

YL zﬁR VL 77Z_)R
YLy — VrROR
Ay = % (r(@)0n(x)) (8 (@)pr () L) = W) (br@)or(@)) (L @wr@)) + hee.

0(5) Mn) — ydRy;kzL
b (Mp) M

31



Effective theory: a preliminary study

o)) I oL

Lo = —yartbrérD — yi Doty
D
_____________ oy oL
(2a)

. >
oL
Yy (33

------------- £8) = (W) (Ir@)or (@) iBp (6] (1) ()
§ iDp :i$M+§ng1
YL By Ui

_ YdrYar,

Aga+ Agy = VL (5, ()61, (@) 1D (o] (2o () Ch'(Mp) = =5




Effective theory: a preliminary study

Integrate out up-type VLQ at tree level

¢ L3 = —yurrérU — yZLDégTLwL
—_—p N 5
o O & or

YL ) e YL e
Lo} — VroR

L8 =P () (r(@)dnr(@)) (BL @) (@)) + he.

Ay = PRIL () dn(o) (3] () ()

O (M) = YuRYuL
v (My) == -

33




Effective theory: a preliminary study

9 S o1

Ly=—yurbrorU —yi, Ul v
______ (.]_ S oL br
(4a)

Yr
o E
(03 Vr

______ S £8) = P () (Fr(0)dn@)) iy (9 () ()
§ iy =1id, — 291]31
YL By, UL

_ YuLYur,

v+ Ay = VYL (5 (25, (2)) iy (3] (@i () Gy (M) = =57




Effective theory: a preliminary study

Summary:

‘CST) = % (Vr(z)or(x)) ((bz(x)w/;(a:)) + h.c.

£l = Y (01(@)00.(0) 1D (0} (20 (@) + (L~ )

+?JuLyZL (&L(I)%(@) Dy (éTL(a:)wL(x)) + (L — R)

35
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