HOW TO BREAK CP SYMMETRY IN A 2HDM

-



No more FCNC




In standard model:

— -EY = Y(d)QLgbdR + Y(”)QLegb*uR + /’l.C., (1)

After Spontaneous symmetry Breaking
(@%) = v/ V2
— Lopass = i MPug + di M Pdg + h.c., (2)
where M) = Y y/ 2
There must be a unitary transformation U




the charged-current W™ interactions

L i, . YW Verm | st |+ hee. 3)

V2

Vekm = U(Lu) U(Ld)]L = Vea Ves Vb
\ Via Vis Vi

( Vud Vus Vub ]




In the most general case, a 3 X 3 mass matrix can be given

Bs+i1Cy A +1D» By + lC3 , (4)

Ay+iDy B, +iCy B, +i(C»
M =
Bs + iC5 B¢ + iC6 A3 + 1Ds

If the Lagrangian were Hermitian:

(5)

B, —iC, As B; +1C5

A1 B + lCl B> + ZC2
M = .
BQ — iCQ B3 — iC3 A3

with B4 = Bl, B5 = BQ, B6 = Bg, C4 = —Cl, C5 = —C2 and C6 = —C3.




A1 Bl B2 0 Cl C2
Mrp=| B Ay B3|, M;=il -C; 0 Cs3|, (6

B> Bj A3 -, —C3 0

- _ T __ ag4diagonal
since UM U™ = UM/, UT = Mp' 5"

U( MgM]| - MiM}, =0 ) U*

(U Mg U)(U M,* U*)-(U M, U*)(U Mg* U+)=0




( BIC1 + BQCQ A2C1 + B3C2 B3C1 +A3C2
MM}, = i| ByC3—AC; B;C;—BiC; A;C3;—B.Cy |,
\ —A1C, = B1C3 —BCy — Ay(C3 —B(C) — B3

( —81C1 — BQCQ A1C1 — BQC3 A1C2 + 81C3 ]
(8)

]\4}#\4}r =1 —A2C1 — B3C2 81C1 — B3C3 81C2 +A2C3
\ —B3C1 —A3Cy BrCy — A3C3 BoCh + B3(C

The diagonal elements give us following conditions:
B|Cy = =By, = B3C3 9)
and the off-diagonal ones give us three others:

(A1 —Az) = (B3Cy + B2(R)/C, (10)
(A3 —Ay) = (B1C3 — B3Cy)/C, (11)
(Ax — Az) = —=(B2C + B1 () /Cs. (12)



Ay = As + By(B} — B3)/B1Bs,
A = A3 + B5(B| — B3)/B1 B,
C, = B3C3/B;, (C,=-B3C3/Bs. (13)

U

fA+xB(y—%) yB+§ XB - £
M=| yB-% A+B(;-%) B+iC |, (14)
| xB+ £ B-iC A )

ifoneletsA = A3, B=B;,C=Csandx = B,/B3,y = B|/Bs.




Mass eigenvalues

X2 +y2+x2y?
Xy

C
A +




B

Unitary transformation matrix:

(/22 X(32 =i \ X242 +x2)2) Y2+ V242 4a2y2) )
\/2(x2+y2+x2y2) \V2 \/xzﬂ,z \/x2+y2+x2y2 \2 \/xzﬂ,z \/x2+y2+x2y2
U — — V2 +)y? X +i 2432 +x2y2) V(2 —i Va2 +y2+x2)?) .(16)
V20242 +x22) V2202 V24242202 V22432 A 2 +y2+a2y2
Xy Yy X
L V22422 VX2 +y2+x2)2 Va2 +y2+x2)? )

A, B and C independent !
B



Thus,

( Vud Vus Vub\
VCKM — Vcd VCS Vcb

\ Via Vis Vi )
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The magnitudes of Vg Vi, V., and V., are the same "a"




—idy (Xz + }~2)()(12 + }_:"2) + (XX’ 4 }:}:f )(X}:‘ijf + \/XZ + };2 + xz};z \/X,'Z 4+ }__,;2 + X;Q}?;z)
e =
2 ‘J.Xz + }'?2 ‘\/X’z -+ }-?,2 ‘\/Xz + }.?2 + “\{‘2}"2 «J}{"’z + }_:""2 + X,'Z};rQ
. (XJ_.'—"' — X"}?)(X"}-”' \/X2 + };2 + Xz_‘,‘z + X}-’ \/sz + }_,!2 + X;Z}_,;Q)
+ 1 ,
2 ‘\/XQ + _}-’2 \/x’z + }?’2 \/Xz + };2 + X2y2 \/sz + }__,12 + x,rQ}_,,Q
V V:-; d 0y (Xz + _}.32)(";{’2 + _’};"2) + (.XX’ + };};’)(X};Xf};f o \/XZ + };2 + xz};z \/XIZ 4 }.,!2 + X"z_’}-”z)
s cd _
( 2 \/Xz + _’;—-’2 \/X’z + y"z \/XZ + )_:3 + Xz_‘y’z \/sz + }__,;'2 + X!2y12
. (XJ_?" _ X’};)(X’};’ \/XZ + }_.'—‘2 + x2}~2 _ X}_p ‘foz 4 };)'2 + sz}?!z)
+ 1 ,
2 \/){'2 + };2 \/sz + };!2 \/X2 + };2 + X2y2 \/sz + };;"2 + X,'z}_,,'z
[V (x = X))+ xXx°(v= V)] +i(xy —x'y) \/ 2+ 2 + y2y?2

Vub Vb =dae 03 = - - - - . - . - —.
2 \/Xz _I_ }_;.2 \/Xz _I_ }_;.2 _I_ Xz-}wz ,\/X1'2 _I_ -)__-,‘:'2 _I_ X’Z.}Jz

‘/”d — VCS = C

.(i:]. [}.-"'}?’2('1” — ;(') -+ .X.X’Z(Y’ — }")] + i('x};’ — X"};) \/sz + };!2 + XfZ},IZ

2 \/Xz + _'}-’2 + Xz_‘y’z \/sz + ).-’"2 \/X"z + )}"2 + sz}_:fz
xxX' 4+ yy + xyx’y’

,\/Xz _l_ -}92 _|_ X2}~2 ‘foz _|_ }_,!2 _|_ szyfz

Vm‘ V¥ —

9

Vrb =b =




/.

[Vud Vis Vub} [ 0.97434 7009011 () 22506+0.00050 0.0035710.00015}
= , (23)

From PDG (2016)

Vempirfcal .

—-0.00012
CKM — Vcd Vcs Vcb

0.22492+0.00050 0.97351+0.00013 0.0411+0.0013
Vrd Vrs Vrb

0.00875+000032(0.0403+0.0013  0.999150.00003

(Vg Ve Vip ) [ ce™ de ae™3 )
Vekm = Vea Ves Ve de™% cer  ae' 3(17)
Vi Vis Vi ) U ae® ae™® b

The magnitudes of Vi V,, V., and V,, are the same "a"




(cl+y d1+B aVl-«a

Vekml =| dJ1 =B cy1-y aVli+a|. (24
LaVl—a aVl+« b

b=0.99915

Vsl + Ve > + V> = @1 =) + a>(1 + @ ) + b2 =2a%+ b* = 1
a = 0.291486
Consequently, @ = 0.986573| =+« -




b = 0.99915
a = 0.291486 with the unitarity condition

V2|Vl + Va2 = a2 —a)+a*(1 +a )+b? = 2a*> + b* = 1
a = 0.986573 is derived from the relation |V,.,|* — |V,,|* = 2a°«@

o = 0.910695 from |Visl* = [Vial* = 2a*’
Vidl? + Vo> = 2¢2 gives ¢ = 0.973925
Vo + [Veal? = 2d2 gives d = 0.22499
and ¥ = 0.000852

B = 0.000622




Substituting these parameters into Eq.(24), we will receive

(0.97434  0.22506 0.003378 )
Verul = | 022492 0.97351 0.041084 |,  (25)
L 0.008711 0.040291 0.99915

which coincide the empirival values to O(10™%).

PDG (2016)
- Vid Vs Vs 0.974347000011 () 22506+0.00050 0.00357+0.00015
yempirical _ |y Vg Ve | = | 0.224924£0.00050 0.97351£0.00013  0.0411£0.0013 |, (23)

0.00875:000032 () 0403+0.0013  0.99915+0.00005

V:d Vrs Vrb



Numerically,
X ~ 0437, y ~ 2994, x’ ~ 0396 and y ~ 0.545.

o Y AN
|th|2 — (xx'+yy +xyx’y’) ey — 0999152

(X2 +y2+x2y2) (X2 4y 2 +x

Accordingly, the phases can be predicted as:

01 ~ 9.91553,

0, ~ 49.9335°,

03 ~ 82.9455°
and 04 ~ 73.03°.




