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Motivation

Motivation

@ The two Higgs doublet model (2HDM) is the minimal extension of Standard Model.

@ Many beyond standard model theories contain two or more Higgs doublets.
Supersymmetry theories must contain even number of Higgs doublets.

@ The general analysis of 2HDM can gives hints or constraints for more fundamental
beyond standard model theories.
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Yukawa Couplings in 2HDM
Yukawa Couplings Yukawa Couplings and FCNC

Yukawa Couplings in Higgs Basis

@ The most general Yukawa couplings in 2HDM

—Ly = Qu®1nYUgr +Q ®177Dr + L ®17fER
+6L$277§J UR 4 6L¢277[2)DR + EL¢2175ER + h.ec..

@ The Higgs basis is convenient for studying Yukawa coupling

0 G*
= (emz )*( 70° >

Ht
Hy = ( (H+iA)/vV2 )
@ The Yukawa coupling in Higgs basis

—Ly = QuH1k§UR + QH1x5DR + L Hik5ER
-i-6|_H2pt)J UR +6LH2p8DR —+ ELHZPIC_)ER + hec..
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i >ouplings in 2HDM
Yukawa Couplings Yukawa Couplings and FCNC

Yukawa Couplings and FCNC

@ The Yukawa interaction in mass basis

V2
K :VLF'*"SV;ET:TME A
_ 1 - D D DT
—Ly = ED[M Sp—a + (pPPr + p PL)Cfg_a]Dh
+iD[H,DcB_a — (o°Pr + pDTPL)Sﬂ_Q]DH + i—D(pDPR — °Tp)DA
V2 V2
1 R
+EU [H“sg,a 4 (p"Pg + V! PL)cB,a] Uh
1 - ¥ [
+750 [Ucs—a — (0"Pr + p’TPL)Sp—a |UH - 7500 Pr - P’ TPLUA
+.

@ Flavour changing neutral current (FCNC): Bo-Bg

(=]
{oX]
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Yu 2 Couplings in 2HDM
Yukawa Couplings Yukawa Couplings and FCNC

Solutions for tree level FCNC

@ Z, symmetry:

Type  Ur Dr Lg P P° P-
| & + + «kYcotp kPcotp xL cot 8
1l + = — kYcotp —kPtanp —kltanp
nmy  + —  + &wYcotp —kPtanp  kLcotp
IVIX  + + — kKYcotp kPcotp —kltanp

@ Yukawa Alignment: the Yukawa coupling matrices " and pF are proportional to
each other. So they can be diagonalized simultaneously.
A. Pich and P. Tuzon, Phys. Rev. D 80 (2009)

@ Cheng-Sher Ansatz

Eoo_ L FV/2mim
g o= r—

Af ~O(1)

T. P. Cheng and M. Sher, Phys. Rev. D 35 (1987) 3484
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Constraints on AF
Evolution of Yukawa Couplings

Numerical Evaluation

Constraints on )\"F

The constraints on AiJF in general 2HDM from neutral meson mixing: F© — FO.

AMM + AMEPM < AMZP 4 20

FO = {K°D°B],BS}

o

)\uc 5 013,

Ms < 008, Mgy, <0.03, Agp <0.05.
)

Aue S 044,

Ms < 027, Agp <012, A <0.18.
)

A <030,

Ms < 020, Agp <008, A <0.12.
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Constraints on ,\‘F

Evolution of Yukawa Couplings
Numerical Evaluation

Constraining the Yukawa couplings with two methods

Evolving the Yukawa couplings from EW scale to high energy scale.

9@ Detect the position of Landau pole: where the perturbative theory fails.

@ Detect the energy scale where large non-diagonal A4 > 0.1.
Answer the question that how much Z, symmetry breaking is allowed at EW scale.

If A4 grow quickly, the theory is either fine-tuned or incomplete in some way.
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Constraints on ,\‘F
Evolution of Yukawa Couplings

Numerical Evaluation

Renormalization Group Equations

The RGE for Yukawa couplings and correlated in general 2HDM
@ The general 3 x 3 Yukawa matrices: Y, kP, kb and pY, pP, p*;
@ The gauge couplings: 91,92, 93;
@ The Higgs parameters: vey, tan 3, 6.

The total number of ODE equations is 114.

G. Cvetic, S. S. Hwang and C. S. Kim, Int. J. Mod. Phys. A 14, 769 (1999)
P. M. Ferreira, L. Lavoura and J. P. Silva, Phys. Lett. B 688 (2010) 341
G. C. Branco, P. M. Ferreira, L. Lavoura, M. N. Rebelo, M. Sher, J. P. Silva Phys.Rept. 516 (2012) 1

The computing method:
@ C++ with GSL and Eigen (for matrix operations);

@ explicit Runge-Kutta-Fehlberg(4,5) method in GSL ODE-solver.
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Constraints on ,\‘F
Evolution of Yukawa Couplings

Numerical Evaluation

Z,-symmetric models

@ The diagonal )\if in 2HDM models with Z, symmetry.

Type A A} A
| 1/tan 3 1/tan 3 1/tan 3
1] 1/tan 3 —tanpg —tanpg
117A% 1/tan 3 —tanpg 1/tan 3
IV/IX 1/tan 3 1/tan 3 —tan 3

@ The position of the Landau pole as a function of the input tan 5 at EW scale.

Lower limits of tan

0.6
tanf

0.4

0.2

Type |
Type Il
Type HI/X
Type IVIY

ALandau—poIe [GeV]
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Co air n ,\i
Evolution of Yukawa Couplings
Numerical Evaluation

Aligned models

@ Yukawa alignment in general 2HDM:

oV =sikY, pP =s4kP, pt=sk" — diagonal matrices

o Aligned I/: A, AP = AF
o Aligned I1: AP, XY = AF
o Aligned IV: X5, A = AP

i

@ The constraints from the presence of in three different Aligned
models.

Landau pole AP= b Landau pole V=t Landau pole AP=)Y
T T
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Constraints on ,\i
Evolution of Yukawa Couplings

Numerical Evaluation

Aligned models

D_,L U_ 4L
A=A 0OrA"=A type I:

Combination of constraints
from Landau pole and lagre

non-diagonal AiF#j.
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Numerical Evaluation

Diagonal models: Z,-breaking in the up-sector

U_,L_D yU_U
A= Ni = N Agu= Ace

T T
400 | - :
K
o
200 - f g
e O |
-200 |- -
-400 |- , .
*
4 2
U
)\ll

(a) Diagonal model |

=
Att

( Add

Constraints on ,\‘F
Evolution of Yukawa Couplings

U_yL_,D U _,U
L= A = A Agu= Ace

T T T T
400 - i
200 - !
Ao O F
-200
400 |
b 1 1
-4 2 0 2
u
)\[!

(b) Diagonal model Il

L Aee
Ass ab = App
Abb

F. Mahmoudi, O. Stal, Phys. Rev. D81 (2010) 035016
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Numerical Evaluation

Constraints on ,\‘F
Evolution of Yukawa Couplings

Diagonal models: Z,-breaking in the down-sector

U AL_D ,D_D
Ai= A = Apb Ass™ Mg
200 T T

150 -

100 -

-100 -

-150

-200 .

D
Abb

(c) Diagonal model |
Auu
AV = ( Acc ) AP =
Att
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U sL_4D D_,D
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(d) Diagonal model Il

Aee
) AL = ( Man )
Abb Arr
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Constraints on ,\‘F
Evolution of Yukawa Couplings

Numerical Evaluation

Non-diagonal models: Z, symmetry breaking at the up sector

W 4L_D yU U 4L_ 4D yU
Ai= A = N Aigg # 0 L= N = A Az 20
01 01
005 [ 005 | j
)‘itij 0 10%° }‘iLij 0
005 |- 005 - %
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-4 2 0 2 4 -4 2 0 2 4
u U
A Ag
(e) Non-diagonal model | (f) Non-diagonal model Il
U _ \D _ L. D _ 1
A = Ai = A Ay =0. AE:)\h:_)\_U; Moy =8
i
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Evolution of Yuka\JNa Couplings

Numerical Evaluation

Non-diagonal models: Z, symmetry breaking at the down sector
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Conclusions

@ Z,-symmetric models: constraints from avoiding a Landau-pole are very similar;

@ Aligned models:
e AP/\Y <10,
e —APAY <10,
o AP <2and Y <2

@ For diagonal models, the constraints from the large nondiagonal )\iF#J. is stronger in
the case of breaking in the -sector than the up-sector;

@ For non-diagonal models, the constraints are generally weak and )‘i[)#j are much

more sensitive compare to AiU#j.
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