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Two Higgs Doublet Models

Several motivations

- New sources of CP violation

SM cannot account for BAU

- Possibllity of having spontaneous CP violation
EW symmetry breaking and CP violation same footing

T. D. Lee 1973, Kobayashi and Maskawa 1973

- Strong CP Problem, Peccei-Quinn

- Supersymmetry

LHC important role



In general two Higgs doublet models have FCNC

Neutral currents have played an important role in the
construction and experimental tests of unified gauge theories

EPS Prize in 2009 to Gargamelle, CERN

In the Standard Model Flavour changing neutral currents
(FCNC) are forbidden at tree level

- in the gauge sector, no ZFCNC
- in the Higgs sector, no HFCNC

Models with two or more Higgs doublets
have potentially large HFCNC

Strict limits on FCNC processes!



Two Higgs Doublet Models

Despite several good motivations,
there is the need to suppress potentially dangerous FCNC:

Without HFCNC

- discrete symmetry leading to NFC
Weinberg, Glashow (1977); Paschos (1977)

- aligned two Higgs doublet model  Pich, Tuzon (2009)
With HFCNC

- assume existence of suppression tfactors

Cheng and Sher (1987)

Antaramian, Hall, Rasin (1992); Hall, Weinberg (1993); Joshipuraq,
Rindani (1991)

- first models of this type obtaining in a natural way
suppression by small elements of VCKM

Branco, Grimus, Lavoura (1996)

Minimal Flavour Violation



Notation

Yukawa Interactions

EY = —Q—% qu)ld% — Q—% FQq)Qd% — Q—% Alélu% — Q—% AQ@Q’U/% + h.c.

~

- *

Quark mass matrices

1 |
Md — —(v1F1 —+ vgezng), Mu —

V2
Diagonalised by:

1 |
ﬁ(lel —+ UQQ_ZQAQ),

U;LMdUdR = D,y = diag (mgq, ms, my) ,
UiLMuUuR = D, = diag (my, me, my) .



Leptonic Sector
_L_% chl)lﬁ% — L_% HQCDQZ% + h.c.

( — L—% Z1(i)1V§r)g — L—% Zzi)gu% + h.c. )

( %V%Tc_lMRV% +h.c.)



Expansion around the vev's

T
<I>j:<emj Z >7 j=1,2
7 (v + pj + 1))

We perform the following transformation:

HY P1 GY m G* o1
(7 )-v(n) (T)-v(n) (5)-v(Z
1 vle_ial vge_i‘m . ,
U - ,U2€—ial _Ule—iag ) V= \/U% + U% = (\/iGF)_§ ~ 246GeV

U singles out

HO  with couplings to quarks proportional to mass matrices

GY  neutral pseudo-Goldstone boson

(;+ charged pseudo-Goldstone boson

Physical neutral fields are combinationsof HO0 p |



Neutral and charged Higgs Interactions for the quark sector

Ly (quark, Higgs) = —dO [MdHO NIR +iNJI| dy

1
—uL (M HY + N)R + iN I u%
\@H+

U

(WO N9 d% — w0, NO" %) + h.c.

NO — —(?)2F1 — Ulewrg), NO — (?JQAl — Ule_ieﬁg).

Flavour structure of quark sector of 2HDM characterised by:

: 0 0
four matrices My, M,, N;, N,.
Likewise for Leptonic sector, Dirac neutrinos:
My, M, NE, NB.



Yukawa Couplings in terms of quark mass eigenstates

for HY H° R, I

Ly (quark, Higgs) =

HT HY _
f (VNdVR N,l V’}/L) d+h.c — — (’L_LDuu + dDy, d) —
v
R .
- [ (Nuvr + Niyp)u + d(Navr + Njyr) d} T

V. -
+i [U(NWR — Nivp)u— d(Ngvr — Njvi) d}




- .
Ny = Jﬁ_ Ud,_ (‘Vi.r:""?%‘dr;-) Udg

T -
Nu = fjf U-u,_ ('\G_A,-'\f;e dAL)Uu.R

Nu, N o - deagemal anbelean

Fou defmibomm rownde N

T ¢ o
Vi Ve
- () U

/ :?m To FCNC

COMWEA F-WU‘W'-
Up till here everything is perfectly general for ZHDM
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Neutral couplings in BGL models

N, = —ﬂdiag((), 0,ms) + @diag(mu, M, 0)
V9 U1
Explicitely
" my 0 0
Ny=2=10 m, 0 -
N0 0 my
v U md’V:ﬂP msV 31V ge mpV 31V 33
(v_+v_> maV 5,V mg|Vaal®  mpVE,Vas
—— \ U2 1

* * 2
mqV 33V 31 msV 33V 39 mbWBS‘

It all comes from the symmetry

Miguel Nebot CFTP-IST Lisbon®
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What W ponficulan ot BGL medets am HFV conlunct 7
1 2
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Possible generalisation of BGL models

MFV expansion for N7, N

u

N,S — T Mu —|—7'2,,; UuLP’LUriL Mu -+ ...

In the quark mass eigenstate basis N3, N become:

Ng= A Dg+ Aoy B; Dg+ Ay (VCKM)T P, Vory Dg ...
Ny=m1 Dy+ 7 P Dy + 713 Vorm B (VC’KM)T Dy + ...

At this stage lambda and tau coefficients appear as free parameters

Need for symmetries in order to constrain these coefficients
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New: gBGL allowing for HFCNC both in up and down
sectors

1703.03796, Alves, Botella, Branco, Cornet-Gomez, Nebot

Symmetry:

Qs — —QLs, - drastic reduction in number of free parameters
dr — dpg, D) — Py, -no NFC
UR — UR, DOy > — Py,

one may say that the principle leading to ¢BGL constrains the Yukawa couplings so
that each line of I';, A, couples only to one Higgs doublet.

- renormalisable;

X X 0O 0 O
s - FCNC both in up and down
Fl — X X a3 FQ — 0 0 0
’ ’ sectors;
0O 0 O Y31 Y32 X
« X O 0 0 0 - no longer of MFV type, four
additional flavour parameters;
Al _— X X (523 ; Az = 0 0 0 , ,
0 0 0 031 039 X - both up and down type BGL
appear as special limits;
gBGL verify:

rir, =0, TIA; =0,
AIA, =0, Al =0.
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Similarly, for the leptonic sector,

In the leptonic sector, with Dirac type neutrinos, there is perfect analogy with the quark
sector. The requirement that FCNC at tree level have strength completely controlled by

the Pontecorvo — Maki — Nakagawa — Sakata (PMNS) matrix, U is enforced by one of the
following symmetries. Either

LY, — exp (i) LY, | V% — exp (1273 $y — exp (iT) Py
ot T# 0,7
LY, — exp (i) LY, , 0%, — exp (i27)0%, | Py — exp (—iT) P2
which imply
PPy =1, P, =0,
Pl =%, PIR=0,

where 3 stands for neutrino (v) or for charged lepton (£) respectively. In this case

Pr. = UeLPkUgL : Pr = UI/LPkUT ,

where U,; and Uy;, are the unitary matrices that diagonalize the corresponding square
mass matrices

UT MKMTUgL = diag (m mi,m2) ,

UTLM MU, = diag (m m,%z,ng)) :

V1)

My = —(Ulﬂl + Ugewﬂg) ., M, = (?}121 —+ ’Uge_wzjg) .

< |
Sl
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In BGL models the Higgs potential is constrained by the imposed symmetry to be of
the form:

Vo = ,LLl(I)J{(I)l —+ /LQ(D;(I)Q — (mlgq)J{(I)z + h.c. ) + 23 ((I)J{(I)l) (@;@2)
i I TS TS
+ 2\ (<I>1<I>2> (¢2¢1) + M (<I>1<I>1) + (¢2¢2) ,

Hermiticity would allow the coefficient
m12 to be complex, unlike the other coefficients of the scalar potential. However, freedom

to rephase the scalar doublets allows to choose without loss of generality all coefficients
real. As a result, Vp does not violate CP explicitly. It can also be easily shown that it
cannot violate CP spontaneously. In the absence of CP violation the scalar field I does not
mix with the fields R and HY, therefore I is already a physical Higgs and the mixing of R
and HY is parametrized by a single angle. There are two important rotations that define
the two parameters, tan 8 and «, widely used in the literature:

HO
R

V] V2 P1 cos S sinf3 P1
—V2 U1 P2 —sin 3 cos 3 P2

HY\ [ cosa sina 01
h | | —sina cosa 02

1
v



Our analysis:
Approximation of no mixing between R and H°

We identify HY with the recently discovered Higgs field

This limit corresponds to § — a = 7/2

v=4/vi+u3, tanfB = va/v1,  the quantity v is of course fixed by experiment

Electroweak precision tests and in particular the T and S parameters lead
to constraints relating the masses of the new Higgs fields among
themselves

Grimus, Lavoura, Ogreid, Osland 2008

The bounds on T and S together with direct mass limits significantly
restrict the masses of the new Higgs particles once the mass of
charged Higgs is fixed

It is instructive to plot  our results in terms of my+ versus tan 3,
since in this context there is not much freedom left



BGL - 2HDM SM
Charged H* | Neutral R, I Tree | Loop
Tree | Loop | Tree | Loop

M —to,Mtv | v v v v
Universality v v v v v
MO — 0705 v v v v
MY = MY v Vv v v
07 — 05030, v v v v
B — X v v v v
fj — fzfy v v v
EW Precision v v v

Summary of relevant constraints

This table indicates possible new contributions but for
each specific model type some of them will be absent



91/ gel” 1.0018(14) 9% Rl < 0.72
9RR.rel < 0.70 95 R e < 0.035
Br(Bt — etv) <9.8-107" Br(D} — eTv) <1.2-1074
Br(BT — uTv) <1.0-107° Br(Df — ptv) | 5.90(33)-107°
Br(BT — 7tv) | 1.15(23)-10~* || Br(Df — 7tv) | 5.43(31)-1072
r(D+ — ety) < 8.8-107°
Br(D* — utv) | 3.82(33)-10~*
Br(Dt — T+ ) <1.2-1073
5851:21’;)) 1.230(4) - 107 N 9703(54)
I'KT™—eTv _ 't —K v
F(<K+%+V>) 2.488(12) - 1075 Fgmﬂmg 469(7)
e logC (K — wlv) | 0.194(11)
I'(B—D"tv)np
I'(B—D*Tv)sm

Tree level H* mediated processes




T —e e el) <27-107° Br(t- — pu pp") <2.1-10"°
TT —e e put) | <1.5-107° Br(t— — e pueh) <18.10°°
T = p el <1.7-10°° Br(t— — p e u") <2.7-10°°
u- —e e eth) <1-1071°
Br(Kr — p*e™) < 4.7-107 % Br(n® — pFet) <3.6-107"
Br(Kp — e et) <9.107 %
Br(Kr — pu ph) < 6.84-107°
Br(D” — e e™) <79-10°° Br(B” — eTe) <83-107°
) <2.6-1077 Br(B® — 7%eT) <28-107°
— o ph) <14-107" Br(B° — n ut) | 3.6(1.6)-101°
Br(B ) <28-10"7 Br(B° — 7 u7) <22-107°
Br(B? — pFeT) <2-107° Br(B? — 7t77) <4.1-1073
BY — put) | 2.9(0.7)-107°

Tree level R, I mediated processes (I)



2| M <3.5-107% GeV || 2|MB| | <9.47-1071° GeV
|€K|NpAmK <7.8-1071 GeV

Re(Ay) 0.823(143) Re(Ay) 0.965(133)

Im(Ag) —0.199(62) Im(Ay) 0.00(10)

I'ree level R, I mediated processes (II)

Br(p —ey) | <5.6-1071 || Br(B — Xsy)ahy ° | 3.15(23)-10~*
Br(r —ey) | <3.3-1078 Br(B — X,7v) 3.55(35)-10~4
Br(t — py) | <4.4-1078
AT 0.02(11) F7 < 0.0024 GeV~1
AS 0.00(12)

Loop level R, I, HT mediated processes
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M, (GeV)
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Effect of the oblique parameters constraints in model (¢, 7)



M,, (GeV)

M,, (GeV)

900
800
700
600
500"
400
300
200
100

900¢
800¢
700¢
600¢
500¢
400;
300¢
200
100¢

M+ vs. logqy(tan ), u models

u,v, u,v, u,v,
I-2H ‘-1H “1H H-2H I-‘IH H1H “-2H I-1H H1‘ -

u,e u,u u,t
I-2H ‘-1H “1H H-2H I-1H 1 “-2H I-1H H1H




M, (GeV)

M, (GeV)

900¢
800¢
700¢
600¢
500¢
400¢
300¢
200¢
100¢

900"
800
700
600:
500"
400"
300"
200"
100-

M+ vs. logyo(tan ), ¢ models

C,v, ; C,V, C,Vs
2 9 1 2 2 4 0 1 2 2 9 1
c,e - C,IL C,T
2 4 1 2 2 4 0 1 2 2 9 1




IVIH+ (GeV)

I\/IH+ (GeV)

900:
800¢
700;
600:
500¢
400¢
300;
200:
100:

900:
800¢
700}
600:
500¢
400:
300:
200¢
100

M+ vs. logyy(tan 3), t models

t,V.! t,V3
2 9 1 2 2 - 2 2 1
t,e t,7T
2 9 1 2 2 2 2 1




M, (GeV)

M, (GeV)

900
800¢
700;
600;
500:;
400-
300¢
200:
100:

900!
800"
700
600
500
400;
300:
200
100.

Mpy+ vs. logyo(tan 3), d models

d Vs d Vo d V3
I—2H I—'IH 1HH2H 1“ ‘2H H'IH

d,e d,u d;t

1 “2H 1H||2H H‘IH




IVIH+ (GeV)

I\'/IH+ (GeV)

900"
800:
700:
600:
500:
400:
300:

?88; — SV é — SiVa E T SyVg

900"
800:
700:
600:
500¢
400:
300:

200" ot . — i —
100 s,e S, S,T

O ! = = = vyaf(



IVIH+ (GeV)

IVIH+ (GeV)

900¢
800:
700¢
600:
500¢
400;
300:
200
100:

900:
800¢
700k
600:
500¢
400¢
300¢
200"
100:

My+ vs. log{y(tan (), b models

—  b,v, — by, —b,v,

2 1 1 2 2 4 0 1 2 2 9 I
b!e —b,lvt -b,T

2 4 1 2 2 4 0 1 2 2 9 1




M,, (GeV)

M,, (GeV)

900"
800:
700:
600:
500:
400:
300:
200
100:

900:
800
700-
600-
500"
400-
300
200"
100-

M+ vs. logyg(tan 3), v1 models

u,v, C,v, tv,
2 91 1 2 2 41 0 1 2 2 1 El
d,v, : — S,V, b,v,
1 2 2 4 0 1 2 2 1 R




I\/IH+ (Gev)

I\/IH+ (Gev)

900"
800"
700"
600
500
400-
300
200"
100-

900
800
700"
600
500
400-
300"
200"
100-

My+ vs. logyy(tan3), e models

u,e c,e t,e
2 1 1 2 2 1 0 1 2 2 1 1
d,e s,e —b,e
1 2 2 1 0 1 2 2 1 R




M, (GeV) M,, (GeV) M, (GeV) M, (GeV) M, (GeV)

M,, (GeV)

900-

800:
700¢
600¢
500

400

300:

200-
100

900:
800"
700-

u,v,

c,v,

tv,

600:

500f
400¢

300:

200
100:

900.

ue

c,e

800"
700"

600-

500-
400

300¢
200:

u,v,

CyV,

tv,

100-

900-

800:
700
600:
500:

400

300:

200;
100/

900
800;
700-

cL

‘u

600:

500¢
400¢

300:

200¢

uyv,

C,V3

tvs

100-

900
800,
700

600:

500-
400

300:
200-

100

logyo(tan 3)

M, (GeV) M, (GeV) M, (GeV) M, (GeV) M, (GeV)

MH+ (G eV)

dyv, — by,
de —be
d,V, o b,V,
d,}l _b!u
dyv, —b,v,
dt — S,T b,sT
1 2 94 0 1 2 2 94 0 1 2
logyg(tan 3) log;,(tan 3) log;o(tan 3)




/me > 380 eV %/wm &= A \m% T2

£ ~t
Ve ~~|$J6Lt
_
E e ™ V2
mednad



55"“1-“1; drum,%td. Hcgy\ bt Lo h-opp 'ﬁ-azy—
~od = & g = 125 CeV ¢ S 100 GeV

’ it
t :
I 2
U
Pogst o rh-Xs) M (h*Z4)
RITST Fz¢ * Foipazt)

M - pas ploms Lot v foz o

Bﬁaﬁ.a,c}mn%‘aa—, Dans, Pal, MNR (2013>



h mediated FCNC

(arXiv:1508.05101)

Flavour changing decays of top quarks

(V)

« 1Tl —
}/q(t]<dp) — _‘/;]p‘/tp Cﬁa(tﬁ + tﬁl) , 4 =U,C.

Flavour changing Higgs decays

The decays h — €1 (£ = p,e)

Model t — hu t — hc
S V., Vi 2 (N )\6) =8.20-1077° V.V, 2 (N )\4) =1.53-1073
coalts + t5)| < 4.9 forb and s ty|c‘)'e models

1 m
/ _ (Vo) _ —1 % T
Y,m-(yp) — — CBa (NE )MT _ _Cﬁa(tﬁ + tﬂ ) U,uaUTa 7
Model h — eu h — et h — ut
2! |U61U,LL1|2(N %) = 0.105 |U€1U7_1‘2(N %) = 0.118 |U/J,1UT1|2(N %) = 0.028
V2 |U€2UM2|2(N %) = 0.089 | |UpsUpo|*(~ %) = 0.126 |UM2U72|2(N %) = 0.115
Vs U.5U,5|° = 0.0128 |U_,U_,]? = 0.0097 U sU 5% (~ ) = 0.234

csa(ts +157)| ~ 1

to produce Br(h — u7 + 7ji) of order 10~




Flavour changing Higgs decays
The flavour changing decays h — bq (¢ = s, d)

_ N Ty :
qu;(uk) = —Cga(ls + tﬁl) Viea Vi o # b, no sum in k

Model h — bd h — bs

g VeaVa* (~ A%) = 852107 | [V, Vgu[* (~ A") =1.59- 107"

t VigVil* (~ A°) =7.90- 107 | [V, V3 [* (~ AT) =1.61 - 1077

e in models c and ¢,

Br(h — bs +03) ~ 2, (tg +151)° M ~ 10722, (ts + 151)°,
e in model u,

Br(h — bs +03) ~ 2, (tg +15)° N ~ 1077 2, (ts + 15')°,

e in all u, ¢ and ¢t models,

Br(h — bd + bd) ~ ¢z, (t5 + tgl)2 A~ 1070 ca, (ts + tgl)2 .

Important correlations among Observables




BGL and the Cheng and Sher ansatz
Y| < \/mum,r/v

neutrino type k model in BGL.:

Yir = —cag (t+t_1) U“’“U;kk%
— * m
Yoo = —cap (t+t 1) UT’“UM’“TM
9 ) L MMy
YruYur| = ‘Caﬁ (t+1 1)| Uik Uz |Ur kU ZQ

BGL meets CS criterium provided:

o (t+ )| URUZ| |UAUS| <1

cap (E+71)| <3



2HDM with NFC or flavour alignment have no HFCNC but have tree
level charged Higgs mediated processes

Pich, Tuzon, Phys.Rev.D80:091702,2009

Mahmoud, Stal, Phys.Rev.D81:035016,2010
Enomoto, Watanabe,arXiv:1509.00491

2HDM of type lll, i.e, models models where the Cheng-Sher Ansatz is
assumed for the FC couplings:

/2

Ei = A /T - where the A; are of order one.

allow for scalar masses well below the TeV scale
Crivellin, KoKulu,Greub, Phys. Rev. D 87, 094031 (2013)

Gaitan,Garces,Martinez, de Oca, arXiv:1503:04391
Altunkaynak, Hou, Kao, Kohda, McCoy, arXiv:1506.00651

Arhrib, Benbrik, Chen, Gomez-Bock, Semlali, arXiv:1508.06490
Kim, Yoon, Yuan, arXiv:1509.00491

Benbrik, Chen, Nomura,Phys. Rev. D 93, 095004 (2016)



Conclusions

HFCNC at tree level are not ruled out even allowing for scalar
masses of the order of a few hundred GeV

There are several promising scenarios within the 36 models
that were presented.

Bhattacharyya, Das, Kundu 2014

The LHC may bring us interesting surprises!



BGL and the leptonic sector
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