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(Fast) Introduction - 2HDM

Two Higgs Doublet Models (I)

m Instead of a single doublet ® (E) as in the SM,

two doublets &1 & Py
m Full lagrangian

L = Lintgange — V(P1, P2) + Ly
[T.D.Lee, PRD 8 (1973),..., Branco et al. Phys.Rep. 516 (2013)]
m It Bt gauger (D, @)(DFD) — 3.(D,®,)(DH®,)!
m Scalar potential, instead of V(®) = \(v? — <I>T<I>)2
V(®1, @) = pfy B[ @1 + p3, D) Py + (], 10, + H.C.)
0 (B101) 20 (B5D2) " + Ag (@] B2) (D)D) + Ay (D] D) (0] 8,)
+ (A (@]02)+H.C.) 4 (6 (@] @1) 427 (9105) ) (@] 02) +H.C]

m Yukawa couplings %y
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(Fast) Introduction - 2HDM

Two Higgs Doublet Models (II)

m Spontaneous symmetry breaking
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m Expansion around the minimum of V(®q, ®5)
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(Fast) Introduction - 2HDM

Two Higgs Doublet Models (III)

Doublets: (gi‘) =U (i;) with (Hy) = (9) and (Hz) = (§)

v

m Components

= (o wbiona) = (i)

G°, G*: pseudo-Goldstone bosons (longitudinal Z & W)
IF the fields in the Higgs basis where the physical (mass
eigenstates) scalars ...

m NY “SM Higgs’

m additional R° scalar & A pseudoscalar,

m additional H* charged scalar.

for the moment, focus on the Yukawa couplings %y
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(Fast) Introduction - 2HDM

Yukawa couplings (I)

® Yukawa couplings in 2HDM
Ly = —@(Aﬂih + Do) ul, — @(1—&‘1)1 + Do®y)d},
—LO (21‘1)1 +22@2)I/R LO (Hl(bl +H2<I>2)€R+hc
m Quark Yukawa couplings + Mass terms
—1
Ly D —uY L —(MJ(v+N°) + NJR" +iN) A)uf,
- d%; (MJ(v+ N + NJR® + iNJA)dY,

5 _
- % (w9 N3dY, — u(;quﬂ?Td%)H* +h.c.

1 ) 1 .
where ZUS = ﬁ(?]lAl—FUQ@ZGAQ) , ]\/[3 = ﬁ(vll“l—kvgewfz)
1 ) 1 )
and NS = \—@(ngl - vlewAg) , N((z) = ﬁ(mlﬁ - vle“gFg)
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(Fast) Introduction - 2HDM

Fermion Masses

m Pictorially

M =wv; @‘—FUQEZ.G‘@
v

m The “drama”:

U%, N = vy %A—vlew‘;@ =v§

Ul M2 Uyr
Ul MY Uar

M, = diag (my,, me, my)

My = diag (mg, ms, myp)
is fine, but

Ul NOUyp = N, =7
U;LN((I,] UdR = N,] =7

gives flavour changing couplings with R° and A,
the “non-SM” neutral scalars!
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(Fast) Introduction - 2HDM

Yukawa couplings (II)

m %y in terms of physical fields

LD —%NO (aMyu + dMyd)

— %RO {u(N,ﬁR + Ni'yL)u + d(Navr + N[];'yL)d}

+ %A |:1_1,(N“”}/R — NI]:’YL)U — CZ(N[{')/R — N(J{’yL)d:|
V2

v

H™a(VNgyg — NJVAyL)d +h.c.

m Mixing matrix (CKM), V = UJLUdL
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(Fast) Introduction - 2HDM

FCNC (I)

Ways out

m Discrete symmetries & Natural Flavour Conservation

[Glashow & Weinberg, PRD 15 (1977), ...]
Type I: &2 couples to ug, dr, er
Type II: &2 couples to ugr, 1 couples to dr, er
Lepton specific: @2 couples to ur, dr, P1 couples to er
Flipped: ®2 couples to ugr, er, ®1 couples to dr

m Aligned 2HDM: Ag oc Ay, 'y x Ty
[Pich & Tuzén, PRD 80 (2009), .. .]

m Fffective alignment
[Serodio, PLB 700 (2011), Medeiros-Varzielas, PLB 701 (2011)]
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(Fast) Introduction - 2HDM

FCNC (II)

Alternative:

m suppression factors in FCNC
[Joshipura & Rindani, PLB 260 (1991)]
[Antaramian, Hall & Rasin, PRL 69 (1992)]
[Hall & Weinberg, PRD 48 (1993)]

m naturally suppressed — i.e. “controlled” — FCNC

[Lavoura, Int.J.Mod.Phys. A9 (1994)
[Branco, Grimus & Lavoura (BGL), PLB 380 (1996)
[Botella, Branco & Rebelo, PLB 687 (2010)
[Botella, Branco, Nebot & Rebelo, JHEP 1110 (2011)
[Bhattacharyya, Das & Kundu, PRD 89 (2014)]

m The general idea: symmetry imposes small FCNC

= In the BGL case:

FCNC proportional to fermion masses & mixings!
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odels with FCNC

Enter BGL models - The setup

m Symmetry
Q%j — ei‘r Q%] , d%] — ei2rd%j , (I)2 — ei‘rq)2
with 7 # 0,7 and j is 1 or 2 or 3 (at will)

m Reminder: gy D) _@(Alél + AQ‘iQ)UOR - @(Fﬁbl + ng)g)d%
m Consider for example j = 3 — model “b” —, this imposes

X X X 0 0 O

Up Yukawas: Ai=|x x x|, A,=[10 0 0
0 0 O X X X

x x 0 0 0 O

Down Yukawas: I'i=|x x 0], I's=10 0 0
0 0 0 0 0 x
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BGL models with FCNC

BGL models - The result

In this example,

Diagonal Ny:

nzdtﬂ 0 0
Ng = 0 mstg 0
0 0 —mpty
Non-diagonal N,,:
0 . —m,c(t5+t§1)VcbVJb —m,t(t6+tE11)thVJb
Ny = 7mu(t[3+t[; Wb Vs 0 7mt(tﬁ+t[; W Vay | +
7'7!Lu(tﬁ+t51)vubv;i7 7’7!Lc(tﬁ+t51)vcbvt1 0
may [(1—|Vub\2)tﬁ—\vub|2t51] 0 0
2 2,—1

0 me [(1—\Vcb\ g = 1Vepl?ts ] 0

0 0 my [(1—\Vib\2)tﬁ—\vtb\2t51]




BGL models with FCNC

BGL models - The zoo

m In the previous example, “model b”,

m flavour changing couplings of up quarks with R® and A,
m flavour conserving couplings of down quarks with R® and A,

m 3 choices of symmetry with down fields,
3 choices of symmetry with up fields
— 6 different quark models
m In the lepton sector: 6 different choices for neutrinos and charged

leptons, overall, 36 models
[Botella, Branco, Carmona, Nebot, Pedro & Rebelo, JHEP(2014)]

m What about flavour changing couplings of the Higgs?
The answer: N° and R° are NOT the physical scalars
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BGL models with FCNC

m Neutral mass eigenstates, one mixing only (no CP),

HY (—ca —5a P1\ _ [ —CaB —Sap NO
h Sae —Ca 02 SaB  —Cap RO
with h “the Higgs”.
m From
Lyqn DO —N° ! [aMyu + dMyd]
v
_rollg f 7 i
R » [u (Nu’YR + Nu7L> u+d <Nd’YR + Nd’YL) d]
= to

K
P
U

)
)

(SapMy — capNu)YR + (Sag My — CaﬁNi '7L) U
(SaMa — capNa)VR + (SapMa — capN})Y

d
U

L
(CaﬁMu + SaﬁNu)'yR + (CaﬁMu + SaﬁNl)'yL

S

|
S|

S
TN TN T

+

H-
+ ;d ((CaﬁMd + $asNa)Yr + (capMa + SaﬁNg)’YL) d
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BGL models with FCNC

Higgs in BGL models

Most salient features

m Flavour changing couplings of the Higgs with up or with down
quarks?!

m (Flavour changing couplings of the Higgs with neutrinos or with
charged leptons)

m Modified flavour conserving (diagonal) couplings

m Only two new parameters involved, tan § and o — 3
= correlated predictions, magic combination cag(ts + %1)

m To address t — hq decays, down quark models (like the previous
example)

1Each model is defined by a quark and a lepton label, e.g. model by has flavour
changing neutral couplings with up quarks and with neutrinos.
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BGL models with FCNC

Constraints

Before addressing ¢ — hq decays, constraints on tan 8 and a — (3
m From Higgs diagonal couplings: vy, WW, ZZ, bb, 77
N.B. Notice that both decay and production are modified!

m From low-energy flavour physics: rather involved since H and A
are typically involved together with h, requires specific study
(additional parameters)

[Botella, Branco, Carmona, Nebot, Pedro & Rebelo, JHEP(2014)]

m Br(h — p7) in v; models

m ...and now the results (plots)
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Results: t — hq decays

log[Br(t — hu)] vs. log[Br(t — hc)] in s models
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Results: t — hq decays

log[Br(t — hu)] vs. log[Br(t — hc)] in b models
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Log(BR(h - r))

Results: t — hq decays

log[Br(t — hc)] in dy; models
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Results: t — hq decays

log[Br(t — hc)] in sy; models
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Results: t — hq decays

log[Br(t — hc)] in by; models
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Results: t — hq decays

log[Br(t — hc)] vs. logts in d models
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Conclusions

Summary & Conclusions

m Class of models with reduced parametric freedom: tan g & o — G:
= predictivity & correlations,
= importance of flavour diagonal Higgs data to constrain
flavour changing couplings.

m ¢t — hu & t — hc branching ratios can saturate current bounds

m Different correlated patterns, Br(¢ — hc) > Br(t — hu) in s,b
models but Br(t — he) < Br(t — hu) in d models

m Additional correlations with Higgs flavour changing leptonic
decays (indirect constraint!)

m Word of caution: in some models low-energy constraints from
meson mixings (D°-D°) may reduce the expectations for ¢t — hq
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Conclusions

Thank you for your attention!
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