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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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Introduction - 2HDM

Two Higgs Doublet Models (II)

m Spontaneous symmetry breaking

o) ()

\/v? + 03 =0~ 246 GeV Z—j = tan

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

Two Higgs Doublet Models (III)

m Doublets: (g;) :U(gi) with (Hy) = 5= (9) and (Hz) = ()

m Components

= (o Sionve) = (o iave)

m G°, G*: pseudo-Goldstone bosons (longitudinal Z & W¥)
m IF the fields in the Higgs basis where the physical (mass
eigenstates) scalars ...
= N° “SM Higgs”
m additional R° scalar & A pseudoscalar,
m additional HT charged scalar.

for the moment, focus on the Yukawa couplings %
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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
LD uL (M (v+N% + N/R® 4+ iNJA)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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Introduction - 2HDM

Fermion Masses

m Pictorially

r_ 0 _ 2 _ % 10 _
M=, @‘—f—vge ‘;@— U%, N—m%; vie ‘;@—v_@
m The “drama”:

UJL M? Uyr = M, = diag (my, me, m;)
U;L MY Ugp = My = diag (mg, ms, my)
is fine, but
U, N Uy = N, =7
Ul, NS Usp = Ny =7

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

Yukawa couplings (II)

m %y in terms of physical quark fields
1 4, -
Py D —fN (uMuu + ded)
- fRO { (Nuvr + Nivp)u + d(Nayr + NﬂL)d}
i .
+UA|:’[_L(N“”}/R NT’yL)ud(Nd’)/RNJJ/’}/L)d}
V2

— —H* (VNgyr — N/VyL)d +h.c.

m Mixing matrix (CKM), V = UJLUdL
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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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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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BGL models

Enter BGL models

m Symmetry
0 it 0 0 i27, 0 i
Qr;— e Qr,, up; — €T up; , Dy +— Dy

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; this imposes

x x 0 0 0 O
Up Yukawas: Ai=x x 0], Ay=|0 0 O
0 0 0 0 0 x
X X X 0 0 O
Down Yukawas: I'=|x x x|, I's=10 0 0
0 0 O X X X
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BGL models

Up Yukawas — Example up 57 = 3

m Up Yukawas:
x x 0 0 0 O
Al = X X O 5 AQ = 0 0 O
0 0 O 0 0 x
m Reminder:
1 ) 1 ;
MO = — (0181 +02¢¥85) ;NI = — (0221 — 0167 Ar)

V2 YV2

For the Up Yukawas, M and N are simultaneously diagonalised
= NO FCNC

0
m The U, rotation is block diagonal, U, = (% % (1))
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BGL models

Down Yukawas — Example up j = 3

m Down Yukawas:

X X X 0 0 O
I'n=[|x x x|, TI'so=10 0 0
0O 0 O X X X
m Reminder:
J\L[O = L(’1)11—‘1 + ﬂgeierg) NO = 1 ('UQFl — ’Uleiel—‘g)
d \/§ ’ d \/§

m For the Down Yukawas

Ul MOUp = My, Ul NYUsp =7
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BGL models

The BGL magic (I) — Example up j = 3

m Rewrite
N((i,] = 7(’021—‘1 — vleng) =

] i0 V2 U1 V2 i0
= — (0 ] +v9e"Ty) ——= | — + =] T
" ( 1l + v 2) NG (vz v1> 2

MY

Ul NQUar = 2 My — % (2 + 2\ Ul Ty,
arNaYar = - Ma NG U1+vz ar€ 12UdR
= Problem with U}, ¢T2Usr
m The solution: if I'y oc P MY with P some fixed matrix,

UL, DolUgr oc UL, PMUyp = UL, PUar My
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BGL models

The BGL magic (II) — Example up j = 3

s Which P?
0 0O
P=100 0| = 2Ty =P MY
00 1 V2
m The final touch: as U, = (% g %),

V= U:iLUdL = [Ugr)si = Vs

and
(U3, PUaLlij = V5V,
m Finally

[Nalij = (U}, NSUarlij = ta[Mali; — (tﬁ + %1) V3V [Maljj
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BGL models

Neutral couplings in BGL models — Example up j = 3

m Up sector
N, = —t5" diag(0,0,m¢) + t diag(m., me, 0)

m Down sector

mq 0 0
Ng=tg 0 mg O
0 0 my

. md|th\2 msVigVis  muVigVy,
= (1t 15) { maViVi mafVil mvicy
maVipVig msViVie  ma| Vil

It all comes from the symmetry
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BGL models

More BGL models (I)

m We have seen an example with
0 T 0 0 27, 0 T
Qrj— e’ Qrj, up; — e up,; Py — 7Dy

and j = 3, leading to FCNC in the DOWN sector,

controlled by V,, V3
m but we can as well choose j =1 or j = 2,

then leading to FCNC in the DOWN sector

controlled by V,,V." or V_,V

ct '’ ck
m ...or start with this symmetry

Q%j — ei‘r Q%] , d%] — eisz%j , (I)2 — ei‘rq)2
which would lead to FCNC in the UP sector, controlled by V;;V;
m Models: for the moment 3 up quark + 3 down quark
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BGL models

More BGL models (II)

m Models

m Quark sector 3 up quark + 3 down quark
m Lepton sector 3 £ + 3 v (Dirac neutrinos)
[N.B. for Majorana v’s, only half, no v-FCNC]

m Need all for Renormalization Group Evolution, e.g.
DI'y = arly+

2
+3 [3Tr (rkrj + ALAZ) T Tr(HkHlT T 2121)} T+
=1

2
1 1
+3° (—ZAzALFz + T[T+ S AAT, + QFlFZFk) :
=1
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BGL models

BGL models - The zoo

m In the previous example, “model t”,

m flavour changing couplings of down quarks with R® and A,
m flavour conserving couplings of up 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, Nebot & Rebelo, JHEP(2011) 1102.0520]

m What about flavour changing couplings of the Higgs?
The answer: N° and R? are NOT the physical scalars
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m Neutral mass eigenstates, one mixing only (no CP),
H _ [t —Sa PrY _ (—Cap —Sap NO
h Sae  —Cq 02 SaB  —Cap RO

with h “the Higgs”
m From

1 _
Lgqn D —N° = [aMyu + dMyd)]
v

~R° % (& (Nuvm + Nivw ) w+d (Nave + Njw) d]
m to

K
P
U

)
(SapMa — capNa)VR + (505 Ma — capN})7L

+
S

|
SHE=sSN N R~

S
TN TN T

(SaBMu - CaﬁNu)'YR + (SaﬁMu - CaBNJ: ’YL) u
d
(CaﬁMu + SaﬁNu)'yR + (CaﬁMu + SaﬁN@t)'YL) u

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

Higgs in BGL models

Most salient features

m Flavour changing couplings of the Higgs with up or with down
quarks = h — bs,bd, t — he, hu

m Flavour changing couplings of the Higgs with neutrinos or with
charged leptons, h — ur

m Modified flavour conserving (diagonal) couplings

m Only two new parameters involved, tan § and o — 3
= correlated predictions, magic combination c,g(ts + tgl)
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Analysis

Constraints

Before addressing rare decays, constraints on tan 8 and a — 8

m From Higgs diagonal couplings: vy, WW, ZZ, bb, 77

Notice that both decay and production are modified!

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

[Botella, Branco, ..., JHEP(2014) 1401.6147]
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Analysis

Higgs signals (I)

Signal strengths of the form

X = [o(pp — )}, Br(h — X)
* [o(pp — h)sml; Br(h — X)sum

m i for the different combinations of production mechanisms

m X for the decay channels
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Higgs signals (IT) — SM production & decays

Prod. ch. 4 ggF | VBF | Wh Zh tth bbh
[o(pp — W)sn], (ob) || 19.27 | 1.578 | 0.7046 | 0.4153 | 0.1203 | 0.2035

Table: Production cross sections, my = 125 GeV, /s = 8 TeV.

Decay channel X bb WW+* | ZZ* T vy 99
[Br(h — X)Jsm || 0.578 | 0.216 | 0.0267 | 0.0637 | 0.0023 | 0.0856

Table: Decay BRs, mn = 125 GeV (width I'n = 4.03 MeV).
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Analysis

Higgs signals (IIT) — LHC results

mh— 7,
Hogr = 1127030 . ilpp = 158700 pyy = —0.167575
e = 132088l = 0T84
mh— 77,
Hoftjee = 0881035 ndie = 1.235 1053

in 0/1 jet, ggF:VBF ~ 20:1; in 2 jets, ggF:VBF:VH ~ 4:2:1 .
mh—-WW,

wWw o _ +0.22 Ww _ +0.54
Poytjet = 0-74 29755 5 pver+ve = 0.60 Zgs

0/1 jet ggF dominated.
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Analysis

Higgs signals (IV) — LHC results

mh— 7T,
[T = 0.34£1.09,  pT, =1.0740.46, 3l ypr = 0.94+£0.41,

0 and 1 jet ggF dominated, for 2 jet-VBF tag, ggF ~ VBF.
m h — bb,
pihy = 10205, pbhy = 065704 .
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Analysis

BGL vs. Higgs signals — Modified couplings

u,c t Down model d;
Sap — Capts | Sap + Capty | Sap — capl(l = [Vig,[))ts — [Via I3 ']

Table: hit coupling (m:/v x).

d,s b Up model u;
Sap — Caplp | Sap + Capts’ | Sap — Capl(1— |V, ,[))ts — V., ,[%t5"]
af aB's apf aBlp af af u;bl /6 ubl “8

Table: hbb coupling (mp/v ).

e, T Neutrino model v;
Sap = Caplp | Sap + capty’ | sap — capl(l = [VoilP)ts — [Vii*t5']

Table: h77 coupling (m,/v X)

Don’t forget hV'V — s,ghVV
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Analysis

log,ytan B vs. a — (3, examples




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

dr, dv. dvs
-2 -2 -2

3 -3

T T

£ s £

-6 -6
7 - .
B e e N e e R N

log(BR(t - he)) log(BR(t - he)) log(BR(t - he))
-1 -1 -1
de dyu dr

- - -2

- -3

B Z ’

2 = P

g -5 R

-6 -5
-7 -7 -7
e e B e N e e N

log(BR(t - hc)) log(BR(t - hc)) log(BR(f - he))




log[Br(t — hu)] vs. log[Br(t — hc)] in s models

-1 -1 -1
s s v
-2 -2 -2
-3 -3
T 7
E E
- -
-7 7 -7
R B T pr T TS TS TS
log(BR(t - he)) log(BR(t - he)) log(BR(t - he))
-1 -1 -1
se su st
-2 -2 -2
5 -
3 3 /
2. 2. P
E Ef
-6 6
2 - ,
e R e R e R

log(BR(t — he)) log(BR(# — he)) log(BR(t ~ he))




Analysis

log[Br(h — p7)] vs. log[Br(t — hc)] in sv; models

-1 -1 -1
svy sv, svy
2 - -2 4 -2 /'
-3 / -3 -3
5 ES 5
T e T
£ 5 E s s
3 H H
-6 -5 -6
-8
-8 -7 -6 -5 -4 -3 -2 -1 -5 -7 -6 -5 -4 -3 -2 -1 -6 -7 -6 -5 -4 -3 -2 -1

Tog(BR(t = he)) log(BR(t = he)) Tog(BR(t = he))




Analysis

log[Br(h — p7)] vs. log[Br(t — he)] in by; models

-1 -1 -1
by b, by
-2 y -2 5 -2 )
-

-3 y -3 -3
g / g z
5 5 5
+ -4 T -4 + -4
£ 5 E s s
2 2 2

-6 -6 -6

-8
-8 -7 -6 -5 -4 -3 -2 -1 -8 -7 -6 -5 -4 -3 -2 -1 -8 -7 -6 -5 -4 -3 -2 -1

Tog(BR(t = he)) log(BR(t = he)) Tog(BR(t = he))




models

a
g
=

log(ty)

log(ts)

log(t)

log(15)

log(1)




wn
—
[®)
e
S
|
)

1mn

log(1s)
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log[Br(h — bd)] vs. log[Br(h — bs)] in u models

-1 -1 -1
-2 -2 -2
£ -5
log(BR(h - b)) log(BR(h = bs)) log(BR(h = bs))
-1 -1 -1
" P
.
T 4 T

log(BR(h = bs)) log(BR(h = bs)) log(BR(h = bs))




log[Br(h — bd)| vs. log[Br(h — bs)] in ¢ models

o -1 -1
o o, o
2 -2 -2
-3
S
£ 5
-6
7 . -
e p| e e R} e i E|
log(BR(h - b)) log(BR(h = bs)) log(BR(h = bs))
a -1 -1
ce cu cr
-2 -2 -2
-3
T 4 T /
£ s £ s
-5 -5
-7 -7 -7
R R B e pt e !

log(BR(h = bs)) log(BR(h = bs)) log(BR(h = bs))




log[Br(h — bd)] vs. log[Br(h — bs)| in ¢t models

-1 -1 -1
v, tvy vy

-2 -2 -2

- -3 -3

T 4 T 4 T 4

E E

- -

. ,, ~
ey e B e B e e

log(BR(h - bs)) log(BR(h = bs)) log(BR(h - bs))

-1 -1 -1
te tu tr

- - -

-3 -3 -3

/ 2. S/ 2.

E E

- -

- - -
e e B e B e B

log(BR(h = bs)) log(BR(h = bs)) log(BR(h = bs))




Analysis

log[Br(h — p7)] vs. log[Br(h — bs)] in ur; models

-1 -1 -1
w,y w, wy
-2 -2 -2
-3 -3 -3
B 5 5
+ -4 T -4 + -4
£ 5 E s s
-6 -6 -6
=5
-8 -7 -6 -5 -4 -3 -2 -1 -8 -7 -6 -5 -4 -3 -2 -1 -8 -7 -6 -5 -4 -3 -2 -1

Tog(BR( = bs)) log(BR(h — bs)) Tog(BR(k = bs))




Analysis

log[Br(h — p7)] vs. log[Br(h — bs)] in cv; models

-1 -1 -1
o o s
-2 -2 -2
-3 -3 -3
B 5 5
+ -4 T -4 + -4
£ 5 E s s
-6 -6 -6
=5
-8 -7 -6 -5 -4 -3 -2 -1 -8 -7 -6 -5 -4 -3 -2 -1 -8 -7 -6 -5 -4 -3 -2 -1

Tog(BR( = bs)) log(BR(h — bs)) Tog(BR(k = bs))




Analysis

log[Br(h — p7)] vs. log[Br(h — bs)] in tr; models

-1 -1 -1
tvy v, tvy
-2 / -2 -2
-3 -3 -3
B 5 5
+ -4 T -4 + -4
£ 5 E s s
-6 -6 -6
=5
-8 -7 -6 -5 -4 -3 -2 -1 -8 -7 -6 -5 -4 -3 -2 -1 -8 -7 -6 -5 -4 -3 -2 -1

Tog(BR( = bs)) log(BR(h — bs)) Tog(BR(k = bs))




Conclusions

Summary & Conclusions

m Class of models with reduced parametric freedom: tan 5 & o — f:
= predictivity & correlations,
= importance of flavour diagonal Higgs data to constrain
flavour changing couplings.
m { — hu & t — hc branching ratios can saturate current bounds
m Different correlated patterns, Br(¢ — he¢) > Br(¢t — hu) in s,b
models but Br(t — he) < Br(t — hu) in d models
m h — bs & h — bd branching ratios within reach of ILC sensitivity
m h — p7 branching ratios can be at the level of the “CMS hint”
m Correlations between flavour changing processes in the quark and
lepton sectors
m Word of caution (1): in some models low-energy constraints from
meson mixings may reduce the expectations

m Word of caution (2): 2-loop Barr-Zee contributions in pu — ey
require detailed analysis
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Conclusions

Thank you for your attention!
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