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Two Higgs Doublets: Qa (a=172)

0[] (¥)[0) = J5(0,vae®) ,  61=0 ,  0=6—6
nggS basis: v=4/vZi4 2 , tanff = wa/wvy
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Goldstones: G*, GO
Mass eigenstates: ©¥(x) = {h(x), H(x),A(x)} = Rj Si(x)
CP-conserving scalar potential: A(x) = S3(x)

h _ cos@ sina 51

H ) | —sind@ cosa S
Gauge couplings: goww = Rit ghoy

IV 2
v + 8w + 8w = (8hvv)
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Standard Model

One Higgs Doublet ¢ = (
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GIM Mechanism (Unitarity)

Yukawas proportional to masses

No Flavour-Changing Neutral Currents
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Yukawa Interactions in 2ZHDMs

Ly

Ly = — Q[ (N1 +T2¢2)dr — Q) (D11 + Dodo) Ui

— L} (M1¢1 + Mag2) I + hec.

l SSB
\/ﬁ _ — - -
= 2= { QLMoL+ Yj02) di + QL (Mbs+ Vi) i

+ I (Mjdy + Y] ) Iy + h.c.}
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¢ and Y/ unrelated =»  FCNCs

\/EMQ =wnli+ Vzrgeie , \/§ML/I = v + V2A267"0
V2 Y] =wle? — vl ; V2Y! = wvlse 0 — v
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Avoiding FCNCs

Very large scalar masses == THDM irrelevant at low energies

Very small scalar couplings

e Type Il model: (Y¢)ij o< /mimy; Yukawa textures
Cheng-Sher '87
e Discrete Z, symmetries:  only one ¢,(x) couples to a given fg(x)
Glashow-Weinberg '77
Zo: 1= 1, p—— , QQ—=Q , Li—L , fr—=xfp

— CP conserved in the scalar sector
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Aligned 2HDM

Require alignment in Flavour Space of Yukawa couplings:

M =¢&ge70T, , Do = Eelf Ay , My =&e M,
§f —tan
Y, = M Y, =c*M =
d,l Sd,1 Vid. 1 5 u Sy Mu s Sf 1+ ff tanﬁ
2
Ly = —% H+{n 50 Veres MaPr — 6 MiVio P ] d + 1 (7 M) Pr l)}

1 0 -
S (FMPRf) 4 e
o). f
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e Fermionic couplings proportional to fermion masses.

e Neutral Yukawas are diagonal in flavour

0 0 . .
yi’, =Rii+ (Riz+ i Riz) <4 ) vi' = Ra+ Ria—iRi3)s,
e V., is the only source of flavour-changing phenomena

o All leptonic couplings are diagonal in flavour
e Only three new (universal) couplings ¢r.

e The usual Z; models are recovered in the limits & — 0,00

The inert doublet model corresponds to ¢r =0 (& = tan 3)

e ¢r are arbitrary complex numbers

= New sources of CP violation without tree-level FCNCs
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A2HDM: General phenomenological setting without tree-level FCNCs

V2

v

Ly = — {ﬂ [gd Vs MaPr — <4 MJVCKM'PL] d + ¢ (?MPr I)}

1 _
—— Z yf?go? (fo’PRf) + hec
% oy

o0 . ©? : *
Yg; = Rix+ (Ri2 + i Riz) sd.s , vi' = R+ (Rin—iRiz)si
Model Sd Su S
Type | cot |cotf | cotp

Typell | —tanf | cotB | —tanf

Type X | cotf |cotf | —tanp

TypeY | —tanf | cotfB | cotf
Inert 0 0 0

Z, models:
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Quantum Corrections

L, ,upy  invariant under the phase transformation: [af = al]
fi(x) = e Fi(x) fi(x) — e fi(x)
L L ’ R R
i iat v —ia®t iaft —ialR
Vi — et V2 e , Mg i — €% My e

e Leptonic FCNCs absent to all orders in perturbation theory

e Loop-induced FCNCs local terms take the form:

ur VCKM(MdM('S)nVT (MuMl)mMuuR

CKM
JL VgKM (MUME)n VCKM (MdML)dedR

MFV structure

D’Ambrosio et al, Chivukula-Georgi, Hall-Randall, Buras et al, Cirigliano et al

2HDM A. Pich
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FCNCs at one Loop

General 2HDM 1-loop Renormalization Group Eqgs. known cuetic et al, Ferreira et al

l Jung-Pich-Tuzén, Braeuninger-lbarra-Simonetto

C(p "
Lrone = ﬁ (1+cisq) Z ©9(x)
1

MU Ml:'-l VCKM

X { (Riz +iRi3) (sg — Su) [JL vi

CKM

M, dg|

~ (Riz = iRiz) (3~ i) |0 Voo MM} Vi M, v |

CKM

+ h.c.

o C(n) = C(po) — log(1/10)

e Vanish in all Z> models as it should
e Suppressed by mqmz,/(47r2v3) and V99 = 5 bg, Gtk

CKM
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Global fitto P — Iy, 7 — Pv,., P — P'ly,

(95% CL)

M- Iv+B - Dtv+
Z - bb+t-pv

M- Iv+B - Dtv

fitter

Package

0.0

. 0.1 0.2
Re(Z&i/M?)
Tree-level H* exchange

2HDM A. Pich

Jung-Pich-Tuzén, 1006.0470
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1-Loop Constraints on H* Couplings (95% CL)

u,ct
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vé
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uct

b q w b w t
b b
w u,ct u,ct
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< < < z z
q b w q

Virtual HT /W*. Top-dominated contributions

AMg,  (Jsq| < 50)
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2HDM

A. Pich
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Constraints from b — s~ (95% c1)

Complex couplings Real couplings
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Global Constraints on Z, Models (95% cL)

6.0470
Type | Type X
7 3 >

Log(M,/GeV)
Log(M,/GeV)

0.0 05 1.0 15 2.0 -1.0 -0.5 0.0 0.5 1.0
Log(tan(p) Log(tan(B)

Sy =64 =¢ = cotf3 gu:gdz_gl—lzcotﬁ



Global Constraints

Jung-Pich-Tuzén, 1006.0470

Type Il

3

28

[
=Y

Log(M,/GeV)

N
N

-1.0 -0.5 0.0 05 1.0 15 20

Log(tan(p)

w=-—g 7 =—¢ =coth

My: > 277 GeV

2HDM A. Pich

on Z, Models

(95% CL)

Type Y

28

N
Y

Log(M,/GeV)

N
N

-1.0 -05 0.0 05 1.0 15 20

Log(tan(B)

<u=—§gl=<,=cotﬂ

In agreement with previous analyses
Aoki et al, Wahab et al, Deschamps et al, Flacher at al, Bona et al, Mahmoudi-Stal, Misiak et al ...
Annecy 2014
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Scaling factors for Higgs Production & Decay

wt, 7z
gxvw = Rin gy
w-, 7
f 0 . oy e
Yu = 7?41 + (RI2 - 1R13)§u
0 .
7 Yj,’/ =Ri1+ (Rio+iRi3)Sa,

e CP Symmetry:

8hivv = COS & gRyy )

yf = cos@+rsind

)

2HDM

M I M
> gHvv = —sin & gioy
ny —sin@ +g¢rcosax yj‘ =—ig, , Yi, = iS4,
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tan B

LHC Fit within Z, Models

2HDM Type | ATLAS Preliminary 2HDM Type Il ATLAS Preliminary 2HDM Type IIl ATLAS Preliminary 2HDM Type IV ATLAS Preliminary
—— Obs. 957 CL 5= 7 TeV: Lot = 464810 —— Obs. o5 CL (o= 7 TeV:fiat- 4648 1" —— Obs. 957 CL 5= 7 TeV: Lot = 4648 10" —— Obs. 95% CL f5=7TeV: flot=46-4810"
X Bestit  =8TeV:flot=2031" X Bestit  =BTeV:flot=20315" X Bestht fE=8Tev: i X Bestit f5=8TeV:flit=2031"
-~ Exp.95% CL Combined h — y.2Z" WW" - - - - Exp.95% CL Combined h — yy,2Z* WW" -~ Exp.95% CL Combined h - ==~ Exp.95% CL Combined h — y.2Z" WW"
— -sm h— Tebb. — M [ —-sm h— rebb — -sm
10 T TR @ 10 e e 10
N c c
| £ S
4 | 4 % A 4
3 | 3 . R 3 X
2 | 2 . ) 2
| |
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0.3] \ |/ 03 1 0.3]
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"-1-0.80.60.402 0 0.20.40.60.8 1 "-1-0.80.60.4-02 0 0.20.40.60.8 1 "-1-0.80.60.402 0 02040608 1  -1-0.80.60.402 0 0.20.40.60.8 1
cos(B-at) cos(p-ct) cos(B-at) cos(B-at)
Model Sd Su S/
SM_ 5 Type | cot cot cot
gVVh/gVVh = cos =sIn (5 - Oé) yP p p p
Type Il —tanf | cotp | —tanp
Type X (111) cot 8 cot3 | —tanp
h ~ e~
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Inert 0 0 0
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A Light CP-even Higgs at 126 GeV

Celis-llisie-Pich, 1302.4022, 1310.7941

15 I
CP conserved
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A Light CP-even Higgs at 126 GeV

Celis-llisie-Pich, 1302.4022, 1310.7941
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A Light CP-even Higgs at 126 GeV

Celis-llisie-Pich, 1302.4022, 1310.7941

CP conserved

T T T T T T T T 2 T T T T
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Strong constraints on the A2HDM parameters
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Fermiophobic Charged HiggS Celis-llisie-Pich, 1302.4022, 1310.7941

=0 —- v = g(,p?VV/gsg)v\[/V = Ri

Fermiophobic charged Higgs Fermiophobic charged Higgs
A A R A
a4 A:Fit |
P o m: 68% CL
r : m:99% CL
2f > 4
9 ’ ]
o T - ]
_2-_ ] _:
o< ] ]
[ ] wos%cl ]
-6b ., v xleld?' To.ssr m: Perturbativity -
4 06 08 T 10 2] =
sin(a) AnHH-
c = —va hHYH™ -2 AGMP o /M
hHYH— = TV Mt H— , HEt = W wHtH— AGM L /M)
H
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Oblique Constraints (S, T, U)

Celis-llisie-Pich, 1302.4022, 1310.7941

cos& € [0.8, 1]
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2HDM

Electric Dipole Moments

Highly sensitive to flavour-blind CP-violating phases
Stringent experimental bounds: neutron, Tl, Hg. YbF ...
1-loop H* contributions very suppressed by light-quark masses
Contributions from 4-fermion operators are small Buras et al
Two-loop contributions dominate  weinberg, Dicus, Barr-Zee, Gunion-Wyler

Strong cancelations among <p? contributions: Jung-Pich

©? o7 #
2. Re(ys ") Im(yg") oc Tm(cfep,)
Cancelation exact in the equal-mass and decoupling limits

A. Pich - Annecy 2014
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Charged contribution

Im(Zénl

Mpy:/GeV

Neutron EDM

m(giénl

Neutral contribution

15

10

Im[5.451
o

150 200 250 300 350 400 450 50
M,/GeV

0

Jung-Pich, 1308.6283

Comparison with b — s~

b — sy

r
y

\\

M4 € [80, 500] GeV

-5 0 5 10 15 20 25

Rel&uggl

Im(g,s;) strongly constrained, but not tiny

2HDM

My = (M,

A. Pich - Annecy 2014

0) (effective neutral mass)
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2HDM

Im(Z,gH

Electron EDM

Jung-Pich, 1308.6283
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2HDM SUMMARY

e The Aligned THDM provides a general phenomenological setting

Includes all Z> models
o Tree-level FCNCs absent by construction
¢ Loop-induced quark FCNCs very constrained (MFV like)
e New sources of CP violation through ¢r
o Satisfies flavour constraints with ¢ ~ O(1)
e Sizeable flavour-blind phases allowed by EDMs

¢ Interesting collider phenomenology

Neutral and charged scalars within LHC reach
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Bg,d % I“l'+l'll_ Li-Lu-Pich, 1404.5865

B(BY = i i Jexp. = (29£0.7) x 107° [SM: (3.65 £ 0.23) x 10~°
B(By = p" 7 exp. = (3.6755) x 10710 [SM: (1.06 4 0.00) x 10~ 1°]
|

H 2
O 3o

[Sq,el~Isul<2 10

3.0
\ . My=80GeV
205 N — My=200GeV /
 My=500GeV

500

My-[GeV]

Rey = B(BY — ptp™)/B(BY — p' ™ )sm

2HDM

A. Pich - Annecy 2014
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By — ptp”

Mass1:

M, = = 80 GeV
My = 80 GeV
My = 130 GeV

Mass2:

M,+ = 200 GeV

My = 200 GeV
My = 200 GeV
Mass3:

M+ = 500 GeV
M, = 500 GeV
My = 500 GeV
Li-Lu-Pich, 1404.5865

2HDM

Mass1 Mass2
40[M 1o s=1 =1
B 20
20, :
(- ﬁ
0 ———
-20 »
—40
-40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40
Se Se Se

Mass1

Mass2

-40 -20 0

Mass3

A

-40 -20 0 20 40 20 40 -40 -20 0 20 40

Se Se Se

Mass1 Mass2 Mass3
| B su=—1 4o/M 1o su=—1 qo[M 1o su=—1
W 20 W 20
o 3o ‘& = O 3¢
= 7:-_,, & 0
é -20
-40 —40

-40 -20 0 20 40
Se
A. Pich -

-40 -20 0 20 40
Se

Annecy 2014
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Minimal Flavour Violation in 2HDMs

SU(Ng)® Flavour Symmetry in the Gauge Sector (Q,, ug, dg, L;, Ir)

Chivukula-Georgi '87

Spurion Formalism:

D’'Ambrosio et al, Buras et al

° rl ~ (NleaNleal)
_ Aligned Yukawas
° A1 ~ (NGaNG717171) —-

- are also invariant
° I_Il ~ (171717NG7NG)

Allowed Operators:
Q (A, ah)mA, vy
QL (AL A (M T])™T 1 dg
2HDM

A. Pich - Annecy 2014 31



Tree-level Constraints

Jung-Pich-Tuzén, 1006.0470

o T e |8,/ 8e|? = 1.0036 + 0.0029
— 51|/ M= < 0.40 GeV™1  (95% CL)
_ _ mp m/2 ? i 12 2
o F(P — ! l//) = 8_7T —m—I% ‘GFmIfPVCKM ’]_—AU’
A — m,zp « SulMuy; +§dmdj
;=

S
M2, my; + mg,

e [(P— P'I" ) wmd Scalar form factor: fo(t) = fo(t) (14 3;t)

*

S MiSy — MjSq
M2 . .
M. mi—m;

5,‘]2
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R(D(*))

Im(C,CiME)/GeV?

2HDM

B — D®ry, and B — tv, decays

Celis-Jung-Li-Pich, 1210.8443
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A. Pich

Belle 2007 | —

——+—
BaBar 2008 : .
Belle 2009 H—e—H —————
Belle 2010 ] L .
BaBar 2012 HTe—H =
I | I I I I

I
0.6

02 04 06 08 03 04 05
R(D) R(D*)
r
06 A
kA D,—p/av(+B-1v)
o
%oz b
4
"5
o
~=-02 1
E
04 R(D)(+B—1v) 4
06 LCKIMC I
Papar
-1 05 . 0 05
Re((,L/M3)/GeV2

- Annecy 2014

33



R(D™)

B — D®ry, and B — tv, decays

Celis-Jung-Li-Pich, 1210.8443

Belle 2007 e
BaBar 2008
BI'(B N D(*)T*DT) Belle 2009 ——e—H H——e——H
— — Belle 2010 R
Br(B — D& {~1y)
BaBar 2012 Hre—H H—e
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045 T T T 15
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035 |- 8 -y
- 3
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o E
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5
0.25 = T
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o [ P i ) 3 L ! L i s 15 s i L L 1
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{ J
R(D) Re(d.,) Re(4l,)

Scl: R(D) and R(D*) only

2HDM

Scl: R(D), R(D*), Br(B — Tv+)

A. Pich - Annecy 2014

Sc3: All data except R(D™)
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2HDM

Constraints from ex (5% c)

Jung-Pich-Tuzén, 1006.0470
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a(pp — ¢7) Br(¢} — f)
a(pp — h)sm Br(h — f)sm

Higgs Signal Strengths: us =

ng __olpp = jj&f) Br(¢) — f) } Msa? __olpp = V) Br(e) = f)
P57 o(pp — jj h)sm Br(h — f)sm V7 o(pp — V h)spm Br(h — fsu
Brigf = X) _ 1 T(p—=X) o(0) = M(¢?)
Br(h — X)SM [)((p?) F(h — X)SM ' ! I’SM(h)
o0 2 o0 2
R | g Relyg N FOq)|* + | S Imlyg ) K (xq)|
& 7 o(gg — hsm |Zq ]__(Xq)|2
O, @0 2 WO, 2
o Tl o) | S Reb7T)NEGE F ) + Gbw)Ri +Clh T+ | S ) NE QR (x)
T T = yv)sm ‘ S NEQEF(x) + Q(XW)‘2
xf = 4m§/MiQ ; Xy = 4M5V/Mio

i i
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Constraints from b — s~  (95% cL)

Jung-Pich-Tuzén, 1011.5154

Important Correlations: CM(uw) = Cism + lsul® Ciuw — (sisy) Ciud
* *
lsisy] vs. My= Susal vs. arg(sisy)

- 25 : . T r T
20 20
_15 _ 15
10| 10
5| 5
0! 0

00 200 300 00 500 0 ] 2 3 A 5 .
My ¢/rad

e Stronger constraint for small Scalar Masses

e For ¢ = arg(s;s;) = 7 (0) constructive (destructive) interference
e Important restriction on CP asymmetries
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A Heavy CP-even Higgs at 126 GeV Celis-Ilisie-Pich, 1302.4022

Invisible Width ~ (H — hh)
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Degenerate CP-even and CP-odd Higgses

Celis-llisie-Pich, 1302.4022

S, T, U Constraints

My = My = 126 GeV
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Complex Yukawa Couplings

Complex Top Yukawa

2HDM

-
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Complex Bottom Yukawa
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Annecy 2014

Celis-llisie-Pich, 1302.4022

Complex Tau Yukawa
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CP-even & CP-odd Scalar Mixing
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90% CL bounds for real ¢¢, with |s,| < 2 and |sq,| < 10
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