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Possible Scenarios:

® Light SM Higgs: My (GeV) € [114.4, 141]

neglects correlations
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Possible Scenarios:

® Light SM Higgs.

Favoured by EW precision tests

® Alternative perturbative EW SSB.

Scalar Doublets and singlets (p)

© Heavy Higgs.
Non-perturbative EW SSB

O No Higgs.
Dynamical EW SSB
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Standard Model

One Higgs Doublet ¢ = (

¢(+)
¢(0)

)

=(a,d) , d=inor
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Diagonalization = w=si»- {

GIM Mechanism (Unitarity)

Yukawas proportional to masses

No Flavour-Changing Neutral Currents
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Two Higgs Doublets: ¢, -1

(01¢] ()I0) = J5 (0, vae™) ,  61=0 , 0=6-0
nggS basis: v=4/vZ4 2 ; tanff = wa/wvy
ol | cospB  sinp 01
—o, ~ | sin8 —cosf e 10 ¢,
Gt H+
— ¢1:[\%(V+51+i(;0)] ; ‘Dz:[%(sz—i—i_%)

Mass eigenstates: H* | %x) = {h(x), H(x), A(x)} = Rj S;(x)
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Yukawa Interactions in 2ZHDMs

Ly = —Q (M1 +T2¢2)dr — Q) (D11 + Dodo) Ui

— L} (M1¢1 + Mag2) I + hec.

\‘/ SSB

5 _ . .
Ly = 2 (0L (Ms + Vior) dy + Qf (M1 + i) v
+ L (Mjdy + Y]o) Iy + h.c.}
¢ and Y/ unrelated =»  FCNCs
V2 M, = wl1 + valoe , V2 M, = vi Ay + volpe
\/§ Yé . vll’ze’(’ —wl s \/§ YL: = V1A2€7i0 — Wl
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Avoiding FCNCs

Very large scalar masses == THDM irrelevant at low energies

Very small scalar couplings

Type Il model: (Yr)ij o< /mim; Yukawa textures

Discrete Z, symmetries:  only one ¢,(x) couples to a given fr(x)

2y 1=, = —¢2 , Q—Q , Li—L , fr—=Efk

— CP conserved in the scalar sector
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Aligned 2HDM

Require alignment in Flavour Space of Yukawa couplings:

Mo =¢ge70T ; Dy = el Ay ; M =¢&e My
ff—tanﬁ
Yy =caiM Y, =M = sr—tanp
d, ) = Sd,t Ma,1, u =<, My, SF 1+ & tanf
3
Ly — _% H+{u 5 Vi MaPr — sy MiVi Pl d + <1 (7 M) Pr /)}

1 Z yf?cp? ()?MfPRf) + hec
v pry
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e Fermionic couplings proportional to fermion masses.

o Neutral Yukawas are diagonal in flavour

o , 0 _ .
Yai = Rii+ (Ria + i Ri3)sd, , vi' = Ra+ (Rin—iRiz)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

A-2HDM A. Pich - Vienna 2011
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A2HDM: General phenomenological setting without tree-level FCNCs

Ly

V2

= —— H+{ [Cd V Md,PR_Cu Mu CKMPL] d+ g (DMIPR I)}

v

71 Z yf?cp? (?MfPRf) 4+ h.c

w,,f

A-2HDM

Z, models:

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
A. Pich - Vienna 2011
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Quantum Corrections

L, by invariant under the phase transformation:

i) = e f(x)

.. . ul
Vi el

O I 1)

.. , L :
) —la o’ -
CKM VCJKM e ’ Mf,fj — e Mf,ij €

= o]

f,R

e Leptonic FCNCs absent to all orders in perturbation theory

e Loop-induced FCNCs local terms take the form:

0L Viggens (MM VI (M, ME)™ M, ug

CKM
aL VCTKM (Mu Ml)n VCKM (Md MI/)dedR
MFV structure
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Minimal Flavour Violation in 2HDMs

SU(NG)5 Flavour Symmetry in the Gauge Sector (Q,, ug, dg, L;, Ir)

Spurion Formalism:

° r1 ~ (NG717NG7171)

_ Aligned Yukawas
L A1 ~ (NGaNG717171) »

o are also invariant
® nl ~ (151715NGaNG)

Allowed Operators:
QL (M a,ah)mA, vy
QL (A, A])" (T, T)™T di
A-2HDM

A. Pich - Vienna 2011 15



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 )
Lrone = # (1+<isa) D #P(x)

X { (Ri2 +iRi3) (Sg — Su) [C_IL VI

CKM

MUMZL/ Vik Md dR}

= (Ri2 = iRiz) (sg — <u) [UL Vo MyM} Vi M, UR} }

CKM

+ h.c.

o C(n) = C(uo) — log(1/10)
e Vanish in all Z, models as it should

e Suppressed by mqu’,/(47r2v3) and V99 = 5 bg, ¢tk

CKM
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Phenomenological Constraints

o e 18/ 8e|? = 1.0036 = 0.0029
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Real Couplings: Jung-Pich-Tuzén

Ds — tv, (B — 71v;)

07 .
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1-Loop Constraints on H* Couplings

q u,c,t b q % b
BO—BO Mlxmg Ez u,ct u,ct
b uct q b w q
W

Z — bb

Virtual H¥ /W*. Top-dominated contributions
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Constraints from Z — bb and AMp, (95% CL)

Z — bb  (|sy| < 50) o AMp, (ol <50)

300 100 200 300 400 500
M, /GeV
My/GeVv

|Sul /My < 0.011 GeV™' w6/ |/M?. < 0.005 GeV >

T
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A-2HDM

Constraints from ¢x
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Constraints from b — sy

Gl

Complex couplings
T T T

i R
| | | -H
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I I
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Global Constraints on Z, Models (95% CL)

Jung-Pich-Tuzén

Type | Type X

28 -

S S'as
() ()
Q Q
I I
= =
=3 =3
3 M/t-lv + 3
B Dwv

22

%//

-1.0 -0.5 0.0 0.5 1.0 15 2.0 -1.0 -0.5 0.0 7777 1.0 ] 20
Log(tan(B) Log(tan(B)
-1

A-2HDM A.Pich - Vienna 2011 24



Global Constraints on Z, Models  (95% CL)  uricnrisn

Type ll Type Y

M/t-lv +
B Dwv

M/t 1Iv +
B-Dtv

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

-1.0 -0.5 0.0 0.5 1.0 15 20 -1.0 -0.5 0.0 05 1.0 15 20
Log(tan(p) Log(tan(B)
-1 -1 -1
Su= =S4 = —¢ =cotf Su= —¢Sy =¢ =cotf
My > 277 GeV 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 ...)
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Constraints from b — sy (95% CL)

Important Correlations: CM(puw) = Cism + Isul? Ciuw — (skSy) Ciud
x| vs. My: [Susql vs. arg(sicq)

25 T T T T T T
20 20
_15 _ 15
10 10
5| 5

=16 200 300 %0 500 o5 p : 3 ” s p

My ¢/rad

e Stronger constraint for small Scalar Masses
e For p = arg(gjs,;) = m(0) constructive (destructive) interference

e Important restriction on CP asymmetries

A-2HDM A. Pich - Vienna 2011 26



Direct CP Asymmetry in b — sv

e Small in the SM
e Potentially large in general 2HDMs
e However, strongly constrained by Br(b — sv)

Maximal acp at NLO

-0.05

0 1 2 4 5 6

3
¢ /rad

Compatible with measurement, but it could be sizeable

A-2HDM A. Pich - Vienna 2011 27



DO0: ;*u* Asymmetry B® Mixing

03002
++ ——
Abl — Nb — Nb
sl — ++ R
0 N, ™+ N,
H“h
+ Standard Model 50 + _ 0 —
-0.02} = B Factory W.A. 2% = F(?q — uX) =T(By = p=X)
(1) D@ B~ WD X o T(BY = ptX)+T(BY — p=X)
M pg Aj r
004l DBAIHHCL. = AMq tan ¢q
' q
Dg,90fb"
0.04 0.02 0 0.02
ay

e LHCb does not confirm a large ¢s in Bs — J/W¢ (D0/CDE)

e DO data seems to require new-physics contribution in Al
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Average of B—)/Wd and Bs—>J/lpfo
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0 4 3 2 1 0
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‘ — 0.25
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© 0.15 j \:
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- R\
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3) Break ambiguity by looking at 0.1 i f\)\' e
relative S-wave phase vs. M(KK) in -0.15|; "\\ i —
Jpd -0.2 St Bs — J/LI)d)’
-0.25 L
-4 -2 33
G. Raven, Lepton-Photon 2011 ¢s [rad]
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BY-B? Mixing Phase within the A2HDM ... ..

Maximum possible enhancement from H* exchanges:

Sin(gs)/(1AISIn@EM))

o as sin ¢
af asl|5M B |A|Sin¢$M

= arg (—Mlg/rlg)

. . . S - Arggganed 10)
o _ SM
v A= M12/M12
_al

H* contributions to AM are too small to explain the DO asymmetry
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A-2HDM

Electric Dipole Moments

Highly sensitive to flavour-blind CP-violating phases
Stringent experimental bounds: neutron, Thallium, Mercury . ..
1-loop H* contributions very suppressed by light-quark masses

Contributions from 4-fermion operators are small
(also induced by ¢? exchange with 1-loop FCNC vertices)

Two-loop contributions dominate

A. Pich - Vienna 2011
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Neutron EDM dominated by H* contribution to £y

EW = —% fabc nyaﬁ GﬁpGl?pGacﬁ ’ CW ~ Im(§u§§)

Jung-Pich, preliminary

ISF ! ! 157 T T -
b — sy b—sy + dy
10- ] 1.0}
sk ] 0.5- .
5 ~ g
N 0f N 00
E - £
-5r 1 -0.5¢ -
-10p ] -1.0}
~1sb e 300 G R S M 08
-5 0 5 10 15 20 25 s o s T s 0 2s
Re[.47] Re[£.47]

Im(g,s;) strongly constrained, but not tiny
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nggS Production (CP assumed)

TN | o q _— Wz
t 0

h 5 ind sa0000000, " ¢ 5 Ho A = cosd

.yt = cos« + SusSino g g fusion i G W, Z bremsstrahlung W,z
HO o ~ ¢ il HO o
Yy — sin &+, cos & \ et AWz = —sina

z >

tTfusion

WW, 2Z fusion =9

e Charged Higgs: Z — HYH™, t — Htb, Wt — HThO (HO)
e CP-odd A% tft — A°, W+ — HTAD, Z0 — AOhO0 (HO)

e CP-violation:  ¢9 mixing (h°, H°, A®), ¢
A-2HDM

A. Pich
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A-2HDM

nggS Decay (CP assumed)

Z.W .
1 )\"}mzzcosd
0 .
)\’Q’V’Z:fsma
7z, W
f 0 ~ o
) yI" =cosd +g,sind
— H° -~ ~
f Yy = —sinQa + ¢, cos«

o HO(HO) = WEHT, KO (HO) = ZA°, HO — HOAO
o Ht — tb, Ht — WThO (HO)
o AD 5 tF, AD s WEHT, AY 5 ZOKO(HO), AO — HOHO

A. Pich - Vienna 2011
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Asymptotic 95% CL limit on o/cg,,

Asymptotic 95% CL limit on o/o,,,

Scaling factors for A-2HDM Higgs h°

Rolandi, HCP 11

3

ATLAS + CMS Preliminary, \'s = 7 TeV | —— Observed

ATLAS + CMS Preliminary, \s = 7 TeV | —e— Opserved
Ho ZZ,L =1.7-23 b exp. B Expected: 1o

Ho WW, L =151.7 fbVexp. B Expected : 1o

o

Asymptotic 95% CL limit on o/cg,,

d

L
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e Expected 4 20 — -
ak (I | lyP| = | cos & + g, siné| < 0.25 - 1

for My € [141,476]

1

: 1 Br(h® — Z2Z, WW) =~ 1

110 115 120 125 130 135 140 145 150
Higgs boson mass (GeV/c?)
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Charged Higgs

e
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| A |
ATLAS
Data 2011 I Ldt=1.030"

IBEmmmm

R 0. lgonkina, HCP 11
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SUMMARY

The Aligned THDM provides a general phenomenological setting

Includes all Z> models

Tree-level FCNCs absent by construction

Leptonic FCNCs forbidden to all orders

Loop-induced quark FCNCs very constrained (MFV like)
New sources of CP violation through ¢

Satisfies flavour constraints with ¢ ~ O(1)

Sizeable flavour-blind phases allowed by EDMs

Interesting collider phenomenology



A-2HDM

Backup Slides
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CKM Fit within the A2ZHDM

15

05

-05

itier
package (exc
I

-1 -05 0 05 1 15 2

e Only the constraints from |V,;,/ V| and Ams/Amy survive
e 7 from tree-level decays excludes the 2°¢ solution
o Amg/Amy = (Amg/Amy)|sm + O[(ms — mg) sa/Mw]

A-2HDM A. Pich - Vienna 2011



Parameter Value Comment

fa, (0.242 £+ 0.003 £ 0.022) GeV

fs. /s, 1.232 +0.016 4 0.033

o, (0.2417 + 0.0012 + 0.0053) GeV

fo./ o, 1.171 - 0.005 + 0.02

fi /e 1.192 +0.002 4 0.013

fz.\/ Beo (0.266 4 0.007 = 0.032) GeV

fs,\/ Beo/(f5.1/ Beo) 1.258 4 0.025 + 0.043

Bk 0.732 + 0.006 + 0.043

[Vid]| 0.97425 + 0.00022

A 0.2255 + 0.0010 (1— [Vua?)"?

| Vs | (3.8+0.1+0.4)-1073 b — ulv (excl. + incl.)
A 0.80 = 0.01 4 0.01 b — clv (excl. + incl.)
P 0.15 = 0.02 + 0.05 Our fit

7 0.38 £ 0.01 + 0.06 Our fit

0% B—Div 1.18 +0.04 - 0.04

Alg—spiv 0.46 4+ 0.02

FK7(0) 0.965 + 0.010




Gt Ht
&y = % (v+51+iGO) ’ by = (S2 + iS3)

Goldstones: G*, GO

Mass eigenstates: HE  @¥(x) = {h(x), H(x), A(x)}

7 (x) = {h(x), H(x), A(x)} = Ry Sj(x)

CP-conserving scalar potential: A(x) = S3(x)

H _ cos@ sind& 51
h | —sind@ cosa S
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