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1. Introduction: the role of flavor physics in the LHC era
* The flavor problem
* Possible hints of new physics & discovery channels

2. Two Higgs doublet models (2HDMs) & the flavor problem

+ The most general case
+ Natural flavor conservation
+ Minimal flavor violation

3. Flavor phenomenology of the model
+ B_mixing phase

* Unitary triangle analysis " Based on: N
v Bs — HH .Higgs-mediated FCNCs: natural flavor conservation
¥ Electric dipole moments (EDMs) vs. minimal flavor violation *
A.J.Buras, M.V.Carlucci, SG, G.Isidori
. .~ [JTHEP10(2010)009]
4. Conclusions - ,,/
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WHM&S in Particle Physics

6o beyond the Standard Model (SM)?

Theoretical Tssues "Observational” Tssues

v Gauge Hierarchy Problem v Neutrino Masses

v Grand Unification v Baryon-Antibaryon Asymmetry
v Dark Matter

v Inflation

/
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a N\
2 | - |
Requirement of new particles N fered irext e e jplayisis
(NP) scale to be close to the
at the electroweak (EW) scale
J | electroweak scale |
o /
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The SM flavor puzzie

Yp = diag(mda mes, mb)/’U

Yy = VCT'KM(muv My My) [V

-

to compare with

gs~1, g~ 0.6, g ~ 0.3, Apgjggs ~ 1

SM Yukawa couplings have to exhibit an
extremely hierarchical structure, why?

/

Y
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MHH% Hﬁe role of flavor physics? (2)
The NP flavor puzzle

Very strong constraints coming from the experiments:

# Transitions of two units of flavor (meson mixing observables):

Observable Experiment SM prediction Exp./SM \
x| (2.229 4+ 0.010) x 102 | (1.91 £ 0.30) x 102 | 1.17 + 0.18 B|9
AM, (0.507 £ 0.005) ps—?! (0.51 + 0.13) ps~' | 0.99 4+ 0.25 > <: success
SyKs 0.672 4 0.023 0.734 4= 0.038 0.92 4 0.06
AM, (17.77 £0.12) ps—* | (18.3£5.1) ps—> | 0.97 £ 0.27 of the SM
AM,/AM, (2.85 £+ 0.03) - 1072 (2.85 + 0.38) - 102 | 1.00 £ 0.13 )
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h is the role of flavor
The NP flavor puzzle

physics? (2)

Very strong constraints coming from the experiments:

¥ Transitions of two units of flavor (meson mixing observables):

Observable Experiment SM prediction Exp./SM \
lek| (2.229 4+ 0.010) x 102 | (1.91 £+ 0.30) x 102 | 1.17 + 0.18
AM, (0.507 £ 0.005) ps—! (0.51 4+ 0.13) ps—' | 0.99 £ 0.25
SyKs 0.672 £+ 0.023 0.734 £+ 0.038 0.92 + 0.06
AM, (17.77 £ 0.12) ps~! (18.3 + 5.1) ps—* | 0.97 £+ 0.27

AMy/AM, (2.85 4+ 0.03) - 102 (2.85 4+ 0.38) - 1072 | 1.00 £ 0.13 )

¥ Transitions of one unit of flavor:

Big

» < lsuccess

of the SM

¥ Transitions of zero unit of flavor:

Experiment

SM Prediction

Observable Experiment SM prediction
Br(B: — pp”) < 3.3.107° (3.24+0.2)107°
Br(K+t — ntvp) | (1L.737152)1071° | (8.5 +0.7)10~!!

Br(p — ev) <12-107 ~ 10754

Br(B — X.,v) (3.52 +£0.25)10~% | (3.15 + 0.23)10~1

<1.6-10"%"ecm
< 2.9.10%%cem

10~ 38e em

107 %2eem
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MHHHHH% role of flavor physics? (2)

One of the main problems in building (low-energy) \

The NP f|avor‘ PUZZ'C extensions of the SM is how to get rid of

too large flavor changing neutral currents...
N y
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The NP flavor puzzle

2 (d_'L’T,uSL)Q ‘I‘

RN of flovor

A oy

Anp

2 (ELT;LUL)z +

physics? (2)

o

One of the main problems in building (low-energy)
extensions of the SM is how to get rid of
too large flavor changing neutral currents...

agp

Anp

5 (drv,br)? +

agp

4 NP2

(gLFT;.LbL)z

+ Assuming coefficients order one:

—4

+ Fixing the cutoff to 1 TeV:

Assuming there is NP at the TeV scale (A ), what is the impact in flavor physics?

¥ higher dimensional operators in the low energy effective theory

(meson mixing)

Amy;
Anp 2 TeV a; < 108 u
2
Mixing | Agp® > ARpY > Mixing la;| < | Im(ay) <
K — K | 1000 TeV | 20000 TeV K—-—K |8%x10°7| 6 x 10~?
D —D | 1000TeV | 3000 TeV D—D |5x1077| 1x 1077 (Nir et al.)
Bd — Bd 400 TeV 800 TeV Bd _ Bd 5% 108 1 % 10~6
B, — B, | 70TeV | 70TeV B,—B,|2x10"*]| 2 x 10
.
High energy scale much 11 -
: P : > ANP with highly non trivial
bigger than the EW scale Little Hierarchy Problem | gy
structure is required )
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more than constraints?

discovery channels

Experimental value

SM Prediction

Future experiment

B, — putp~
B, — ptp~
KT — ntuv
K; — mvu

* S P

Acp(b —r 8"}’)

<94-107%ecem
< 2.9-10"%%ecm
< 3.1-107%ecem
< 5.8.1078
< 1.8-10°8
(17.3 + 11)10~11
<21-1077
0.81703
(1.2 + 2.8)%

10~ 3% em
10~*2e em
10~32e em
(3.6 & 0.37)10~°
(1.08 & 0.11)1010
(8.4 + 0.8)10~ 11
~ 2.9.10"11
~ 0.036
(—0.445051)%

CryoEDM

LHCDb
LHCDb
NA62, KOTO
NA62, KOTO
LHCb
SuperB

+ Additional possible hints of new physics:

* Processes strongly suppressed in the SM and not measured yet (or only poorly measured):

In red the observables
discussed in the talk

Experimental value

SM Prediction

Bt — r7tuv

(1.73 + 0.35)10—4

(0.80 & 0.12)10*

&

tension in the determination of the unitary triangle (UT)
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asymmetry of the B_mixing system (1)

9/38

+ Schrédinger equation describing the B mixing

o (5 ) = (4 +30) (B0)

M
’ qbs — —arg( 12)

+_Three physical parameters: |M 5

s
|75,

1%y
+ Physical observables:
v Mass and width difference: AM, = 2 |_7\/_f132 , AI'y =2 I'],| cos ¢,
(B, —»¢*X)-T (B, —» X s AT, i '
v CP asymmetry | ag, = (_° - ) (B, = ) = |12 | sin ¢, = — tan ¢, (Semlleptomc)
I (B —» ¢tX)—T(Bs —» £-X) | M;, A M, asymmetry
or _
_ 1 LBe() = #9) —T(Bu(t) = 990) _
sin(AM,(t)) T (B(t) = ¢¢) + T (Bs(t) — Yo) o
» Model-independent relati : I |7 AL, Sy
odel-independent relation a¢; = — : Opp = —
(Ligeti, Papucci, Perez ’06; M 12 AM; \/ 1 — Bin®
Grossman, Nir, Perez "09)
S. Gori FCNCs in 2HDMs



+ The measurement of S and a°_ is experimentally quite challenging!

W
v 2007/ 8: status of the measurements:

Data from CDF and D0 seem to hint towards
a large CP asymmetry Sw

(2-3 o deviation from the SM prediction)

S. Gori
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asymmetry of the B_mixing system (2)

+ Small SM prediction for chp
Sie = sin(2]3,]) ~ 0.038, Vi, = _|V’ts|e—iﬁs‘

AT [ps_l]

} 1 HFAG
06 CDF 1.35fb~ + D@ 2.8fb + constraints
(b) 68% CL — :
0.41 95% CL — ]
- 99.7% CL —
02  _— // i
_ N (; §~M /,_ —
—\ | [ S o
NN — ! N
02 N — 1
. N, _
p-value = 0.024
-0.4; 2.2c from SM
-0.6 . . . . . '
-3 -2 1 0 1 2 3
B3/ = —267/%% [rad)

(PDG 2009)
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+ The measurement of S and a°®

10/38

ye

v 2007/ 8: status of the measurements:

Data from CDF and D0 seem to hint towards

a large CP asymmetry qu(P

(

from the SM prediction)

v 2010: status of the measurements:

« updates from CDF and DO for chp are

in better agreement with the SM prediction

(~1o deviation)

S. Gori

o, 1s experimentally quite challenging!

P asymmetry of the B_mixing system (2)

+ Small SM prediction for chp
Sie = sin(2]3,]) ~ 0.038, Vi, = _|V’ts|e—iﬁs‘

Preliminary D@ Note 6098-CONF
i )] ,6.1 il 6 =-042+0.18
'p 04 ¢ Bog_} o G2= 301+0.14
B e AM, = 17.77+0.12 ps~}
=02
2 3 — 68% CL
0.0 z_— -----------------------
02F DO
04F
..............................
-3 2 1 0 1 2 3
¢,/**[rad]
CDF Run Il Preliminary  L=5.2f"
06 — 9%cCL
i — 68%CL
0_4; —+— SM prediction
2.
0 | :
a : |
% 0.0 _7 ..................................... .......... CDF
0.2 @
0.4} i
-0.6 ‘
| i
-1 0 1
P, (rad)
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ﬁﬂﬁ%h\me’rry of the B_ mixing system (2)

+ Small SM prediction for chp
Szy — Sin(2|65|) =~ 0:038’ ‘/tS pr— _|‘/ts|e_7:63‘

+ The measurement of chp and a°_ is experimentally quite challenging!

v 2007/ 8: status of the measurements:

Data from CDF and D0 seem to hint towards
a large CP asymmetry qu(P

( from the SM prediction) |04 D@,2.8-6.1fb" -l
B F
v 2010: status of the measurements: £® 0.2 3 &
« updates from CDF and DO for Sw are < S ________________ e
in better agreement with the SM prediction 0.0 ; """""""""""""" M
= ) - ,,'.":'
G -0.20 68% CL
 new result from DO on the like sign dimuon S 05% CL
charge asymmetry A°_ shows a 3.20 deviation 04b T 99% CL
from the SM P SN N B I RIS N S
-3 -2 -1 0 1
¢ [rad]

(arXiv:1005.2757 [hep-ex])
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P asymmetry of the B_mixing system (2)

+ Small SM prediction for chp
Sigl — Sin(2|65|) =~ 0:038’ ‘/tS pr— _|‘/ts|e_7:63‘

+ The measurement of S and a°_ is experimentally quite challenging!

Yo
v 2007/ 8: status of the measurements:

Data from CDF and D0 seem to hint towards
a large CP asymmetry qu(P

( from the SM prediction)

v 2010: status of the measurements:

« updates from CDF and DO for Sw are

in better agreement with the SM prediction
(~ )

* new result from DO on the like sign dimuon
charge asymmetry A°_ shows a

from the SM

» global fits prefer a sizable phase in B mixing

(Ligeti, Papucci, Perez, Zupan "10
Lenz, Nierste, CKMfitter 10, ...)

10/38 S. Gori

S¢¢5 ~ 0.5 ‘
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* The SM CKM picture is in a overall good agreement with the data r )

| See also W
- BUT "~ Buras, Gudagnoli
Altmannshofer, Buras, SG, Paradisi, Straub, \ | o Tsreda, Sem |
\ &l |
Nucl Phys.B830:17-942000 N i
[ . Sk
90 £l T \\
j AV Is that just a statistical fluctuation “‘
sl S ] (since very many observables are involved
2a L o ] in the unitary triangle fit)?
o~ ol b _ AM,/AM, |
%‘égg‘s N T ; or
<= e o .
60k - e et . Is it a hint of new physics?
' N /
7030 035 040 045 050 055 —
Ry y is the phase of V _;
VudV,) ———
Iﬁ,zz' 2= VP2 + 7P
VeaVey,
N
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- v Buras, Gudagnoli
v Lunghi, Soni |

+ The SM CKM picture is in a overall good agreement with the data " Seealso |
\
\

\//
Altmannshofer, Buras, SG, Paradisi, Straub, \ BUT )

I e Syk, ]
90| i ' - / N
3 J _ ] Is that just a statistical fluctuation |

sol ; (since very many observables are involved
2 o B . ! in the unitary triangle fit)?
e~ Al AM,/AM; |
70 -_ "-"' ------- = or
—: - e : ]

i = e Is it a hint of new physics?

030 035 040 045 —
R, y is the phase of V _;
Vudv*b — —
. . Ry, = 1:( = v/ p2 + ?72
‘ If one takes it seriously... VeaV
. 0 N~
assuming NP in only one sector:
1. Selution 1: a positive NP contribution in &
2. Solution 2: a negative NP contribution in S ke
S Solution 3: a negative NP contribution in AM /AM J

11/38 S. Gori FCNCs in 2HDMs



HIGGS BOSON H

The HIGGS BIJSON
the the cal particle
mechanis

In

\I
o | tha arge
H dre { I1i

Two Higgs doublet models
" "%& anpl

|||1||

f” the NP ﬂavor ‘P roblem

2000000000000 $9 75
LIGHT HEAVY . PLUS SHIFPING

HIGGS BOSON

iéPARTICLEz 0

Brief summary:

Natural Flavor Conservation (NFC)
VS.
Minimal Flavor Violation (MFV)

FCNCs in 2HDMs



l 2HDMs: l

+ Most probably the Standard Model Higgs mechanism is only an effective
description of a more complicated sector responsible for the breaking of the
electroweak symmetry.

* Several extensions of the SM involve an extended Higgs sector,
with more than one Higgs doublet.

(See for example Supersymmetry, Extra dimensional models)

* Possible sizable Flavor Changing Neutral Currents (FCNCs)
due to the exchange of (one or more) Higgs bosons.

A

Some recent works:

/Botella, Branco, Rebelo '09;
Pich, Tuzon '09;
_ Gupta, Wells, '10, ...

/Giudice, Lebedev '08;
Agashe, Contino '09;

_Azatov, Toharia, Zhu '09, ...

4 Worth to investigate in a general Two Higgs Doublet Model
the New Physics contributions to flavor observables.
It can represent the low energy effective theory which arises as the limit
N of more complete models (like Supersymmetry, Warped Extra Dimensions).

__ ///
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¥+ Field content

«H , H, two Higgs doublets with hypercharges Y =1/2and Y =-1/2
v SM gauge and matter fields

14/38 S. Gori FCNCs in 2HDMs




¥+ Field content

«H , H, two Higgs doublets with hypercharges Y =1/2and Y =-1/2
v SM gauge and matter fields

+ Higgs autointeraction (Most general renormalizable Higgs potential)

A A
V(Hy, Hy) = p|Hy|? + p2|H,|* + (bH H, + h.c) + ?1|H1|4 + ?2|H2|4 + As|H1|?|Ha|?

A, )
(H{H»)" + X

+ /\4|H1H2|2 + >

H,|?HHs + \;|Hs|*H{H> + h.c

Note: A present only at the one loop level in the MSSM
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¥+ Field content

«H , H, two Higgs doublets with hypercharges Y =1/2and Y =-1/2
v SM gauge and matter fields

+ Higgs autointeraction (Most general renormalizable Higgs potential)

A A
V(Hy, Hy) = p|Hy|? + p2|H,|* + (bH H, + h.c) + ?1|H1|4 + ?2|H2|4 + As|H1|?|Ha|?

A, ,
(H{H»)" + X

+ /\4|H1H2|2 + >

H,|?HHs + \;|Hs|*H{H> + h.c

Note: A present only at the one loop level in the MSSM

* Yukawa couplings (X are generic 3x3 matrices in flavor space)

HY" = QrXuDrHi + QrXUrHY + Qr X2 DrHj + Qr X ,2UrH> + h.c.

Note: in the MSSM at the tree level, because of the analiticity of the superpotential
Xa2 =Xy1 =0

14/38 S. Gori FCNCs in 2HDMs




eral statement

Too large NP contributions to flavor/CP violating observables

since
/ In the ,Higgs basis”: \\
~ (®®,) =7"/2, ' | Flavor changing neutral currents at the
(I)U C3 Sp H1 | i ‘ ! .
By ) =\ —spcs ) \ HS (Pu®u) =0 tree level, mediated by the Higgs bosons
_ 2 , ,
H%’en = Q £qu)v + Z;Py| Dr + h.c. q' qJ
v 1, Gl
with g
Z, = cos BX 4o — sin BX 4 9; 9
Not P .
Mg = — (cos BXa1 + sin 8X4,)| proportionall No loop suppression of the
V2 four fermion operators!
- J
\ (analogous for the up sector) /

How to protect the model from too large flavor changing neutral currents?

S. Gori FCNCs in 2HDMs



ection mechanisms: U(1)

which commtes G, =SU3): ® U(1)p ® U(1)y ® U(1)pq

with the SM gauge group:

o Symmetry

# Enforcing the U(1) ,, symmetry with H and D with opposite charges: Xgo = Xuy1 =0 ‘

e N
Realization of the Natural conservation laws for neutral currents*
Natural Flavor Conservation (NFC) Sheldon L. Glashow and Steven Weinberg
0 Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138
hyp0the81s / (Received 20 August 1976))
AN /

(as in the MSSM at the tree level)
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#MM uﬂnechanisms: uQ1),.

symmetry

Largest group
which commutes
with the SM gauge group:

G, =SU(3),®U(1)s ® U(1)y ® U(1)pg

# Enforcing the U(1) ,, symmetry with H and D with opposite charges: Xgo = Xuy1 =0 ‘

a N
Realization of the
Natural Flavor Conservation (NFC)
hypothesis

Natural conservation laws for neutral currents*

Sheldon L. Glashow and Steven Weinberg
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138

(Received 20 Augus

(as in the MSSM at the tree level)

» Still if H acquires a VEV, then the U(1) | symmetry must be broken

(otherwise appearance of a Goldstone boson)

N

Xd2 = GdAd ) Ve
< withe
\X'u,l = €Ay, one loop suppressed
e \

Xag1 = Yy

’ _

< Adu— (6)(1)

Xu2 =Y,

16/38 S. Gori
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WWH) symmetry enough?

+ In the mass eigenstate basis for fermions

€4 = 4 52 + 2’53 H*
%ECNC — C_ﬁ(Ad)@J deg% \/i —+ h.c. (Where by = (%(52 —|—’LS3)> )

+ Example: the ¢ _constraint

Integrating out the Higgs bosons, one obtains the effective Hamiltonian

{1A81=2 _ _ 6?1 (A)o1 (A% (5rdr)(Brdy) + huc (Inthehypgthesis
‘ - C%MIQ-I 47211 =d/ 12\ P LERJASREL e of decoupling M, >M_

FCNCs in 2HDMs



MWW) symmetry enough?

+ In the mass eigenstate basis for fermions

€4 = i 52 + 7153 H*
FFONC _ C_ﬁ( Ag)i; didi, 7t h.c. (Whel‘e Pu = (%(52 +z'53)) )

+ Example: the e constraint

Integrating out the Higgs bosons, one obtains the effective Hamiltonian

{1A81=2 _ _ 6?1 (A)o1 (A% (5rdr)(Brdy) + huc (Inthehypgthesis
‘ B C%MIQ-I d)213=d /12 P LR RTL e of decoupling M, >M_

/ .
/
,,

Imposing then |ex" | < 0.2 [eRF

A generic
leal X [Im[(Ag)5, (Ad)12] !1/2 <3 x 1077 x one loop suppression
\ 100 GeV  ig pot enough to guarantee
agreement with data

\
| A very high level of s
\ fine tuning is required! // |

FCNCs in 2HDMs
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Mﬁﬁe 5D warped structure

18/38 S. Gori FCNCs in 2HDMs

(wide recent literature)

* In models with 5D warped space-time geometry, Yukawa couplings have a particular structure

. Zmdimdj
[(Ad)7;(Aa)jilrs—aim = O(1) X [(Ya)i(Ya);;] = O(1) X 202
5

+ Inserted in the constraint coming from ¢ :
p

N
P My Since ¢ is one loop suppressed (~107?),
l€q|lrs—cmv < 4 X 1072 X o { _ : :
7100 GeV tan(p)=0(1) and a not too light Higgs boson

fffffffffffffffffffffffff could be sufficient to avoid the & bound

4 N

The Randall-Sundrum (RS) model with a broken U(l)PQ symmetry does

~not generate too large contributions to FCNCs mediated by the Higgs bosons
A //




m#%WMechanisms:a U(1),, symmetry subgroup

i cammtes G, = SU(); ® U(1)s @ U(1)y®U(1)ra

with the SM gauge group:

Z 2 C U ( 1 ) PQ ‘ (H, and D with opposite charges)

+ In contrast to the PQ symmetry, it can be an exact symmetry of the theory Xaz = Xy1 =0 |

BUT

+ If the theory has additional degrees of freedom at the A scale:

C — C _
ALy = A—;QLXﬁ)URHﬂHlP + A—ZQLX£2>URH2|H2|2

C — C _
4 A—ZQLXQ?)DRH1|H1|2 + A—ZQLXCS?DRHanP

+ After the Higgs fields get a VEV, flavor changing neutral currents are introduced

19/38 S. Gori FCNCs in 2HDMs



W% Hechanisms:a U(1)  symmetry subgroup

Largestgroup gq — SU(B)g X U(l)B X U(l)Y@U(l)PQ

which commutes
with the SM gauge group:

Z 2 C U ( 1 ) PQ ‘ (H, and D with opposite charges)

+ In contrast to the PQ symmetry, it can be an exact symmetry of the theory Xaz = Xy1 =0 |

BUT

+ If the theory has additional degrees of freedom at the A scale:

ALy = _QLX(6)URH2|H1|2 -|— QLX(G)URH2|H2|2

+ A—QLX(B)DRH1|H1|2 + QLX(G)DRH1|H2|2

+ After the Higgs fields get a VEV, flavor changing neutral currents are introduced

+ Compared to the PQ symmetry case:

s D
s> o e sin(2) If the additional degrees of freedom | \iuuural assumption
A? are at the TeV scale, €——____  becauseofthe
v? difficult to satisfy the constraints gauge hierarchy
€y, — ~ c1— sin(20) . = problem
A2 ~ from flavor physics (e, <107), |\ Y.
\ ’ /

19/38 S. Gori FCNCs in 2HDMs



ion for the U(1),  symmetry

X
The Natural Flavor Conservation hypothesis |
enforced by the U(1), symmetry (or by a subgroup)

is not sufficient to protect the model from too large FCNCs,
since it is not stable under radiative corrections

\\\:

/
we necessarily need
- to.protect” the breaking of the flavour symmetry!

_4f

FCNCs in 2HDMs



Wf%ﬁ\echanisms: SU(3)’ symmetry (1)

which commutes gq — SU(B)g ® U(]-)B ® U(]-)Y ® U(]-)PQ‘

Largest group

with the SM gauge group:

+ Enforcing the SU(S)q3symmetry: Xdl — Xd2 — Xul — Xug — O‘

No FCNCs but also no fermion masses!

» Non generic breaking of the SU(3) °symmetry:

Minimal Flavour Violation:

Realization of the an effective field theory approach
Minimal Flavor Violation (MFV)
principle G. D’Ambrosio, G.F. Giudice, G. Isidori, A. Strumia

. S A \
(Received 2 ]ul)(Zf)O%}/
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#W%mechanisms: SU(3)’ symmetry (1)

Largest group

which commutes gq — SU(B)E ® U(]-)B ® U(]-)Y ® U(]-)PQ‘

with the SM gauge group:

+ Enforcing the SU(S)q3symmetry: Xdl — Xd2 — Xul — Xug — O‘

No FCNCs but also no fermion masses!

» Non generic breaking of the SU(3) *symmetry:

Minimal Flavour Violation:

Realization of the an effective field theory approach
Minimal Flavor Violation (MFV)
princip]e G. D’Ambrosio, G.F. Giudice, G. Isidori, A. Strumia

. S A \
(Received 2 ]ul)(Zf)O%}/

— —~

4 A
» As in the SM the symmetry is broken only by the two Yukawas Y and Y

<IfY and Y are two spurions with Yp ~ 3¢ X 3p, Yu ~ 3¢ X 3u then the symmetry is restored
9 )
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ction mechanisms: SU(3)° symmetry (2)

+ Most general form of the Yukawa couplings compatible with the MFV hypothesis

Xaq1 = Yq (definition)
/N

X =eYy+aY] VY, + &YV, Yo+ ... (o : \
| | higher orders in the

X, = EFDY_-“, i E;_KIKLKL n E;Y‘-_,IY;{}'L + . § small Yukawa couplings )
\ )

Xu2 =Y., (definition) Ny

They are computable if the UV
completion of the model is known

where € are in all generality coefficients of O(1)

22/38 S. Gori FCNCs in 2HDMs




' Wf% mechanisms: SU(3)?

+ Most general form of the Yukawa couplings compatible with the MFV hypothesis

symmetiry (2)

Xaq1 = Yq (definition)

7N
Xtm = 60}/:;! + ElK—.{TY:iK! + EQKI}’Z;Y& -+ foss | o | N
| | higher orders in the
X'u,l = E!D}/';‘ + E;_K;I-KLKL + E;}/‘;}-}/&}’L +. xy L small Yukawa Couphngs )
N4 7

Xu2 =Y., (definition) Ny

(They are computable if the UV )

where € are in all generality coefficients of O(1)

completion of the model is known

" Instead in the MSSM with MFV... N
2004 N Hy
€ ~ €) X i Ex. .
37rm§ /J'_\
A2 ~ 0T AM TS
€1 ~ €)X 2t > . loop tR// \\tL
16T induced o L
6, = AAg bL ﬁU o) HU bR
1
16721
N, o 4

22/38 S. Gori FCNCs in 2HDMs



%ﬁWB) *with MFV ansatz enough?

+ In the mass eigenstate basis for fermions

1 - ~ ~ ~ ~ .S S
HENC = — & [ (agVIAZV + a1 VIRVA + a, AVIRZV ) Xy| ]y T8 e
S3 ij V2
H+ - V2mg - V2m, :
(Where by = (%(52 + 253)> s Ag ~ [1 + (6() + €1A)t6] v g y Au ™ v 85 ; A~y dlag(07 0, 1))
_ In the hypothesis
+ Example: the & constraint of decouplingM >M,
e NP with N
Imposing |ex | < 0.05 |e%”
p g K K EQtﬁ(]_ + Tv)2 . (62 + Eg)tﬁ
agp = 2 5 ry = _ _
yt [1 + E()tg} 1 —I— (60 —I— €1 €9 €3)tﬁ
. My 1
|ao| < 8 X . -
v 100 GeV tg 2HDM with MFV seems promising;
\ no additional suppression needed
The constraint is satisfied very naturally, to cure the flavor problem )

even for relatively light Higgs bosons!
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HHHHMOR to AF=2 observables

+ Integrating out the Higgs bosons, flavor off diagonal four fermion operators are generated:

VIL — (@ ~.qh) (div"q)) already present in the SM
QY = (Trar)(Trat)
SLL — (@0, ah) (G0 ) , additional operators,

i N ; enhanced by renormalization group runnin
Q1" = (G Vuar) (A" %) ( y SRR &

LR =t I\N(At )
= \4rq1)\4q;q 2 2 2
2 (@ra1)(dLar M, Ase,70° K My

+ Simplifying assumption: decoupling limit of the heavy Higgs bosons: @

(small A :it resembles the MSSM) mMma ~ My
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%% _ook to AF=2 observables

* Integrating out the Higgs bosons, flavor off diagonal four fermion operators are generated:

VLL — (G v,.qi) (@ ") , already present in the SM
QY = (Gra1)(@ra1) »
SLL — (G043 ) (50" q)) additional operators,

i N ; enhanced by renormalization group runnin
QL = (@) @val) . [ y group running)

LR = I (At o
= W4r4qr)\4qLq
2 ( R L)( L R) m%‘/’ A5,6,7U2 << m124
+ Simplifying assumption: decoupling limit of the heavy Higgs bosons: @
(small A :it resembles the MSSM) mMma ~ My
» At the first order in v>/m,?, only Q * is generated " Good for the experimental
~ constraints!
2
K system: Cy™% oc — T;JQ_I msmg [V, Via]? Tiny K mixing .
ar +a*)(ag+ a i} relative e
B, system: Cy™ " G _}3_,(12{0 2) i [ViVial? totheSM: | Small B, mixing "
B system: Cy B o — (ag + ajl‘z[(fo ) mym, [ViiVis)? Sizable B mixing
H
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Sion for the SU(3) * symmetry+MFV

/ %

 MFV ansatz is enough to protect 2HDMs from too large FCNCs
since

> It mimics the SM flavor structure

5 It is stable under radiative corrections B

FCNCs in 2HDMs



Flavor
Phenomenology

Brief summary:
NP in ~ Paying attention to:
.S ~ ~EDMs
Yo :
+UT tension |
v BS—>|_|u |

is very welcome :)
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HWMES of CP violation

1. In the Yukawa sector:

Xz = oY+ Y] YaYs + Y Y, Y, ) e C and (’)(1)‘
(2
X1 = €)Y, + €YY, Y, + €, Y] V,Y, 3
(contrary to the original approach of D"Ambrosio et. al.)
a N
In the rest of the talk, we decouple the breaking of the flavor group
from the breaking of the CP symmetry Kagan, Perez, Volansky, Zupan,
\, Phys. Rev. D 80 (2009) 076002
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1. In the Yukawa sector:

X = e0Ya + Y] VoY, + Y Y, Y, e c C and O(l)‘
(2
X1 = €)Y, + €YY, Y, +eY,]V,Y, 3
(contrary to the original approach of D"Ambrosio et. al.)
- D
In the rest of the talk, we decouple the breaking of the flavor group
from the breaking of the CP symmetry Kagan, Perez, Volansky, Zupan,
\, Phys. Rev. D 80 (2009) 076002

2. In the Higgs sector:

A A
V(Hi, Ha) = p2|H1|* + p2|Hs|? + (bH Ha + h.c) + 71|H1|4 + §|H2|4 + 3| Hi 2| Ho|?

A
+ A\y|HHo|? + [ES(H1H2)2 + N¢|H1|*HHy + \7|H5|>HHy + h.c

A5,6,7 - C and O(].)
P 4 ' the CP properties are concerned,

(contrary to the MSSM in which 7\5,6,7 are one loop suppressed) i A¢ =A; =0

FCNCs in 2HDMs



» Considering still the decoupling limit, but at the second order in v*/m ?*,

also the operator Q °* is generated

2 2.2
b 4mim / N
CSLL ~ [ t tq] (aO + a1)2 . t2 2b_ F_ , Wlth
viszes 2 v2
F e — I -
[V Vyy)? gy M3 M
_ L tql fl

CP violation coming from CP violation coming from

the Yukawa couplings \ / the Higgs potential
q

; Ho CP¢

+ Observations:

v The effect of leLL in B_and B, mixings is the same, implying a common NP phase in the two sectors.

v C2LR contributes to CP violation only if a_# a_, which requires higher powers of the Yukawa couplings
in the MFV expansion. It may be difficult in a concrete model

FCNCs in 2HDMs



Buras, Isidori, Paradisi,
Phys.Lett.B694:402-409,2011

v CPV Yukawa = NP CP violation coming
only from yukawa couplings

v CPV Higgs = NP CP violation coming
only from Higgs potential

1o experimental
bound for Sq;

Observations:
» Huge NP effects in chp due to the

\
\
\
\
? CP violation in the Higgs potential
|
\
\
\
\

are not possible (SLPKS constraint)

v In the case of CP violation only
in the Yukawas, totally natural parameters
are good to get a sizable value for S

tan 8 = 10, ma = 500 GeV, Im ((ag+ a;)(a} +a})) ~ 1 @

Ex.
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WMM phase. the MFV MSSM limit (1)

A particular 2HDM: the MSSM

- Contributions of:

v Gluino
- Chargino
- v Double Higgs penguins

In particular:

t . enhanced

mpins 4 |»U’At|2

Double Higgs C2LR o (VipV,

(4 )t m3, mA m4

penguin contribution |

\ 2 loops

suppressed

Very small = probably very difficult to generate sizable effectsinS

S. Gori
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mixing phase: the MFV MSSM limit (2)

Altmannshofer, Buras, SG, Paradisi, Straub,
Nucl.Phys.B830:17-94,2010

+ Potentially sizable effects in SW

require very large tanp (blue points)

#+ The constraints from both BR(BS—mp)
and BR(b — sy) become very powerful

in this regime.

0.00/

Imposing them, the resulting S_ " is SM like
(black points)

0 10 20 30 40 30 60 An interesting possibility: Uplifted Susy

tan Dobrescu, Fox, Martin,
Phys.Rev.Lett.105:041801,2010.
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UT tension in 2HDM with MFV

+ & _is basically not affected by NP since:

/

Cy™ o (VaVio)*m;

Cé;R X (V;d‘/t:)zmsmd

:> No solution 1 of the unitary triangle tension

» NP effects in AM_, can be taken small :> No solution 3 of the unitary triangle tension
(with suitable & coefficients)

\
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/

» NP effects in AMS L can be taken small

(with suitable & coefficients)

\

07

0.85

0.6

0.55

05 Lo -
075 05 025 0 025 05 075 \

' ,hybrid scenario”
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Cy™ o (VaVio)*m;

Cé;R X (Wd‘/;:)zmsmd

-
i,

} lo experimental

bound for S
yKs

CPV Hi

)

)

UT tension in 2HDM with MFV

+ & _is basically not affected by NP since:

 Buras Isidori Paradisi__O0lution 2 of the unitary triangle tension ?

Ve W
' Positive sizable NP contributions in S,

1

Negative NP contributions in S = of
WKs

the right size

No solution 1 of the unitary triangle tension

No solution 3 of the unitary triangle tension

(especially for the ,hybrid scenario®™)

Sye (CPV both in Yukawas and Higgs potential)

S. Gori
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+ In the decoupling limit, the effective Hamiltonian responsible of the two processes:

a’ + a* 4m,mpm? y _ B
———— — V'V, (bray)(BLpr) + hic.

|AB|=1
%eﬁ' ~

m3; vichss
+ The branching ratios:
(Br(By = 1) ~ Br(By — wu-)sn X (114 ByJ? + [, [2)
3 R, x (a% + a¥) M.t _ | almost universal
I (L g/ maym
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rare decays B. — pu

+ In the decoupling limit, the effective Hamiltonian responsible of the two processes:

a’ + a¥ 4m,mpym? y _ B
———— — V'V, (bray)(BLpr) + hic.

miy vicss;

eff

+ The branching ratios:

f
Br(B, — p,"‘u,_) ~ Br(B; — p’—'_”_)SM X (|1 T Rq|2 T |Rq|2)
M3Z t2 .
3 R, x (af + a¥) Ba s 1 almost universal
(1 +mg/my)my To satisfy the experimental
\9 upper bound:
10°. Br(B; —» uu) \/mtﬁMi < 8.5
70t experimental 4
60 L . assuming a NP
sol contribution in AM_<10% BR (B, — ) Vi o
:2: BR (Bg — pp) Vid
20 ¢
10 |
. 10
5 10 15 107" Br(Bs —> pp) Buras, Carlucci,
SG, Isidori

Conclusion: Correlation as in MFV models without NP flavor blind phases

33/38 S. Gori FCNCs in 2HDMs




B,—uu. S

ve

Two golden channels of LHCb

— 10

BR (B, — up

10

10

-9

P R

Any correlation?

-1 -0.75 -0.5 -0.25 0

Buras, Isidori, Paradisi

0.25

0.5

0.75

~

\

Buras et. al. scanned on the three phasesof a, a,, a,
and assumed |ag|, |a1], |az| < 2, As =0

The main conclusions do not change for A_# 0

Red dots fulfill the EDM constraints
while the black ones do not

Conclusions:

1. The experimental bound on BR(B_- py) is satisfied even with a sizable Sw

2. Sizable SWp :> BR(B_- py) close to the experimental bound

)

FCNCs in 2HDMs



(1)

+ In D" Ambrosio et. al., no addltlonal CPV phases in the Yukawas in order to be safe with the EDMs

< ?
\Are we in ’rrouble)

Buras, Isidori, Paradisi

+ Tallium, neutron, mercury EDMs: most sensitive probes of CP violation

+ The most important contributions:

1. Four fermion operators 2. Barr-Zee contributions
e f . Jj . f
i Hey P 5 7 9
/Gf) E H1, H: L,’ = Y8
1 ’ \
: l |
q ! T, t b\‘ r

* Dependence on the CP violation arising from the combinations

v a +a +a e , :
0 %1 % Does a sizable phase ina
va . c
}\0 (as required by a sizable S )
" s

imply too large NP contributions to EDMs?
/

FCNCs in 2HDMs




ssible issue: EDMs _(2)

Buras, Isidori, Paradisi

-2z

0 _ Observable |[Exp. Current Exp. Future
8] r . e — aE ¢
;10 dri| [ecmP|< 9.0 x 10727 ~ 102
=1 [ldm,| [ecm)|< 3.1 x 1072 7
D - - ST G-
L 10 &_!(zﬂ e cm!) <2.9x10%° ~ 107 2°
10
a ~
10 | |
_ Buras et. al. scanned on the three phases of a, a,a,
10
_ and assumed |aol, |a1|, |az| < 2, A5 =0
10
a1f e e ) )
0 BEESA R The main conclusions do not change for A_# 0
ey
10 '
-1 -0.75 -05 -025 8] 025 05 075 1 \ /

ey .
 Conclusions:

1. EDM experimental bounds still allow sizable values of S |

\2. Sizable S | ~ generic predictions for EDMs well within the reach of future experiments )
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sions and remarks

* Very many extensions of the Standard Model have an enlarged Higgs sector

* 2HDMs can be an effective field theory arising from one of these exstensions
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sions and remarks

* Very many extensions of the Standard Model have an enlarged Higgs sector

* 2HDMs can be an effective field theory arising from one of these exstensions

* The most general 2HDM we can write is highly non compatible
with experiments on flavor observables

Need for a protection mechanism
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sions and remarks

* Very many extensions of the Standard Model have an enlarged Higgs sector

* 2HDMs can be an effective field theory arising from one of these exstensions

* The most general 2HDM we can write is highly non compatible
with experiments on flavor observables

Need for a protection mechanism

1.The Natural Flavor Conservation hypothesis (based on the U(1),,

symmetry or a subgroup) is not sufficient, since it is not stable
under radiative corrections (see the MSSM)

2.The Minimal Flavor Violation hypothesis forces a particular breaking
of the symmetry SU(3) * and protects efficiently the model

-‘

The New Physics flavor problem is addressed \J

\_
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sions and remarks

* Decoupling the breaking of the flavor group from the breaking of the CP
symmetry and adding CP violation in the Higgs potential enriches the
phenomenology of the Minimal Flavor Violating 2HDM

+ S, can get sizable NP effects, still being compatible with
the unitary triangle constraints, B —pp and EDMs
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sions and remarks

* Decoupling the breaking of the flavor group from the breaking of the CP
symmetry and adding CP violation in the Higgs potential enriches the
phenomenology of the Minimal Flavor Violating 2HDM

+ S, can get sizable NP effects, still being compatible with
the unitary triangle constraints, B —pp and EDMs

L
Fic "‘ %
i | \

'+ In correspondence to sizable effectsin S :
1. S . gets negative NP contributions that can be of the right size
to address the unitary triangle tension

/(Important correlation between the two BRs)

2. The branching ratios of B, ,—hu are enhanced and in particular B —pp is close
to the experimental limits (within the reach of LHCb)

3. The EDMs of tallium, neutron and mercury are close to the experimental limits
~ (within the reach of future experiments) Y,

FCNCs in 2HDMs
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