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The SM as an effective theory:
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How large is the New Physics scale A?

From the Higgs sector From the Flavour sector

Quantum corrections to the Higgs mass Precision flavour physics
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FHEFPIAVOUR STRUGCTERE OF FHE SN

Large global symmetry in the gauge sector

G, = (SUE) U(1)°

SU(3)c = SU3)o, ©.SUESIr. » SU3) U1 =U1)p®U(l)y @ U(1)pg

broken only by the Yukawa couplings

Qr
\ QL 7o * 5
. Ly —= O Y Dl e OV Unll

This specific symmetry + symmetry-breaking pattern is responsible
for all the successful SM predictions in the quark flavour sector.
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MINIMAL FLAVOUR VIOLATION

Flavour symmetry is formally recovered by promoting the Yukawa couplings to spurions

Yo, = (33, Dsiriay Yy~ (3,1,3)s0(3)3

Minimal Flavour Violation hypotesis:

A theory satisfies the MFV criterion if it is formally invariant under G, .

MFV requires that the dynamics of flavour violation is completely determined by the
structure of the SM Yukawa couplings.

MFV does: MFV does not:

provide additional suppression factors for NP

flavour transitions; represent a theory of flavour violation;

imply correlations between different flavour
observables; explain the size of fermion masses and mixing

reduce the free parameters in NP flavour sector; angles.

allow to formulate flavour violation within

sHecuve oot Jblioac Buras, Gambino, Gorbahn, Jager and Silvestrini, 2001

D’ Ambrosio, Giudice, Isidori and Strumia, 2002
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MOTIVATIONS

In the SM the chioce of only one Higgs doublet is not the
only possible, but just the most economical.

Possible but not necessary: ruled out by Occam’s Razor?

Several New Physics models contain more Higgs doublets.

Adding more Higgs doublet brings many interesting phenomenological features:

New sources of CP violation Dark matter candidates Axion phenomenology
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The most general renormalizable and gauge-invariant Yukawa interaction is

—Ly = Qi X1 DrHi + Qr X/ UrHS +Qr X DrHS + Q1. XoUr He +hi.c.

X; :3 x 3 matrices with a generic flavour structure

a+ v ;
b, = (L(v L@ iGO)> M ai= \ﬁ (cos X S 2)
V2
e Zu,d o COSB Xu,d DT Sil’l@ Xu,d 1
Oy = ( \/L§ (So + 4 53)> (cannot be diagonalized simultaneously!)

. g & 2
i (%qu)v i Zd(I)H> Dr+Qp (%Mu@g S5 Zu(I)%> Ur + h.c.

-~ e -~ ~

6/17

. 4R dr 4R : N AR :
qr dr ur,
7 R dr, dr,
\_/ Z 7~ ¢ 7 5 7 = 7’
// // // //
S o8 - HT - So 793



4R

INTRODUCTION: TWO-HIGGS-DOUBLET MODELS

GENERAL FEATURES

The most general renormalizable and gauge-invariant Yukawa interaction is

—Ly = Qi X1 DrHi + Qr X/ UrHS +Qr X DrHS + Q1. XoUr He +hi.c.

X; :3 x 3 matrices with a generic flavour structure

a+ v ;
d, = (L(v @, iGO)> M i \ﬁ (cos B X 41 FsinprX, 7o)
V2
e Zu,d =3 COSﬁ Xu,d DT Sinﬁ Xu,d 1
Oy = ( \/L§ (So + 4 SB)) (cannot be diagonalized simultaneously!)

. g & 2
i (%qu)v i Zd(I)H> Dr+Qp (%Mu@g S5 Zu(I)%> Ur + h.c.

- , -~ -
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e dr 4R : N AR :
qr dr ur,
7 et dr, dr,
\-/ // // ,/ //
// // // //
i - HT - So 793

Flavour Changing Neutral Currents
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PROTECTION MECHANISMS FOR FCNCs

FLAVOUR SYMMETRIES VS. FLAVOUR~-BLIND SYMMETRIES

G, = (SUE) = U))°

flavour symmetries flavour-blind symmetries

Suppression of FCNCs obtained by protecting the
breaking of one of these types of symmetry:

flavour symmetries Minimal Flavour Violation

flavour-blind symmetries Natural Flavour Conservation

217
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NATURAL FLAVOUR CONSERVATION

Condition III. We demand that the coupling of
. each neutrval Higgs meson be such as naturally to
Sheldon L. Glashow and Steven Weinberg

Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138 conserve al l qua'rk flavors: S t'rang eness, Chd?’?’f’l— ’
(Received 20 August 1976) elc.

Natural conservation laws for neutral currents*

For a two-Higgs doublet model:
assumption that only one Higgs field can couple to a given quark species.

—Ly = QrXy1DrH1 + Qr Xor¥lg HS + Qr XopBg HS + Q1. XwoUrHs + h.c.

Continuous symmetry U(1)prg Discrete Z> symmetry

Z» could be exact in principle

must be broken beyond the tree level:
but it allows higher-dimensional operators:

Xz = €4 Ag
the consistency with experimental data requires

M
Te A s Lot 10-7 cos B My
€a] x Im[(Aa)31(Ba)12|[ 7 53 x 1077 x — -

Large amount of fine tuning needed to suppress FCNCs!
Buras, MVC, Gori and Isidori, 2010



PROTECTION MECHANISMS FOR FCNCS A7

MV STRUCTURE
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MV STRUCTURE

Beyond the lowest order in the Yukawas the only relevant non-diagonal structures are

V.Y, Ya¥] ~ (8,1, Dsuee @ (1,1, 1) sy

=
X =P e eV — ey A AV e e i
XK= P Y e S L L Y e Ve e

Xu2 =Y,
Renormalization group invariant.

1 . Sy +iS
LR I [(@VINZY + el VIALVA + a2 AVIN2V) Ag], dF, 2;5 2L

double CKM suppression + down-type Yukawa suppression

D’ Ambrosio, Giudice, Isidori and Strumia, 2002
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FCNCS INMPV

Parameter constraints from experiments:

\ao\tanBMLH <18 from e
\/ (ag + a7 )(ap + a2)|tan 6L =) from AM,
My
\/ ag + a1 tanBL =280 from Br (BS — ,u+,u_)

My
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FCNCs INMEV

10/17

Parameter constraints from experiments:

\ao\tanBM—H =< I8 from €g
\/ (e + a)lag+ as}[tan—— 2 ) from A M,
My
\/a0+a1\tan5— 850 from Br (BS %/ﬁ,u_)

H

Perfectly natural values.

Buras, MVC, Gori and Isidori, 2010
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TENSIONS IN THE AF=2 OBSERVABLES
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TENSIONS IN THE AF=2 OBSERVABLES

The large mixing phase in the Bs mixing

CDF Collaboration, 2008
DO Collaboration, 2008

The ek - Sy xs anomaly

Buras and Guadagnoli, 2008
Lunghi and Soni, 2008
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DECOUPLING FLAVOUR AND CF VIOLATION

In the SM the Yukawa couplings are the only sources of

flavour breaking CP breaking

C1C3 S1C3 sqe 10
Vexkv = Verm = | —s1c0 — 1895370 c1c9 — $15983€" S9C3

S189 — C1CoS3€™ — (189 — 8102830 coc3
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In the SM the Yukawa couplings are the only sources of

flavour breaking CP breaking
—10
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S1S9 — 616283615 —C1S9 — 3102336"5 CoC3

—~—

However, the mechanisms of flavour and CP violation do not necessary need to be related.

Kagan, Perez, Volansky and Zupan, 2009
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In the SM the Yukawa couplings are the only sources of

flavour breaking CP breaking
10
C1C3 S1C3 Sse
Ve = Vorvy = | —s1c0 — 6182836._7’5 Cc1Coy — 81323362‘? S9C3
S1S9 — 616283615 —C1S9 — 3102336"5 CoC3
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However, the mechanisms of flavour and CP violation do not necessary need to be related.

Kagan, Perez, Volansky and Zupan, 2009

In the two-Higgs-doublet models with MFV:

1 . Sy + 153
RN a2 AV o NN A h.c.
MFV Sin 5 L [(CLO —I_ ai —I_ ao ) di| R \/§ —I_ C
a; complex MFV with flavour-blind CP-violating phases

Buras, MVC, Gori and Isidori, 2010
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AF=2 FErrECIIVE BFIAMILTONIANS

i agl? msm TILEN o 2 £
H|AS|—2 X _‘]\;L - vd [(Tt) ‘/;S‘/td] (ngL)(SLdR) + h.c.
H
2
AB|= (ag + ai)(ao + ag) mpymg [ me\2 , n :
YIAB[=2 A - vq [(7) Vi Abrarbrart e

Buras, MVC, Gori and Isidori, 2010
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2
asl=2 _ _laol® msma [rmeN?o . e
’H| | e MIQJ st [(T> ‘/;53‘/7561] (SRdL)(SLdR) + h.c.
2
NB= (a*—l—CL*)(CLQ—l—CLQ) mp M WL 22 & &
fH‘ B|=2 iy }WIQJ : vq [(7) tbv;fq (bRQL)(bLQR> + h.c.
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AF =2 ErrbGiINVE BFIAMILTIONIANS

2
asl=2  _|aol® msma [(me\2 o, e
’H| | e MIQJ st [(T> ‘/;53‘/7561] (SRdL)(SLdR) + h.c.
5 ay + ai)lag + az) mym WL 22 e -
YIAB|=2 ~ (ag }\)4(2 0 + az) Ub vq [(715) thtq] (brqr)(brgr) + h.c.
H
Key properties:

K - I_E ~ Mg Mg possibility of sizable non-standard
Bd - Ba ~ mg my contributions to the Bs system without
Bs - Bs ~ ms mp serious constraints from K and B4 mixing
New phases affects possibility to solve the anomaly
AB = 2 but not AS =2 in the Bs mixing phase
New phases affects equally correlation between
B4 and Bs systems the Bs and Bg the mixing phases

Buras, MVC, Gori and Isidori, 2010
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Buras, MVC, Gori and Isidori, 2010
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CORREIATIONOETHE MIXING FEHASES

S¢KS = bl (25 = Qd) S¢¢ =Sl (253 57 |(98|)
possibility to

accommodate
a large

MFV implies a definite relation between 64 and 6s. S e
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CORREIATIONOETHE MIXING FEHASES

S¢KS = bl (25 = Qd) S¢¢ =Sl (253 57 |(98|)
possibility to

accommodate
a large

MFV implies a definite relation between 64 and 6s. S e

¢Bd S@Kb
0.90

0.80 |
\0.75
L] oo
.07
0.75 |
.................. 065 — - oo
-3 -2 -1 1 2 3 OB ~1.0 ~0.5 0.5 1o VY¥¢

better agreement
with experimental data

Buras, MVC, Gori and Isidori, 2010
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RELAXING THE €¢~Syxc TENSION

Corrections to ek ~ mg ms: too small to hope in an improvement.

Buras, MVC, Gori and Isidori, 2010
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RELAXING THE €¢~Syxc TENSION

Corrections to ek ~ mg ms: too small to hope in an improvement.

but
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extraction of the “real” 3
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Corrections to ek ~ mg ms: too small to hope in an improvement.

but

better agreement

S@ng — i) (25 T Hd)
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Bgs 2 LU : A*SMOKING GUN” FOR MFV

Br(B, » utp~) Bg, 7(Bs) AM,
BI’(Bd = ,u+,u—) Bpg T(Bd) AMd

10 - Br (B, = putp™)
70 }
60 | o
50 ¢
40 |
30}
20}
10 f

10'Y . Br (Bd — ,Lﬁ,u_)

Buras, MVC, Gori and Isidori, 2010
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CONCLUSIONS

Two-Higgs-doublet models: interesting features but dangerous FCNC:s.

Two mechanisms to protect from FCNCs:
* Natural Flavour Conservation not stable under quantum corrections

* Minimal Flavour Violation natural and renormalization group invariant

With MFV and flavour-blind CP-violating phases we can describe the recent AF =2
anomalies.
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INTRODUCTION: TWO~HIGGS-DOUBLET MODELS

(GENERAL FEATURES ~ |
el —= ( 1 ) ( 2(?}2—|-,02—|—2772)) UE\/”U%—HJ% :U§46 GeV
2 (U1 + p1 == 2771 o e :
1

Z D H DU e e e T

The most general renormalizable and gauge-invariant Yukawa interaction is
—Ly = Qr Xy DrH) + QrXuUrHy + QrXax DrHS + Q. Xu2UrH; + h.c.

X, :3 x 3 matrices with a generic flavour structure

: : : G
A rotation to a more convenient basis: (B ( % (v i G0)>
G- cosBi sin Bl = e
OFS —sinf3 cosfB ) \ HS Hio \%(SQ + 153)

Masses eigenstates: ~ A° =S5  h°, H® = R(S51,52)



INTRODUCTION: TWO-HIGGS-DOUBLET MODELS

GENERALFEATEIRES =1

AL 2 = 2
—Ly =Qp, (%_qu)v il Zd(I)H> Dr+Qp (%_Muq)g P Zuq)%> Ur + h.c.

Mud:

9

(cos B Xy,a1+sinf Xy q2) Dnid = 0083 Kovyd o AN

Sl

Muy,q and Z,,q4 cannot be diagonalized simultaneously!

T o I
Uu,d LMuadUuad 4 W DU,d = dlag (mu,d7 Me,s, mt,b)

Ui,dLZu,dUu,dR =N (non diagonal)

L 2 = 2
— L= V. (%_qu)v =0 qu)H> Dr+ Qp, (%—Duq)g = Nuq)%> Ur + h.c.

~_ 4R dr o S ; ~_ 4R /
dr qr. qr ur,
= % dr, dr,
\J . v 4 7 -~ 3 ~ it gt
// // // //
S5 <~ HT €590 Ao

-~ -~ e

Flavour Changing Neutral Currents



PROTECTION MECHANISMS FOR FCNCs

NIFC BY A CONTINUOUS SYMMETRY

U(1)pg: the symmetry under which Dr and H; have opposite
charge, while all the other fields are neutral.

—Ly = Qr Xy DrHi + QrXetUrHS + Qr XgsPrHS + Qr X ,2UrHs + h.c.

U(1)rg must be broken beyond the tree level to avoid a massless Higgs:

Xao =€) A

O(10-2), typical loop suppression 3 x 3 flavour-breaking matrix with O(1) entries

But the consistency with experimental data requires

cos B My

I A * A 1:/2 = 1 2%
€a] x Im{(Ad)z1(Ad)1a]| 7" S 3 X 1077 x —-m

(from ek)

Large amount of fine tuning needed to suppress FCNCs!



PROTECTION MECHANISMS FOR FCNCs

NIFC BY A DISCRETE SYMMETRY

Z, under which H; — - H; , Dr — - Dr and all other fields are unchanged.

—Ly = Qr Xy DrHi + Qr XetUrH + Qr XgsPrHS + Qr X ,oUrH> + h.c.

Z; could be exact in principle
but

it allows higher-dimensional operators such as
C1 = Coiy =2
ALy :A—12C?L)Q(g)lfz:zlLIQ!Hl\2 - A_QQQLXQ(g)URHQ‘HQP

Gz Lt
i A—?;QLXCS?DRleHlP = A—iQLXg)DRHnHQP

¢i.="0() A =0(1 TeV)

Too large FCNCs even at loop level!



PROTECTION MECHANISMS FOR FCNCs

FCNCSINMPV - |

(a) (b) (c)
S br SR | br, SR br
3O, HO, A0 10, FO, A0 30 O, A0

FCNCs at “tree” level

Tasties . Sy +15
FCNC U 2 2 2 2 3
LEERC — sianL [(aoVIN2Y + a1 VTNV A + a2 AVIN2V) A . R 7 ot
& =—="0F) 0 1 i 1 =5
A= 0 N i s e =
(real? complex?) 1 sin 3 i cos 5 S

double CKM suppression + down-type Yukawa suppression

D’ Ambrosio, Giudice, Isidori and Strumia, 2002



MV wiTH FLAVOUR-BLIND PHASES

BASIC OBSERVABRLES IN AF=2 TRANSITIONS

P (By(1))

Neutral mesons systems:
Flavour Eigenstates K° — K g

Mass Eigenstates K — Kg
CP Eigenstates  £1 — K3

02r

Main observables:

Mass differences

b |44 d
Am = mpr, — MM, g g
B t r 3 t_
CP asymmetries ) )
 (3(t) - f) =T (M(t) = f) i W

) = F M0 = ) LT M) =




MV WITH FLAVOUR-BLIND PHASES

MORE ON ASYMMETRIES

dir mix _.*
o A$Y cos (Amt) + AT sin (Am t)
cosh (A”) | A?F sinh (&)

2 2

Bd = wKS SwKs

Bs — ¢ Sipep



MV WITH FLAVOUR-BLIND PHASES

T HEROLE ORI,

QmMMlj\g = (M| Heg ‘M>

Ampy = 2 ‘Mlj‘g‘ asymmetries o< Arg (Mlj\g)

Parametrization of New Physics:

(M) gpr = |(M75) 50| €27 M7, = (M3y) g5 CBae™

2484 05

F i S

(Mi2)sas = |(Mi2) gl € t2 = (M73)gp O, €’



