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What is flavour physics?
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Why is flavour physics interesting?

SM metrology: d

many of the free SM parameters related

to flavour v [l
]

c

s b

[} .
SM flavour puzzle: ]
hierarchy of fermion masses and mixing N
parameters not understood

CP violation:
in the SM related to flavour violation
needed to explain matter anti-matter asymmetry in the universe

indirect searches for new physics (NP):
SM suppression renders flavour-changing neutral currents
(FCNCs) sensitive to NP
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rare B decays:
B — Kr, B — K*up,
B — Xy, Bs — put,
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Exploring New Physics in FCNCs

BY INP?]
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b s
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b — s

Hetr =3 Ci Qi
V

rare B decays:
B — Km, B— K*uu,

B — Xsv, Bs — up, ...

Specific NP model
e.g. MSSM, 7/, etc.

additional contributions to
effective coefficients C;

predict impact on
rare B decays
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Exploring New Physics in FCNCs

BY INP?]
N e
b s

V

b — s

Hetr =3 Ci Qi
V

rare B decays:
B — Km, B— K*uu,

B — Xsv, Bs — up, ...

Which NP model

can account for this pattern?

|

fit effective coefficients

NP in certainC;

|

tensions in

rare B decay data



The spurion method in flavour physics

Effective theories in flavour physics

New physics in electroweak penguins?
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The spurion method in flavour physics

Effective theories in flavour physics

New physics in electroweak penguins?

«0O)» «F»

it
a

DA



H = Hfreee— + Hﬁ
N——

Spin precession of a E
N , charged particle
S0(3) SO(2) ey
external 5 field induces symmetry
breaking

SO(3) = SO(2)

spin angular momentum

uniform magnetic field
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e~ in external B field

H = Hieeom + %é Spin precession of a ?
N’ \ y charged particle
S0O(3) SO(2) <
external B field induces symmetry
breaking
SO(?)) — 50(2) spin angular momentum

uniform magnetic field

change point of view:

consider 5 field as internal part of system

— B transforms under SO(3)

= total system invariant under SO(3) symmetry




e~ in external B field

H = Hieeom + %é Spin precession of a ?
N’ \ y charged particle
S0O(3) SO(2) <
external B field induces symmetry
breaking
SO(?’) — 50(2) spin angular momentum

uniform magnetic field

change point of view:

consider 5 field as internal part of system

— B transforms under SO(3)

= total system invariant under SO(3) symmetry

Bfield —  spurion:
non-dynamical (=constant) field which has been promoted to
an object transforming under a symmetry




Most general form of Hamilonian # 57
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Most general form of Hamilonian # 57

> H 5 built rom S = (0,,0,,0.) and B = (B, B, B.)
» SO(3) invariance

=

H 5 built from S - B
(5% = 3/2 and B2 are constants)
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Applications

Most general form of Hamilonian # 5?
> H 5 built from S = (0,,0,,0.) and B = (B,, By, B.)

> SO(3) invariance = H built from §- B
(52 = 3/2 and B2 are constants)

» Hlinearin S - B because (B - S)? = B?/4 = const.

—

= ngug-B




# free (physical) parameters in H 5?
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# free (physical) parameters in H 5?

» naively: 3

—  B=(B,,B,,B.)
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Applications

# free (physical) parameters in H 5?

=

» naively: 3 —» B= (Bz, By, B>)

» but: broken symmetry reduces number of physical

parameters:

SO(3) SO(2)
# generators 3 1
broken generators (rotations about z- and y-axis) can be
used to rotate z-axis such that B||zZ

only one physical parameter — | B = (0,0, |B])




Liage = QrilPQr + drilpdr + urilPug
» D# contains photons, gluons and weak gauge bosons
» ()1 : SU(2)r, doublet, dr,upr : SU(2)r singlet
» three generations in

QL =(Q1,Q1.Q1),

dp = (d}% d?%? d:}))%)v

UR = (u}% u?%? U?I’%)

DA



Gauge interactions

gauge = QripQr + drilddr + ugrilur
» D# contains photons, gluons and weak gauge bosons
» (), : SU(2), doublet, dr,upr : SU(2)L singlet
» three generations in
QL =(Q1,Q7,Q1), dr=(dg,dk,dg), ur= (up,up, up)
Lauge invariant under rotations
QrL — R°Qp, dr— R%p, up— R'up

= gauge interactions cannot distinguish generations

Global flavour symmetry:

[UB)? = UB)gxUB)uxU3)qg




,CZ = —QL@yddR - QLq)cy"uR + h.c.
® . Higgs field (SU(2)r doublet),

¢ = gy ®f
y® y" 3 x 3 complex Yukawa matrices # 1
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Yukawa interactions

[,,Z = —QLq)yddpL — Qr.®y"ur + h.c.
® : Higgs field (SU(2),, doublet), ®¢ = g, ®f
y? " . 3 x 3 complex Yukawa matrices # 1
L invariant under common phase transformation

QL — (i/[’@BQL, dh’. — (i?’QdeH, UR — (i?’QbB?LR

L, breaks symmetry of £aqe:

[U(3)]? flavour ——  U(1) baryon number



Yukawa interactions

[,,Z = —QLq)yddR — Qr.®y"ur + h.c.
® : Higgs field (SU(2),, doublet), ®¢ = g, ®f
y? " . 3 x 3 complex Yukawa matrices # 1
L invariant under common phase transformation

QL — (i/[@BQL, dr — (i?’QdeH, UR — (i?’QbBYJ,R

L, breaks symmetry of £aqe:

[U(3)]? flavour ——  U(1) baryon number

spurion method:
promote y?, y* to spurions transforming as

Ud N RdeRdT7 yu N RQyuRuT

= [U(3)]? flavour symmetry restored



y?, y* : generic complex 3 x 3 matrices

=- can be diagonalized by biunitary transformations
i" = Sly"Ss,

g = Sly"s,
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Choice of basis

y?, y* : generic complex 3 x 3 matrices
= can be diagonalized by biunitary transformations

gt = SlyiS,, g = Shy"S,

B —U@):
broken generators can be used to choose a comfortable basis:
— freeze R — S;, R? — Sy, R* — Sy

Ll = —QP)%dr — Q¢ SISg J“ur + h.c.
‘ ——
=Vt
V= S_lSl : CKM matrix (unitary!)



Choice of basis

y?, y* : generic complex 3 x 3 matrices
= can be diagonalized by biunitary transformations

gt = SlyiS,, g = Shy"S,

B —U@):
broken generators can be used to choose a comfortable basis:
— freeze R — S;, R? — Sy, R* — Sy

Ll = —QP)%dr — Q¢ SISg J“ur + h.c.
‘ ~——
=Vt

V= S_lSl : CKM matrix (unitary!)

still: weak eigenbasis (Egauge unchanged)
Qr,dr, ur eigenstates of LI,4e
y* =V, = up-quark mass-terms non-diagonal



weak eigenbasis:
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Weak vs. mass eigenbasis

weak eigenbasis:

1H,v |H,v
| |
di I di i I 2
R L URr ur,
~ u u
Yd;» Md; Yig» M5

mass eigenbasis:
uy, mi;up = ay, VJ Moy, Uy = a7} Mey; U

J

with m,,; = yu,;v

perform rotation: ) — u} = Viju)



Weak vs. mass eigenbasis

weak eigenbasis:

|H,v |H,v
| |
R L UR ur,
~ u u
Yd; > M, Yijs My

mass eigenbasis:
uy, mi;up = ay, sz Moy, Uy = a7} Mey; U

% Withm,, =y,

perform rotation: ) — u} = Viju)
|H,v 1H,v
| |
, [ ; ' v
di, i up uf,

Yd;» Md; Yuir M,




| Yukawa matrices |

yd, Yy
36 parameters
(18 real, 18 phases)
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# physical parameters in £!?

| flavour symmetry | | baryon symmetry |
UG »  U(1)
27 generators 1 generator
(9 real, 18 phases) (1 phase)

| Yukawa matrices |

y? "
36 parameters
(18 real, 18 phases)



# physical parameters in £!?

| flavour symmetry | | baryon symmetry |
UG »  U(1)
27 generators 1 generator
(9 real, 18 phases) (1 phase)

26 broken generators
(9 real, 17 phases)

| Yukawa matrices |

yhyt >
36 parameters
(18 real, 18 phases)




# physical parameters in £!?

| flavour symmetry | | baryon symmetry |
UG »  U(1)
27 generators 1 generator
(9 real, 18 phases) (1 phase)

26 broken generators
(9 real, 17 phases)

\Yukawa matrices\ ‘ physical parameters‘
y? " » 114, My, VoKM
36 parameters 10 parameters

(18 real, 18 phases) (9 real, 1 phase)



Yukawa-couplings and CKM matrix

9 real parameters
» 6 quark masses (= diagonal Yukawa couplings 94, , Ju,)
» 3 mixing angles in CKM matrix
1 phase
» phase in CKM matrix —  source of CP-violation in SM



Yukawa-couplings and CKM matrix

9 real parameters
» 6 quark masses (= diagonal Yukawa couplings 94, , Ju,)
» 3 mixing angles in CKM matrix
1 phase
» phase in CKM matrix —  source of CP-violation in SM

ya 0 0 Yo 0 0 00 0
g = [0 y, 0] ~0, =10 5% 0|~ 1[0 00
0 0 w 0 0 00 1

V= (Ve Ves Vo | ~O(l X 1 N, A~ 0.22
Via Vis Vo PP S|
— peculiar structure of measured quark masses and CKM

matrix leads to strong suppression of FCNCs (flavour-changing
neutral currents) in the SM



S

example:
exclusive decay B — X, (quark-level: b — sv)
b

gauge invariance implies:
iz _

k Mb—)s'y -
o

~
"
MY

A [ELO'Myk,,bR] + Ag [ERO'MUk:,,bL]

>

My
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S

example:
exclusive decay B — X, (quark-level: b — sv)
b

gauge invariance implies
\]Z Mb_w,y Ap [Spo" k,bR] iﬁlR [Sro"" kb
pt M M
[U(3)]? transformations
QL — R9Qr, dr— R,
y* — R9yIRIM

UR — R”uR

y" — ROy"“R"
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S

example:
exclusive decay B — X, (quark-level: b — sv)
b

gauge invariance implies
k

Mb—)s'y
1 \w
[U(3)]? transformations

M

A [SLO'# k‘,,bR] + Ag [ERO'# k bL]

Qr — R9Qy,

My

dR —)RddR, uR—>R"uR
yt — RdeRdT Yyt — RQyuRuT

[U(3)]? invariance implies:  (yq = Ga, yu = VT
MZ o QL( u uT d)2 O’”kad3

")

DA



example:

exclusive decay B — X,v (quark-level: b — sv)
b s

gauge invariance implies
k Mb—)s'y -
I

A [SLO'# k‘,,bR] + Ag [ERO'# k bL]
pt M M
[U(3)]? transformations
Qr — R°Qr, dr— R,

UR — R"uR
yd N RdeRdT Y — RQyuRuT
[U(3)]? invariance implies:  (ya = §a, yu = V1§

MY QL( gyt d)2 oMk, dY = ZQL UL U Vis 04 o Ky d3

DA



FCNCs

example:
exclusive decay B — X,v (quark-level: b — sv)
b s

gauge invariance implies:

\k; Mb—>e'y = AL [gLJﬂuklle] + AR [gRO"u”kl,bL]

pt MY M,

[U(3)]? transformations:
QL — RQQL, dr — RddR, UR — R“’UR
yd - RdeRdT, y'u, - RQyu R'U,T
[U(3)]? invariance implies:  (yq = Ja, yu = VI§")

M,LZ o QQ <j1LJuTJd> . a.ll«ukyd?r Z QL 3 :IZL :IZL Vis 4 ~d 0_[.“./ k., d“;’%

~  yyiViiViplsLo" kubp)



FCNCs

example:
exclusive decay B — X,v (quark-level: b — sv)
b s

gauge invariance implies:
\k; Mb—m*y = AL [gLJﬂuklle] + AR [gRO"u”kl,bL]

pt MY M,

[U(3)]? transformations:
QL — R°Qr, dr — R%p, up— R'ugr
y? — ROyIRY, ¥ — ROy“RY
[U(3)]? invariance implies:  (yq = Ja, yu = VI§")

M,Lll: o Q% <juJu]‘Jd) s O"U'Vk,,d?’ Z QL ; :I;U, :I;U, \/” ~d 0”'”/ ku d“;’%

~ Y ViVi[SLo" kubg)
Miy o g (vyryt) ) oM ReQY = T dR 08 Vil 0 Vis o b d
7

~ ysy‘tz Vtt Vib [gRU'qul/ bL}



FCNCs

MU

bossy = OL (memiViiViy) 50" kubr] + ag (memiViiViy) [5ro™ kubr]

Suppression of FCNCs in SM:
» loop-induced
» small CKM elements: 1V}, ~ \?

» GIM-suppression:
mass-independent terms cancel because of unitarity of
CKM matrix

» here in addition: helicity suppression my /v
(suppression of right-handed current by m,/m;)



Unitarity of CKM matrix:

> VuaViy =0 for d#d,

> VuaVi =0 for u#u
d
» 6 different relations: 3 for up-, 3 for down-quarks

» each relation defines triangle in complex plane (unitarity
triangles)



Unitarity triangle

Unitarity of CKM matrix:

> VaaViy =0 for d#d, D VuaVi =0 for u#
u d

» 6 different relations: 3 for up-, 3 for down-quarks

» each relation defines triangle in complex plane (unitarity
triangles)

VudVys + VeaVie + VidVie = 0
o) 0 o)

—  distorted triangle!



Unitarity triangle

Unitarity of CKM matrix:

> VaaViy =0 for d#d, D VuaVi =0 for u#
u d

» 6 different relations: 3 for up-, 3 for down-quarks

» each relation defines triangle in complex plane (unitarity
triangles)

VudVgy + VeaVy, + ViaVy, = 0
o) o) oW

—  THE unitarity triangle!



Unitarity triangle

Unitarity of CKM matrix:

> VaaViy =0 for d#d, D VuaVi =0 for u#
u d

» 6 different relations: 3 for up-, 3 for down-quarks

» each relation defines triangle in complex plane (unitarity
triangles)

VuaVip . ViaVip

=0
VeaViy, VeaVy

—  THE unitarity triangle!

(0,0) (1,0)



v

Overconstraining measurements:

B-IAK 3
=

<7
)

(0.1)

v

[Vidl, [Vus|, |[Vasls |Ves| at tree-level from
semi-leptonic decays
\Vidl, |Vis| only at loop-level via FCNCs
Amg from B — B mixing

_>

w
[Vid]



box diagrams mediate B® — B' transitions:

W
LYV L b ot d
iMis  — et wet 4 W W
— AN
d w b d u, ¢t b
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box diagrams mediate B® — B' transitions:
b

e w _'i b u,c,t d
iMiy = u, ¢, uet g w w
Lt VAVAVAVAVERSE
d w b d u, ¢, t b
time evolution:
.d (B°(t) BO(t)
17— | =0 = H —
dt \B (t)

B’ (t)) ’
» M, T hermitian 2 x 2 matrices:

H=M+:
M : transition within B°-B" system,

I : decay of BO,EO

«O» «F»r « =>»
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B° — B’ mixing

box diagrams mediate B° — B’ transitions:

b w d b w,c,t d
7:./\/112 _ u, ¢, t u, et + w w
d w b d wu,c,t b
time evolution:
d (B°(t) BO(t)
i— | —= =H|= , H=M+1T
"at (B%)) (B%) o
» M, T hermitian 2 x 2 matrices:
M : transition within B°-B" system, I : decay of B°, B’
» empirically: I';; < M, CPT-invariance: M1, = My
=M~ Mil M — eigenvalues: My; + [Ms|
12 Mn

= mass difference Amg = 2| M|



w d b w, et d
—— \N\N\N\Nf——
iM]Q — u,c,t u,c,t + w w
—— N\N\N\N\N——
d b d u, ¢t
w
Mo =

)

>_(VaVi)(ViaVis) f(wis ),

2 2
€T; = mui/MW
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iMu —_ u, ¢, t u, ¢, t + W w
—— NANANNN——
d w b d u, ¢t b

Mz =Y (ViaVip)(ViaVji) (i, zy), ;= my /Mg,
i
GIM mechanism (x, ~ x. = 0):
VaudViap 9(20) + Vchc’Zg(-’Ecl + ViaVip 9(z4)
~(VuaViyy + VeaVy) 9(0)
_V:;Vﬁ:
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ZM12 — u,c,t u,c,t —+ w w
—— NNANNN——
d w b d u, ¢t b
My = (ViaVi)(ViaViy) f(zi ),
ij

z; =m, /My,
GIM mechanism (x, ~ x. = 0):

~~
~Vid Vt)‘l(,

ViuaVap 9(@u) + VeaViy 9(xc) +ViaViy 9(a1) = ViaVy, [g(z¢) — g(0)]
~(VuaViyy + VeaVy) 9(0)

«0O0>» «F)>r « =)

<

DA



ZM12 — u,c,t u,c,t —+ w w
—— NNANNN——
d w b d u, ¢t b
My = (ViaVi)(ViaViy) f(zi ),
ij

z; =m, /My,
GIM mechanism (x, ~ x. = 0):

~~
~Vid Vt)‘l(,

ViuaVap 9(@u) + VeaViy 9(xc) +ViaViy 9(a1) = ViaVy, [g(z¢) — g(0)]
~(VuaViyy + VeaVy) 9(0)

= Mz &~ (ViaVi)? [f (e, 2) — 2f(24,0) + £(0,0)]
ViaViy = Via+O(XY) =

Amg = 2|M12| measures |Vi4]
o [ = =

DA



Amg measures side

with |V.4| and |V,,| from semi-leptonic decays:

ViaViy Amyg e
of unitarity triangle
VeaVy | > VeallVas] yinang

(1,0)
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with |V.4| and |V,,| from semi-leptonic decays:
ViaVyy, ~ Amyg

B VeV |~ VeallVeal
Bs; — B; mixing  — Amg o [Vis|? = |V |2 (1 + O()\?))

Amg measures side

of unitarity triangle

0,0) (1,0)
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with |Vq| and |V,,| from semi-leptonic decays:

thV;,; Amd . . .
o of unitarity triangle
VeaV | ™ WVeallVar] ynang

Amg o [Vis[* = [Va[?(1+ O(A%))

Am, measures side

B, — B, mixing —
consider ratio Amg/Ams:

ViaVi ’ Amy

measures side x more precisely because
|‘/cd|Ams

VeaVy

(1,0)

it
S
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Amgand Amg,

with |V.4| and |V, | from semi-leptonic decays:
V}d\/;z ~ Amy
‘/(d (b |‘/('d||‘/(’b|
By — B, mixing  — Amg o |Vis]? = [V |2 (1 + O(N2))
consider ratio Amg/Amy:

ViaVi, Amyg

VeaVi | |Vea| Amg
» |V | cancels in the ratio

Amg measures side of unitarity triangle

measures side more precisely because

» ratio of hadronic matrix elements can be calculated to higher
precision than individual hadronic matrix elements




Amgand Amg,

with |V.4| and |V,| from semi-leptonic decays:

. ViaVi Amy L .
Am, measures side |——t0 | of unitarity triangle
: VeV | ™ WVeal[Vial yrang

By — By mixing —  Amg o |Vis|? = [V |2(1 + O(N2))
consider ratio Amg/Ams:

. ViaVy Amg .
measures side 7l ox more precisely because
‘/C'd‘/cb |‘/('d|Ams

» |V, | cancels in the ratio

» ratio of hadronic matrix elements can be calculated to higher
precision than individual hadronic matrix elements

3
g g

0,0) (1,0)




CKM metrology

Overconstraining measurements:

7.9 e
Amy
B
o
(0.0} 'S .1
B ﬁé 7 0 y ! g ]
P | . e |
Y S S -
-1.0 0.5 0.0 05 1.0 15 20
P
angles of unitarity triangle related to CP violation, e.g.
- B

» mixing-induced CP asymmetry in B — J/¢Y K,

» direct CP asymmetryin B—+ DK — ~«



generic extension of SM
_)

new sources of flavour (= [U(3)]?) violation
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Flavour beyond the SM

generic extension of SM
—  new sources of flavour (= [U(3)]3) violation

example: MSSM  —  soft SUSY-breaking terms

Susy Ak ~2 A Sk =2 Tk ~27
Lot D QpmgQr + upmyup + dpmgdr +

UhH,0"Qp + dyHga'Qr + h.c.

mg,my,my: 3 x 3 hermitian mass matrices

u d

a',a® : 3 x 3 trilinear coupling matrices



Flavour beyond the SM

generic extension of SM
—  new sources of flavour (= [U(3)]?) violation

example: MSSM  —  soft SUSY-breaking terms
LY 5 QymiQr + Wymiig + dymidg +
UhH,0"Qp + dyHga'Qr + h.c.

mg,my,my: 3 x 3 hermitian mass matrices
at,a? 3 x 3 trilinear coupling matrices

need further spurions to restore flavour symmetry:
ﬁzé — RQﬁLéRQT, 77112, — R“ﬁLiR/"'T., 77L3 — RdﬁzflR‘”

at — R“(I“RQT, (ld N RdadRQT

= new contributions to FCNCs



example:

exclusive decay B — X, (quark-level: b — sv)
b

S

7
k M,

o< Q%agga“”kyd% = a§§ sro*k,br
\ 72 d 3 =
I v M% X dR(Z23O"quVQL = (1/23 SRO'MkabL

«0>r 4F>r « =) 4
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FCNCs beyond the SM

example:
exclusive decay B — X,v (quark-level: b — sv)
b s

Y .
. MY o QFaSta"k,dY, = ads 50" k,br

I \,y My dRhalso" k,QF = abs 3R kb,
most suppression effects of FCNCs absent!
= strong constraints on new flavour structures
= flavour problem of new physics



FCNCs beyond the SM

example:
exclusive decay B — X,v (quark-level: b — sv)
b s

~ AT * =
. MY o QFaSta"k,dY, = ads 50" k,br

I \,y My dRhalso" k,QF = abs 3R kb,
most suppression effects of FCNCs absent!
= strong constraints on new flavour structures
= flavour problem of new physics

MFV hypothesis:  (Minimal Flavour Violation)
y“, y? are the only spurions of the [U(3)]? flavour symmetry

flavour problem of new physics reduces to SM flavour problem



Minimal Flavour Violation

MFV hypothesis:  (Minimal Flavour Violation)
y“,y? are the only spurions of the [U(3)]? flavour symmetry

parametrisation of flavoured NP parameters in terms of 3¢, 3"
e.g. SUSY-breacking terms:

ﬁlé = m? [al + leuJu[ + bgyd dt + (bByd d| u u| +hC)
ot = Aoy [0,2 + byy'y uf 4 ]



Minimal Flavour Violation

MFV hypothesis:  (Minimal Flavour Violation)
y“,y? are the only spurions of the [U(3)]? flavour symmetry

parametrisation of flavoured NP parameters in terms of 3¢, 3"

e.g. SUSY-breacking terms:

ﬁlé = mg [al + byt + boydydt + (bsydydyty T + he) + }
ot = Aoy [0,2 + byy'y uf 4 ]

All possible Yukawa structures form basis of 3 x 3 matrices
but: nearly aligned = generic flavour structure needs large a;, b;
= require naturality for a;, b;



Minimal Flavour Violation

MFV hypothesis:  (Minimal Flavour Violation)
y“,y? are the only spurions of the [U(3)]? flavour symmetry

parametrisation of flavoured NP parameters in terms of 3¢, 3"
e.g. SUSY-breacking terms:

ﬁLé = m? [al + leuJu[ + bgyd dt + (bByd d| u u| +hC)
ot = Aoy [0,2 + byy'y uf 4 ]

All possible Yukawa structures form basis of 3 x 3 matrices
but: nearly aligned = generic flavour structure needs large a;, b;
= require naturality for a;, b;

“more minimal” definition b; = 0?
not RGE invariant: if imposed at one scale, b; # 0 induced at others

CMSSM (constrained MSSM):  b; = 0 at Planck scale



» origin of NP flavour problem:

— approximate flavour symmetry of Yukawa sector
exact symmetry limit: only top quark massive and V =1
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Radiative flavour violation

» origin of NP flavour problem:
— approximate flavour symmetry of Yukawa sector
exact symmetry limit: only top quark massive and V =1

» assume exact flavour symmetry in Yukawa sector
use flavour structure of NP model to generate small quark
masses and V' # 1 radiatively

Radiative Flavour Violation (RFV) [weinberg'72]

from soft-susy breaking terms
[Buchmdiller,Wyler'83, Banks’88, Borzumati,Farrar,Polonsky’98'99,
Ferrandis,Haba’04]

today: strong constraints from FCNCs

but: RFV from trilinear A-terms still viable
[Crivellin,LH,Nierste,Scherer'11]
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Yukawa sector
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MFV

SUSY bresking
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MFV

SUSY bresking
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U(2)? symmetry of Yukawa sector

» obeyed by bilinear squark mass terms

72
MQL UuR,dR
» broken by trilinear A*¢-terms
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Radiative Flavour Violation

U(2)? symmetry of Yukawa sector

» obeyed by bilinear squark mass terms /2

Qr,ur.dr
» broken by trilinear A"“-terms

This scenario of RFV
» links the breaking of flavour-symmetries to SUSY-breaking

» explains overall smallness of quark-masses m,,, mg, ms, m. and
CKM-elements V;;, Vi, (i = 1,2) by loop suppression

» softens the SUSY flavour problem by linking most of the flavour
off-diagonal SUSY-breaking terms to measured CKM elements

» allows to split the third squark generation from the first two in
order have

» light stops as favoured by the hierarchy problem
» heavy squarks of first two generations avoiding bounds
from direct searches



A-terms

perform U (2)-rotations on left- and righthanded superfields such that

Af, 0 Al cosfc  sinfc 0
A=wd — [ AL AL |, VO = | —sinfc cosbc 0
Ay Az A 0 0 1

0 =exp. measured Cabbibo-angle

» minimal flavour violation with respect to the first two generations

» avoid tight contraints from Kaon physics



A-terms

perform U (2)-rotations on left- and righthanded superfields such that

Al 0 Al cosfc  sinfe 0
ATl = 0 Al, Al |, VO = [ —sinfo cosfc 0
Al AL A 0o 0 1

0 =exp. measured Cabbibo-angle

radiative mass generation (¢ = u,d, i = 1,2):

1Uq
Al

. - S

dr A A4y, My,
M. > — (EZ) »—
g g qar, g a1

_ q
Mg, = aqAj; Vg

smallness of light quark masses  +— a4~ —



A-terms

perform U (2)-rotations on left- and righthanded superfields such that

Al 0 A cosfc  sinfc 0
Ag=wd — 0 Al, Al |, VO = | —sinfc cosbe 0
Al Al Al 0 0 1

0 =exp. measured Cabbibo-angle

radiative CKM generation (example: Vi;):
1 vy lvg
A%;‘ A‘i;'

br { s Vi

. Vd

* u Uy d

Vis = by, A23 — — b A23 —_
me mp

e

smallness of CKM elements V;;, Viy (i =1,2) +— by~ yp
I8



A-terms

perform U (2)-rotations on left- and righthanded superfields such that

Al 0 A cosfc  sinfc 0
Arwd =0 AL, AL ], VO = | —sinfc cosbe 0
As Az Ass 0 0 1

0c =exp. measured Cabbibo-angle

cos(B)IAY| in GeV sin(B)|A"| in GeV

' 660 860 1(;00 12‘00 14‘00 1660 1860 ZdOqu "600 860 1dOO 12‘00 14‘00 1660 18‘00 ZO‘OUmél
loop-functions in radiative mass and CKM generation do not decouple

for ]\’JSUSY — 00
= RFV works also for high SUSY mass scale



A-terms

perform U (2)-rotations on left- and righthanded superfields such that

Al 0 A cosfc  sinfc 0
Ad=uwd — 0 Al Al |, VO = —sinfec cosfc O
A A% A 0 0 1

0 =exp. measured Cabbibo-angle

contribution of A%,, AL, to CKM elements helicity-suppressed
(small quark mass ratios ms/msp, mc/my,...)

» Al A%, not constrained from measured CKM elements

» Al , A%, act as sources of non-minimal flavour violation
= different phenomenology than MFV scenarios



Higgs (double) penguins

br ' R
X L LR I R *
I «:ZIR r sb bs
0, 40 30, 110, 1
SL
ut

» MFV:

TR o ys u ViV

FSLI) X Yb yt VieViw
= Experimental bounds on B, — utu~ render Higgs double
penguin effects in B, — B, mixing negligible because of
F,’jf"*/lﬁf,f"' o mg /My,

» RFV:
TEf o Afy o Vi TE o 4l

= '/ not suppressed with respect to I'/;/?
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