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Minimal Flavor Violation (MFV)

M(B4—By) ~ —— T O Isidori (2012)

tree/strong + generic flavor

-1 > A= 2x10%TeV [K]

loop + generic flavor

~1/(167%) » A= 2x10°TeV [K]

* t t + 13 l' t”
~ (v, Vy th)z ree/strong + “alignmen > A>5TeV[K&B]

l + 19 1' t”
~ (v, Vy'Vy)2/(16n%) 22T TEI A > 0.5 TeV [K & B]

« Can we build NP models where the alignment with the CKM is “natural?



MFV

~ Minimal Flavour Violation

* Flavour symmetry:
U@y

[global symmetry of the SM gauge sector]

» Symmetry-breaking terms: Y, & Y,
[quark Yukawa couplings]|

‘ > Q—Li YUij URj ¢ T Q—Li YDij DRj ¢c

This specific symmetry + symmetry-breaking pattern is responsible
for the GIM suppression of FCNCs, the suppression of CPV,...

all the successful SM predictions in the quark flavour sector



MFV

However, we can (formally) promote this symmetry to be an exact symmetry,
assuming the Yukawa matrices are the vacuum expectation values of appropriate
auxiliary fields:

E.g.: Y,~@3,1,3) & Y,~(3,3,1) under SU(3), xSU(3),, xSU3),,
L 'R R

"‘g/\’ukawa - Q_L YD DR¢ T Q_L YUUR ¢C T EL YL eR¢ T h.C.
3 T_ \ 1,1,3
(3,1,1) (3.13) (1,1,3)
v
(1,1,1)

MFV hypothesis: Y s are the only source of flavor violation
also in BSM.



Typical FCNC dim.-6 operator:

QLi Yy ¥ U+)ij QLj x Ly L,

~ @VTYU,Z Vdy, — y; ViyVassh b

NP modifies only the flavor-independent magnitude

Operator Bound on A Observables

H1(DrY ¥Y*Y "0,,Qr)(F,,) 6.1 TeV B— Xy,B— X tte~
%(Q[JY"Y”")’M QL) B 5.9TeV ek, Amp,, Amp,

H ), (DrY 1Y *Y "6,,T% QL) (g G*) 3.4 TeV B— Xy, B— X, tte"
(0LY "Y "y, Q1) (Ery.Er) 27TeV | B— X, 00, B, — ptpu-




A few important comments:

[) MFV is not a theory of flavour

[T) Despite its phenomenological success, MFV is far from being “verified”

[IT) Even within the “pessimistic” MFV hypothesis, we can still expect sizable
deviations from the SM in various B physics observables...

Typical examples:

By~ 1T Large enhancements possible in models
’ with an extended Higgs sector

... and, hopefully, spectacular NP effects in the charged lepton sector:

TeV-scale
. new physics

B(u—-ey) could reach values in the 10°12- 10713 range
(within the reach of MEG)



Muon g-2

- Although flavor conserving observable, it can give constraint on
flavor models

— [0} '}
0o

Lvmpm =
4m,

- muon is ~40000 times more sensitive to NP than electron

2
My,

vl



Basics of g-2

Scattering of electron with EM field
AH. , = /d3:1: eAfL]j“ () = z/—)(qj)fy“?j)(r)

iM (2m)6(pY — p?) = —ieu(p )y u(p ACl (p" —p)

T H

1M (27r)6(p0’ — P ) —ieu(p)) TH(p', p) u(p) - ACl(p — )

From Lorentz, P invariance,

M = y*-A + (p"+p")-B + (p*—p")-C.



Basics of g-2

Ward identity: ¢, ['* =0
Using Gordon identity @(p")v"u(p) = Fll(p')[pp tr L -qﬁ]u(p)

2m 2m

, . 1ot g,
TH(p',p) = v*Fi(q°) 1

Tree level, F; =1 and F5, =0
Electron within external B-field AS!(z) = (0, A9(x))

Fy(q%)

2m

iM = —i(2m) - e€" (——]O'k' [F1(0) + FQ(O)])£ B*(q),

2m
B*(q) = —ie*q" A} (q)

We can interpret the scattering amp. as Born approx. to scattering
of an electron from a potential well.



Basics of g-2
V(x) = —(p) - B(x),

(1) = —[F1(0) + F2(0)]€" ¢

m

#= (](Q:n)s

g = 2|F1(0) + F2(0)] = 2 + 2F5(0)
AN

electric charge of e=1

Anomalous magnetic dipole moment,

2 27



Muon g-2

QED result up to 5 loops

Include contributions from all leptons (Aoyama et al. '12):

1 «
Q0 __ 4 o
T 2 % (w)
v 2
+0.765 857 425  (17) X (—)
v ﬂ
mu/me,-r

v 3
+24.050 509 96 (32) x (—)
-~ (s

my, [ me, +

4

+130.8796  (63) x (9)
——

num. int.

a5
+753.29 (1.04) x (;)
num. int.

= 116584 718.853 (9) (19) (7) (29) [36] x 107"
e e

my, [me + Cq G afae)



Muon g-2

Contributions from weak interaction

o )
W %4
Ky vV, AN 7

Total weak contribution:

ai™* = (153.2+1.8) x 10~ "




Muon g-2

Hadronic vacuum polarization

Optical theorem (from unitarity; conservation of probability) for hadronic contribution —

dispersion relation:

2
Im J\NL'M/M ~ | \/\/\/\ﬁ ~ o(ete™ — * — hadrons)
1 ra\2 [ ds o(e*e” — v* — hadrons)
had. v.p. — = e il K R R -
w 3 (w) /0 S (s)R(s), () olete” —» v* — putp~)

[Bouchiat, Michel '61; Durand '62; Brodsky, de Rafael '68; Gourdin, de Rafael '69]

K(s) slowly varying, positive function = a,;* """ positive. Data for hadronic cross section o at
low center-of-mass energies /s important due to factor 1/s: ~ 70% from nm [p(770)]
channel, ~ 90% from energy region below 1.8 GeV.



Muon g-2

Hadronic vacuum polarization: some recent evaluations

Authors

Contribution to a™ v x 101
7

Jegerlehner '08; JN '09 (ete™)

6903.0 +£52.6

Davier et al. '09 (ete™) 6955 + 41
Davier et al. '09 (eTe™ + 7) 7053 + 45
Teubner et al. '09 (eTe™) 6894 + 40
Davier et al. '10 (ete™) 6923 + 42
Davier et al. '10 (ete™ + 7) 7015 =4 47
Jegerlehner + Szafron '11 (ete™) 6907.5 4 47.2
Jegerlehner + Szafron '11 (ete™ + 7) 6909.6 + 46.5
Hagiwara et al. '11 (ete™) 6949.1 + 42.7
Benayoun at al. '12 (ete™ + 7: HLS improved) | 6877.2 + 46.3




Muon g-2

Hadronic light-by-light scattering in the muon g — 2
QED: light-by-light scattering at higher orders in perturbation series via lepton-loop:

T 1 o _
1 T |

- : In muon g — 2: LQ

7 5 - 1~ 3

Hadronic light-by-light scattering in muon g — 2 from strong interactions (QCD):

ST
’ C) (ﬁ’ | , ’\ | \ T" '
SA 7,0, ‘l \‘
aZad.LxL_ -l - _;\;_-\' O +... ;O{}'Q—/ +...
< S 4 o S <4, - £ &
\—« f_:’ 7/ i ) }) < - ) .\ (_’:.- Z
- S < 2 S 2 2
p_S 2 2 S < 2 T < 2
e Currently often used estimates (neutral-pion exchange dominates numerically):
andt™ = (105+26) x 10" (Prades, de Rafael, Vainshtein '09)
(error estimate more progressive )
alid ™ = (116 +40) x 107" (Nyffeler '09; Jegerlehner, Nyffeler '09)

(error estimate more conservative)



Muon g-2

Muon g — 2: current status

Summary of SM contributions to a,, (based on various recent papers):

e Leptonic QED contributions: a3*® = (116 584 718.853 4 0.036) x 10~
e Weak contributions: ajf* = (153.2+ 1.8) x 10~

e Hadronic contributions:
- Vacuum Polarization:

a, " (ete™) = (6907.5+47.2—(100.3 + 2.2)) x 10~

- Light-by-Light scattering: aj,”" = (116 & 40) x 10—
e Total SM contribution:
a)' = (116591 795+ 47 + 40 + 1.8 [+62]) x 10~
—~ T =~

v.p. LbyL QED + EW
e “New" experimental value (shifted +9.2 x 10" due to new A = 1, /p,):
a%® = (116 592 089 + 63) x 10~

I

= a® —a," = (294 +88) x 10 3.3 o]

p



Muon g-2 (MSSM)

a,: Supersymmetry
Supersymmetry for large tan 3, u > 0:

2
aiUSY ~ 123 x 10! (100 GeV) tan (3

(Czarnecki, Marciano, 2001)
Explains Aa, =290 x 107! if Msysy ~ (93 — 414) GeV (2 < tan 3 < 40).
In some regions of the parameter space, there can also be large two-loop contributions.

80

v kM

an 10

Constraint on large tan 3 SUSY contri- @
butions as a function of Mgygy.



Muon g-2 (MSSM)

chirality flip can occur inside the loop

Y :
l J\PS\‘ .ﬁL&aRJ\f\j\) .
//'O‘\\ -

\)

-— -~ -

:IIL/ \:IIR // \\ // \\
/ \ / \ / \
/ \ / \ / \
’v AVAVAVAV | lv AVAVI\V/\ |
+ — + - - ~ — + + e -y +
u B uw wu E = uw u W [ U
(SUSY) . . . y
= ay, IS approximately proportional to tan



Muon g-2 (Dark photon)

e, a,: Dark photon
In some dark matter scenarios, there is a relatively light, but massive “dark photon”
A, that couples to the SM through mixing with the photon:

o € uv /!
»Cmix — §F Fy.z/

= A), couples to ordinary charged particles with strength ¢ - e.

=> additional contribution of dark photon with mass my to the g — 2 of a lepton
(electron, muon) (Pospelov '09):

azark photon _ a 2 /1 dX 2X(1 o X)2
o |

om (1—x)%+ ﬂ‘2¢x]
M

a {1 for me > my

— —E& X 2m?>
27T 3—m2§ for mg < my

For values € ~ (1 —2) x 10~ and my ~ (10 — 100) MeV, the dark photon could
explain the discrepancy Aa, = 290 X 10~ M.



FCNC processes in MSSM

- Ref.

- Gabbiani, Gabrielli, Masiero, Silvestrini, hep-ph/9604387



KY — FO MIXINg

In the SM, K% K" mixing originates from W=*-boson loop

[CKMfitter ("13)]

o || = (2.228 +0.011) x 1073

2V =(38+£2.7)x107* = || < 9.2x 107 (20)

® |c; —|6§{




s dy
g g
I _a_"z N :gl_ |
dm 81
a)
Sh — g . dm
5 ~h Hm:
X X
dy 51
dk ) g ) S1
b) d)

Figure 1: Feynman diagrams for AS = 2 transitions,|with h, k,l,m = {L, R}.

v

New topology not present in the SM



Effective operators for

KY — FO mixing

HAS=2 ZC@+ZC@,

Q= d?,'YusLdg'Y“SLa
Q2 = RSL %sﬁ
Q3 = 3LdRSL
Q4 = dRSL LSR

Qs = RSL LSR

In the SM, only Q1
is generated!

2

C, = 21‘(;" (242 fo(x) + 66 fo()) (68,)

Cy = 21‘;; 204 fo(z) (65)

Cs = 1‘;2 ; 362 fola) (68)

Cy = 21‘;; [(504.cf5(.v) 72 fo(2)) (6%) ., (6%2) pr

— 132 fg(2) (532)”’ (5‘112

2

(
)

Cs = ——22 [(24.c folx) + 120 fo(x)) (6%2), , (6%2) ..
)

p. lbm

2 2

d
Cy 21()7", (241: fo(x) + 66 fﬁ('v)) (613) RR
~ (12 d
02 — 216m 204.Uf6(£) (612) LR
Gy = =22 362 fy(x) (8%)’
T 216m2 T O\ g



Hadronic matrix elements

_ 1
(K°| Q1| K°)via = gMKf,z( Use
0 0 _ o Mg 2 2 ) R 1 . a ;a
(K°|1Q2| K®)yia = 94 (m3+m42) Mg fx 5z15kg = Nakldz] + 2tz‘jtkl
_ 1 My
(K°|Q3|K%)via = — Mg fx
?41(”"1* mjg . to calculate the VIA
0 ~0 ol K 2
(K71Qa| K )via = |24 i 4 (ms +md) | Mx Tk g
. (1 1 Mg \* CKI[AY(1 = ps)sI[dy, (1 = y5)s]IKD = = (K|dy*yss/0)<0|dy,yssIK>
(K°|Qs|K®)via = | + ( ) Mk fi . 3 "
8 12 \m,+m
| v _8/im} "
T3 2my ’
_ o 1
<K0|Q1(#)|KO) = EMKf?(Bl(/‘)
. 5 M 2 _ ,
<K0|Q2(u)|Ko) — _24 (m (u) +Kmd(u)) MKsz(B2(#) we have used, for H = 2 GeV:
. L Mk )2 By() = 0.60(6)
K° K% = N ) Mg f2B
(ROIQuIK®) = 5 (o s ) MucFBa(o) B — 0600

&K = § (7

Mk : 2 Bs(p) = 1.05(12)
Mk i Ba() ’
p) + md(ﬂ)) g By(p) = 1.03(6)

RO = g5 (o s ) M), By(u) = 0.73(10).




Mass difference and CPV parameter €

AMy = 2Re(K°|HAS=2| K0)
1 -
e — Im(K°| 15 = K®
V2A M ST Y

Comparing with the exp., we get the constraint



Masiero, Vempati, Vives, 0711.2903

[R(6%)FL| S(85)7L |
T TREE NLO TREE NLO
03 | 14x1072 | 22x1072 | 1.8x107% | 29x 1073
10 | 30x1072% | 46x1072% | 39x1072% | 6.1 x1073
40 | 7.0x1072% | 1.1x107! | 92x1072% | 1.4 x 102
VIR(6%)LL (6% )rr VIS(0%)LL (6% )R]
T TREE NLO TREE NLO
03 | 1.8x1073% | 86x107% | 23x107% | 1.1 x 1074
10 | 20x1073 | 96x107% | 26x107% | 1.3x 1074
40 | 28x107% | 1.3x1073 | 3.7x107% | 1.8 x 104
VIR(6%) 2| VIS(6%) %]
T TREE NLO TREE NLO
03 | 3.1x1073 | 26x1073 | 41x10"% | 3.4x 104
10 | 34x1073 | 28x1073 | 46x107% | 3.7x 1074
40 | 49x1073% | 39x107% | 65x107% | 52x 1074

Table 1: Maximum allowed values for |R (51’2) 4p | and [S (5?2) ap b With A, B = (L, R) for an average squark mass
mg = 500 GeV and for different values of z = mg / mg. The bounds are given at tree level in the effective Hamiltonian and at
NLO in QCD corrections as explained in the text. For different values of mg the bounds scale roughly as m;/500 GeV.



BY — BY mixing
Calculation of M,,

J AB=2 transitions need to go through a W loop

w
b o AAANAANANAAP—> q b > 3
ty ti w w
w
e HNNNNNN\P— b q f‘ b

U As usual we write an effective Hamiltonian that captures the SD physics:

G2.m2, = 1712

Mip = 1’2 Wasmp (f3Bp) So ( 5 ) (VipVig)?
7r miy
G2m? 2

Amp = g Wopmp (f3Bp) So ( ) ththq|

miy
« bvtq)zz{_e_zz,a q=d
p Vip Vigl? —e~2Ps  q=s



[ R(9T3)LL] [R(9%s)LL=RR]
T TREE NLO TREE NLO
025 | 49%x1072 | 62x1072 | 31x107%2 | 1.9x 1072
1.0 1.1x107Y | 14x107Y | 34x107% | 2.1x1072
4.0 6.0x 1071 | 7.0x107! | 47x107% | 2.8 x 1072
[S(073)LLl S(9f3)LL=RR
T TREE NLO TREE NLO
025 | 1.1x107! | 1.3x107' | 1.3x107%2 | 80x 1073
10 | 26x107!Y | 30x107! | 1.5x1072 | 9.0x 1073
40 | 26x107Y | 34x107! | 20x1072 | 1.2x 1072
[ R(073) LR |§R(5(113)l R=RL!
T TREE NLO TREE NLO
025 | 34x1072% | 30x1072%2 | 38x107% | 26x 1072
10 | 39x1072% | 33x1072%2 | 83 %1072 | 52x1072
4.0 53x 1072 | 45%x 1072 | 1.2x107! —
[3(073)LR| S(9¢3)LR=RLI
T TREE NLO TREE NLO
025 | 76x1072 | 66x1072 | 1.5x107%2 | 9.0x 1073
1.0 87x1072 | 74x1072 | 36x1072%2 | 2.3x 1072
4.0 1.2x 1071 | 1.0x107! | 2.7 x 107! —

Table 2: Maximum allowed values for [R (67;) g | and [ (075) , . |, with A, B = (L, R) for an average squark mass
mg = 500 GeV and different values of z = mg /m%. with NLO evolution and lattice B parameters, denoted by NLO. The
missing entries correspond to cases in which no constraint was found for | (63’]-) AB | < 0.9.



b—s

. -l
(Gerald Eigen) BF(B—X_ y) [107]
1 L) | | | ]

LE

elle sum-excl ¥ e —— : 3.6920.5p20.46206
LBS11,151 (2001)

elle notlep tag [ SN 3.50£0.1520.4120.01
RL103,241801 (2009)

ABAR lep tag - g —— 3.32£0.15£0.31£0.02
RL109,191801 (2012)

ABAR sum-excl A PN — 3.52£0.2p£05120.04
RD86,052012 (2012)

ABAR hadtag | ’ - o 3.9020.91£06420.04
RD77051103 (2012)
HFAG 2012 ——t 343202112007
preliminary
hep-ex/1207.1158
(2012) SM (NNLO)

Misiak et al 3.1520.28
[PRL9S, 022002 (2007))
A l
2
(Mikolaj Misiak)

Update of the SM prediction (preliminary)

B(B — X¢)3

Ey>1.6 GeV

Y

Acp(B = Xsv)

SM A(B-X y)
L] 1 1 1
CLEO leptorrtag | - ~AIB=X v)
PRLEE, 5651 (2001 e
BABAR hadron-lag. - $-<AB-X  y)
PROTT, 051103 2008 o
BABAR lepton-tag | * AAB-X 1)
PRL10, 101001 2012 e
Belle sem-incl | — =AIB~X y)
PRLII, 031003 (2004)
BABAR semi-inc] |- b -NB"x.ﬁ
PROSC, 031103 2012)
L 1 1 L
03 02 -01 0 0.1 0.2 0.3
* -
ACP(B X{) A

All results consistent with the SM,
-> strong NP constraints

= (3.14 £ 0.22) x 10~4 |, rpcp 2013



b—s Y

Relavant effective operators . Chirality flip as in MDM op.

- Dominate in the SM
e ~ / e _

O7 = 1672 mbsLaWF””bR, Or = 1672 mbsRUuuFﬂubLa
UE gs
Og = 62 mbSL(fu,/G “tobR, 08 = meSRUuVG”’ t,br.

Wilson coefficients at mb scale

My 16/23 o (e 2/23
(,'7('"“,) = !(XS(W )] {(:7(A/[M/) — g(,'g(Mw) |:1 — ( ( ))) :|

(g (mb) a.s(MW/

Q22 (au(m) \*F
013 as(j\/fw) ’

['(b— s7v) 6o o

I'(b — cev) B mlw(mb)'




b—s Y

Gluino contribution

2
oio

8 17r2m§

+mg M, (z) (553)”it

BR(b— sv) = mgTB{|mbM3(x) (5g3)LL

2
+L<—>R}.

LR is more strongly

v | (38) ) | 1(58) 4l constrained

0.3 4.4 1.3 x 1072
1.0 8.2 1.6 x 1072
4.0 26 3.0 x 1072

Table 6: Limits on the |5§3‘ from b — s7v decay for an average squark mass m; = 500GeV
and for different values of z = mZ/mZ. For different values of mg, the limits can be
obtained multiplying the ones in the table by (m;(GeV) /500)2.



b—s Y

SM + Charged Higgs + Chargino

* Charged Higgs: constructive interference with the SM
* Chargino: destructive if L >0

X W>0 is preferred to explain (g-2) 1 anomaly



Bs— LW+ W-

e It is a strongly suppressed, loop-generated process in the SM.

chirality flip Misiak (2014)

Its average time-integrated branching ratio (with final-state
photon bremsstrahlung included) reads:
| C. Bobeth, M. Gorbahn, T. Hermann,

BSM — (3.65 I 0.23) X 10_9 MM, E. Stamou and M. Steinhauser,
Phys. Rev. Lett. 112 (2014) 101801 |

e It is very sensitive to new physics even in models with Minimal
Flavour Violation (MFV). Enhancements by orders of magnitude
are possible even when constraints from all the other measurements
are taken into account.



Misiak (2014)

L L
m v,1 m u g u
Z,h,H,A
~ - .
p 4 X q N q
L‘_ ______ z_i ------ 075 b Y ig L ’
1
ST /RE O\ = Rt
b %E . b / q | s
- . —--eectccaa- >~ b
+ mpm:; 6
A _— %
For large tan 3: B(Bs —> pTp~) ~ 75 tan® 3

K. S. Babu and C. F. Kolda, Phys. Rev. Lett. 84 (2000) 228.



Bs— W+ U~

Vel \* (. \°
+ - L -8 |t8 8
BB = pru7) = 875x10 (0.040) (210MeV)

2m
X {|MBSCS|2 + |Mp,Cp + “C10A|2}
Mp,

b MSSM




7'teﬂ'

Bs_) M ¥ u -
— —M—FWbWs{EC )Qi(1)

+Cs(u)Qs (1) + Cp(1)Qp () + Cll)@s(w) + c;)w)Q'pm)}

162 (3auPLba) (In*1) = & (3 7
62 QS = ]_67 (SQPRba) (ll)
167 (Soﬁ'uPLba) (l7u75l) — 62 - 1
’; ( _ Qp = 1672 (SaPrba) ( ’Ysl)
™ SaYuPrba) (I7*1) o e’ 7
0 Qg = 62 (SaPprba) (ll)
1672 (sa'ﬁzPRba) (17u75l) Qpr = et 1
P = g2 (3aPLba) (l7s!)



Bs— W+ U~

Necessary non-perturbative input: <0 I B‘Ya’yf) S I B S (p) > — ipa .f Bg

Recent lattice determinations (225.0(4.0) MeV, HPQCD (r), arXiv:1110.4510
of the B,-meson decay constant: 224.0(5.0) MeV, HPQCD (nr), arXiv:1302.2644
234.0(6.0) MeV, ROME, arXiv:1212.0301

fp. = 242.0(9.5) MeV, FNAL/MILC, arXiv:1112.3051

Bs 232.0(10) MeV, ETM, arXiv:1107.1441

219.0(12) MeV, ALPHA, arXiv:1210.6524

235.4(12) MeV, RBC/UKQCD, arXiv:1404.4670

| 224.0(14) MeV, ALPHA, arXiv:1404.3590

Flavour Lattice Averaging Group (FLAG), arXiv:1310.8555 gives

fB. = 227.7(4.5) MeV.



Bs— W+ U~

e Recently measured branching ratios

_ { (2.9 "_L}(l,) X 1072, LHCDb [Phys. Rev. Lett. 111 (2013) 101805

exp —

(3.0 f(l,jg) X 107, CMS [Phys. Rev. Lett. 111 (2013) 101804]
[ CMS-PAS-BPH-13-007,
LHCb-CONF-2013-012 |

Combined: By, = (2.9 +0.7) X 10—

e ATLAS: B, < 1.5 x 1078 @ 95%C.L.



Chared Lepton Flavor Violation (CLFV)

We have already seen LFV: neutrino oscillation

Oscillations experiments have shown that m, # 0:

= GIM suppressed by small neutrino masses



CLFV

G%m? o 1.27Am?
p o - 20n 2 [ 4
1993 (27r) sin“ 20 sin ( M2, )

N _—y
-

i — decay v — vertex v — oscillation

2
G’%mz Sa Am33513€13523
19273 327 M3,

Q

I'(p — ev)

relative probability ~ 10->*

Experimental constraints

Process | 90 % C.L. bound

L — ey 5.7 x10~13 MEG(2013)
T — ey 1.5 x107®
T — WY 1.8 x10~8




Other CLFV

1 — ey p— 3e p-capture:

|
¢
/
u > > ¢ m - (c

N

< 5.7 x 10713 < 1.0 x 10712



1
-1 . .
+ 10 - Y% Cosmic p
E 1073 _ YV H— €Y
A - H
— v ® [l — e
5|
10 - % n-beam = uN —eN
107 |
_ Y
10° - [\ ) u-beam
_ \ 4
= ¥.Vo o =
41— b \ 4
10" " =
o s " . .V
10" M -
= V MEG Upgrade
10'15 — @ PsSI, MUSIC
- Mu2e, COMET W
10" |
- Project X, PRIME B
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CLFV in the MSSM

CLFV processes are proportional to tan (3
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CLFV in the MSSM

1 — ey (with AL = AR = 0.1, tan 8 = 50, ---)

e ep
Bl'([l—-("‘;) tan J = d0
Aj p=0; 1p=0.1
107" L M
-12
107 NN MEG (2013result) ]
107"% MEG 1 T~ ¥
_________________________ (upgrade) _ _ _______1 I or v
107" //’-\\
[ ] . \
\
-15 /
10} Heavy gaugino ! / \
" AMSB l/\/\/\/\/\/\/\\
10 F ] A\VAL VAL VAL VALV ALV ALV ALV
+ 0 it +
1) XY or X €
10—‘!7 .
10 100 1000

mi [TeV] probes MSSM far beyond LHC

e MEG (current bound): Br < 5.7 x 107
[MEG experiment ('13)]

e MEG upgrade: Br <6 x 104



CLFV in the MSSM

* I((Slw)LLl |(6i2)w|
0.3[41%x103|1.4x%x 106
1.0|7.7%x1073|1.7x10°¢
50132x1072|38x107°
+ |(Ji3)LL| |(6113)LR|
0.3 15 8.9 x 102
1.0 29 1.1 x 107!
50| 1.2 x10% |24 x 107!
* I (653) LL I | (653) I.RI
0.3 2.8 1.7 x 102
1.0 5.3 2.0 x 1072
5.0 22 4.4 % 1072

Table 7: Limits on the (5%
and for different values of z =

mz /m?. For different values of mj, the limits can be
obtained multiplying the ones in the table by (m;(GeV)/ 100)2.

from [; — l;y decays for an average slepton mass m; = 100GeV




Electric Dipole Moment (EDM)

* A Permanent EDM Violates both T & P Symmetries:

P T
s S -8
d —d d

- CPT — T violation means CP| violation



EDM in the SM/NP

Standard 5 c
Model

EDM=0 at one-loop level (SM)

LEDM =

SUSY

Non-zero EDM at one-loop level
(MSSM)

2 £V
_§dffgl 75fF}LV



EDM in the SM/NP

Effective operators for EDM:

7 —

01 = —§fo'“‘”'y5fFW,
Oy = —%fa"‘”%T“fGZ,,,
05 = = fateGe G0 G5oe"
df = C{(Ay)+ %Cg(/\x) + (Z\—;C’:{(Ax).

d, = %(4dd —d)



Experimental bound

n units of ecm, selected EDM limits are:

Cheng-Pang Liu (2007)

Particle | EDM limit System SM Prediction | New Physics
e 1.9 x 104/ Tl atom 10->" 10-4/
T 1.1x1019 | restframe E 10—3° 10—
T FARI0 Y ate Sntry 10 10 <
p 6.5x 10722 | TIF molecule 10! 10 <°
n 2.9 x 104 UCN 1031 10—2°
g | 21x 10" atom cell 10 10 <

@ Most precise measurements are taken in neutral systems.
@ Results for charged particles (except i) are inferred.

ACME (2014):

d.| < 8.7x 107*? ecm




Flavor Physics and Neutrino Mass

- Conventional mechanism for small neutrino masses: seesaw
mechanism

Seesaw type-l, right-handed neutrinos: ( _’; ) <;i>
Y 4y4 N g 2
~ (——=—, M, \ '
my 2 = ( T M) // > < \
vy vy
(H) (H)
. S -4
Seesaw type-ll, scalar triplet: S~ LT
)2 ,
my ~ Yr(A}) ~ YT; 'A
ma - /\\
1) 1 74}
(H) (H)
Type-lll: Replace vp by T = (1,20, £7): + +

Q2 9
.-

YSv / =<
ml/g =~ (— ;‘[v ] ;\[g) / \




Flavor Physics and Neutrino Mass

- Alternative mechanism for small neutrino masses: radiative
neutrino mass generation, eg. Zee-Babu model

Cheng & Li, 1980

[ — f(LTL)h+ + g(eﬁeR)k++ _ [Lh,+h,+k3__ lee, 1985
Babu, 1988
/”‘T~~\\

h 7 : \\ h Neutrino mass is
/I f I Vo 2-loop suppressed!

I ' \\

| | !

>—l < l > l—
. ,. Babu & Macesanu, 2003
Va (a éb V3 - .

Aristizabal & Hirsch, 2006

Large neutrino mixing angles

2
m

5 faamaga:ymbfbﬁf(nT’«;), require large CLFV

h h

v _ 8L
P (1672)2m




Flavor Physics and Neutrino Mass




Flavor Physics and Dark Matter

Ma, 0601225
SUR2), X U(l)y X Z,,

(Vl’ll)~(2r_1/2,+)’ lzc~(1’1,+)’ Nl~(1’09_)’
3)

(", @%) ~(2,1/2; +), (n*,n°)~ (2 1/2;-). 4)

Ly=fijl¢ v+ L) + hj(vin® — I;m*)N; + H.e.



Flavor Physics and Dark Matter

Neutrino masses

h'kh 'kMk m2 m2 m2 m2
(M) § 167 [m§ M2 ME mi—ME M

Dark matter candidates: the lightest neutral state of Z2-odd particles

7707Ni



