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Plan of Talk

© Open questions

® The SM flavor puzzle

® Messages from the B-factories and Tevatron
® The NP flavor puzzle

® “Flavor-test” of NP models: the case of SUSY
® Flavor at the LHC
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Open questions

© Which is the underlying mechanism regulating the EWSB?
® Which is the connection between EWSB and flavor physics?

© Are there new flavor symmetries beyind the puzzling fermion mass
spectrum?

O Are there new flavor violating interactions not governed by the SM
Yukawas? That is, to which extent the MFV hypothesis is valid?

© Do the new sources of CPV accounting for the BAU have an impact on
flavor physics and/or EDMs?

® Which is the role of flavor physics in the LHC era?

@ Do we expect to understand the (SM and NP) flavor puzzles through the
interplay of flavor physics and the LHC?
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The fermion mass puzzle

fermion masses
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The fermion mass puzzle

¢ Quark/charged-lepton mass hierarchy
Y, ~ 1,  Ye~107 Y,~10°
Yo ~ 1077 Yi~10° Yy~10*
Y, ~ 1072 Y,~10°% Y.~10°

¢ Quark mixing angles hierarchy

|Vis| ~ 0.2, |Vep| ~0.04, |Vip| ~0.004 (5km ~ 1)
e Neutrinos

Amey = (7.9+40.3) x 107°%eV?,  |AmE,| = (2.6 £0.2) x 107%V?,
sin®fs = 0.31+£0.02, sin®6m = 0.47 £0.07, sin®fe =079,

e Quark-Lepton complementarity: GUT + Flavor Symmetry? [raicai04)
Oso1 + 0c = %, Oatm + 023 = %
e SM gauge couplings
gs~1, g~06, g ~0.3, Auiggs~ 1
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Flavor Physics within the SM

o Liinetic auge + Lhiggs Nas a large U(3)° global flavour symmetry

G =U(3)° =U(3)u ® U(3)s ® U(3)a ® U(3)e ® U(3)L

o Lvukawa = QLYpDro + Q.YuUrd + L YL Er¢ + h.c break

G — U(1)s x U(1)e x U(1), x U(1),

e CKM matrix: Yy = Voxu X diag(yu, ye, yt) for Yo = diag(yd,ys, yb)

Verm=
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Messages from the B-factories
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“Very likely, flavour and CP violation in FC processes are dominated
by the CKM mechanism” (Nir)
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UT tensions
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= sin2p BR(B—1v)
© ~ 6% reduction of g™ @ fit vs. exp. ~ +2.60 © B(B—tv) ~ 2| V2

[Buras & Guadagnoli; BG & Isidori]

© B(B— (v)/AMy ~

@ smaller Bk from . )/ BMq
unquenced analyses (sin3/sin~)"/Bs,
[Antonio et al. '08; Aubin et al. *10] e flt Vs, eXp. ~ _3.20_

@ fitvs. exp. =~ —1.70
NEW: ¢ @ NNLO QCD:

~ +3% [Brod & Gorbahn, '10]
Similar conclusions also by Lenz & Nierste + CKMfitter collaboration (*10)
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UT tensions and NP

e “Tensions” in the the UT analysis [Lunghi & Soni, Buras
& Guadagnoli]

e Look at ex, Sykg, and AN/ AN in the Rp-y
plane from tree-level processes

AM/AM; -

Ry

Altmannshofer et al. '09
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UT tensions and NP

e “Tensions” in the the UT analysis [Lunghi & Soni, Buras
& Guadagnoli]

e Look at ex, Sykg, and AN/ AN in the Rp-y
plane from tree-level processes

Possible solutions:
©® +24% NP effect in ex

AM,/AM;

Altmannshofer et al. '09
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UT tensions and NP

e “Tensions” in the the UT analysis [Lunghi & Soni, Buras
& Guadagnoli]

e Look at ek, Sykg, and AN/ AN in the Rp-y
plane from tree-level processes

90
Possible solutions:
=Y © +24% NP effect in ex
a0 TN

AM/AM; -

® —6.5° NP phase in By mixing

Ry

Altmannshofer et al. '09
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UT tensions and NP

e “Tensions” in the the UT analysis [Lunghi & Soni, Buras
& Guadagnoli]

e Look at ex, Sykg, and ANy /AN in the Rp-y
plane from tree-level processes

Possible solutions:
©® +24% NP effect in ex
® —6.5° NP phase in By mixing
® —22% NP effect in AMy/AMs

Altmannshofer et al. '09
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CPV in Bs mixing (before ICHEP 2010)
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| New Physics in the Bs mixing phase? |
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CPV in Bs mixing (after ICHEP 2010)
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| New Physics in the Bs mixing phase? |
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sin 234 tensions

e Inthe SM, (sin203)yks ~ (SiN28)4ks = (SIN20),kg

e B, — 1 Ks dominated by tree level, ¢Ks and n’Ks are loop-induced

| Data indicate Sgk; < S,/ks < Syks |

sin(2p™) = sm(2¢

FPCP 2009
PRELIMINARY

b—cés World Average ! ©0.67£0.02
T BaBar U ————|| §026+0.26+0.03

X Belle 0.67 *9%2

< Average : 0.44 %917

o TTBaBar YT : 1057+0.0840.02
< Belle (SES I 1 0.64+0.10 +0.04

= Average o] : 059 +0.07

08 06 04 02 0 02 04 06 08 1 12 14 16

[adapted from HFAG]

| New physics in the decay amplitudes? |

| The SuperB will tell us... |
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The NP “scale”

e Gravity = Apianck ~ 10'871° GeV

Neutrino masses —> Asee_saw < 10'° GeV

~

Hierarchy problem: m;™(A%p) ~ My = Anp < TeV
Dark Matter — Anp < TeV
BAU: evidence of CPV beyond SM

» Electroweak Baryogenesis = Anp < TeV

> Leptogenesis = Asee—saw < 10'° GeV

4
SM = effective theory at the EW scale

Going BSM model-independently:

d
o

Legt = Lsm + Z 7
d>5 ANP

d
o\

- L85 = i LiLios

see —saw

s EZEG generates many FCNC operators
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The NP flavor puzzle

Leg = Lsm + Z

2
ANP

/l

[Isidori, Nir, Perez 10]

Bounds on A (TeV)

Bounds on ¢ (A = 1 TeV)

Operator Re Im Re Im Observables
(Tt ) 9.8 x 108 Lé s 107 9.0 x 1077 3o 107 | Ampsey

(Fpdp Wipdg) L& = 104 1.2 % 10° 6.9 = 1077 26 x 107 | Amgs ep
Ery*nL) 1.2 % 10} 20 % 10¢ 5.6 % 1077 LO s 1077 | Amps lgipl, ép
(Frui)(Frir) 62 x 10 L5 x 10 5.7 % 1078 Lo 078 | A l@pl g
(Fpyptdp ¥ 5.1 x 107 93 = 107 3 % 1070 LO s 107% | Amgy: Spuk
(B pd 300 pd ) 1.9 = 10} 3.6 % 10 5.0 % 1077 17 5 1077 | Amegys Spyvk
sy L1 ox 10 LI x 107 7.6 % 1073 760 107° | Awp,

(Fpsp i psg) 3.7 % 10 3.7 % 102 1.3 % (04 13 % 107 | Amg,

4

Paride Paradisi (TUM)
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MFV & the NP flavor puzzle

e SM without Yukawa interactions: U(3)® global flavour symmetry
UB)u ®U(3)a @ U(3)a ® U(3)e ® U(3)L

¢ Yukawa interactions break this symmetry
o Proposal for any New Physics model:

Yukawa structures as the only sources of flavour violation

I

Minimal Flavour Violation [pAmbrosio et al. 02]

Notice that MFV allows new “flavour blind”CPV phases!

[Kagan et al. 09 (Model-independent)

[Ellis et al. 07] (SUSY)

[Colangelo et al., '08], [Smith et al. '09] (SUSY)
[Altmannshofer et al., '08,09], [PP & Straub, ‘0] (SUSY)
[Buras et al., '10,'10] (2HDM)
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MFV & the NP flavor puzzle

(CMFV i~ ViVy, (CI\A/I;VZ)I/ ~ (Vy th)z
AF = 1,2 MFV operators | A(TeV) | Observables
Ht (5R ydtyu Y”TUWQL) (6F..) 61TeV | B— Xey, B— Xol ™~
%(51_ yv YUT’YHOL)z 5.9 TeV €K, Ade, AmBs
Hp (DaY YY" 10, T*QL) (gsGlu) | 34TeV | B— Xevy, B— Xsl't™
QLY YY", Q) (Erv,.Er) 27TeV | B— Xsl" 0™, Bs — ptp~
QYY" "y, Q) (eD.F,) 15TeV | B— X0~
Observable | Experiment | MFV prediction | SM prediction
Acp(Bs — ¢¢) | [0.10, 1.44] @ 95% CL 0.04(5) 0.04(2)
Acp(B— Xs7) | <6% @ 95% CL <0.02 < 0.01
B(By — pp7) <1.8x107¢8 <12x107° 1.3(3) x 107
B(B— Xstm77) | - <5x1077 1.6(5) x 1077
B(K. — 7°v) <26x107@90%CL | <29x107" 2.9(5) x 107"
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SM vs. NP flavor puzzle
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The Gaussian wave functions of / and e° overlap in an exponentially small region

Small Yukawa couplings without Symmetries
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SM vs. NP flavor puzzle

¢ Flavor Models flavor protection
[Lalak, Pokorski & Ross '10]
| Operator | U(1) U(1)® SU®3) MFV |
(QXGQu)e | A \° 23 A5
(DrXggDR)12 | A AT X (Yays) x A°
(OLXLDHDR)Q PN X0 8 Vs X 5

e RS flavor protection [Gerghetta & Pomarol, '99; Huber, '03; Agashe, Perez & Soni, '04]

d. FaL d Fq KKgluon Fpe

<H>

dR FdR S FsL FSR S
x (9)° mgms
mg ~ v Fg Y Fg (ex)rs—cm M, (v V)

(Verkm)ij ~ Fa, / FdLj [Csaki, Falkowski & Weiler, ‘08]

[Blanke, Buras, Duling, Gori, Weiler, '08]
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NP search strategies

Where to look for New Physics at the low energy?

e Processes very suppressed or even forbidden in the SM

» FCNC processes (ju — ey, T — 1, Bgd — putp=, K — mwb)
» CPV effects in the electron/neutron EDMs, de p...
» FCNC & CPV in Bs 4 decay/mixing & D mixing amplitudes

e Processes predicted with high precision in the SM

» EWPO as Ap, (9 —2)u....
» LUin Hﬁ/“: MNK(r) — ev)/T(K(m) — )
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Flavor in the LHC era

Observable SM Theory Present Future |Future
prediction error reanlt error  [Facility
[Vl [K — =év] imput 0.5% — 0.1 Lart L2246 + (0.IHH2 0.1 & factory
Vsl B — X.tus input 1% (150 =073 % 103 [ 1% [Super-B
Vsl B — =ty input 109 — B¥pa | (388 £ 0.36) x 107 1% |Super-B
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- sin(2) < 005 0.4+ 018 01 |LHeh
S5 g 0036 < L5 00s  [LHen
Shmaiin few x (.01 0.1 003 [super-B
i fow ® (.01 0.1 045 [LHCE
—hx1p—? - — (5.8 3.4) x 1079 W Lacn
: 2% 107" el k) (16+85)= 107" wt o Lnen
Acpih — 87 < .01 < {11 —OL012 = (L02s 0405 |Super-B
BiB — 1u) T W74 | 209 — 0% Lo | (1782 0.35) < 101 A% [Supe-B
BiE — pv) Ex 1077 | 20% — 6% L = 15x 1070 6% |Super-B
BB, —p'u ) dox10-? 2% — P W% |LHCh
BB — 'y ) 1% 107" | 20% — 5% Lan < 1A% 10F o fenen
App(B — Kot ). ] 0.05 {0.2+0.2) 005 |LHCK
B — Kui 1" [ 20% — 10%Lan < ldx10m! Super- 7
/Pl 0~ mixing 1 <1 (X ] 003 [super-B
tn [ <1p-? {oarahe g Super- B
BIKY — n%up) 8.5 101 8% (173708 & 101 10% i factory
B(Kr — ') 26 % 1M 10% < i1 ? 2 K factory
RICUNK — mhu) 2477 x 107 LA 5 [ZA98 = 014) < 10°% [ 0% K fetory
Bit —¢2,7) o (10-4%) a (1) < e 10 © (107%) [LHC (100m "
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The SUSY flavour and CP problems

The soft-sector contains a huge number of FV and/or CPV parameters: natural
O(1) values for these parameters are excluded by the exp. data

Flavor problem: solutions

© Decoupling: msysy > TeV, the hierarchy problem is (partly) reintroduced

® Degeneracy: sfermion masses nearly degenerate, e.g. gauge mediation,
flavour models, MFV...

® Alignment: quark and squark mass matrices aligned [nir & seiberg 93]

CP problem: solutions

© Degeneracy & Alignment do not solve the CP problem as flavor blind phases
are allowed

® CPV from flavor effects = EDMs suppressed by small mixing angles

® Hp in flavor models: CP spontaneously broken in the flavor sector by flavon
VEVS [Nir & Rattazzi '96]

@ Applying the same idea to MFV: CPV only from MFV-compatible terms breaking
the flavour blindness [ & siraub, '09)
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MSSM with MFV and “flavour blind” phases

T 40 MmO M 1600

m, (Ge|

@ Kaon mixing 5
» The mixing amplitude M, has no sensitivity to the o
new flavor blind phases

» Still, ek oc Im(ME,) can get a positive NP deg 810
contribution up to 15%

» Butonly for a very light SUSY spectrum:
fromy = 200GeV

@ B, and B; mixing

» Leading NP contributions to M,dés are insensitive to
the new phases of a FBMSSM.
(at least for moderate tan 7 ...)

» For large tan /3, the constraint from b — s~ does
not allow for sizeable effects

o L, » S,k and S, are S like (S, = 0.03 - 0.05)

tang [Altmannshofer,Buras & P.P., '08]
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SM with MFV and “flavour blind” phases

Mﬁ B0 200 10 Ell) 1000
e [Ge\l‘]

———e

1=10r%|

50T

1x10F
|Gl [ecm] 157

11072
510
» CP violating & F 0 and AFf | dipole » the leading MP contributions to AF = 2
amplitudes can be strongly modified amplitudes are not sensitive to the new
> Sikg and S, can simultaneously be phases:of the-FEMSSM
brought in agreement with the data » CP violation in meson mixing is SM like

v

» sizeable and correlated effects in Le. small effects in S5, Sy, and ex

» in particular: 0,03 < S, . < 0.05
» ower bouncs on the electron and neutron

EDMSs atthe level of . , = 10 “"ecm

» large and correlated effects in the CP A combined study of all these observables and
asymmetriesin 8 — K" p"p their correlations constitutes a
(WA, Ball, Bharucha, Buras, Straub, Wick) vary powerful test of the FEMSSM

[Altmannshofer,Buras & P.P., '08]
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Implications for direct searches of SUSY particles

00 400 600 800 1000 200 400 600 800 1000

2
1 [GeV] m;, [GeV] [N

bsy
S Acp

—0.1

200 400 600 800 1000 200 400 600 800 1000
m;, [GeV] w1 [GeV]

» Syks ~ 0.4 implies 1 < 600GeV and m, < 700GeV
> A% 2 2% implies 11 < 600GeV and m; < 800GeV

[Altmannshofer,Buras & P.P., '08]

Paride Paradisi (TUM) Open questions in flavor physics CKM 2010

24/35



Abelian vs. Non-abelian flavor models

Abelian vs. Non-abelian flavor models
¢ Non-abelian models predict ~ degenerate 1st & 2nd sfermion masses

» Suppressed contributions to 1 < 2 transitions
» Potentially large contributions to 2 < 3 transitions

¢ In abelian models, sfermions of different generations need not be degenerate

> Asingle U(1) & O(1) 1-2 mass splitting lead to (65-,)12 ~ O(})
» U(1) x U(1) allows alignement in the down sector (6“)12 ~ 0= (65)12 ~ O(N)
» Large effects in D%-D° mixing

Chirality structure of flavour violating terms
o Different flavour symmetries lead to different patterns of flavour violation
LL LR
e Mass insertions: M = diag(i) + /i (6”‘ ggﬁ>
d

o gk, 5FR 5LR fixed by the flavour symmetry up to O(1) factors

Paride Paradisi (TUM) Open questions in flavor physics CKM 2010 25/35



Representative flavour models

| Representative (non-) abelian flavour models (not just 4 examples...!) |

AC model U(1) AKM model SU(3) RVV model SU(3)  sLL model (Ss)?

[Agashe, Carone] [Antusch, King, Malinsky] [Ross, Velasco-S., Vives] [e.g. Hall, Murayama]

Large, O(1) RR Only CKM-like RR CKM-like LL & RR Only CKM-like LL
mass insertions mass insertions mass insertions mass insertions

.0 0 .00 PSP .A5 3
5CL1L ~ (0 . )\2) 5éL ~ (0 . 0) (5‘L1L ~ ()\3 . >\> 5¢L1L ~ )\5 . )\2
0 X2 . 0o o0 - A2 N . A2 .
-0 0 SN N8 D S\ .0 0
55F ~ (o ~ 1) 5§ ~ (A?’ : >\2> 557 ~ <,\3 : )\) 55R ~ (o ~ 0>
o 1 - DD R P N 0 0 -

Hp: CP is spontaneously broken in the flavor sector (i & Rattazzi 9]
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RVV

05 10

10
g
A
0.4
0.2 0.2 0.2
I ] 0al | | ‘ | | ‘
091.0 =05 0.0 05 1.0 =1.0 -05 00 05 1.0 0i}l 0 -0.5 0.0 05 1.0
Sus Sus Sug

e Orange (Blue) points: UT tension solved through contribution to AMy/AMs (ex)
e Scanranges: mp < 2 TeV, M2 < 1TeV, |Ay| < 3mp, 5 <tanf < 55
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b — s transitions & SUSY flavor models

Pattern of NP effects in the JLL model:
¢ No large effects in Sy
e Large, correlated effects in Sykg, S;kg, Acp(b — 57) , (A7,8) and EDMs
o (A73g): T-odd CP asymmetries in B — K*¢*¢~

1.0 6 1.0,
08 4 08
06 06
2
L, 04 & . 04
¥ o <
S a =
ROV 8 <U “ o2
)
00 00
“02. —4r -02
- | | | | 6. | | JrY S B B! |
04 02 Zo1 00 o1 02 04 202 00 02 04 06 Y04 02 00 02 04 06 08 10
(A7) Sk, Seky

e Scanranges: mp < 2 TeV, My ,» < 1TeV, |Ay| < 3mp, 5 < tan g < 55,

[Altmannshofer et al., "09]
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Br(Bs — putu~) vs. Br(By — ptu™)

Abelian (AC) Non abelian (RVV)

2x1077- . 2107 /
-~ 2 o
l:_ 1x107 Ji il
1 [
1 5x107'° L 5x10710
S <
z 2
= 2% 10710 2107

L1010 5 1x1071° & .

/ [ - o S R

1105 % 10° 5x10°0x10%x10~° 5x10-% x 10~ 1x1072x107° 5x1071x 1072 x107% 5x 1078 x 1077
BR(B,—u 1) BR(B,~u 1)
[Altmannshofer et al., '09]

Br(Bs — p* ™) /Br(By — pt ) = |Vis/ Vig|? in MFV models

[Hurth, Isidori, Kamenik & Mescia, '08]
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CPV in D-physics

CPVinD° — D’ ~ (Ve Vi) /( Vs Vius)) ~ 1072 in the SM

(D°[He|D°) = Mhp — 4T 12, |Dy o) = p|D°) + q|D°)

M—F

* =\ e 9=Ana/p)

® X = Lf_/’D =27Re [% (M12 — ér12):|

A [ (Mip — 7r12)]
Si=2AY, = & (rDoH, fDon)

o= (3] [&]) e (I3 -
f e q -y o

e

r(0° — Kt v)—r(D° — K~ ¢tv) _ |ql* - |p*
M(D° — K+—v) +T(D° — K—¢+v) — [q* + [p*

[Nir et al.,Kagan et al., Petrov et al., Bigi et al., Buras et al., ...]

asL =
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CPV in D-physics vs. ron EDM in SUSY

- 1= 107
= 10F . =
g g
Z z
= 1o 4 =
= =
Tl = e
=Ar=E =t rozoa —lo - o0 a5 Lo -1.0 -5 (] a5 1k
CF o
ne Sy in'% dst. s

F1G Correlations between don and Sy (left), da and ase (middle) and o=, and Sy (right) in SUSY alignment models, Gray
points satisly the constraints [8)-(10) while blue points further satisfy the constraing (11) from ¢, Dashed lines stand for the
allowed range (18) for Sy,

g i iy ug
— oM
l"sf]ﬂl
q a
ll‘s,':' b
RSP S, ¥ ORI
'rs ity r &t
{a) (B

FIG. 2: Examples of relevant Foynman diagrams contributing
() to D" = D" mixing and (b} to the up quark (CIEDM in
SUSY alignment models.
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LHC vs. flavour
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o Large effects in Sy, even possible for spectra
beyond the LHC reach in the models with RH

currents

e Large effects in Syk, not possible for spectra
beyond the LHC reach in the 6LL model
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“DNA-Flavour Test”
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[Altmannshofer et al., '09]
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Flavor in the LHC era

The SUSY flavor plane
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[Nir @ Planck '09]

Open questions in flavor physics CKM 2010 34/35



Isidori’s view

G. Isidor: — Flavour Physics now and in the LHC era

¥ Flavour physics in the LHC era

LHC [high pr]
Flavour physics
A unigue effort toward the
s . Improved
high-energy frontier poisp sl R TI
CPV in the Bs Vin & T
sys‘u:m decays
Universality tests
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[to determine the energy scale of NP]
A collective effort toward the
high-intensity frontier
[to determine the flavour structure of NP]
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