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The CKM picture of flavour

Remarkable accuracy (~ 20%) of the CKM 
picture of flavour changing interactions

1. Explore the highest energies indirectly 
testable, assuming generic flavour 
effects: in several cases up to 104÷5 TeV

2. Physics at the TeV scale must have a 
very peculiar structure: symmetries

EFT approach: only a limited set of effective operators is present, 
size controlled by the CKM matrix V
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How to get a flavour scenario close to CKM, beyond the SM?



Direct searches

Model e, µ, τ, γ Jets Emiss
T

∫
L dt[fb−1] Mass limit Reference
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃ ) ATLAS-CONF-2013-0471.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e,µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃ g̃ , g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃ g̃ , g̃→qqχ̃
±
1→qqW ±χ̃01 1 e,µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1 )+m(g̃ )) ATLAS-CONF-2013-0621.18 TeVg̃

g̃ g̃ , g̃→qq(""/"ν/νν)χ̃
0
1 2 e,µ 0-3 jets - 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB ("̃ NLSP) 2 e,µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB ("̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 4.8 m(χ̃
0
1)>50 GeV 1209.07531.07 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z ) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃ )>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄ χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄ χ̃
0
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄ χ̃
+
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e,µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e,µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e,µ 0-2 jets Yes 20.3 m(χ̃

0
1) =m(t̃1)-m(W )-50 GeV, m(t̃1)<<m(χ̃

±
1 ) ATLAS-CONF-2013-048130-220 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1 2 e,µ 2 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-065225-525 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1 )=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 1 e,µ 1 b Yes 20.7 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1)<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7 m(χ̃
0
1)>150 GeV ATLAS-CONF-2013-025500 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z ) 1 b Yes 20.7 m(t̃1)=m(χ̃
0
1)+180 GeV ATLAS-CONF-2013-025271-520 GeVt̃2

"̃L,R"̃L,R, "̃→"χ̃01 2 e,µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-04985-315 GeV#̃

χ̃+1 χ̃
−
1 , χ̃

+
1→"̃ν("ν̃) 2 e,µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-049125-450 GeVχ̃±

1
χ̃+1 χ̃

−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃

0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1
χ̃±1 χ̃

0
2→"̃Lν"̃L"(ν̃ν), "ν̃"̃L"(ν̃ν) 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-035600 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1Z χ̃

0
1 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-035315 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1h χ̃

0
1 1 e,µ 2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 , χ̃
0
2

Direct χ̃
+
1 χ̃
−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1 )=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃ , long-lived χ̃

0
1 2 γ - Yes 4.7 0.4<τ(χ̃

0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X , ν̃τ→e + µ 2 e,µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X , ν̃τ→e(µ) + τ 1 e,µ + τ - - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7 m(q̃)=m(g̃ ), cτLSP<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃
χ̃+1 χ̃

−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ee ν̃µ, eµν̃e 4 e,µ - Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+1 χ̃
−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ττν̃e , eτν̃τ 3 e,µ + τ - Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e,µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e,µ (SS) 1 b Yes 14.3 ATLAS-CONF-2013-051800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: SUSY 2013

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.

How do flavour measurements 
compare with direct searches at 

the LHC (e.g. in SUSY)?
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SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-011 L=19.5 /fb x = 0.25
x = 0.50

x = 0.75

SUS-13-008 L=19.5 /fb

SUS-12-001 L=4.93 /fb

SUS-11-010 L=4.98 /fb

SUS-13-006 L=19.5 /fb x = 0.05
x = 0.50

x = 0.95

SUS-13-006 L=19.5 /fb

SUS-13-012 SUS-12-028 L=19.5 11.7 /fb

SUS-12-005 SUS-11-024 L=4.7 /fb

SUS-12-028 L=11.7 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-014 L=19.5 /fb

SUS-13-004 SUS-13-007 SUS-13-008 SUS-13-013 L=19.4 19.5 /fb

SUS-13-013 L=19.5 /fb x = 0.20
x = 0.50

SUS-13-004 SUS-12-024 SUS-12-028 L=19.3 19.4 /fb

SUS-12-001 L=4.93 /fb

SUS-13-012 SUS-12-028 L=19.5 11.7 /fb

SUS-12-010 L=4.98 /fb x = 0.25x = 0.50
x = 0.75

SUS-12-005 SUS-11-024 L=4.7 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-017 L=19.5 /fb

SUS-12-004 L=4.98 /fb

SUS-13-006 L=19.5 /fb

SUS-11-011 L=4.98 /fb

SUS-13-011 SUS-13-004 L=19.5 19.3 /fb left-handed top
unpolarized top

right-handed top

SUS-11-024 SUS-12-005 L=4.7 /fb

SUS-11-021 SUS-12-002 L=4.98 4.73 /fb x = 0.25
x = 0.50

x = 0.75

SUS-13-006 L=19.5 /fb x = 0.05
x = 0.50

x = 0.95

SUS-13-006 L=19.5 /fb

SUS-11-030 L=4.98 /fb

gl
ui

no
 p

ro
du

ct
io

n
sq

ua
rk

st
op

sb
ot

to
m

EW
K 

ga
ug

in
os

sle
pt

on

Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

lspm'-(1-x)motherm' = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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Magnetic monopoles (DY prod.) : highly ionizing tracks
Multi-charged particles (DY prod.) : highly ionizing tracks

jjmColor octet scalar : dijet resonance, ll
m), µµll)=1) : SS ee (!

L
±± (DY prod., BR(HL

±±H Zlm (type III seesaw) : Z-l resonance, ±Heavy lepton N
Major. neutr. (LRSM, no mixing) : 2-lep + jets

WZ
mll), "Techni-hadrons (LSTC) : WZ resonance (l

µµee/mTechni-hadrons (LSTC) : dilepton, 
#l

m resonance, #Excited leptons : l- WtmExcited b quark : W-t resonance, 
jjmExcited quarks : dijet resonance, jet#

m-jet resonance, #Excited quarks : 
q"lmVector-like quark : CC, 

 Ht+X!Vector-like quark : TT
,missT

E SS dilepton + jets + !4th generation : b'b' 
 WbWb! generation : t't'th4

jj"$jj, $$=1) : kin. vars. in %Scalar LQ pair (
jj"µjj, µµ=1) : kin. vars. in !Scalar LQ pair (
jj"=1) : kin. vars. in eejj, e!Scalar LQ pair (
tb

m tb, LRSM) : ! (RW'
tqm=1) : 

R
 tq, g!W' (

µT,e/mW' (SSM) : tt
m l+jets, ! tZ' (leptophobic topcolor) : t

$$mZ' (SSM) : 
µµee/mZ' (SSM) : 

,missTEuutt CI : SS dilepton + jets + ll
m, µµqqll CI : ee & 

)
jj

m(&qqqq contact interaction : 
)jjm(

&
Quantum black hole : dijet, F T

p'=3) : leptons + jets, DM /THMADD BH (
ch. part.N=3) : SS dimuon, DM /THMADD BH ( tt

m l+jets, ! t (BR=0.925) : tt t!
KK

RS g
lljjmBulk RS : ZZ resonance, 
"l",lTmRS1 : WW resonance, 
llmRS1 : dilepton, 
llm ED : dilepton, 2/Z1S

,missTEUED : diphoton + 
 / ll##mLarge ED (ADD) : diphoton & dilepton, 

,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

mass862 GeV , 7 TeV [1207.6411]-1=2.0 fbL

mass (|q| = 4e)490 GeV , 7 TeV [1301.5272]-1=4.4 fbL

Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL

| = 0)
$

| = 0.063, |V
µ

| = 0.055, |V
e

 mass (|V±N245 GeV , 8 TeV [ATLAS-CONF-2013-019]-1=5.8 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T
((m) = 1.1 

T
(am, Wm) + T)(m) = 

T
((m mass (

T
(920 GeV , 8 TeV [ATLAS-CONF-2013-015]-1=13.0 fbL

)
W

) = MT)(m) - T*/T
((m mass (T*/T

(850 GeV , 7 TeV [1209.2535]-1=5.0 fbL

 = m(l*))+l* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL

b* mass (left-handed coupling)870 GeV , 7 TeV [1301.1583]-1=4.7 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/m" = qQ,VLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

T mass (isospin doublet)790 GeV , 8 TeV [ATLAS-CONF-2013-018]-1=14.3 fbL

b' mass720 GeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

t' mass656 GeV , 7 TeV [1210.5468]-1=4.7 fbL

 gen. LQ massrd3534 GeV , 7 TeV [1303.0526]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W' mass1.84 TeV , 8 TeV [ATLAS-CONF-2013-050]-1=14.3 fbL

W' mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z' mass1.8 TeV , 8 TeV [ATLAS-CONF-2013-052]-1=14.3 fbL

Z' mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL

Z' mass2.86 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

 (C=1)+3.3 TeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

 (constructive int.)+13.9 TeV , 7 TeV [1211.1150]-1=5.0 fbL

+7.6 TeV , 7 TeV [1210.1718]-1=4.8 fbL

=6)- (DM4.11 TeV , 7 TeV [1210.1718]-1=4.7 fbL

=6)- (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6)- (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

 mass
KK

g2.07 TeV , 7 TeV [1305.2756]-1=4.7 fbL

 = 1.0)PlM/kGraviton mass (850 GeV , 8 TeV [ATLAS-CONF-2012-150]-1=7.2 fbL

 = 0.1)PlM/kGraviton mass (1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (2.47 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=5.0 fbL

-1Compact. scale R1.40 TeV , 7 TeV [1209.0753]-1=4.8 fbL

=3, NLO)- (HLZ SM4.18 TeV , 7 TeV [1211.1150]-1=4.7 fbL

=2)- (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2)- (DM4.37 TeV , 7 TeV [1210.4491]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = ( 1 - 20) fbLdt.
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)



Minimal Flavour Violation

•  

• At leading order in the breaking parameters ≠ yt:

➡ Quark bilinears:

➡ Effective operators:

∆F = 2:

∆F = 1:

U(3)3 ≡ U(3)q × U(3)u × U(3)d broken by the SM Yukawa’s

YuY
†
u ∼ I3 = diag(0, 0, 1)

Yu ∼ (3, 3̄,1), Yd ∼ (3,1, 3̄)

cαccξij(d̄
i
Lγµd

j
L)O

α
µ cβcbe

iφβ

ξijmj(d̄
i
Lσµνd

j
R)O

β
µν

cLLξ
2
ij(d̄

i
Lγµd

j
L)

2

q̄L I3γµ qL q̄L I3Ydσµν dR

(ξij ≡ V ∗
tiVtj)

Chivukula, Georgi
Hall, Randall

D’Ambrosio et al.



Minimal U(2)3

•  

• At leading order in the breaking parameters:

➡ Quark bilinears:

➡ Effective operators:

broken by the spurionsU(2)3 ≡ U(2)q × U(2)u × U(2)d

qL = (qL, q
3
L), dR = (dR, bR), uR = (uR, tR)

∆u ∼ (2, 2̄,1), ∆d ∼ (2,1, 2̄)V ∼ (2,1,1),

q̄LqL q̄L V q3L q̄3Lq
3
L

q̄3LbRq̄L ∆d dR q̄L V bR

cKLLξ
2
ds(d̄LγµsL)

2

cBLLe
iφBξ2ib(d̄

i
LγµbL)

2

cβcbe
iφβ

ξijmj(d̄
i
Lσµνd

j
R)O

β
µν

cB,αcc eiφ
α

ξib(d̄
i
LγµbL)O

α
µ

cK,αcc ξds(d̄LγµsL)O
α
µ

Barbieri et al. ‘11 
Barbieri, B, Sala, Straub ’12



Minimal U(2)3

• Weakly broken: a good symmetry of the SM Yukawa sector

• Potentially more observable effects w.r.t. MFV

• Naturally arises from a minimum principle in the dynamical 
breaking of U(3)3

• The only continuous symmetry – along with U(3)3 – which gives a 
near-CKM structure of flavour violation, if no further assumptions 
on the underlying model

VCKM ∼








mu ∼

� �

md ∼
� �

Alonso et al. ’13



Are there other pictures naturally close to CKM?

•                                        , broken by 

and                         , gives rise to MFV (i.e. has the same effective 

operators)

U(2)q × U(2)u × U(3)d

∆̃d ∼ (1,1, 3̄)

∆u ∼ (2, 2̄,1), ∆d ∼ (2,1, 3̄),



Are there other pictures naturally close to CKM?

•                                         gives rise to MFV

• Reducing the U(2)3 group:

‣ Distinction between left- and right-handed fermions is essential
(e.g.                     has large non-CKM LR currents);

‣                           broken by
generates non-CKM chirality breaking op.s in ∆C = 1 and ∆S = 1:
distinction between u and d quarks is needed;

‣                                                           , broken by

                                                              is equivalent to U(2)3 at 

leading order in the breaking parameters

U(2)q × U(2)u × U(3)d

U(2)q+u+d

U(2)L × U(2)R

U(2)L × SU(2)R × U(1)u × U(1)d

∆u ∼ (2,2), ∆d ∼ (2,2), V ∼ (2,1),

∆u ∼ (2,2)(−1,0), ∆d ∼ (2,2)(0,−1),

V ∼ (2,1)(0,0),



Are there other pictures naturally close to CKM?

•                                         gives rise to MFV

• Reducing the U(2)3 group:

‣ Distinction between left- and right-handed fermions is essential

‣ Distinction between u and d quarks is needed;

‣                                                            is equivalent to U(2)3

• Alignment:  e.g. 

broken by

gives rise to the bilinear

Non CKM effects unless c2 ~ c1: this can work in specific contexts.

U(2)q × U(2)u × U(3)d

U(2)L × SU(2)R × U(1)u × U(1)d

U(3)d × U(1)(q+u)1 × U(1)(q+u)2 × U(1)(q+u)3

�
(c3 − c1)ξij + (c2 − c1)V

∗
ciVcj

�
(d̄iLγµd

j
L)

Barbieri et al. ’10∆1 ∼ 3(1,0,0), ∆2 ∼ 3(0,1,0), ∆3 ∼ 3(0,0,1)



Fit of ∆F = 2 observables

SψKS = sin
�
2β + arg(1 + hBe

2iσB )
� �K = �SMK + hK�SM,tt

K∆Ms,d = ∆MSM
s,d

��1 + hBe
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��

�0.2 0.0 0.2 0.4 0.6 0.8

�0.3

�0.2

�0.1

0.0

0.1

0.2

0.3

hK

hB

�0.3�0.2�0.1 0.0 0.1 0.2 0.3

�0.2

�0.1

0.0

0.1

0.2

hB

ΣB
Π

hB = hK,  σΒ = 0  in MFV



Fit of ∆F = 2 observables

SψKS = sin
�
2β + arg(1 + hBe

2iσB )
� �K = �SMK + hK�SM,tt

K∆Ms,d = ∆MSM
s,d

��1 + hBe
2iσB

��

�0.2 0.0 0.2 0.4 0.6 0.8

�0.3

�0.2

�0.1

0.0

0.1

0.2

0.3

hK

hB

�0.3�0.2�0.1 0.0 0.1 0.2 0.3

�0.2

�0.1

0.0

0.1

0.2

hB

ΣB
Π

hB = hK,  σΒ = 0  in MFV



Flavour and supersymmetry

• Flavour operators are generated
by s-particle loops

• “Natural” spectrum with light stops and gluino, and heavy 
squarks of 1st & 2nd generation: compatible with U(2)3

• What is the impact on flavour physics of the direct bounds 
on s-particle masses from the LHC?

g̃ g̃

qi qj

q̄iq̄j

q̃k

q̃k

g̃

q̃i

q̃j

∼ V ij
CKM

in a CKM-like framework



SUSY contributions to meson mixings

ξL, ξR, δ are O(1) parameters
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SUSY contributions to meson mixings
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SUSY contributions to meson mixings

observable deviations 
from the SM only for 

large values of ξL
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SUSY contributions to meson mixings
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Numerical analysis of meson mixing

•

•

• Analysis with SUSY_FLAVOR

• ATLAS and CMS mass bounds:

• Scan ranges:

heavy spectrum
compressed spectrum
excluded by b → sγ

Crivellin, Rosiek

mg̃ � 1.4TeV mt̃ � 700GeV

SM
U(2)3 fit
generic fit

m̃3 ∈ [0.1, 1.5] TeV, mg̃ ∈ [0.1, 3] TeV,

mχ̃ ∈ [0.1, 0.8] TeV, tanβ ∈ [1, 5]

ξα ∈ [1/3, 3]



Rare B decays

• Main ∆B = 1 effects in U(2)3 arise from (chromo-)magnetic
dipole operators

• Higgsino and charged Higgs
contributions MFV-like,
constrained by

• Gluino (and Wino) contributions,
contribute to the CP asymmetries:
angular asymmetry A7 in
                                   at low µµ invariant mass

•                       not relevant for moderate tan ß (get tan ß 
enhanced contributions from scalar operators)

B → Xsγ

B → K∗µ+µ−

Bd,s → µ+µ−



Conclusions

• Precision measurements in the flavour sector require a near-CKM 
picture of flavour-changing interactions.

• Two possible scenarios, based on symmetries only: U(3)3, U(2)3

• Updated fit of meson mixings in U(2)3 (improved measurement of 
CP asymmetries in B decays and new lattice results)

• SUSY: direct bounds on s-particle masses are becoming 
competitive with flavour constraints

• Still room for observable deviations from SM in meson mixings, if 
s-particles in the reach of LHC14
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Electric dipole moment of the electron

• New bound:

• One loop chargino-sneutrino contribution:

• Two loop Barr-Zee type contributions
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Figure 9: Maximum value of the argument of the µ term, φµ, allowed by two-loop contribu-

tions to the electron EDM, in the plane of the common chargino mass mχ̃± and the

pseudoscalar Higgs mass MA.

role than for ∆B = 2 processes. First, this is because the dipole operators change chirality

and hence in general they can receive tanβ enhanced contributions. Second, there are the

Bs,d → µ+µ−
decays which receive strongly tanβ enhanced contributions from scalar operators.

Here, we focus on the regime tanβ � 5, where the branching ratios of Bs,d → µ+µ−
are

modified by at most 30% with respect to the SM.

5.5. Electron electric dipole moment

Suppressing SUSY contributions to Electric Dipole Moments (EDM) is an additional moti-

vation for a split squark spectrum, as it allows to have sizable CP-violating phases without

excessive one-loop contributions to EDMs of first generation fermions. Recently, a new ex-

perimental bound on the electron EDM has been obtained [56], |de| < 8.7 × 10
−29 e cm, that

improves the previous bound [57] by a factor of 12. Here, we study the impact of this new

bound on models with a split sfermion spectrum.

First, there is the direct one-loop contribution to the electron EDM involving charginos and

sneutrinos, that decouples with the scale of the first generation sfermion masses. Updating the

bound in [58], we find a lower bound on the sneutrino mass, depending on tanβ and the phase

of the µ term (µ = |µ|eiφµ),

mν̃1 > 17 TeV× (sinφµ tanβ)
1
2 . (37)

Second, there is a contribution from two-loop Barr-Zee type diagrams involving a chargino

loop attached to the electron line by a Higgs and a gauge boson. This contribution is tanβ
dependent and decouples with the chargino masses. We refer to [59–63] for explicit expressions

for these contributions. In fig. 9, we show the constraints on the phase of µ obtained from these
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role than for ∆B = 2 processes. First, this is because the dipole operators change chirality

and hence in general they can receive tanβ enhanced contributions. Second, there are the

Bs,d → µ+µ−
decays which receive strongly tanβ enhanced contributions from scalar operators.

Here, we focus on the regime tanβ � 5, where the branching ratios of Bs,d → µ+µ−
are

modified by at most 30% with respect to the SM.

5.5. Electron electric dipole moment

Suppressing SUSY contributions to Electric Dipole Moments (EDM) is an additional moti-

vation for a split squark spectrum, as it allows to have sizable CP-violating phases without

excessive one-loop contributions to EDMs of first generation fermions. Recently, a new ex-

perimental bound on the electron EDM has been obtained [56], |de| < 8.7 × 10
−29 e cm, that

improves the previous bound [57] by a factor of 12. Here, we study the impact of this new

bound on models with a split sfermion spectrum.

First, there is the direct one-loop contribution to the electron EDM involving charginos and

sneutrinos, that decouples with the scale of the first generation sfermion masses. Updating the

bound in [58], we find a lower bound on the sneutrino mass, depending on tanβ and the phase

of the µ term (µ = |µ|eiφµ),

mν̃1 > 17 TeV× (sinφµ tanβ)
1
2 . (37)

Second, there is a contribution from two-loop Barr-Zee type diagrams involving a chargino

loop attached to the electron line by a Higgs and a gauge boson. This contribution is tanβ
dependent and decouples with the chargino masses. We refer to [59–63] for explicit expressions

for these contributions. In fig. 9, we show the constraints on the phase of µ obtained from these
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