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he CKM picture of flavour

-1 Remarkable accuracy (~ 20%) of the CKM
10 - 3 = amgesam, | picture of flavour changing interactions

1. Explore the highest energies indirectly
testable, assuming generic flavour
effects: in several cases up to 104° TeV
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: -y aveno | 2. PNysics at the TeV scale must have a
s Lo L L e Lis b very peculiar structure: symmetries
p

EFT approach: only a limited set of effective operators is present,
size controlled by the CKM matrix V T
(&5 = Vi Vi)

522]( _iVMdi)Q Eij( _iL%d”L)Oéi §igm ( ZLUWd{?)OgV



he CKM picture of flavour

1 Remarkable accuracy (~ 20%) of the CKM
10 - = amgesam, | picture of flavour changing interactions

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

1.0 €k .
-y aveno | 2. PNysics at the TeV scale must have a
s Lo L L e Lis b very peculiar structure: symmetries
p

EFT approach: only a limited set of effective operators is present,
size controlled by the CKM matrix V Ry
(&5 = Vi Vi)

522]( _iVMdi)Q Eij( _iVudi)Og §igm ( ZLUWd{Q)OgV

How to get a flavour scenario close to CKM, beyond the SM?



Direct searches

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: SUSY 2013 f-[' dt = (4.6 - 22.9) b1 \/— =7,8TeV
Model e u T,y Jets ET™ [Lam) Mass limit Reference
T T T — T T T ——
MSUGRA/CMSSM 0 2-6jets  Yes 203 G.8 1.7TeV  m(@=m(@) ATLAS-CONF-2013-047
MSUGRA/CMSSM 1eu 36jets  Yes 203 |& 1.2TeV any m(g) ATLAS-CONF-2013-062
o  MSUGRA/CMSSM 0 7-10jets  Yes 203 |& 1.1TeV any m(g) 1308.1841
2 43,507 0 26jets  Yes 203 |a 740 GeV m(#3)=0 GeV ATLAS-CONF-2013-047
Sz gﬁqqx‘} 0 26jets  Yes 203 |& 1.3TeV m(¥})=0GeV ATLAS-CONF-2013-047
S 22 E-qqtioqgW* x 1epu 36jets Yes 203 |& 1.18 TeV m(F3)<200 GeV, m(¥*)=0.5(m(¥3)+m(2)) ATLAS-CONF-2013-062
D zE, Foqq(Cl/tv/ ) 2ep 0-3jets - 203 |& 1.12 TeV m(¥3)=0GeV ATLAS-CONF-2013-089
Q  GMSB (/NLSP) 2eu 2-4jets  Yes 4.7 tang<15 1208.4688
‘G GMSB (/NLSP) 127 0-2jets Yes 207 tanﬂ >18 ATLAS-CONF-2013-026
% GGM (bino NLSP) 2y - Yes 4.8 m(,v,)>5o GeV 1209.0753
£ GGM (wino NLSP) Teu+y - Yes 4.8 mm)>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 438 m(¥})>220 GeV 1211.1167
GGM (higgsino NLSP) 2eu(Z) 0Bjets Yes 5.8 m(FH)>200GeV ATLAS-CONF-2012-152
Gravitino LSP 0 monojet  Yes  10.5 m(g)>10"* eV ATLAS-CONF-2012-147
] 0 3b Yes 201 |& 1.2TeV m(¥})<600GeV ATLAS-CONF-2013-061
S g 0 7-10jets  Yes 203 |& 1.1TeV m(F3) <350 GeV 1308.1841
T 0-1epu 3b Yes  20.1 g 1.34 TeV m(¥3)<400 GeV ATLAS-CONF-2013-061
@10 Olep  3b  Yes 201 |& 13TeV m(E)<300 Gev ATLAS-CONF-2013-061
0 2b Yes 201 |by 100-620 GeV' m(¥})<90 GeV 1308.2631
ol 2eu(SS) 03b Yes 207 |b 275-430 GeV. m(i)=2 m(E) ATLAS-CONF-2013-007
=8 fi(light), f—biT 1-2epu 1-2b Yes 47 |& 1105167.GeVl men) -55GeV 1208.4305, 1209.2102
g g # % (light), tlﬂWb)(l 2epu 0-2jets  Yes 20.3 @ 130-220 GeV m(x,) =m(%)-m(W)-50 GeV, m(f)<<m({7) | ATLAS-CONF-2013-048
33 B (medium), i — ¢k 2ep 2jets Yes 203 9 225-525 GeV mm) 0GeV ATLAS-CONF-2013-065
< g_ # # (medium), qalovq 0 2b Yes 201 |& 150-580 GeV m(/hj<200 GeV, m(fi)-m(¥9)=5 GeV 1308.2631
g§ fif (heavy), B —thy 1en 1b Yes 207 |& 200-610 GeV m(i})=0Gev ATLAS-CONF-2013-037
s O hihi(heavy) fiothy 0 Yes 205 |& 320-660 GeV m(i})=0GeV ATLAS-CONF-2013-024
n D uh, tlﬁc)( 0  mono-jet/c-tag Yes 20.3 @ 90-200 GeV m(E)-m(7?)<85 GeV ATLAS-CONF-2013-068
# % (natural GMSB) 2e,u(2) 1b Yes 20.7 33 500 GeV m(E9)>150 GeV ATLAS-CONF-2013-025
b, hoh +Z 3epu(2) 1b Yes 207 |B 271-520 GeV m(E)=m(¥9)+180 GeV ATLAS-CONF-2013-025
[ i~ 2eu 0 Yes 203 |7 85-315 GeV. m(2)=0GeV ATLAS-CONF-2013-049
5 XA () 2eu 0 Yes 203 )?i 125-450 GeV m(¥1)=0GeV, mi 5(m()(])+m()(,); ATLAS-CONF-2013-049
= [ X )(1 —7v(1v) 27 - Yes 20.7 ¥ 180-330 GeV m(i,)zo GeV m 5(mm )+mph)) ATLAS-CONF-2013-028
WS G- vv) CTELE() 3 e 0 Yes 207 | A 600 GeV mE)=m(is), mvm 0, m 5(m(EF)+m(E3) ATLAS-CONF-2013-035
Hi-wi ZX& Ben 0 Yes 207 |#hi 315 GeV (3 )=m(E3), m(F})=0, sieptons decoupled | ATLAS-CONF-2013-035
GO-wilh ) 1en 2b Yes 203 A"% i 285 GeV m(E})=m(i3), m(¥?)=0, sleptons decoupled | ATLAS-CONF-2013-093
E @ Direct¥; ¥ prod, long-lived /{ Disapp.trk  Tjet — Yes 203 |Fj 270 GeV m(F})-m(E)=160 MeV, 7(¥)=02 ns ATLAS-CONF-2013-069
=g Stable, stopped 2 g R-hadron 0 1-5jets  Yes 22.9 E 832 GeV m(F2)=100 GeV, 10 us<r(#)<1000's ATLAS-CONF-2013-057
ST GMSB, stable 7, (2, f)rr(e, ) 1 2 p - - 15.9 10<tan<50 ATLAS-CONF-2013-058
S g_ GMSB X1—>yG long-lived X1 - Yes 47 0.4<r()<2ns 1304.6310
=t 44, ¥3—qqu (RPV) 1u, d|sp| wix - - 203 |a 1.0 TeV 1.5 <cT<156 mm, BR()=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
LFV pp—ir + X, Fr—oe +pu 2e,pn - 46 231,=0.10, 113=0.05 12121272
LFV pp—ir + X, r—oe(u) +17  lepu+t - - 46 Ay, 0, A1(2)33=0.05 12121272
> Bilinear RPV CMSSM Tepu 7 jets Yes 47 m( (8), cTisp<1 mm ATLAS-CONF-2012-140
o WIS, B seed,, epe  4ent - Yes 207 |¥F 760 GeV m(E5)>300GoV, 1110 ATLAS-CONF-2013-036
XIHL, X WL W] >1ve, e79, e u+T - Yes 20.7 i% 350 GeV m(¥3)>80 GeV, Ay33>0 AATLAS-CONF-2013-036
&-qqq 0 67jets - 203 |& 916 GeV BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g-tt, fi—bs 2e,u(SS) 03b Yes 20.7 g 880 GeV ATLAS-CONF-2013-007
. Scalar gluon pair, sgluon—qg 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826
_,‘1:> Scalar gluon pair, sgluon—tt 2e,u(SS) 1b Yes 14.3 ATLAS-CONF-2013-051
‘6 WIMP interaction (D5, Dirac y) 0 mono-jet  VYes 10.5 m(y)<80 GeV, limit 0f<687 GeV for D8 ATLAS-CONF-2012-147
v sl L L P | L L PR
s=8TeV -1
- - full data 10 1 Mass scale [TeV]

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

How do flavour measurements

the LHC (e.g. in SUSY)?

compare with direct searches at

gluino production
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© New :
: quarks :

Excit.
ferm

o t
4th generation : b'b' — Sg dllepton + Jets +E

“Large ED (ADD): moniojet + E; .

Large ED (ADD) : monophoton + E e

Large ED (ADD) : diphoton & dilepton, m,_

UED : diphoton + E

8"z, ED : dilepton, m,

RS1 : dilepton, m;

RS1: WW resonance, my,;,

Bulk RS : ZZ resonance, m;

RS g — tf (BR=0.925) : tf — I+jets, m

ADD BH (Myy, /M,=3) : S8 dimuon, Ny, ;..

ADD BH (M., /M_=3) : leptons + jets, =p
Quan(um black hole : dijet, F. (

“Gaqq contact interaction < %(m ”)'

qqll Cl : ee &uu, m m

_uutt CI : SS dilepton + jets + E.
""""" Z'(SSMy :
Z'(SSM) :m,
Z' (leptophobic topcolor) : tf — I+Je|s m
W' (SS

ee/v "

""Scalar LQ pai
Scalar LQ pair (8=1) : k|n vars. in uyjj, wvjj
__Scalar LQ pair |

WbWb
7 miss
Vector-like quark : TT— Ht+X
Vector-like quark : CC,m,
" 'Excited quarks :y-jet resonance, m
Excited quarks : dijet resonance, rh
Excited b quark : W-t resonance, m,,
Excited leptons : |-y resonance, m

“Techni-hadrons (LSTC) : dilepton, me

Techni-hadrons (LSTC) : WZ resonance (vll), m

Other

Multi- charged particles (DY prod ): hlghly ionizing tracks

Major. neutr. (LRSM, no mixing) : 2-lep +Jets
Heavy lepton N (type Ill seesaw) : Z-I resonance, mz,

H (DY prod., BR(H"~)=1) : SS ee (uu), m

Color octet scalar : dijet resonance, m

Tomiss .

L=14.3 b, 8 TeV [ATLAS-CONF-2013-050]

. Kin. vars. in Ttjj, wvjj .

L=4.61b", 7 TeV [ATLAS-CONF-2012-137]

e/u "

My (5=2)
ATLAS

Preliminary

M, (5=2)

M; (HLZ 5=3, NLO)

Compact. scale R

Mg~ R

Graviton mass (k/Mp, = 0.1)

Graviton mass (k/Mg, = 0.1)

Graviton mass (k/Mg, = 1.0)

9 Mass

M, (5=6)
M, (5=6)

Lat=(1-20)fb"
Vs=7,8TeV

M (5=6)
A

A (constructive int.)
A (C=1)
L=20 fb”, 8 TeV [ATLAS-CONF-2013-017] 2.86Tev. Z'mass
L=4.7 tb", 7 TeV [1210.6604] 1.4Tev. Z'mass

L=14.3 b, 8 TeV [ATLAS-CONF-2013-052] 1.8TeV  Z'mass

L=47 b, 7 TeV [1209.4446] 255Tev. W' mass
L=4.7 fb”", 7 TeV [1209.6593]

430Gev. W' mass

1.84Tev. W' mass
660Gev 1 gen. LQ mass
85Gev 2" gen. LQ mass
L=4.7 fb", 7 TeV [1303.0526] 53aGev 3° gen. LQ mass
L=4.7 b”, 7 TeV [1210.5468] 656 Gev__t' mass

L=14.3 b, 8 TV [ATLAS-CONF-2013-051) 720 GeV_ b' mass
L=14.3 ", 8 TeV [ATLAS-CONF-2013-018] 790 GeV_ T mass (isospin doublet)
1.12Tev. VLQ mass (charge -1/3, coupling Ko =v/mg)

L=1.0b", 7 TeV [1112.4828]
L=1.01b", 7 TeV [1203.3172]

b* mass (left-handed coupling)
I* mass (A =m(l*))
p,/or mass (m(p /o) - m(r) =M, )

p, mass (m(p,) = ml;) +my, m(ar) =1.1m(p,))
N mass (m(W ) = 2 TeV)
N mass (IV| = 0.055, IV | = 0.063, IV,| = 0)

H:* mass (limit at 398 GeV for uu)

Scalar resonance mass

mass (Iql = 4e)
ass
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*Only a selection of the available mass limits on new states or phenomena shown
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Summary of CMS SUSY Results* in SMS framework

SUSY 2013

CMS Preliminary

For decays with intermediate mass,
=xm -(1 -x)'mS

Mintermediate mother

Only a selection of available mass limits
Probe *up to* the quoted mass limit
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Minimal Flavour Violation

*U(3)°=UB)q xUB)u X U(3)a broken by the SM Yukawa’s
_ _ Chivukula, Georgi
Y, ~ (3 3, 1)7 Y, ~ (37 1, 3) Hall, Randall

D’Ambrosio et al.

e | eading order in the breaking param.s # y.: Y, Y. ~ I3 = diag(0,0,1)

= Quark bilinears: [ch I3, qu [ qr I3Y40, dR]

= Effective operators:

4 —. : )

AF =2 | el (dyvd)? (i = ViiVij)

AF = 1: chcfij(_iL’Yudi)Og) [Cbe ‘Swmj Lauvd%%)gﬁv




Minimal U(2)3

e U2 =U(2),xU(2), xU(2)q broken by the spurions

V~(2,1,1), A, ~(2,2,1), Ag~(2,1,2)
qr. = (qr,q}), dr = (dRr,bRr), ur = (UR,lR)
. . . Barbieri et al. “11
e At leading order in the breaking parameters: Barbieri, B, Sala, Straub '12
= Quark bilinears: [ qrqrL qr., Vq% cj%q% j
[CTL Agdgr qr Vbr g:br j
= Effective operators: [ Cbe Szg m;( Lﬂwdﬂ)@ﬁy
-
e &as(dryuse)” s (dryusL) O, k

c’ @</5B

L Cr€ gzb( Lﬁ)/,u )2 CBa " gzb(deY,ubL)O




Minimal U(2)3

e |Veakly broken: a good symmetry of the SM Yukawa sector
®

o ) ® .
Veckm~ o @ -

ma~ (- - @) PN

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

e Naturally arises from a minimum principle in the dynamical

breaking of U(3)3 Alonso et al. 13
(see talk by B. Gavela)

e The only continuous symmetry — along with U(3)3 — which gives a
near-CKM structure of flavour violation, without further
assumptions on the underlying model




Are there other pictures naturally close to CKM?

e U(2), xU(2)y xU(3)g , broken byA, ~(2,2,1), Ag~ (2,1,3),
and Ay ~ (1,1,3) , gives rise to MFV (i.e. has the same effective

operators)



Are there other pictures naturally close to CKM?

e U(2), xU(2)y x U(3)q gives rise to MFV
e Reducing the U(2)3 group:

» Distinction between left- and right-handed fermions is essential
€.9. U(2)g4+u+a haslarge non-CKM LR currents);

» U(2) x U(2)gbrokenby A, ~(2,2), Ay~ (2,2),V ~ (2,1),
generates non-CKM chirality breaking op.s in AC =1 and AS = 1
distinction between u and d quarks is needed;

» U(2)r x SUR2)r x U(1)y x U(1)q, brokenby V ~ (2,1)0,0);
Ay ~(2,2)21,0), Aa~(2,2)0,—1),is equivalent to U(2)° at
leading order in the breaking parameters



Are there other pictures naturally close to CKM?

e U(2)y xU(2)y x U(3)q gives rise to MFV
e Reducing the U(2)° group:
» Distinction between left- and right-handed fermions is essential

» Distinction between u and d quarks is heeded;
» U(2) x SU2)r x U(1), x U(1), is equivalent to U(2)°

e Alignment: e.g. U(?))d X U(l)(q_|_u)1 X U(l)(q+u)2 X U(l)(q+u)3
broken by Ay ~ 3(1.0,0), A2~ 30,1,0), A3~ 3,0,1) Babieretal 10
gives rise, in the physical mass basis, to the bilinear
((e3 = e1)€is + (e2 = 1) Vi Ve ) (A7)

Non CKM effects unless ¢z ~ ¢1: this can work in specific contexts.



-1t of AF = 2 observables

AM;s.q = AMSS,IEZ/I L+ thf%GB‘ EK = E%M =+ hKe%M’tt
SypKg = SIn (25 + arg(1 + thzQwB))

T
|

03!

—03! | 1

02 00 02 04\ 06 o0s ~03-02-0.1 00 0.1 02 03
hK hB
hg=hk, op=0 in MFV



-lavour and supersymmetry

e [avour operators are generated ¢ —=<—7---------------- <~ G
by s-particle loops

d;
/ e
g . )

~ VOoKM qi ") T > q;

Nl
U U U U U UV

o U VU U U U UU
Nl

g ina CKM-like framework

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

e What is the impact of direct bounds on s-particle masses
from the LHC?



SUSY contributions to meson mixings

hie =~ Fys +|Ep|* Foq + €170 Flo + |07 F 4 second-order effects

. | (9luino only)
hp ~ Frs + [E02€ 7 Fyq + |E08p|e" T Fy 4 (only for By)

£, ER, 0 are O(1) parameters

B —— 100 X Fp: S - 100 x F;, (mg,, = 10 TeV)
Tl 0.5 0.6 | 05 |
j | 14+ i
25+ : I ]
I i | 1.2 :
Q i \ >
= 20~ i = 1o ]
<
N L 2 | o
i | Q
\ s 0.8
I i 0.8~ i
L5r . - 12 |
: 10 : \ |
i 16 \ 1 06 |
0. A T pd 1l 04 ‘ ‘ 0

02 04 06 08 10 10 15 20 25 30
my+ [TeV] M; [TeV]



SUSY and U(2)°/ U(3)3

lhils = 22 Fy s, hpli = xFp

isolines of Fy
03" ;

02-

= 00~ [ Q/

~0.3

,_01 0.05
0.1-0.05 /% 002
—002 ]
ﬁ(‘ |

Y V

0.1

02 00 02 04

0.6 ‘

0.8

x=1In MFV



SUSY and U(2)°/ U(3)3

hi)i

. \ B

0.1
-02"

~0.3

~ 2’ Fy 4, hBli = xFp

isolines of x = hk/hp 1/

x=1In MFV

observable deviations
from the SM
for large values of x



SUSY and U(2)°/ U(3)3

hi)i

0.3

~ 22 Fy hpli = xFy

x=1In MFV

L e L
“isolines of x = hx/hs 1/

. :
B ‘ /
] \ /

50 fbo! LHCb
50 ab! Belle |l
(Charles et al. 2013)

-

observable deviations
from the SM

08 for large values of x



Numerical analysis

1.4

1.3}

091

08— : ' :
0.8 1.0 1.2 14

SM
lexl/leg |

1.6

e Analysis with SUSY FLAVOR

e ATLAS and CMS mass bounds:

mg z 1.4 TeV

e Scan ranges:

s € [0.1,1.5] TeV,
my € [0.1,0.8] TeV,

of meson Mixing
0.2 : ———— : .
e heavy spectrum
0.1] o compressed spectrum
o excluded by b — s7y
A * SM
| | U(2)2 fit
—0.1} I . .
- B | .2 generic fit
o2 - ' . - A N
0.8 0.9 1.0 1.1 1.2 1.3 1.4
AM,/AMM St
Crivellin, Rosiek ol e -
Z .
S
ﬂ 1.1 .:. x
E‘; .
mf z 700 GQV 1.0}
0.9t~ * :
mg € 0.1, 3] TeV,
y “os 09 10 Ll 12 13 14
tan 0 € [1, 5] AM,/AMSM



Rare B decays

e Main AB = 1 effects in U(2)® arise from (chromo-)magnetic
dipole operators

15

10+

e MFV-like Higgsino and charged Higgs
contributions, constrained by B — X v

e Gluino (and Wino) contributions,
contribute to the CP asymmetries:
angular asymmetry A7 in B — K*u "~

-5t

10% X (A7)(1,6/(B-K*u* ™)

—107

at |OW ,U,U Iﬂval’laﬂt Mass qZ 5o 25 3.0 35 40

10* x BR(B>X,Y)

e By, — pup~ gettan B enhanced contributions from scalar
operators (not relevant for moderate tan 3)

4.5

5.0



Conclusions

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

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

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

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

e Still room for observable deviations from SM in meson mixings, if
s-particles in the reach of LHC14







—lectric dipole moment of the electron

e New bound: |de| < 8.7 x 107* ecm

e One loop chargino-sneutrino contribution:
mg, > 17 TeV x (sin ¢, tanﬁ)%
e [wo loop Barr-Zee type contributions

tan 5 =1 tan,B 5
08 "H\H“l\”‘w”‘w‘”wf 0.8\”“\H I I ““‘010‘2‘2‘5“‘7,
0.06 0.0175 |
0.7 0.7 |
0.03 ]
0.6 0.6 .
— — 0.02 )
> 0.5 oo | = 0.5- *
= i 0.05 ' : = 0.01
T 0.4) ] S 0.4
S E ? = E 0.0125
03 002 ] 03" |
02~ \ : 0.270005
01 \ 004\ 007 0.1 \ N 0.0075 0015
Ol 0.2 03 0.4 05 06 07 08 0.1 02 0.3 04 05 06 07 08

m [TeV] ms [TeV]



