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Naturalness (in one slide)

® The Standard Model alone has no hierarchy problem
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e Generic new particles at a scale M higher than the EW scale, coupled
to the Higgs boson, generate large corrections to the Higgs mass
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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. (& = ViiVyy)
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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 [Ldt=(46-22.9)fb" 5=7,8TeV
Model e T,y Jets ET [rdtm] Mass limit Reference
MSUGRA/CMSSM 0 2-6jets  Yes 203 |G 1.7TeV. m(@)=m(g) ATLAS-CONF-2013-047
MSUGRA/CMSSM len 3-6jets  Yes 203 [& 1.2TeV any m(q) ATLAS-CONF-2013-062
»  MSUGRA/CMSSM 0 7-10jets  Yes 203 |E& 1.1TeV any m(g) 1308.1841
= 0 2-6jets  Yes 20.3 a 740 GeV m(F9)=0GeV ATLAS-CONF-2013-047
S 0 26jets Yes 203 & 1.3 TeV m(i3)=0 GeV ATLAS-CONF-2013-047
S oz g_.qq)(l_.qu ,\/1 leu 36jets Yes 203 |& 1.18 TeV m(¥9)<200 GeV, m(¥*)=0.5(m(¥3)+m(2)) ATLAS-CONF-2013-062
%] &g, E—qq(Lt/ty, /W),y1 2eu 0-3 jets - 20.3 [ 1.12TeV m(¥9)=0GeV ATLAS-CONF-2013-089
Q  GMSB(ZNLSP) 2epu 2-4jets  Yes 47 tang<15 1208.4688
‘®  GMSB (/ NLSP) 127 0-2jets  Yes 207 tang >18 ATLAS-CONF-2013-026
S GGM (bino NLSP) 2y - Yes 48 m(T)>50 Gev 1209.0753
£ GGM (wino NLSP) lTep+y - Yes 4.8 m(i3)>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥9)>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 03jets Yes 5.8 m(H)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes  10.5 m(g)>10" eV ATLAS-CONF-2012-147
q:; he] gabﬁﬂ? 0 3b Yes 20.1 g 1.2 TeV m(¥1)<600 GeV' ATLAS-CONF-2013-061
qg g—.t?,?b 0 7-10jets  Yes 203 |g& 1.1 Tev m(¥3) <350 GeV 1308.1841
B gt O-1eu 3b Yes 20.1 4 1.34 TeV m(1)<400 GeV ATLAS-CONF-2013-061
- &bl O-1epu 3b Yes 201 |& 1.3 TeV m(¥1)<300 GeV ATLAS-CONF-2013-061
Bibi, [:;lqb)?i 2b Yes 201 |by 100-620 GeV m(P3)<90 GeV 1308.2631
es by by, by —thT 2e,pu SS) 0-3 b Yes 20.7 b1 275-430 GeV m(¥;)=2 m(i?) ATLAS-CONF-2013-007
=S 1§ (light), ;- b7 1 2 e 12b Yes 47 | 11 m(¥9)=55GeV 1208.4305, 1209.2102
s § # % (light), :1—»be1 2ep O-2jets  Yes 203 |& 130-220 GeV m(¥}) =m(#)-m(W)-50 GeV, m(f)<<m(¥i) | ATLAS-CONF-2013-048
TS 77 (medium), rlatx 2epu 2jets Yes 203 |& 225-525 GeV m(¥3)=0GeV ATLAS-CONF-2013-065
< g_ %t (medium), rlabkl 0 2b Yes 20.1 % 150-580 GeV m(¥9)<200 GeV, m(¥;)-m(¥3)=5 GeV 1308.2631
8,‘6 # 11 (heavy), tlﬂt/\,/ len 1b Yes 20.7 % 200-610 GeV m(¥})=0GeV ATLAS-CONF-2013-037
o O hii(heavy), t1—>tX1 0 2b Yes 205 | 320-660 GeV m(i3)=0 GeV ATLAS-CONF-2013-024
®® hh, ho ety 0 mono-jet/ctagYes 203 | & 90-200 GeV m(,)-m(i3)<85 GeV ATLAS-CONF-2013-068
I tl(natural GMSB) 2e,u(2) 1b Yes 20.7 [ 500 GeV m(¥3)>150 GeV ATLAS-CONF-2013-025
b, bt +2Z 3eu(2) 1b Yes 207 |& 271-520 GeV m(E)=m(¥9)+180 GeV ATLAS-CONF-2013-025
£L+ 2en 0 Yes 203 |7 85-315 GeV m(Xu =0 GeV ATLAS-CONF-2013-049
54X )(+~>[v([v) 2epu 0 Yes 203 [¥} 125-450 GeV/ m()(,) 0GeV, m(,7)=0.5(m({ y+m(ED) ATLAS-CONF-2013-049
= @ ur X —8(1v) 27 - Yes 207 | 180-330 GeV m(i3)= 0 GeV, m(t ATLAS-CONF-2013-028
w3 0o —>(LV€&Z(W) () e 0 Yes 207 |X; 600 GeV m(¥5)=m(¥3), m(¥3)=0, m(% ATLAS-CONF-2013-035
)(1)( — W Z)(& Bepu 0 Yes 20.7 315 GeV m()??)=ma?2), m(#7)=0, sleptons decoupled | ATLAS-CONF-2013-035
Xit-Wiihii leu 2b Yes 203 285 GeV m(E7)=m(3), m(¥9)=0, sleptons decoupled | ATLAS-CONF-2013-093
g @ Direct ¥; £1 prod., long-lived {7~ Disapp. trk 1 jet Yes 203 |# 270 GeV m(¥)-m(¥9)=160 MeV, 7(¥§)=0.2 ns ATLAS-CONF-2013-069
=g Stable, stopped & R hadron 0 1-5jets  Yes 229 g 832 GeV m(¥2)=100 GeV, 10 us<7(g)<1000 s ATLAS-CONF-2013-057
SE GMSB, stable 7, B8, f)+r(e,u) 121 - - 15.9 10<tanB<50 ATLAS-CONF-2013-058
S 8 GMSB, -G, long-lived Y7 2y - Yes 47 0.4<r(¥)<2 ns 1304.6310
=1 4§, X1 —qqu (RPV) 1p, displ. vix - - 20.3 1.0 Tev 1.5 <cr<156 mm, BR(u)=1, m(¥3)=108 GeV | ATLAS-CONF-2013-092
LFV pp—¥r + X, ¥r—e +pu 2eu - - 4.6 131;=0.10, 1132=0.05 12121272
LFV pp—¥r + X, #r—e(u) + 7 lepu+t - - 4.6 5,=0.10, Ay(2)33=0.05 1212.1272
> Bilinear HPV CMSSM leu 7 jets Yes 4.7 m(g)=m(g), ctosp<1 mm ATLAS-CONF-2012-140
& i -wit 8 —eev,, euve  4en - Yes 207 |X 760 GeV mM >300GeV, A121>0 ATLAS-CONF-2013-036
XUXT, X, > WY, X1 —11Ve, e19, B u+T - Yes 20.7 )?% 350 GeV m(,h)>sosev A33>0 ATLAS-CONF-2013-036
&-9q99 0 6-7 jets - 203 |& 916 GeV BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
-t tiobs 2e,u(SS) 03b Yes 207 |g& 880 GeV' ATLAS-CONF-2013-007
o Scalar gluon pair, sgluon—qg 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826
_“:) Scalar gluon pair, sgluon—tt 2e,u(SS) 1b Yes 143 ATLAS-CONF-2013-051
6 WIMP interaction (D5, Dirac x) 0 mono-jet  Yes 10.5 m(y)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
M| M| L L L PR T
Vs=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
compare with direct searches

at the LHC (e.g. in SUSY)?
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“Large ED (ADD): moniojet + E; .

Large ED (ADD) : monophoton + E e

2 Large ED (ADD) : diphoton & dilepton, m,_
S UED : diphoton + E
2 Sz, ED : dilepton, m,
UE) RS1 : dilepton, m;
3 RS1: WW resonance, my,;,
© Bulk RS : ZZ resonance, m;

kS RS g, — tf (BR=0.925) : {T — l+jets, m_
w ADD BH (Myy, /M,=3) : S8 dimuon, Ny, ;..

ADD BH (M., /M_=3) : leptons + jets, =p

Quan(um black hole : dijet, F( g
" gqqq contact interaction x( )

) qqll Cl : ee & uy,
_uutt CI : SS dilepton + jets + ET miss

Z(SSM) i,

Z'(SSM) :m,
S Z' (leptophobic topcolor) : tf — I+Je|s m
W' (SS

IS ""Scalar LQ pai
3 Scalar LQ pair (8=1) : k|n vars. in uyjj, wvjj
... ScalarLQ pair ( . Kin. vars. in ttj, tvjj
0 4" 5 WhWb
=X 4thgeneration : b'b'— S dllepton + Jets + ET s
% {é Vector-like quark : TT— Ht+X
Vector-like quark : CC,m,
o " 'Excited quarks :y-jet resonance, m
'E g Excited quarks : dijet resonance, rh
E k) Excited b quark : W-t resonance, m,,
Excited leptons : |-y resonance, m
“Techni-hadrons (LSTC) : dilepton, mee/w'
Techni-hadrons (LSTC) : WZ resonance (vll), m
“ Major. neutr. (LRSM, no mixing) : 2-lep +Jets
_°:~> Heavy lepton N (type Ill seesaw) : Z-I resonance, mz,
3 H* (DY prod., BR(H™—I)=1) : SS ee (uw), m

Color octet scalar : dijet resonance, m
Multi- charged particles (DY prod ): hlghly ionizing tracks

Summary of CMS SUSY Results* in SMS framework

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

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

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)
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1. The way of flavour symmetries



Minimal Flavour Violation

* U(3)° =U(3), x U(3)y x U(3)q broken by the SM Yukawa’s
_ _ Chivukula, Georgi
Y, ~ (3 3, 1)7 Y, ~ (37 1, 3) Hall, Randall

D’Ambrosio et al.

e At leading order in the breaking parameters # v

= Quark bilinears: [ch I3y, qu [ qr 13Y 0,0 de

Y, Y. ~ I3 = diag(0,0,1)

= Effective operators:

4 —. : )

AF =2 | ¢ &5 (dyyud))’ (&5 = Vi Vij)

AF=1: | el (dyud]) O [Cbe Eiim (dy 0, d2) OB,

\




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~ 1o @ -

ma~ (- @) ®

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

e 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

Barbieri, B, Sala, Straub 14



Are there other pictures naturally close to CKM?

e U(2)y xU(2)y xU(3)q, brokenby A, ~ (2,2,1), Ay~ (2,1,3),

and Ay ~ (1,1, 3), gives rise to MFV (.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)q+u+d haslarge non-CKM LR currents);

» U(2)r x U(2)gbroken by A, ~(2,2), Ag ~(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, broken by V ~ (2,1)9,0);
Ay ~(2,2)21,0), Aa~(2,2)0,—1),is equivalent to U(2)° at
leading order Iin 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 SU(2)gp x U(1),, x U(1)4 is equivalent to U(2)

e Alignment: e.q. U(?))d X U(l)(q+u)1 X U(l)(q—l—u)z X U(l)(q+u)3
broken by Al ~ 3(1,070), AQ ~ 3(07170), Ag ~ 3(070’1) Barbieri et al. 10

gives rise to the bilinear ((03 —c1)&;5 + (2 — 1)V Ve )(_@'L%di)

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



-1t of AF = 2 observables

AM, 0 = AMEY[1 + fpe e, o= 4 g
SypKg = SIn (25 + arg(1 + hBBQWB))

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 ¢ — S ; <«
by s-particle loops 5 5
D D
- D D~
q; g D D g
D D
A / D D
- Z] D
J ~ VOKM qi B 20V > qdj

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 on flavour physics of the direct bounds
on s-particle masses from the LHC?



SUSY contributions to meson mixings

hKﬁFHi—F

hpe* 9B ~ Fri +

{r
{r

4
F51

262’1/')/L F§,1

£, &R, 0 are O(1) parameters
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SUSY contributions to meson mixings

hg ~ Fg+ + (&L 4F§,1 “7 second-order effects
%ion 2 2y 1 (gluino only)
hge ~ Fpg+ +\&n|7e” " Fyq (only for Bs)
03 ;is‘olwinxe‘s bf{F‘,- | |
| | 0.1

0.2 od 0.05:
01003 0.02
L0027 |

o0 (L z
N

02 00 02 04 06 08



SUSY contributions to meson mixings

hrg ~ Fg+ 4+ &L 4F§,1 second-order effects
. . ui |
hpe®'9B ~ Fy+s + (&L 2e2vL F51 (only for Bs) (gluino only)
) 5 Isolines of & = hi/hg / observable deviations

from the SM only for
large values of &;




SUSY contributions to meson mixings

0.3

hic =~ Frs + €0 Fs 0 + 60|70 Fao + |07 F5 5 second-order effects
~ Fyt + |€02€® 2 Fy 1 + [€0Ep|e 2T L 4 (only for Bs)

(gluino only)

T T { T T T 1 T T T { T T T
“isolines of &2 = hK/hgl/
[ |

SN
B ‘ /
- -1 | ,

observable deviations

. from the SM only for

large values of &,

=~

50 o' LHCDb
50 ab' Belle |l
(Charles et al. 2013)




Numerical analysis of meson mixing

e Consider all the contributions. Many free parameters: scan
over the parameter space (analysis with SUSY FLAVOR)  Zocex

e ATLAS and CMS mass bounds:

T, production

Status: SUSY 2013

;‘ _||||||||||||||||||||||||||"lllllllIIII|IIII|IIII|IIII|IIII|_
©® 600 — ATLAS Preliminary Ly=20-21f"Vs=8 TeV L, =4.7 b (s=7 TeV |
(D B = oL, T1—>t'>Z° OL ATLAS-CONF-2013-024 0L [1208.1447] T
—_ - P
o = | — Observed limits —m 1L, L=ty 1L ATLAS-CONF-2013-037 1L [1208.2590]
[Ra B E= 2L Tty 2L ATLAS-CONF-2013-065 2L [1209.4186]
E 500 | ==* Expected limits B 2L T-w b’){? 2L ATLAS-CONF-2013-048 - |
- = oL, mono-jet/c—tag,"t]—> c 520 OL mono-jet/c-tag, CONF-2013-068
L. All limits at 95% CL —— oL M =m,+ 5GeV 0L 1308.2631 . |
[ ] 1-2I_~,hf1 — b;{j m =106 GeV - 2L [1208.4305], 1-2L [1209.2102] |
- CDF 2.6 b [1203.4171] — 1L, 5 — bij, m,. =150 GeV 1L CONF-2013-037, OL 1308.2631
400 +— —— 2, t1~—> b%,, mxl =m; - 10 GeV 2L ATLAS-CONF-2013-048 . ]
L Bl 1oLt b % rﬁx: =2x mzf 1L CONF-2013-037, 2L CONF-2013-048  1-2L [1209.2102]

300 |
200

100 E

T=c® T=Wb7 /T—t7

200 300 400

e Scan ranges:

500 600 200 300 400 500 600 700
mg [GeV]

LSP mass [GeV]

Crivellin

mg 2 1.4 TeV m; 2 700 GeV

0-g production, g—tt ;2?

T TTTT TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT14
900 ~CMS Preliminary —— sus-12-024 o-lep (E+H,) 19.4 fb"'—
C === SUS-13-004 0+1-lep (razor) 19.3 fb™]
8001 Vs =8 TeV —— SUS-13-007 T-lep (n_ = 6) 19.4 16"
- SUSY 2013 ——— SUS-13-013 2-lep (SS+b) 19.5fb™
200 Co— 82::%:2 1 SUSY —— SUS-13-008 3-lep (3l+b) 19.5fb™" ]
R 103Uy =

T __.Expected ]

: xpecte (&o‘?\ -
600 =
500 :_ ........... _:
400 : =
300 gyl 3
200 —
100 —
: | | |: L1 1 | ] I ll l‘ 111 | I 11 I:

0 !
600 700 800 900 1000 1100 1200 1300 1400 1500
gluino mass [GeV]

£, € (1/3, 3] mg € [0.1,1.5] TeV,  mgz € [0.1,3] TeV,
my € [0.1,0.8] TeV, tanp € [1,5]



Numerical analysis of meson mixing
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Numerical analysis of meson mixing
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Numerical analysis of meson mixing
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Rare B decays

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

10t

e Higgsino and charged Higgs
contributions MFV-like,
constrained by B — X7

10* X (A7)[1.6/(B=K* 1" ™)

e Gluino (and Wino) contributions,
contribute to the CP asymmetries: |
angular asymme'try A7 |n 50 25 31(; 3.5 10 45 5.0

* + — . . 10* x BR(B~XY)
B — K*u™p~ at low yu invariant mass

—107

* By, — " p~ not relevant for moderate tan B (get tan B
enhanced contributions from scalar operators)



A different example: composite Higgs models

e |n composite Higgs models large flavour effects are generated by
the strongly interacting dynamics.

* |n general, the bounds from flavour are stronger than the direct
constraints on composite resonances.

Direct bounds: m,, 2 700, GeV

Minimal fermion resonance mass |[TeV]

doublet triplet bidoublet

B 4.91 1.7 1.2%1
U(3); ¢ 6.5 6.5 5.3
U(3)3c - - 3.3
U223, 4.9 0.6% 0.6% % £>500 GeV and gy = 2.5
U(2)3 - - 1.1* + excluding ex, up to O(1) factors

Barbieri. B, Sala, Straub 2013 75 =0.2



A different example: composite Higgs models

e |n composite Higgs models large flavour effects are generated by
the strongly interacting dynamics.

* |n general, the bounds from flavour are stronger than the direct
constraints on composite resonances.

Direct bounds: m,, 2 700, GeV

Minimal fermion resonance mass [TeV] o Only a few models can

doublet triplet bidoublet accommodate a 125
O 4 ot 1.7t 1.9+t GeV composite Higgs
U(3)3 6.5 6.5 = 3 with light top partners.
U(3)3c - - 3.3
3 i i i
UQ2)ic 4.9 0:6 0:6 * £>500 GeV and gy =2.5
U(Q)SRC - . 1.1* 1 excluding ek, up to O(1) factors

Barbieri. B, Sala, Straub 2013 £ 75 =0.2



Conclusions (part 1)

¢ 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




2. High-scale flavour physics



A simple Z' model

What are the highest scales testable through rare decays?

e Heavy vector resonance with flavour-changing quark couplings:
a toy model to mimic FCNGC

AF =2 | AF =1

d;
o All the 4-fermion amplitudes depend only on the ratios
AZR s Cg;igsgfrd A%/E,A ~ s can be of O(1)
MZ/ MZ/




Projections for the coming years

Observable 2014 2019 2024 2030
B(K*t — ntuvp) (17.3%152) x 10711 [32] | 10% [33] 5% [34]
B(Ky — wvi) < 2.6 x 107® (90% CL)[35] 5% [34]
B(B* — Ktuvp) < 1.3 x 107 (90% CL)[36] 30%[37]
B(BY — K*up) < 5.5 x 107 (90% CL)[38] 35%[37]
B(By — ptp™) (2.940.7) x 1072 [39-41] | 15%[42,43] 12%[42] 10-12%[42,43]
B(By — utu”) (3.6716) x 107101 [39-41] | 66% [42] 45%[42]  18% [42]
B(B; — ptp™)/B(Bs — ptp™) 1% [42] 47%[42] 21-35%][42,43]
2014 2019 2024 2030
I3 (227.7 £ 4.5) MeV [44] | < 1% [45
Fg, (190.5 +4.2) MeV [44] | < 1% [45
Fp\/Bp, | (266£18) MeV  [44] | 25% [45] < 1% [46]
Fpn/Bs, | (216415 MeV  [44] | 25% [45] < 1%[46
Br 0.766 £ 0.010 44 | < 1% [45
Viplna | (4.40 £0.25) x 1073[44] 5% 37 3% [37
Viblexa | (3.424+0.31) x 1073[44] | 12% 1T [37] 5% T1[37
Ve inel (42.4 40.9) x 1073 [47 1% 48] < 1%[48
Viblexat | (39.4+0.6) x 1073 [44] 1% [48] < 1% [48]
y (70.1 £ 7.1)° T 49 | 6% [37] 1.5% [37] 1.3%[43]
SM — 925 | (43.0716)° 50] | ~ 1° ¥[51,52
PM = 28, | (0£4)° 50] 1.4°  [43] ~ 1°#[53]




Projections for the coming years

Observable 2014 2019 2024 2030
“BKT —~n W) o 3+}3g) 100 j" 10% [33] 5% [34] )
TB(EL = 7vn) <26 < 10-° (90% CLY[35] | TR R A
B(BT — K*vp) < 1.3 x 107 (90% CL)[36] 30%[37]
B(BY - K%p) | <55 x10-° (90% CL)[38] - 35%(37]
(BB, ptu) | (2940.7) x 10 [39-41) | 15%[42,43] 12%[42] 10-12%[42,43]}
BBy i) | (36010) x 10101 [3941] | 66% [42] 45%[42]  18% [42]
B(B; — ptp™)/B(Bs — ptp™) 1% [42] 47%[42] 21-35%][42,43]
2014 2019 2024 2030
Fs. (227.7+4.5) MeV [44] | < 1% [45
P, (190.5 +4.2) MeV [44] | < 1% [45
Fp\/Bp, | (266£18) MeV  [44] | 25% [45] < 1% [46]
FpoBr, | (216£15) MoV [44] | 25% [45] < 1% [46]
Br 0.766 & 0.010 44 | < 1% [45
Viglna | (440 £0.25) x 10-3[44] | 5% [37] 3% [37]
Viblexa | (3.424+0.31) x 1073[44] | 12% 1T [37] 5% T1[37
Viglna | (4244£0.9)x 1073 [47] | 1%  [48] < 1%[48]
Viglowr | (39.440.6) x 1073 [44] | 1% [48] < 1%[48
y (701+710° 1 [49]| 6% 37 1.5% (37 1.3%[43]
SM — 925 | (43.0716)° 50] | ~ 1° ¥[51,52
PM = —283, | (04 4)° 50] 1.4° [43] ~ 1° #[53]




Projections for the coming years

Observable 2014 2019 2024 2030
CB(KT W) o 3+}3g) x 1011 j" 10% [33] 5% [34] )
TB(KL = Ty <26 % 10°° (90% CL)[35] | TR R A
B(B* — K+VD) < 1.3 x 107 (90% CL)[36] 30%(37]
B(BS— K*vp) | <55x107° (90%CL)[38] - 35%(37]
(BB, ptu) | (2940.7) x 10 [39-41) | 15%[42,43] 12%[42] 10-12%[42,43]}
BBy i) | (36010) x 10101 [3941] | 66% [42] 45%[42]  18% [42]
B(By — ptpu~)/B(Bs — p ™) 1% [42] 47%[42] 21-35%][42,43]
2014 2019 2024 2030
I3 (227.7+4.5) MeV  [44] | /< 1% [45]
Fg, (190.5 £ 4.2) MeV  [44 \[45]
F. \/B_BS (266 & 18) MeV  [44 145] < 1%[46]
FBd\/B_Bd (216 &= 15) MeV  [44 o/ [45] < 1% [46]
Br 0.766 £ 0.010 44] 45]
Vislmer | (440 £0.25) x 1073[44] | /5% [37] 3% [37
Viplexd | (3.42 £ 0.31) x 107344 \37] 5% 1137
Viplma | (42.4 £0.9) x 1073 [47 48] < 1%[48
Viblexa | (39.4£0.6) x 1072 [44 /48] < 1%[48
y (70.1 £ 7.1)° 1 49 37 1.5% [37] 1.3%[43]
SM — 925 | (43.0716)° 50] | ~ 1° ¥[51,52
PM = —283, | (04 4)° 50] 1.4° [43] ~ 1° #[53]




How far can we go with AF = 1 measurements”?

e Assume for now only LH (or only RH) couplings to quarks

e AF =2 alone would constrain only the ratio Ay/Mz...

e AF =1 has a different mass/coupling dependence: we can
constrain mass and couplings separately

does not depend on the FC coupling

o If nothing is seen in AF = 2, rare decays are more effective at low
mass and small couplings...



How far can we go with rare B decays”

By = ptp”
| /

1N
1N

NP

NP

|

1N

02 -01 00 01 02 £0.15 —-0.10 —005 000 005 0.10 0.15
Ab A
present AF = 2 fit — Bsd— ppin 2019
68% and 95% C.L.  ~TTTTTTC 30 and 50 Mz = 15TeV
. =
—_— BS,d_’UU in 2024 Ho —_
"""" 30 and 50 AA = —3




How far can we go with rare K decays”

KT —nt

T

o1

o1

Mz =5TeV

A x 10°

2L

NS

3_@4 0
=z

1

_x

2

12

Mz =50TeV

Z. Z

sd
AL

present AF = 2 fit
68% and 95% C.L.

K* — 11tvv in 2019
30 and 50

K+ — 11tvv in 2024
30 and 50

~0.06-004-0.02 000 002 004 006

AV =3



Removing the AF = 2 constraint by tuning

e Of course, you can complicate the model at will, and get rid of
the AF = 2 bounds by tuning the parameters...

e |[f e.g. both LH and RH flavour-changing couplings are present:

O N e SRR I IO

M 1)
( 112) :21‘4[52,

107

e or the largest possible flavour
violation, compatibly with
perturbativity (all couplings = 3):

10_2§

6an

0 M2(K) as 2000 TeV

10°* Tuning in the K sector MmaX(Bs,d) ~ 160 TeV

needed to suppress AF = 2,
as a function of the Z mass

10751 — —
0 500 1000 1500 2000 Buras, B, Girrbach, Knegjens '14
MZ [TeV]




3. KT - 77vi and K; — 7n’vw in the SM



KT - 7wy and K; — 7n°vi in the SM

e [wo golden modes that will be precisely measured in this decade

e Theoretically very clean prediction of the BR’s in the SM

B(K+ — 7T+Vﬂ) = l€_|_(1 -+ AEM) -

)\5

(

Tmh; _ \°
B(KL%WOVD):KLL-(IH tXt) :

e Present bounds:

Im)\t
\°

BKT = 71 00)exp = (17.31152) - 107

B(Kr, — T00)exp < 2.6 -107°

ReA,

)

e Precision of ~ 5% by 2025 (10% by 2020)

A

Re)\t

P,

)\5

.
x,)




KT - 7wy and K; — 7n°vi in the SM

e [wo golden modes that will be precisely measured in this decade

e Theoretically very clean prediction of the BR’s in the SM

B(K+ — 7T+Vﬂ) = l€_|_(1 -+ AEM) -

)\5

(

Tmh; _ \°
B(K; — mvp) =k} ( = tXt) :

e Present bounds:

Im)\t
\°

BKT = 71 00)exp = (17.31152) - 107

B(Kr, — T00)exp < 2.6 -107°

ReA,

)

A

Re)\t

P,

)\5

.
x,)

Hadronic parameters

e Precision of ~ 5% by 2025 (10% by 2020)




KT - 7wy and K; — 7n°vi in the SM

e [wo golden modes that will be precisely measured in this decade

e Theoretically very clean prediction of the BR’s in the SM

2 - [ ReA, P
L/ PRI U -

B(K+ — 7T+Vﬂ) = l€_|_(1 -+ AEM) -

Top-quark contribution
known at NLO in the full SM

e Present bounds:
BKT = 71 00)exp = (17.31152) - 107

B(Kr, — T00)exp < 2.6 -107°

e Precision of ~ 5% by 2025 (10% by 2020)




KT - 7wy and K; — 7n°vi in the SM

e [wo golden modes that will be precisely measured in this decade

e Theoretically very clean prediction of the BR’s in the SM

B(K+ — 7T+Vﬂ) — l€_|_(1 -+ AEM) -

ImA ’
B(KL%T('OVﬂ):KJL°( )\5tXt) :

e Present bounds: Charm-quark contribution
known at NLO in the full SM
BKT = 71 00)exp = (17.31152) - 107

B(Kr, — T00)exp < 2.6 -107°

e Precision of ~ 5% by 2025 (10% by 2020)




KT - 7wy and K; — 7n°vi in the SM

e [wo golden modes that will be precisely measured in this decade

e Theoretically very clean prediction of the BR’s in the SM

B(K+ — 7T+Vﬂ) = l€_|_(1 -+ AEM) -

B(KL — WOVﬂ) = Ky - ' 

e Present bounds:

B(KT = 77 ud)ep = (17.37752) - 107
0 _ _3 CKM matrix elements
B(KL e VV)eXp S 2.6-10 At = ‘/tS‘/ttia Ae = Vcsvctia
A= Vs
e Precision of ~ 5% by 2025 (10% by 2020)



CKM matrix elements from tree-level decays

¢ [ree-level measurements can safely be assumed to be free of
BSM physics effects. They determine the CKM matrix elements
Vuo, Veb, Vus, and y:

Vs = 0.2252(9) v = (73.215:5)°
e Discrepancy between inclusive and exclusive determinations
Viblinel = (4.40 +0.25) x 1077, Vep|inel = (42.21 £0.78) x 1075,
Viblexat = (3.72£0.14) x 1073, [Viplexa = (39.36 £ 0.75) x 1072,

e The full CKM matrix is fixed once these parameters are known

)\2
Re Ar = |Vup||Ven| cos y(1 — 20%) + (|Vis |* — [V |?)A (1 -5 ) L

)\2
Im Ay = [Vip||Vep| siny + - - Re e = —A (1—7)+-~



CKM matrix elements from tree-level decays

® KT + — (83940 10-11 . Ve
B( — mvr) = (8.39+0.30) x 10 [4007 10=3

: 2 .
d 1 ]
: F=RN: . f
| PR —
9 2 9 ]
. K :
8i R QL , 1
: i : +20 iNY]
7 L - L |
z z
6+ 6
5 . ‘ \ \ ! \ \ \ ! \ \ \ ! \ \ \ ! \ \ ] 5: ““““““““““
36 38 40 42 44 46 3.0 3.5 4.0 4.5
Vep| x 10° V.| x 10
0F. .

e Using an average of the previous values
one gets:

B(K_l_ — 7T+Vﬂ) — (8.4 T 1.0) x 10~

e [he main uncertainy at present comes
from the CKM matrix




CKM matrix elements from tree-level decays

o B(Kp — mvi) = (3.36 +0.05) x 10~ 1%. Vil 7°[_ Vel 7°[_sin(y) ]’
' | | 3.88 x 10~3| |40.7 x 10~3| |sin(73.2°)

6 ‘ ‘ ‘ \ ‘ ‘ ‘ \ ‘ ‘ ‘ \ ‘ ‘ ‘ \ ‘ ‘ ‘ 6 |

+20 In Vepb

9
T I T T T
W
T T 1

N

T I T T T
N

T T T

BR(K; — n°vv) x 10"
[0V

BR(K; - 7°wv) x 10!
(09

[\
IR A LA
(\9}
T T T T T T I T T T

36 38 40 42 44 46 30
Vep| x 10°

e Using an average of the previous values
one gets:

B(K; — mvp) = (3.44+0.6) x 10~

e [he main uncertainy at present comes
from the CKM matrix Vi



CKM matrix from loop processes

e Performing a fit to the loop-level observables ex, AM,, AMg, Sy k<
a more precise determination of the CKM matrix is obtained
(assuming that all those observables are SM-like)

0.044 |-

0.042 ;T l

1
s 1
- .:5.'::' ' I
Y
3 0 040- -------- : our average
= 1
- '
0.038 - exclusive measurements
Strategy B: assuming SM in loops |
1 {lex|, AMy/AM;, Syx,tsm @ 68% CL |1
0.036] ) {AMy AM,, Sy }sn @68% CL ||
| :l {|€K‘7 AMd? AMS) S?/JKs}SlVI @ 68% CL |

0.0030  0.0032  0.0034 0.0036  0.0038 0.0040 0.0042 0.0044 0.0046 0.0048

‘Vub‘

- 0.14) x 1077,
- 1.2) x 1073,

V| = (3.61 4
V| = (42.4 -
Y = (69.5 7

- 5.0)°.

using the projected lattice

errors from 1

412.5097:

V| = (42.04+0.9) x 1077,
v = (70.8 £2.3)°.

Buras, B, Girrbach, Knegjens

B(Kt — ntvr) = (9.11+£0.72) x 107", B(K — 7'vp) = (3.00 £ 0.31) x 10~




Correlation between K+ — 7 tvp and K; — 7lvw

e |n all models that do not change the phase of X: (e.g. in MFV)

Re )\t
Im )\t

B_|_:BL| |:

-

B(K; — nvi
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4.5

e
o

BR(K7, — 7lv) [107H]

o
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i e —
( _ - —~ _ - _
- .
- = - -
e = —
- o —
=~ —~
C = e
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Correlation between K+ — 7 tvp and K; — 7lvw

e |n all models that do not change the phase of X: (e.g. in MFV)

Re A \?
B, = By - ImAZ‘/B —(1- 5 ) Pesgn(Xy)

_ 0. —
B(KtT — ntvp B(Kp — wvi
B = B = MFV
K4 (1 + AEM) KT,
- MFV relation — present constraints - MFV relation — future constraints (c. 2025)
e~~~ 7 T 2N e A 1 S B L S A L ///l/
(| == |Viplina/|Vep|ina central value ] [ |74 95% CL using central |Vip|ave/|Veb|ave £ 1%, v £ 1°
] [Viblexet/|Ven|exa central value L 95% CL using central g 4 0.25° ]
20 (|2 95% CL using [Vip|ave /| Ves|ave 20 i Example measurement : 10% precision relative to SM 1
= || 95% CL using Sy ~ sin2f3 = i Example measurement : non-MFV NP scenario (same precision)
|© i 68% CL K+ — 7Tvr measurement |© i
.| ” ‘ K =
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20 25 30 35 0 ) 10 15 20 25 30

BR(KT — 7tvw) [107H] BR(KT — wtvw) [107H]



Conclusions (part 2)

Precision measurements of rare meson decays can be used to
probe high energy scales, otherwise directly unaccessible.

In a simple Z' toy model, K decays can probe scales as high as
100 TeV, while B decays can reach only 15 — 20 TeV.
(scales of 2000 and 200 TeV are reached tuning the parameters)

Lattice calculations of hadronic parameters are improving quickly.
Many errors are already dominated by CKM uncertainties.

K — wvr decays will be measured very precisely: stay tuned!

Precise SM predictions and several correlations among
observables can be used to constrain BSM physics.






—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]



-lavour effects in composite Higgs models

® UQB)kc UBke U@ic U@)ie
ex, AMgy g * * * *
AM,/AM,; *
Od,s * *
¢s — Pd *
Co * *
Clo *
pp —JJ * *
p—4qdqd  x * *

* effect could show up in future measurements



Correlation with
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Vcb

CKM fit: more plots
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