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Flavour Structure of the Standard Model

e RO R

- Pattern of masses Related to SSB

-

- Flavour Mixing, C7 Scalar Sector (Higgs)

— 7 (d) ¢(+) ' (u) ¢(O)T ' — 7 (/) ¢(+) '
Ly = _Zk (uj’dj)L Cjk ¢(0) dig + Cjk _¢(+)T Uer |~ (vf ’ lf)L Cjk ¢(0) hn + he.
J

‘ L, = —(1+£) {Ji-M’d-d}{ + My up + 1M+ h.c.}
\%

R P R A A s
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Flavour Conserving Neutral Currents (GIM)

Br(K, >y 1) = (6.84%£0.11)x 10~

Flavour Physics

L% = — ¢ 7 f y# —a f
Ne 2sin @, cos 6, “ Zf: : [Vf f7/5]
S wt
Z
NO
d Ty

Sy > utu

K¢ (x'n7) > (yy) > p'uw

K, >

LHCb, 1706.00758

A. Pich — IFT 2017

Br(Kg — 1) <1.0x107  (95% CL)
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Flavour Changing Charged Currents

N
| AN
d S b

Flavour Physics A. Pich — IFT 2017 4




UNIVERSALITY

gT VT
—_—— /
\ 8 il
T L <_
gu 8u\vu \vu Vi
\%Y ge c
ge _,ET/VT T Ee e —
T %/e Ve \\76
ge \ve
gr Vi
—
—_——
T e gT/r/VT W g’c T
%/_ ‘C’ % T K m/
gT ge\Vc \_}’E
g gu/\/u W gl-l le
n —— T, K gl~L [ —
— /
m %/e w\_ JUYU .
ge\ve Vi [

Flavour Physics

A. Pich — IFT 2017

5




CHARGED CURRENT UNIVERSALITY

g./g,|

Br—>e T,u/z-r
FT—)ﬂ'/Fﬂ'—),u
T—)K/FK—)/J

W—)z'/BW—>,u

1.0011+£0.0015

0.9962 +0.0027

0.9858 +£0.0070
1.034+£0.013

2,/8.
B,,,/B. . | 1.0018+0.0014
B,,,/B,,. | 1.0021+0.0016
By, /Bk e | 0.9978 £0.0020
By s/ B sme| 1.0010 £0.0025
By /By e | 0.996+0.010
/2|
B,,,7,/7. |1.0030+0.0015
By /By | 1.031£0.013

Flavour Physics

A. Pich, arXiv:1310.7922
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Flavour Changing /f\ 1
Charged Currents Xl)<

2

O <

I'(d, > uev,) «

We measure decays of hadrons (no free quarks)

Important QCD Uncertainties

Flavour Physics A. Pich — IFT 2017 7



V; Determination (©-o0) 4.

Konfv, D—>K¥v...

=~
xQ

(P i d | P(R)) = Cpp{(k+Y [, (4 + (k=K [ ()}

G2M§ 2 >
(P —P'ly) = 0o Vi [ Cop [ /(O[T (146¢) | /(") suppressed

L2 (k=K' T7,(—95) v ~ m,
f+(q )
f.(0)

MM dg®  3n 9 0 o
I ~ fo ~w A MM

P

Measure the g2 distribution —=mp 1
Measure T — J(0) [V
Get a theoretical prediction for /., (0) mmsp [V |

Theory is always needed: Symmetries

Flavour Physics A. Pich — IFT 2017 8



|Vud|

f:(0) = 1+0[(m, —m,)*]

Superallowed Nuclear B Transitions (0*— 0%)

7~ 1n2

2
| Vua |

TG (14 b))

(2984.4840.05) s

!

Jt (14 dgc)

(Marciano — Sirlin)

V 4| = 0.97417 + 0.00021

0.975
0.974

0.973

Flavour Physics

SR

1 1 1
1990 2000 2010
Date of analysis

3091 Hardy-Towner 2015
3080F l
¢
3070F
—
.
¢: 3060 l
i [ ]
3050 l ;] '3 L
3040} } {
i L ]
3030 : : . : -
1UC 22Mg 38Ca 45V
140 ZGmAI 34C| 38mK 50Mn BZGa 74Rb
[ 345 42 54 T
3090} Ar*Sc  ~'Co
ZE: J
s 3080F .
SR |
3070} { EF ¢ { } -
3060 1 1 1 1 1 1
0 10 20 30 40
Z of daughter
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K - nfv Decays

FLAG2016

f4(0) = 1+ O[(m; _mu,d)z]

FLAG average for Ne=2+1+1

ETM 15C
FNAL/MILC 13E
FNAL/MILC 13C

Ne,=24+141

Ne=2+1

FLAG average for Ny=2+1

RBC/UKQCD 15A
RBC/UKQCD 13
FNAL/MILC 12|
JLQCD 12

JLQCD 11
RBC/UKQCD 10
RBC/UKQCD 07

N; =
i

H+— RBC 06

H JLQCD 05

FLAG average for Ny=2

ETM 10D (stat. err. only)
ETM 09A
QCDSF 07 (stat. err. only)

JLQCD 05

—— Jamin 04
—e— Leutwyler 84 O(p*)

H—@—H Kastner 08 Large yPT correction
—— Cirigliano 05 }O(pG)

—e— Bijnens 03

non-lattice

094 096 0098 1.00

Flavianet, arXiv:1005.2323 [hep-ph]
Moulson, arXiv:1411.5252 [hep-ph]

0.213 0.214 0.215 0.216 0.217
i I ' I i I ' I B I

K_e3 1 |
K_u3 —
Kg e3 .

K" e3

K*u3 4

N 1 L 1 N 1 L 1 " 1
0.213 0.214 0.215 0.216 0.217

[£,.(0) Vyg| = 0.2165 +0.0004

2012

2016:

f:(0)=0.959£0.005 m==p
f+(0)=0.970£0.003 m=—p

Vs = 0.2255+0.0014

Vys| = 0.2232+0.0008

Flavour Physics
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Inclusive B Decays

211/
GF I’cb

F(E_i' — X o) =

2m; (= 12,
i 40+ ko) + a0 |

(OPE, HQET)

2 3
2m 7 me

p =m/m,

SN HeaGl Flts_ to_ Ieptc_)n energy,
| [ corrs | | hadronic invariant mass and
7z :
i /// photon energy moments
0.042 gzg‘f‘. -
I * (42.1940.78)-10°  Kinetic mass
ooatl 1 HFAG 2016: |V| = _3
* | * incl | (41.98 +£0.45)-10 1S mass
L X, Y constraint
L m, constraint
0.04; N E S I -
4.55 4.6
m, (GeV) -3
PDG 2016: ‘Vb. =(42.2+£0.8)-10
CD fincl

Gambino- Healey-Turczyk, 1606.06174

Higher Power Corrections

Flavour Physics

V| = (42.00 £0.63)x 107

A. Pich — IFT 2017

11



QCD Symmetries
at 1/Mg— 0

“g ax'=1 CLEO g ar =l CLEO
=550 —s HQET
; I BABAR global fit ; 40~ CanriniLellouch-Neubert -
% BELLE ,’ E/ 85@‘]}‘ aprini-Lelloucn-Neubert parametrization
S 401 AVERAGE ¥/ £ . 7 S
:_LTJ :.LU / KA E}Ert.reco.) 77EW G(l) |VCb | —
351 ) YBABAR (Global Fit) B
i (41.5741.00)-10°
ALEPH 307 Tew F(l) |Vcb | —
201 | | | | ¥dof = TW 8 | | | | ‘ | | x“-fldaf= 30.|2/23 B 3
0 ! 2 o 05 1 15 2 (35.61 + 0.43)-10
p? p>
FNAL / MILC :
ey G(I) =1.0614£0.010 == |V, |=(39.1840.94, +0.36,)-107
ny F(1) =09124£0.014 = |V, |=(39.05+0.47, +0.58,)-107

=(39.10£0.60)-107°

- ‘ Vcb

3.3 o discrepancy with inclusive measurement

Flavour Physics A. Pich — IFT 2017 12
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Parametrization Dependence

Analyticity, Unitarity * Boyd-Grinstein-Lebed (BGL)
Crossing Symmetry » Caprini-Lellouch-Neubert (CLN) (HQET relations valid within 2%)
*
‘ B _) D '£V Belle data (1702.01521) + Lattice + LCSRs Bigi-Gambino-Schacht, 1703.06124, 1707.09509
60 - T 16|
> 50 N 14 3
© TN .
EU 40 = 12 10 ‘VCb‘
2 30 Z 1,0; CLN 39.2+1.1
_E 20 &= 0.8 BGL 40.6t1.3
S 10 S 06
0 04, — |
1.0 1.1 1.2 1.3 1.4 1.5 1.0 11 1.2 1.3 1.4 L5 w = vglhp
w w

See also Grinstein-Kobach, 1703.08170; Bernlochner-Ligeti-Papucci-Robinson, 1703.05330, 1708.07134

— Babar
— Belle
— FNAL/MILC

® BoD¢v TN

Bigi-Gambino-Schacht, 1606.08030

0

fo(z) - % R
V| =(40.49£0.97)-10
t. = (mp+mp)”. t_ = (mp—mp)°. L
o VIFw VAN ottt
N = vy Vo

Flavour Physics e A. Pich — IFT 2017 13



CKM entry Value Source
1] Vil 0.97417+0.00021 |  Nuclear £ decay
> 0.9758+0.0016 " pe,
= 0.9749 +0.0026 x> nlev,
L | Vil 0.2232+0.0008 K-> e,
_—— 0.2253+0.0007 K/m— puv, Lattice, V
—— 0.2213+0.0023 7 decays
\'M 0.230+0.011 vd >cX
L 0.216 £0.005 D — (7)lv, Lattice
H A 0.997+0.017 | D—>Klv,D,—lv, Lattice
i V| 0.0405+0.0010 B—D'I%,DI7,
P> . N 0.0420 +0.0006 b—cly,
- Vo 0.00367 +0.00015 B—rlv,
L] 0.00451+0.00020 b—uly,
-— 0.00398 £ 0.00040
‘th‘/ [> vof | >0.92 (95%cCL) t>bW/t—qW
iy V| 1.009 +0.031 pp—>th+X
=
Vaa| + [Vas| +[ V| = 0.9988 £0.0005 V| + [Va| +|Ve| = 1.020£0.063
Vool + [V +| Vi = 1.0422:0.034 S ([Val + [Vaf ) = 200220027 en

J

Flavour Physics A. Pich — IFT 2017 14



Hierarchical Structure

1—2%/2 A AV (p-in)]
V ~ W) 1222 AQ + (9(14)
AV (1-p—in) —AA° 1

Axsin@,~0223 ;  A=084 ;  \p*+n’~04

| l |
d S b

Flavour Physics A. Pich — IFT 2017 15



» C,P : Violated maximally in weak inter.
= CP : Symmetry of nearly all phenom.
= Slight (~0.2%) G in K decays (1964)
= Sizeable C/ in B decays (2001)

» Huge Matter-Antimatter Asymmetry

==) Baryogenesis

CPT Theorem: QS - 7"

Thus, C/ﬁ requires: = Complex Phases
= Interferences

Standard Model (ﬁ’: 3 fermion families needed

Flavour Physics A. Pich — IFT 2017 16



DIRECT (P T(P>1)| = [T(PoT),

—2T, T, sin(p, —¢,) sin(o, —0o,)
T°+T,°+2T, T, cos(¢, — ) cos(5,—3,)

One needs:
» 2 Interfering Amplitudes
» 2 Different Weak Phases [sin(4,—¢,)#0]
= 2 Different FSI Phases | sin(6,-5,)#0]

Flavour Physics A. Pich — IFT 2017 17



DIRECT (P

Br(B — f)—Br(B— f)
Br(B — f)+Br(B - f)

A (B> f) =

A,(BY = 7 K*) = —0.082+0.006  (13.7 o)
AB? > 7 K") = —0.26+0.04 (6.5 )
A, (B">K'K7")=-0.118+0.022 (5.40)

Large & Interesting Signals

Big challenge: Get reliable SM predictions

Severe hadronic uncertainties

Flavour Physics

HFLAV C Sl
November 2016 . K-+
Lge— KTntn~
=t KK K*
—%: Ko7+
e e
Our Avg. E— Ky
K*y
35;—— K"
— Kt~
— Kyt~
4== K"
— =
4= K((1430)°7°

— (s+d)y
7T+7T(J
B K*OW+

= OK*

—p—
—+— K™
—_— k0
K’*UTI'_FTF_
nt

wKt

; s
K*(_]KﬂLK*

= K'rT7"

——
 eom——
——

ptp’

— e Tt "
—_— wr’

-0.4

T T T T T T
0.0

Acp

0.4



INDIRECT P : K°— K° MIXING

> u,:c,t i —E—MJV\VJ\M—s»— 0 ~ 0 0
S,
§ § Ks.) ~ p |K') F 4 |K)
w w u,c,ty AU, C,t
T TeWE o/p = (1=5)/(1+ %)

(K'[H[K") ~ STAN St my (Opgs)
ij

(Ossa) = o (R, 770, )5, raa | K7) = (343 72 ) B

N=V, Vlz X rl.Emiz/MVZV (i=u,c,t)

= GIM Mechanism: A, +A.+A =0

(M, —M, ) /MKO —(7.004+0.01)x10° "
« CP: Im), = —Im)\, ~ g4
= Hard GIM Breaking: S(r,7) ~r == t quark

Flavour Physics A. Pich — IFT 2017 19



INDIRECT P : K°— K° MIXING

d u,c,t S d W [ _

§ | § o] e K3u) ~ v |K) F a |K°)

W W u,c,ty AU, C,t

s a1 4 S WS a/p = (1-&)/(1+ &)
K>z l'v, Gou) 5 Koz'lv, (s-ou

[(K} >z I'v,)-T(K} > 7'V, 2 _1gP z
( L2t 1) =T L7 _‘f) _lpfolalf _2Re(E) g 333.40.006%
T(K}>al'v)+T (K] >7'Tv) |pF+lq] I+ &g |

- Re(g ) = (1.66 £0.03) - 10°

_T(K,>r'm) _ _T(K, > 7'z N

= ~ & = ~
T(Ky—>nn) © oo T(Ks — n'7n°)

-

—(2.228+0.011)-1073 &% )
7= ) ‘ =) 7 [(1—p)A2+o.22] A> B, = 0.143
¢g = (4352 i 005)0 Buras et al

Flavour Physics A. Pich — IFT 2017
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DIRECT (P in Ko nm

T(K, >n'n") o T(K, > n°'z°) oo
= ~ < = ~ i
2
1 n 4 NA48, NA31 (1988-2003)
Re(eg /) = — {1 — |2 = (16.6 £2.3)-10
( K K) 6 7 ( ) KTeV, E731 (1993-2010)
+_

= Short-distance OPE

Ciuchini et al, Buras et al

= Long-distance yPT

Pallante-Pich-Scimemi (2001)
Cirigliano-Ecker-Neufeld-Pich (2003)

Flavour Physics A. Pich — IFT 2017 21



Recent K—(nr), Lattice Results

Isospin limit: RBC-UKQCD 1505.07863, 1502.00263
\/gRe As = (1.50+0.04 +0.14) - 10~° GeV exp : 1.482(2) - 10~ GeV Al=1/2 Rule
0.1c
\/glm Ay = —(6.99£0.20£0.84) 10" GeV Red, 1
= =
- Red, 22
\/;Re Ay = (4.66+1.00+1.26)-10"" GeV exp :3.112(1) - 1077 GeV
1.0c
\/glon = —(1.90£1.234+1.08)-10" " GeV
Re(c'/s) = (1.3845.15+4.59) 10" exp : (16.6 £2.3) - 107" Large phase shift
2.1c
do = (23.84+£49+1.2) exp : (39.2 £1.5) 290 Sy =3, = (475 " 09)
5 = —(11.6+254+1.2)° exp: — (85+15)° 10o

Anomaly? ‘ New-physics ? (Buras et al, Kitahara et al, Endo et al, Cirigliano et al... )

0, Im 4, Im A45™ 3
Re(ex /& = — 1-Q.)— ~ 2.2-10 B{"Y (1-Q.;)—0.48 B
o = =5 | B0 (1-0) - AT (B0 (1-0,) 048 5
Q. =0.060+0.077 Cirigliano-Ecker-Neufeld-Pich (2003)

Flavour Physics A. Pich — IFT 2017 22



Effective Field Theory: Long & Short distance dynamics

Mw T, [, €,V Standard Model Lty - _\[ Vid V. Z Ci(p) Qi(p)
t,b,c,s,d,u
l OPE
— Large logarithmic corrections
< /28 My € Vi (nf=3) ~AS=12
S me s.d.u Laop s Legr
. k
b OPE:  af(u)log"(My /u)
My o’ ﬂke;]ui xPT XPT 1Og(:u/m7r)
Re (E) 1074 Gisbert-Pich, arXiv:1712.xxxx
30F ! SM
25} | T 4
of £ | T Re(&k/ég)su = (1542, %2, +2, 6, )-10
i 1 T
0| g QR0 SO0 S0 /'""|"';“‘""7'_'_,',‘:" """"""""" _
e ST T =(15£7)-107*
10: ""'¢' : :
1 :
5: : L5Latt|ce ' .
S '1:'2' —— 10 Large uncertainty, but no anomaly!

Flavour Physics
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B — B MIXING

, C, 1 b q W b

e VAVAVAVAVAVA s o
W% %W u,c,ty Au,c,t
-« S  NVAVAVAVAVAVA L

t q b w q

Vi VL;; ~ V. V ~ Vi th ~ AN

&

(B|11]8°) ~ I S0 (20057 &

M, =(0.5064+0.0019) ps™
d

-

AM g, JT 0 = 0.770£0.004

AM , =(17.757+0.021) ps~"

BO_

AFBO/AM ~m,/m <1

Re( ) —0.0005 + 0.0004
d

(%7 very small

Flavour Physics

AM /T, = 26.72+0.09
Vi > Wl

=-0.130£0.009

AFBS/ FBS =
Re(Z,, | = ~0.0002+0.0007

9/ p| =1 ~ m/m;

A. Pich — IFT 2017 24



B?— B? MIXING AND DIRECT 6713

B CP self-conjugate: f=#f
\ / G ViVy e, [ (5)
-0 - ~ — = € 9 ¢M ~ ~ _/12 0
B P A\ th —By ® n (BS )
b g Assumption: Only 1 decay amplitude
! % o —* — 2igp
W q Ab—)qc_]q' _ qu qu; _ e_2i¢D — Pr=pPy=1p€
q AB 799 qu qu’ Cf =0

—> _ = —1; sin(2¢) sin(AM t) : ¢=0,+9,
—f )

Direct information on the CKM matrix

Flavour Physics A. Pich — IFT 2017 25



I'(B' > JwK,)-T(B’ = JwK,)

I'(B' > JwK)+I'(B" = JwK)

8 400}
n N
o 350g
P 300}
c 250}
g z
& 200}

150}

Asymmetry
© o o
N B o o

o

S o 6
o AN

BELLE 2012

Flavour Physics

6 4 20 2 4 6

At (ps)

Events / 0.5 ps

Asymmetry

— 1, sin(2 ) sin(AM t)
HFAG:

sin(2p) = 0. 69 £ 0.02

B’ — JyKs, . w(@2S)Ks, . Kg . 1. Ky

BE¢1 &

=

go N
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1=

Flavour Physics

0.7

0.6

0.5

0.4

0.3

0.2

0.1

L;d L;b T pZd LZb T Lﬁd-p3> =0

I_ 1 1 1 T ] I 1 1 | 1 1 1 ] ] | 1 I 1 1 1 ]
: : Am - \% 3
E'/; E v Amd & ICL:EP16r _:
— % E sol.w/cos 2B <0 _:
— g (excl, at'CL > 0.95) .
= | o =
- 5 : E
i B =
L L (Ix I 1 1L I 1 1 1 1 L 1 I 1 1 1 I 1 1 1
0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0
p
1
7=n (1—512) = 0.343£0.011
ns UTs:

(1,.0)

p=p (1—%,12j = 0.153+0.013

a=91.0+£2.5°; f=232+1.2°; y=6531£2.0°

A. Pich — IFT 2017
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=

0.7

0.6

0.5

04

0.3

0.2

0.1

0.0

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

Tree-level determinations

IIIIIIII|I]I]|IITI[III

[ excluded area has CL > 0.95]

¥(e)

W

ICHEP 16

-0.4

-0.2

e

0.4

0.6

Ill]llllllllllllllllll

excluded area has CL > 0.95|

ICHEP 16

-0.4

Flavour Physics

-0.2

ol

0.4

0.6

= IIII‘IIII|IIII|IIII|IIII|II\I|IIII

= IIII|IIII|IIII|IIII|IIII|IIII|IIII

1=

Loop processes

0.7 — , ! — —r— T —~
] ' \ -
06 é ' Amy €k \ TICHEP 16 ]
o) ! \ \ -
2 ' \ \ -
0.5 S ! '\\ \ —
& | sol w!b\os 2p<0 —
2 m&\m(\:boas; ]
04 3 W\ -
2 .
L . W\ 3
03 | N\
s \
| b \\\‘ .
| N\ 3
02 | \
1 \\\\ |
| N\ g
0.1 ; '
| B \
0.0 . P : L | I N I B
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Ll L]
CP Violating
0.7 — e T R T T —
0 ' -
: - g -
A H —
0.6 3 ! €k _ ICHEP 16 .
@ ' \ \\ .
05 g ' \ —
% ] sol w{h‘us 2§<0 -
E (ex MFL)OQS) -
0.4 3 \\ -
3 g Dy, \ -
0.3 : \\(1 ]
i o \ 3
0.2 ' \\\ -
: 2
] W=
0.1 ' —
/v B X
0.0 | P | | I PR B B
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

ol
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Bounds on New Flavour Physics

q u, c,t b q W b
> > > e VaVaVaVaVaVates o (D)
C
W W _ § : § k (D)
% % ucty AU, c,t Leff = LSM + —AD_4 Ok
< <— < VNSNS < b>4 & NP
b uof g 5w 3

Isidori, 1302.0661

Operator Bounds on A in TeV (exp = 1) | Bounds on exp (A = 1 TeV) Observables
Re Im Re Im

BREE 9.8 x 10? 1.6 x 10% 9.0 x 1077 3.4 x107° Amp; e
(5rdr)(51dr) | 1.8 x 10* 3.2 x 10° 6.9x 1077  2.6x 101 Amp; e

(epy*ur)? | 1.2 x 103 2.9 x 103 56 x 1077 1.0x 1077 | Amp; |q/pl, ép
(rug)(érug) | 6.2 x 103 1.5 x 10* 57x107% 1.1 x107% | Amp;|q/pl, ép

(bpy*dp)? | 6.6 x 10 9.3 x 107 23x107%  1.1x107° Amp,; Syrcs
(bpdy)(brdg) | 2.5 x 103 3.6 x 10° 39x1077  1.9x 1077 Amp,; Syks

(brysp)? 1.4 x 10? 2.5 x 10? 50x 107°  1.7x107° Amp.; Spe
(br s1,)(brsg) | 4.8 x 10? 8.3 x 102 88x107¢  29x107¢ Amp_; Sy

= Generic flavour structure [c,,~O(1)] ruled out at the TeV scale

* Ayp ~ 1 TeV requires cyp to inherit the strong SM suppressions (GIM)

Minimal Flavour Violation: The up and down Yukawa matrices are the
only source of quark-flavour symmetry breaking

D’Ambrosio et al, Buras et al

Flavour Physics A. Pich — IFT 2017 29



Yukawa Interactions in 2HDMs

LY:_Q'L(F1¢1+F2¢2)CZ'R _Q'L(AI&I—I_Asz)u'R
sssl 4= v=\viev
\/5 2 ' ' ' X ' ' '
Lyz—T{QL(Md O, +Y,'®,)d" ~ 0", (M, D +Y,' D, )u R}
M, and Y, unrelated ==  FCNCs f[i—-/
q q \ ;
S s S M
\ " / \ " /
d / \ d d / \ T
K® ¢ KO KO > ppt

Phenomenological disaster!
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Alighed 2HDM

Yukawa alignment in Flavour Space: Yor=ca i Mgy, . Yi=<iM,
V2
Ly = _T H+{ [ CI&M MdPr — <u M CI{MPL} d + (V M Pr 'I)}

1 0 _
DI ol (FMfPrf) + he

@7 f
oY : 0
Ya = Ri1 + (RQ T REB) Sd,l . vo'! = Rin + (RQ - IR:?)) Su
¢f m==p» New sources of CP violation without tree-level FCNCs
Model Sd Sy <)
Type | cot 3 cot 3 cot 3
Z2 models: Typell | —tanf | cotf | —tanp Only one ¢, couples to fr
Type X cot cot —tan 3 (Glashow-Weinberg, Paschos ‘77)
Type Y —tan 3 cot 3 cot 3
Inert 0 0 0
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1.5}

0.5

Flavour Alignment

Celis-llisie-AP, 1302.4022, 1310.7941

oy
L ‘ IIIIIIIIIIII
n 68% CL A2|-|D|V| n Type I, 90% CL
'y
W '
d O cose~-1 cosa 1
4N
oL
Lo v v v b v b |
2 1 0 1 2

l68

% CL A2HDM [ Type Il 90% CL

90% CL

. @
o8

ol

h
Yq
[ T T T | L \ T 1 T 1 | T T T 7T |
n 68%CL u: Type Il, 90% CL
i A2HDM

cosa| > 0.80 (90% CL)

Flavour Physics

AP-Tuzén

(Aligned 2HDM)

General setting without FCNCs
& new sources of CP violation

Y,,=¢, M,, , Y =¢,M,

* Rich phenomenology @ LHC

Altmannshofer et al, Barger et al, Celis et al,
Cervero-Gerard, Lopez-Val et al...

Many allowed possibilities
Search for light H*, H, A
CP violation

= Flavour constraints fulfilled

Celis et al, Jung et al, Li et al

= EDMs

= Usual Z, models recovered in
particular (CP-conserving) limits

Jung-AP, 1308.6283
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Flavour Anomaly

R(D") =

P.(D*)

40 discrepancy

Br(B - D"t v,

R(D*)

Belle, 1612.00529

15

Br(B— DVl 7)

=y

'_\|||||||||||||||II|IIII|IIII|II|||||||

o

Flavour Physics

..0.4. -

R(D")

I L T T T I Ll L] L] T I L] T T L] I L] T L] T I
0.5 —— BaBar, PRL109,101802(2012) 5 —]
" F  ——— Belle, PRD92,072014(2015) Ay~ = 1.0 contours -
- == LHCDb, PRLI115,111803(2015) . -
0.45 - — Belle, PRD94,072007(2016) === SM Predictions I
""" ——— Belle, PRL118.211801(2017) R(D)=0.300(8) HPQCD (2015) .
- e | LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) -
0.4 [ [ Average R(D*)=0.252(3) S. Fajfer et al. (2012) _]
035 l T —
0. 3 -_ \l l N »\__
0.25 — <>---.
02 P(%) = 71.6%
I L 1 1 1 I L L L L I 1 1 1 L I 1 L L L I
0.2 0.3 0.4 0.5 0.6
BaBar had. tag
BaBar had. tag i 033200240018 —
0440 £0058 40042 | 7 R Belle had. tag
0.293 + 0,038 + 0.015 >
Belle had. tag g Belle sl.tag
0.375 £ 0.064 +0.026 ‘_‘__' 0302 +0.030 + 0.011 —_—
Belle (hadronic tau)
Average . 0270 4 005 + 0,077
0.407 0,039 + 0.024 —
LHCb
FNALMILC (2015) 0336 +0.027 £ 0.030 S
o LHCb (hadronic tau)
0.299£0.011 0285+ 0.019 + 0.029
HPQCD (2015) Average
300 4 0,008 0304 £ 0.013 + 0.007 1
S. Fajfer et al. (2012)
0.252 +0.003 *
&= Bigi-Gambino-Schacht
L, I . e, B L
0.2 0.4 0.6 0.2 0.3 0.4
R(D) R(D*)
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Model-Independent Analysis of R(D™)

4G ~ _
Leff = —T; Viwaa [Gu (877 PL+ 2% Pr) qa] [(PL1]

SJ o C c m

Scalar my (mp — M)
Form Factors | m2
OR(D*) D — o Aﬁb = (gfbf —gEbE) - B
my (Mp + Mc)
95% CL Celis et al.
1612.07757

ob)
Im (Ag)

Im (

- -
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LHCDb, 1711.05623

- B(BI — JhTTr;)
- BB = Jfopty,)

R(J/) = 0.71 £ 0.17 (stat) + 0.18 (syst)

2 o above SM prediction

R(J W)y ~ 0.25-0.28

Yu et al, Ivanov et al, Kiselev, Hernandez et al
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Capdevila et al, 1712.01919
1) New physics only contributes to the SM operator [cy"Pbl(Ty, Fv.]

— RJ/w/RJ/qp = Rp/Rp" = Rp- /Ry

2) At higher scales, it originates from (avoids b—svv constraints)

[Qz?” Qs][ 37# 3]+ [Q27ﬂ5 Q3][ 3V O L] ~ 2 [(ELy,ubL)(z_-Ly/ﬂer)+(EL7/,ubL)(Z_-L7/'uTL)]

ms) Large Br(b—>stt1)

B Ry» &Ry 20
| B Rywm&Ry 10
B Br[Bs— 1]
| W Br[Bo>K"11]
B Br[B-Kr11]
[ Br[Bs—¢r1]

Br x 104

See also:

Alonso et al, 1505.05164
Crivellin et al, 1703.09226
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Loop & CKM suppression
Rare Decays mm)p NP sensitivity

Bs,d —> P Sensitive to (pseudo) scalar contributions

F5) 0 + -
R = B(BS > HH) Li-Lu-Pich, 1404.5865

su— ppo + -
v v B(B; = 11 sy
” ISd el ~Isul=2
3.0 - 7
\ My-=80GeV /
258\ — My:=200GeV /
_ ‘ My:=500GeV '
j: E Su

B¢ RO v\ ArYy 0 + -
Wie HE , Zo HO, A0 BB, »>pup) = T Br(B, »> u u)

LHCb, 1703.05747: B(B) — 1" 117),,, = (3.010.6t8‘§)-10‘9 , B(B] = p'u),, < 34107 (95% cL)

[SM: (3.65+0.23)-10" | [SM: (1.06+0.09)-107"

LHCb, 1703.02528: B(B! > 7't7),, < 6.8:10° , B(BY >1'r")

exp

< 2.1-107° (95% cL) 37

exp




b —» sutu~ Differential Branching Ratios

> Results consistently lower than SM predictions

. -LCSR . Latt%cxle —O—Datlal _
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o~
[
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SM pred.

—ou)/dg? [108Ge V24

0
s
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Jhy
L L 1 1 L L
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S - vi2s) T T R g o) — 10 I 15 —
10 s 20 JTIEP 09 (2015) 179 GVl
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1
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Cowes) N1 o/ sy
15 15 20
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Simone Bifani CERN Seminar
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B > K*utu~ - K ptu-

1 d‘r 9

dI'/dg? d cos 8, d cos O do dg? ~ 327

4

— F} cos? O cos 20, + Sy sin® Oy sin® 6, cos 20
q2 — + Sy sin 20, sin 20, cos ¢ + S sin 20, sin 0, cos ¢

Sicasrs

i=4,5,6,8 — \/ﬁ:

+ S sin? O cos By + Srsin 20 sin 6 sin ¢

+ Sgsin 20 sin 26, sin ¢ + Sg sin® O sin’ 0, sin 2¢

3 1
l—(l — F)sin? O + Fy cos® O + Z(l — F1)sin? Oy cos 260,

Belle 1604.04042

1.0 . 15 ‘ T
Belle preliminary Belle preliminary i This Analysis
0.5 - 10k LHCb 2013
| | LHCb 2015
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E h I
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. I N S
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-0 LHCb 2015
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Flavour Physics

Descotes-Genon et al, 1510.04239

3sf T s
{2 BR(B-Kuy + BR(B-Kee) within (1 6] 3,-‘

i I:IAIIb-?-smmdbdsée .
2_7"" /""1'0 """ 7
Ny L 2
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_ (< ) AM
Oy = (SVMPLb><€7 6)
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Belle,

1.5

15

Flavour Physics

1612.05014

10}

L

g |

i

SM from DHMV/LQCD |
All Modes ]
Electron Modes
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Violations of Lepton Flavour

Br(B° - K u* )

Br(B’ — K "e")

K0

2.1 — 2.5 & deviation from SM
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0.8 F I .
% ]
0or ® LuCh ]
- BIP
041 v CDHMV ]
L B EOS
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T Br(B' = K 'Jhy (= u'ii7))/ Br(B' — K Jly (— e'e))

low-¢? central-¢*

Ryo | 066 51 +£0.03]0.69 04005
95.4% CL 0.52,0.89] [0.53,0.94]
99.7% CL (0.45, 1.04] [0.46, 1.10]

LHCb, 1705.05802

LHCb: 1406.6482
Br(BT — KT ™)

Br(BT — Ktete™)

(q2 e [1, 6] GeVQ)

— 0.745 0%

2.6 o0 below the SM

Flavour Physics

2.0 T 1 T 1 1 I 1 T 1 T | T 1 T
;:3 ]
1.5F -
: . :
1.0 F T ...................................................... ]
0.5F ® LHCH 7]
- B BaBar 4
i LHCD A Belle ]
00 1 L1 1 L L1 [ | L1 1
0 5 10 15 20
2 2/ 4
q- [GeV7/c
--LHCb -m-BaBar —a—Belle
2_ T T ™ L
i LHCDb 1
1.5 - -
13 I |
+ 0.036 - | SM 1
05F .
o 5 0 15 20

72 [GeV?/c4]



New-Physics Fits with Effective Operators

Capdevila et al, 1704.05340

Flavour Physics

Re C

Altmannshofer et al, 1704.05435

LFU observables
b — spp global fit
— all

flavio vo.2 === all, fivefold non-FF hadr. uncert.
T T T l T T
—2.0 —1.5 —-1.0 —0.5 0.0 0.5 1.0 1.
Re C¥
1.5

10 ] [

0.5
0.0
—059 P\
—— LFU observables
~1.0 4 e b — sp global fit

flavip“o.2:

all

=2.0

05 0.0
Re C}

—-1.5 -1.0

0.5 1.0 1.

ot

Geng et al, 1704.05446
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Geng et al, 1704.05446

0.8/ ' —
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More possibilites...

d' L 14
t ZI Z/
W W Flavour conserving Z'
. t . t
d’ C I (
d’ 0 dt 4
t g I 7 Kamenik et al, 1704.06005
7% W
i r 04 r 14
b S b S Leptoquarks
LQ LQ
— Hiller- Nisandzic, 1704.05444
D’Amico et al, 1704.05438
B n B + Becirevic-Sumensari, 1704.05835
u u u u
Q Sy Q

New Fermions and Scalars

D’Amico et al, 1704.05438
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Ko>ntvy

TNF(VizVid’miz/MVZV) (’7/2 %”L) <7T‘§L 7ﬂdL‘K> o
Br(K' — 7' vp) = (18+0.8)x10°" ~ 4* [ +(1.4—p)’]
Buras et al

Br(K, — n'v7) = (24£04)x107"" ~ 4y’

Long-distance contributions are negligible

T(K, > z'vv) =0 =) (7f>

* BNL-E949: few events! mmsp Br(K™ —'vi) =(1.73"14%)-107°

» KEK-E391a: Br(K, »z°vv) < 26x10°  (90% C.L)

New Experiments Needed: NA62, KOTO (ORKA, Project-X)
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SUMMARY

» Flavour Structure and C]fD are major pending questions
» Related to SSB - Scalar Sector (Higgs)

» Important cosmological implications (Baryogenesis)

= Sensitive to New Physics: Flavour Anomalies!
E C%D Is highly constrained in the SM: 1 phase only

= Many interesting (%D signals within experimental reach

» Better control of QCD effects urgently needed

= Challenging future ahead:
BES-III, LHCb, NA62, J-Parc, Super-Belle, tcF, ...
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