Flavor Physics:
A Theory Overview

Guido Martinelli
SISSA Trieste & INFN Roma

Windows on the Universe
Rencontres du Vietnham
ICISE Quy Nhon
August 12-17 2013




1) Precision Flavor Physics in the quark sector (neutrinos
covered by Andre de Gouvéa )

2) CKM analysis and CP violation in the SM

3J)B—> tv & B,—> uu

4) Flavor BSM
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h A EXPERIMENT

The Higgs Particle has been
discovered

My =125 GeV
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Provide the best determination of the CKM parameters;
Test the consistency of the SM (" direct” vs indirect”

determinations) (@ the quantum level;
Provide predictions for SM observables (in the past for

example sin 2ff and Am



predictions
exist since '95

sin ZB

sin 2 Byra = 0.65 +0.12
Prediction 1995 from
Ciuchini,Franco,G.M.,Reina,Silvestrini
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Flavor physics in the Standard Model

In the SM, the quark mass matrix, from which the CKM
matrix and 9" violation originate, is determined by the

coupling of the Higgs boson to fermions.
quarks — Lkinetic 4+ S gauge LYukawa

¢P and symmetry breaking
; ; are striclty correlated
CP invariant 4
Ly Lg

L(Apermi) = LA, H, H) + LM 4 L3309 4 £Epkeve 4

has many accidental
simmeftries

Lt T

may violate
accidental
simmetries




Two accidental symmetries:

Absence of FCNC at tree level (& GIM
suppression of FCNC @loop level)

No CP violation @ tree level

Flavour Physics is extremely sensitive
To New Physics (NP)




Flavor vs New Ph ysics

flavor physics can be used in two “modes”:

1. “NP Lagrangian reconstruction” mode

- an external information on the NP scale is required (i.e. LHC)

- the main tool are correlations among observables

- needs theoretical control on uncertainties. of both SM and NP contributions

2. “Discovery” mode /i

- looks for deviation’ m the SM whatever the or f’

- needs theoretical ¢ ol of the SM contrlbu

- in gene 1not ide pre ls m form P scale, but a positive

res ld be ‘7 t e ;'f:f' ar (i.e. in the multi-TeV

he path leading to TeV NP
is narrower after the results of
the LHC at7 & 8 TeV

ase will be further
explored in the next run



NeX(/M = Prediction for Br(B,—~uu)
Winter 12
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fitter

Jerome Charles, Olivier Deschamps,
Sébastien Descotes-Genon, Ryosuke Itoh,
Andreas Jantsch, Heiko Lacker,

Andreas Menzel, Stephane Monteil,
Valentin Niess, Jose Ocariz,

Jean Orloff, StéphaneT’|Jampens,

Vincent Tisserand, Karim Trabelsi

See also
Laiho & Lunghi & Van de Water (http://krone.physik.unizh.ch/"lunghi/webpage/LatAves/page3/page3.html);

Lunghi & Soni (1010.67069).



M.Bona et al., UTfit .
’ www. utfit.or
JHEP0507:028, 2005 utfit.org

A. Bevan, M. Bona, M. Ciuchini,
D. Derkach, E. Franco, V. Lubicz,
G. Martinelli, F. Parodi, M. Pierini,

C. Schiavi, L. Silvestrini, A. Stocchi,
V. Sordini, C. Tarantino and V. Vagnhoni

See also
Laiho & Lunghi & Van de Water (http://krone.physik.unizh.ch/"lunghi/webpage/LatAves/page3/page3.html);
Lunghi & Soni (1010.67069).



N(N-1)/2 angles and (N-1)(N-2)/2  phases

N=3 3 angles + 1 phase KM
the phase generates complex couplings i.e. CP
violation:

6 masses +3 angles +1 phase = 10 parameters

Vud V Vub
Vcd Vcs Vcb
Vib | Vis [V

us

C12€13 $12€13 syze” "1
= | —519C23 — €12893513€™13  C19Co3 — 5128935136018 S93C
12C23 — €12523513 12C23 — 512523513 23€13
is is
| 512893 — C12C23513€""1%  —C12893 — S12C03513€""%  C23C13




v, |lv. v, Quark masses &
: Generation
Va | Ve | Vo Mixing

B-decays e” |V 41=0.9735@8)
/VX/< 1V, | =0.2196(23)

Qown_[~\p Ve 1V,,1=0224016)
| V| = 0.970(9)(70)
Neutron 1V, | = 0.0406(8)

Proton 1V, | =0.00409(25)
|V, 1=0.99(29)
| V,4l (0.999)



AN x 5
. -A A 1
(I-p-1m)

A~02 A~0.8
n~02 p~0.3




The Bjorken-Jarlskog Unitarity Triangle

b | V;; | is invariant under
1

®— 0 — ® phase rotations

d, l 1 1 a; = Vg Vu:: Via Vas' )
dz b, Az = V3 Vy G3= V3 Vs,

Only the orientation depends
on the phase convention



Unitarity: A A

BY T, T

()

Finite Area = CPV

Bi=fan™ ( = =
BY = / WK




Measure Vekm Other NP parameters

C(b—u)/T(b—c) p*+7° AN, F(D), ...

For details see:
UTfit Collaboration

http://www.utfit.org




I -
Unitary 2005
. sin2f3
Triangle
SM 0s |
semileptonic decays —
0
Experimental col _'. 03 0 05 D
0
A Meas. Vo i\ X other (2, 1)
= Y -,
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-Sl L
V “ 9 Ny _9 — 5
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/'(\ TN} B[\ ) x 7(1 — p) /
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Classical Quantities used in the |

Standard UT Analysis 6390 (98%%) CL
Vub/V cb €k Amd Amd/ Ams
M " faBY I
—J NOTTUN OO | LBK L_AJ ..............................................
v T- L A T TI C E

Inclusive vs Exclusive ; n TS S
Opportunity for lattice § :
QCD B
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New Quantities used in the

UT Analysis

UT-ANGLES

Several new determinations of UT angles are now available, thanks to the results coming from the B-Factory experiments

sin2f}

cos2f}

1= @ =
1 1
osf- 05
0|

0
-D.Si— X

B Ik

New Constraints from B and K rare decays

1 1 1
-0.5 05 1

Bomm,pep’

(not used yet)

!

sin(2B+7y)

%)

=05~

New bounds are available from rare B and K decays. They do not still have a strong impact on the global fit and they are not used at present.

K—>1mvyv

BTV

(B—=p/w Y)/(B—K*Y)

=




Unitarity Triangle analysis in the SM:

Observables Accuracy

[Vl Vel ~15%

€« ~ 0.5%
Amy ~ 1%
|Amg/Amy| ~ 1%
sin2p ~ 3%
cos2p ~ 15%
o ~ 7%

Y ~10%

BR(B — tv) ~25%
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P =0.129 10018 T =0.348 + 0.012

0 =(88.7= 3.1)°
sin2pB = 0.693 = 0.021
B=(21.95 + 0.87)"

v=(69.2 = 3.2)0

A=0.827 +0.013

A=0.2254 +0.0007

0= (88.5+28 )
sin2f3 = 0.689 + 0.019
ﬁ — (2179 + 0.78_73 )0

y=(69.7 712 ,¢)°
A=0.823+ 0.012_0’033
A=02246+001_,




Global Fit Wlthln the

SM Fit
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In the
hadronic
sector,
SM CKM
pattern
represents
the
principal
part of the
flavor
structure
and of CP
violation
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Consistence on an

—— Y' N\ E over constrained fit
1ol ' " amesn -  of the CKM parameters
am, 5 =0.129 0918 509
_____________________ E N =0.348 +£0.012
| a=(88.5 28 )
i 1| sin2f =0.689 +0.019
) e ?:L'J.”L.i‘::&;ss,f B=(21.79 * 078 73 )°
T ]-ol.sI Y ]o.lsl 10 11.Isl Y Y: (697 Hl3 -238 )O
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CKM matrix is the dominant source of flavour mixing and CP violation



UTfit

The CKM matrix in the SM

Spring 2013
| 0.9742(1) 0.2255(6) 3.6(1)-10%“‘69(3)\
—0.2253(6)e W 0.9734(1)e M 4.21(6)-107
8.9(2)-107e W —413(6)-107% MY 0.99911(2) |

Standard parametrization (PDG)
sin@,,= 0.2254+0.0007 sinO, .= (4.207+0.064)-102

sin@ = (3.64£0.13).10® & = (69.2+3.1)°

Wolfenstein parametrization

A =0.22535 +0.00065 A=0.827 +0.013
p =0.136 +0.021 n = 0.359 + 0.014



SM predictions: Bd & K

Measurement o Prediction
sin2p 0.680+0.023 3.5 0.755+0.044
Y (70.8+7.8)° 11 (68.6+3.6)°
o (90.9+8.0)° 9 (87.7+3.6)°
|IVeb| 103 41.0:1.0 25  427:0.8

Vub| 103  3.82:0.56 15 3.64+0.13

&k 103 2.228+0.011 0.5 1.88+0.20

Pull(o)

B(Botv)  (99+25)10¢ 25  (83:8) 10

B(B —>1v) = (167 + 30) 106



The SM prediction can be obtained removing Y from the full fit.
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The issue of central values is
now under discussion,
however, both results show
that there’s no tension in this
sector. 10



inclusives vs exclusives Spring 2013

> - . :
= . B No Semileptonic .
2 - B Exclusive UTflt
- XA Inclus winter13
% 0'015__ [ ] Experimental
E I
% _
P 0.01_—
o i
P .
only o l only
exclusive 0.005+ Inclusive
values - values
Sin2By ¢ = - s gi;‘gf a4
0.723 £0.036 85 o6 07 08 09 1 9T W
~1.30 Sin2B ~2.60
sin2Byfit = 0.76 £ 0.10 < no semileptonic
~0.90 courtesy of M. Bona

Marco Ciuchini KEK-FF 2013 Page 28



BK 1.ice = 0.73320.029
oos (NN i update FLAG value
BK 1ice = 0.766£0.011

G(Bk)

0.04 EERNNNEAN .....

003 By, = 0.866=0.086

0.02 . A. Buras, D. Guadagnoli, G. Isidori
Phys.Lett. B688 (2010) 309-313,
e-Print: arXiv:1002.3612 [hep-ph]

g NEED A BETTER
. 02 04 06 08 1 12 14 B1.6 CONTROL OF
Spring 2013 < A/mc CORRECTIONS

0.07 REREE . . ;mm@

0

A larger value of |V | would reduce the deviation:
|V 1.596—>110c

cblexcﬁ



more standard model predictions: Spring 2013

our home-made average: from LHCb evidence 2 90 -+ 007
BR(B—tv) = 1.4 +0.22 10* BR(B,—~up) = 3.2 + 1.5 10°

= 60 —~ 10— 60

° e M 8

; i

) Q

o o

i @

© ©

15 2 25 3

BR(B—tv)[107] BR(B_-II)[10°]

5 10 15

indirect determinations from UT 3.34 +0.12
BR(B—>tv)= 0.814+0.072 10*  BR(B,—Il) = (3.47  0.26) 10°

M.Bona et al, 0908.3470 [hep-ph]



more standard model predictions: Spring 2013

BR(B — 1v)

0.30 A7
0.25 :
0.20
0.5 |-

0.10

0.05

0.00

our home-made average: from LHCb evidence 2 90 -+ 007
BR(B—tv)= 1.14 +0.22 10* BR(B,—~pu) = 3.2 + 1.5 10°

—~—~

% ---- Prediction w/o Am,
FPCP 13 -

-- Prediction w/o f,

[ Prediction
1-0 T T T ] lf.‘r' T r 1 T T —I T 7"}; l T T T T T T l T T T
; ,

p-value

Br(B_—up) [107)]

BR(B_-I[10°]

" Bi(Beo §)=(363" " ax10°. T
‘ed) curve represents the prediction re

M.Bona et al, 09



*

the theory error in sin23 from B — J/WK is small and
under control. A conservative bound obtained from
data is included in the analysis

BR(B —tv) demands a large value of |V ,|.

The theoretical uncertainty, due to f;, is controlled
by the fit

The &, deviation is triggered by improvements in B,
from the lattice and the inclusion of the ¢ term a

la Buras-Guadagnoli(+Isidori). Yet the ¢, formula

is not under control at the few percent level

|V,,| from semileptonic decays is still not theoretically
sound as necessary (incl. vs excl., models, f.f.,...).
Yet a simple shift of the central value alone cannot

reconcile sin2 and BR(B —wv) (and ¢y )



Is the present picture showing a
Model Standardissimo ?

An evidence, an evidence, my kingdom for an evidence

From Shakespeare's Richard 111

1) Possible tensions in the present SM Fit ?
2) Fit of NP-AF=2 parameters in a Model “independent” way
3) “Scale” analysis in AF=2



What for a ° ' standardissimo” CKM
which agrees so well with the
experimental observations?

/ /

New Physics at the EW New Physics introduces new

scale is "flavor blind” sources of flavor, the

> MINIMAL FLAVOR contribution of which, at

VIOLATION, namely flavour || MoST < 20 7% , should be

originates only from the found in the presenf.dafa,

Yukawa couplings of the SM || €9 ! the asymmetries of
Bs decays







Only tree level processes Vub/Vcb and B-> DK®
- ‘ 5

CP VIOLATION
PROVEN IN THE
SM |

degeneracy of

y broken by
ASL

Am = |As| = CBS Ame

20,=—argA; =2 (Bs— 03,)

(B, —1'X)-T(B,—1X) (rgz)

ASL:F(BS — l+X) +F(Bs — l_X) A_s




Main Ingredients and General Parametrizations

Fit simultaneously CKM and NP parameters
(generalized Utfit)

' A== (M#AM) Ty,=M|0|M)

Neutral Kaon Mixing
ReAg = Cpp, ReAY!  ImAg = Co ImAY!




B, and B, mixing

: : . ANP :
Aq 821% — CquZI(be X AgM ezlq’SM — (1 e ‘&Z—Mem(q)g P_¢2§M)) X AgM ezng
q

ASM g 2iBs - ANP @2i(077-B) (Bs|H§‘}I|Bs>

APe 3 (BJHMIB)

+——
R

ei2(¢§”+oaq)
(n

CPen

— e (057057 +208,) 79

R{

Cqun and cl)qP " parametrize possible NP contributions to
[, from b -> s penguins




Physical observables

Amg= IAs| = CB, Ame

20,=—argA; =12 (Bs - ¢BS)

_ oy - )
A§L=F(Bs—>lX) F(BSAIX)_Im(i)

(B —»I"X)+T(Bs—1"X) A,

AP — fd XdOAgL+ﬂXSOA§L
ok JaXao + fsXs0 .
. ( _12) s _ 1 14(AL,/2T)
B, — 2
FSI_(AFS/ZFS)







=t A = -0.0003 + 0.0021 epor deoduomn
<"’ i gBeIIe apd DO
A, °=-0.0109 + 0.0040 |
r==0.309
QA=
X ) 4
bq bd/bs I
‘
n 1 i
HFAG
Discrepancy driven by the DO like-sign dimuon asymmetry -0.03
. | . : i |
A, "= (-0.787+0.172+0.093)% 002 -001 0 A)S-E)(%o)
@ Same-sign dimuon charge asymmetry yields Ag; D@, CLH

(—8.5+2.8)-1073 [2010] — (—7.4 +1.9) - 103 [2011]

@ Linear comb. of semileptonic (flavour specific) asym. for By s

g _ [(Bg(t)—=£tvX)—T(Bg(t)—£~ vX) : . .
31 = F(Ba(D) ot vX) 1T (Ba(D—b-wX) 7 0 — CPV in mixing

@ Discrepancy from SM expectation Ag; = —(0.20 +0.03) - 10—3
[Lenz, Nierste 11]

S. Descotes-Genon (LPT-Orsay) CPV, SM and NP 11/06/12 12




e P(B, — By) # P(B, — B,)

LHCb: pp collider — production asymmetry

_ NDzpt)-N(DFp~) _

al, al,
Ameas - N(D;#+)+N(D§N_) - 2S + [aprod o TS]K’Q

due to fast Bj oscillation time integrated agl measurement possible (ks = 0.2%)

however for agl time dependent analysis required (kg ~ 30%)

=002 ——— U -
: S
S D09 k] ag; = (-0.06 £ 0.50 &= 0.36)%
ok LHCH 18 M| LHCb-PAPER-2013-033-001

. . d
Gl i single most precise result on a <l

0.02F

using partial reconstructed
LHCb * B — D*{v + kaon tags:
R B YA N d 40.36
.. . - b ag =(0.06 = 0.161537)%
0.04  -0.02 0 0.02 _
ad Babar: arXiv:1305.1575

Stephanie Hansmann-Menzemer 14



Angular analysis of Bs — J/1¢ to measure (¢gs, Al gs)
In SM, ¢pgs — —208s = 2 - arg( Ves V3 / Vis Vi) = —2.1° £ 0.1°

0.6 COF Runli Prel. 2.8 b '+ DO 28 fbj‘

o 68% OL
oo 95% CL -

2041 99% CL
-
q 0.2 i

0.0 z -

0.2+

0.41

0870 05 00 05 10 15
B;/w’[rad]

@ 2010 CDF/D@ ¢pgs € [-67.6°,—30.9°|U[—148.9°, —111.1°]




¢Bs

Angular analysis of Bs — J/¥¢ to measure (¢gs, Al gs)
In SM, ¢Bs — _2183 — 2 . arg( st ng/ Vts vt*b) — _2.10 :]: 0.10

: ¢ Standard Model
04 . — 68%CL )
" 95%CL _ s ot
0.25 , /_\ LHCH  1fb
A : P )
. 00E S
02F \v
04 -
-3 A ‘-2 -3 0 1 2 3
@ 2012 updates ¢/v (rad)

o DD (8.0 fo~): ¢gs = —32°12%,
e CDF (9.6 fo~'): ¢ps € [-34°, —7°]
® LHCb J/v¢ (1fb~"): ¢pgs = —0.1° £5.8° £ 1.5°
o LHCb J/vK+K— (1fb~1): Als >0
@ here: combine available LHCb and CDF (¢gs, Al's) likelinoods
[LHCb: 0.4 fb~' (2011) and 1 fb—' (2012), CDF: 5.2 fb—]

S. Descotes-Genon (LPT-Orsay) CPV, SM and NP 11/06/12 15



Am_[ps™]
28,
Al' /T
A_:-10

CPV IN Bs Spring 2013

Measurement % Prediction Pull (o)
17.72+0.04 0.2 17.5+13 <1
(0.3:2.5)° 120 (2.13+0.09)° «1

0.137+0.016 12 0.147+0.014 <1
-109+40 37 -3.3+6.8 +2.6

See also: Lenz & Nierste '07;
Lenz et al. "11, "12; UTfit '07;...

.................

..............................




LHCb <1.0fo"+ CDF 9.6fb '+ DO 8fb™ +ATLAS 49fb"

‘_"_‘ 0.25 :{ Al LI | l l -1 1 L} r '\ Al L) L) l L} L) L) L) l L) L | l 1 1 *:
IU) - D@\\\ HFAG B
- . PDG -

£ 020 ]
" N 68% CL contours
— - (Alog £ = 1.15) 7
<1 015F i \LHCb E
0.10 — e ,f':(_)_qrj]bined _:

a CDF = P -

0.05 : . SM ATLAS .

0'1 ] 1—1- ------- ] ] 1

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

¢ [rad]

LHCDb result (Phys. Rev. D 87 112010 (2013) - 1fb—1):
¢s =0.01 & 0.07 £ 0.01 rad
AT, =0.106 £ 0.011 £ 0.007 ps—!
[, =0.661 + 0.004 + 0.006 ps—!

Results

Stephanie Hansmann-Menzemer 12




NP parameters (i)

& *Fdark: 68% >
e ' . ) =
& % light: 95% U g 2;.‘%
o SM:redcross o L e
s = ' SM: red line
0 S
e i
-5 o :
<10 0.5L
15 ’
20002040608 1 1.2 1.4 16 1.8 2 . B E— 2
CBd CEK
Cn, = 1.01+0.15
Bd - C, = 1.08:0.18

(I) By -~ (-2.213.7)0
ImA,=C.ImAY"

Am,=C, (Am " ag’ """ >sin2(B+q, ) M
al,=Im(r%/A,) AT‘/Am,=Re(r%/A,] e =C. ey



NP parameters (ii)

20
¢~ “Fdark: 68%

e_m"gs light: 95% UTst CBS: 103i010

10-SM: red cross winter13

e D= (-0.84+2.5)°

20002040608 1 12 1.4 16 1.8 2

Cpg,

Am =C, (Am ™" al"""»—B +q,
a3, =Im(r3,/A,| AT*/Am =Re(I,/A |



TESTING THE NEW PHYSICS SCALE
Effective Theory Analysis AF=2 Cj (A) =

Effective Hamiltonian in the mixing amplitudes
3

H3f22=2 C,-<u>Q,.<u>+§, C.(1)0,(u)

0,=q;y.brqry"b; (SM/MFV)

A2

C(A) coefficients are extracted from data

0, —qu“ gib" O,=q¢%b" g% p" L is loop factor and should be :
b% 7°b" _—x, B—B1 B L=1 tree/strong int. NP
b =qgpb b
54 iyt O:=4xb1 d1bx L=0? or a2y, for strong/weak
1=qrY.br azY" bk
b“ hp TRy perturb. NP
Q =q, qr O:;=q:b,9:D%
F =F\=(V.,V4*)?
F1 =(S)M ( tq " th ) MFV
j=1
|F; | =F
b SN NMFV

arbitrary phases

F;| =1

. Flavour generic
arbitrary phases



results from the Wilson coefficients

the results obtained for the flavour scenarios:
In deriving the lower bounds on the NP scale, we assume L, =1,
corresponding to strongly-interacting and/or tree-level NP.

L. Silvestrini

present lower bound on the NP scale for
L=1 and F, = 1:

frome,: 4.9 10° TeV

from D mixing: 1.3 10* TeV
from B, mixing: 3 10° TeV

from B, mixing: 8 10% TeV

V. Bertone et al.
arXiv:1207.1287 [hep-lat], 2012

—
o
~
LRl

E - [WReC,| ICHEP12
ImC

- 10° = &

o _ .Co

® | C M

8 10’;_* cu

O b C—

.

10°

il

q L)
Scenario| strong/tree | a, loop | ay loop
NMFV 19 1.9 0.6
General| 2.7-10° | 27-10' | 9-10°

Lower bounds on NP scale
(in TeV at 95% prob.)




Lower bound [TeV]

NP scale - Generic FV
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Lower bound [TeV]

NMFV: SM-like
Flavor Couplings

Non-perturbative NP
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0.001
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Lower bound [TeV]

-t

A>105 TeV

0.1

NP scale - NMFV - Weak coupling
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NP in o, loops
A>3.2 TeV

preliminary results



CONCLUSIONS

2)

3)

4)

8)

The high precision of the SM UT Analysis allows to test the
SM and to search for NP at a level which 1s competitive with
direct searches

CKM matrix 1s the dominant source of flavour mixing and CP
violation o(p)~15% & o(n) ~4%. SM analysis shows a
good overall consistency

There are a few tensions that should be understood : sin2f3,

Br(B—>t v) and to a lesser extent €, . A single value of V
cannot resolve the tensions.

In B; some tension in a,, and leptonic asymmetries (assuming

SMT',,)
The suggestion of a large Bs mixing phase has not survived to

LLHCb measurements.

Thus for the time being we have to remain with a

STANDARDISSIMO STANDARD MODEL but ...




THANKS FOR YOUR ATTENTION




