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Topics to be looked at (coming years):

SM looks to be complete

KM mechanism established but NP???
Hierarchy problem

Neutrino mass/ parameters

Dark Matter

Baryon Asymmetry of the Universe (BAU)
New Expt. Improve precision/sensitivity
NP-sensitive/ Mod. independent observables



Flavor Factory/ LHCb/ Belle Il

Precision CKM (electron-positron collider)

New Sources of CPV, huge data set

Lepton Flavor Violation/ Lepton Universality
Exotics/ Spectroscopy

Better Tagging (better efficiency than LHCb)
Clean environment to decipher NP

Improve precision/sensitivity of Super-FF : 3-10
Test CKM paradigm and determine V@ 1%

Belle Il complimentary to LHCb



Flavor Physics & CP Violation

Huge data with e* - e colliders + LHCb + Belle |
Discrepancies/ puzzles
B > Kt ( AAp ) (hadronic modes)

B = D*ltv, B = tv and t decays

B, 2 uw, o, J/Yd, dvy, vy
Kaon, Charm, Tau and LFV decays

Neutrino Physics



t=0
We need to know the flavour of the B a1;<a reference t=0. !

Att=0 we po Az=Abvpe

B 0 know this

meson is B° 4.7
Y(4S)° ' —.

BY

_ /
Y

By =0.56

The two mesons oscillate
coherently : at any given
time, if one is a BY the
other is necessarily a B°

_

In this example, the tag-
side meson decays first.
It decays semi-leptonically
and the charge of the
lepton gives the flavour of
the tag-side meson :
[-=B? [+=B".
Kaon tags also used.

Azj:'picoseconds
later, the B/ (or
perhaps it is
now a BY)
decays.




CP violation in decay: direct

can take place both for
neutral and charged B's

A

A
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f

- can have fime-dependent and -independent

manifestations

- Need two competing diagrams of different

CP-violating and -conserving ph

CP violation in mixing: indirect

only neutral B's are possibl
affyec‘red P /

ases
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- SM predicts very small effects

violation from mixing/decay interference:
only neutral B's possibly affected

purely time-dependent effect

arises due to interference between decay

with and without mixing
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The CKM model:

The 3 family scenario:

o () () oiad

The weak states d', s' and b' are related to flavor states d, s, b

' ",ud "',ll.\' ‘fub d d
sl =1 Ve Vs Ve s | =Vekm | s

[

b Vie Vis Vi b b



where
/"izd ‘u 8 "ﬁ"u.l;
Vekm) = Va Vs Vo |-

» The mixing matrix V called the CKM (Cabibbo,
Kobayashi and Maskawa) matrix contains three real
parameters (Cabibbo-like mixing angles) and a phase
factor 6 . Due to the phase 9, the matrix is complex
and this introduces the important possibility of

CP violating amplitudes in the SM.

V is UNITARY



UNITARITY TRIANGLE :

The unitarity of CKM matrix implies
various relations between its elements.
e Unitarity of CKM matrix: ViV=VVT=1

It gives 12 eqns (6 normalization and 6
orthogonal)

* Orthogonality cond"s. can be represented by
6 triangles 1n the complex plane.

‘ud‘ +‘(d‘ ¢b+‘fd‘ lg_o



Wolfenstein parameterization of the CKM matrix V:

Vig =1- 3\ Vis=A Vi =AN(p—in)
V= Veg = —A Ves=1-32X2 V= AN
Via= AN(1—p—in) Vi =—AN Vip=1

A~ sinf, ~0.22

magnitudes phases
s b d s b

d
- u B
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The CKM matrix and the Unitarity Triangle

Weak states CKM matrix Mass states

2 |n SM, Mass states # Weak states

(d"\ (V / ’
2 Flavour dynamics: weak transitions which d N Vo Pw s IO
mix quarks of different generations s |\=|\V, V., V,I||s
= Encoded in unitary CKM matrix (V__ ) \b") L v, V. V,)\b

s 3 generations = 4 parameters describing V_,, : |
« 3real and 1 phase = only source of CPV in SM -7 A ) Wip=-m

\? 2
* Wolfenstein parametrisation, defined to hold in all -A Y A

orders in A and rephasing invariant AN(1=p=in) -AN |
= Explicitly shows V _ generation hierarchy

Vis|? A2)\4 |Vieo|?
Vud2~Vu32 Vudz"'|vus2

N Vud Vl;b
Veg Vc.b
|D'_f\)

A2 = p+ iff

o

# Unitarity triangles . N .
. . . VuVe / ‘ V, Vi

« Graphical representation of V., unitarity VoV ' TS

« ~ . o b

. B, triangle: ViaV)y, + VeaV3 + ViaViy = 0 Ny

<
-
~
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New Physics in Penguin Now
sin(2B") = sin(2¢;") FEXS C,=-A, T

ELAINA

AS is consistent with 0.

18 18 14 A2

-1 08 06 04 92 0 Q2 04 06 08 1 12 7O,

kS
-
5]
—

T " BEIT, T BaBar Ly £ = o 005 TU. TS T U035 |
: 3 e e e 0T o] | e Belle - -0.04 +0.20 + 0.10 + 0.02
! 0.90 7y > V%’ : - 001 £0.14
- L - e BECOOS L N R = < = +.{ DGR F0O0BF007
: e SUUBYIO0E T Y0 3 gelle; 0.01 007 £0.05
- : ! : Oﬂfgggtgg o L g:v f: o= -g?g: 88‘3
= e!_ K M o . _0_3_4-1-”7_3.".:. 'l. i =V,
- 94 pa 1 U006 e ‘0.31 £0.20 £0.07
- omigmiooe | ¥ Ketge T 024014
S 4 LA 3 '-E Vb 0:{3¥ 013003
T : K5 30205 £ UK o .0.14 +0.13 £ 0.06
p : - 0.8712.2;13.(”; % v ' 0.01 +0.10
T : AP -4 LU [ Shiis™ S 'Igi """" 005% ¥0.10¥ 003
T e [ e Bolle 003 #3011 +0.10
164 am20W20WR || o .. Average o el Q0f £ 0.20
V=== e U J— 'I'J'”'“V.' '.,J',J':.:- Ity 18:]( o 52 .0: s 003
g‘ y . o oM - N 'e » —— ——— o.mto.g:o-w
0.11 20462007 +
_ 0.45 + 0,24 L 032017
[re—— oal S Fyade{ e T RABACT T T T T el 0.15'+0!16
x ‘ 0.69 ~HE 0.13£0.17
r 0.60 11 - 0142012
i G V52 30,06 £ 0 0" < 0 TOLS I a
0.48 40,53 -3, o T
e [ TATVE 0TSO0 .1;:5:0.04:(2@
F : 0.20 + 0.53 o .. 043 50%-
EESe e DT Y0V LU0 052’01
o - ; 0724071 “w ; 023+054
| ke LR R R % - : 0:20°+0.14 = 006"
g e B 097 5 Z : ©020:0.15
P e TOTEVINTO0E LU0 | [ G 8 i 00T £ 02457 0.06 £ 005"
. + . . >
§3{ UES ‘.'g’?:lf‘?%'%g' R B = I 0?‘2:88&28%36
s x 0.76 *4 ik ¥ Belle : 0.14+0.11 2008 £0.03
- 068 .[ 10 . P AVGI' } ‘ - 0.% > 0.08
[ S S 08ESUP) | [ X 3¢ Averape " 1" b ann . 0.06 £0.06
-2

No evidence of direct CPV.
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s+ Observables
« Use QCD CP invariance to build hadronic independent CPV asymmetries
« Or determine hadronic inputs from data
« Observables double requirement
» Good experimental accuracy
-~ Satisfying control of attached theoretical uncertainty

«+ Statistical framework to combine data and assess theoretical uncertainties

Alejandro Pérez Pérez, CKM2016 TIFR, Mumbai, Dec. 1st 2016 g



CKM fitter

The global CKM fit inputs: Unitarity angles

ICHEP 16
n = B-app (WA = Combined
s o and the legacy of B-factories T A e okt
8% (pn)° Dalitz (WA)

» Combined analysis B—oan,pw,pp
« Using isospin to separate penguin and tree
. o, =(88.9"2% U (1776723 )

1.0
E""["""'l"'l"".l""":'F‘"""“
w v

p-value

s yand a some help from LHCb b, .
« B oD™K® vs D*°K™*" with 3 diff. D° decay modes ~ * * * © § v e e oW
» Charm inputs: CLEO, BES BABAR, Belle, CDF, LHCb

V= 225y . R
10 ey N
s BinB-(cc)K os
+ Interference between mixing and decay § os - ]
« A_(t)=Ssin(Amt) - C cos(Am t) & oaf b
« S=n_,sin(2B)=0.691+0.017 [HFAG] o2
S 6w

Alejandro Pérez Pérez, CKM2016 TIFR, Mumbai, Dec. 1st 2016 ! 8




The Unitarity Triangle: all constraints
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A consistent picture across a huge array of measurements



b— s y(£f): FCNC processes

They provide, at relatively low energy, probes to NP at large mass scales

« Within the SM, these processes proceed via loop/box diagrams like

u,c1

-

E 3=l
2,0
+ 0l

g ",
‘:' b = b — Y > —» 5
- - ‘\ l' I ?
- N [ -
]) J 8 1 1 ‘\‘ - - i

Gluino loop

Eli Ben-Haim CKM Workshop, Nov. 30th 2016 3



CP

» exclusive semi-leptonic decay probing the b — s transition
» 4-body decay: angular distribution with many observables sensitive to NP
» “self-tagging”: sensitive to CP violation




B — K*(— Km)u*pu~ angular decay distribution

d‘r 9

= X
dg?dcosf;dcosfy- d¢p 32w

{/.S sin® B~ + I cos® Bk + (/; sin® Bk- + [ cos® Ox- ) cos 26),

+ L sin® Ox- sin® §, cos 2¢ + /. sin 20x- sin 26, cos ¢

+ I; sin 20k- sinf,cos ¢ + (I; sin® B+ + IS cos® Hk- ) cos b,

+ 1, sin 20, sin 8, sin & + I, sin 20~ sin 26, sin @ + I, sin® B~ sin® 6, sin 2¢}

» Full set of observables: 12 angular coefficient functions /,(g°)



B — K*(— Kwm)utu~ angular decay distribution

d‘r 9 y
dg? dcos @, dcos fy- dp 32w

{ + 15 sin® k- (3 + cos 26,) — /52 cos? Ok- sin® 6,

+ I3 sin® Bk~ sin® 6, cos 2¢ + /. sin 20~ sin 26, cos ¢

+ I- sin 20~ sin 8, cos & + I sin® Bx- cos b,

+ & sin 20k~ sin @;sin ¢ + k= sin 20k- sin 26, sin @ + l sin® Ox- sin® 6; sin 2¢}

» Full set of observables: 12 angular coefficient functions /,(¢°)
» Neglecting lepton mass, scalar/tensor operators: 9 independent /;(g°)



B — K*(— Kw)u*p~ angular decay distribution

d'r _ 9
dg? dcos ), dcosfx- dp 32

{ + 1; sin® Bk~ (3 + cos 26,) — 52 cos® - sin” 6,

+ I, sin® Bk~ sin® 6, cos 20 + . sin 20~ sin 26, cos ¢

— 1- sin 26 sin @, cos ¢ — . sin® @~ cos b,

+ 1, sin 26k~ sin @, sin ¢ — I sin 20k~ sin 26, sin @ — I sin” Hx- sin® &, sin 2¢}

» Full set of observables: 12 angular coefficient functions /,(g°)

» Neglecting lepton mass, scalar/tensor operators: 9 independent /;(g”)
» CP-conjugate decay: another 9 independent functions 7.-(q2)




Basis of observables

» consider sums and differences of /;, /; to separate CP violating and CP
conserving NP effects

» normalize to CP-averaged decay rate to reduce th. & exp. uncertainties

CP-averaged angular coefficients

@) = (1 + 1) 4D

CP asymmetries

4 = (1) - 1) /22D

[Kruger et al. , Bobeth et al. , Altmannshofer et al. ]



Kinematical regions

dBR(B «» K u*u~)/dg* = 10" [GeV )

a 5 10 5 2
q° [Gev7]

» low g% < 6 GeV?: expansion in my- /Ex-
» intermediate g° € [6, 15] GeV?: cC resonances, B — K*(— p™p™)
» high g% 2 15 GeV?: expansion in Ex«/+/q°



Alternative bases of observables

To reduce theory uncertainties related to form factors, one can change the

normalization of the S,;(a) and Afa) and find “optimized” observables for low or
high g°

Low g° High g¢°
25 25
P — 4 H(1) - 4
Y VERQO=FR) T VR(—F - 5)
S- S
P/ _ 5 H(2) _ 5
> VRO =-F) T VRO —F+ %)

[Descotes-Genon et al. ] [Bobeth et al.



SM VS. data: FL [Altmannshofer
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1.90 tension at low g2
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SM vs. data: S4 [Altmannshofer and DS

0.4

~0.2} . 1
C¥=-0.1, C;=-02

. C¥=-15,0=15 |

~0.4r

C¥=-2, Cjy=-1

5 10 15 20

2.80 tension at high g°



SM vs. data: Ss (2imannshofer and Ds

4
04l CP=-0.1 ,C;=-02 1
' C;'==15.C=15
02+ (‘:'—~2.C1_—~l :
vy 00
_02 L
~-04

2.40 tension at low g°



The “B — K*u™p~ anomaly”

» There is a tension in some angular observables B — K*u ™ p~ that could

be due to new physics (or statistical fluctuation, or underestimated theory
errors)

» If due to NP, it requires a simultaneous contribution to the Wilson

coefficients Cg and Cg in order not to violate constraints from other
processes

» Which actual NP model could explain such an effect?




Solving the anomaly with a Z’ boson

s s
LA .
QDM‘{ A
b T

LD % [W‘(gésPL + gpsPa)b + fiv*(gy + 759,’2)#] z,,

{ar.a} o« 72 {(ak)al). (dBah))

[Descotes-Genon et al. , Aitmannshofer and DS , Gauld et al.

. Buras and Girrbach . Gauld et al. , Buras et al.



Problem???

B BaBan
B ZHDM

R(D*)

02 04 06

@ Remains a puzzle
@ Analysis in terms of general parametrizations

@ More data

An effective theory approach to explain the problem:
RD, AB and AG, PRD, 88, 114023 (2013); JPG (2014)



C. Boaz

Semi-tauonic decays

* B - D(*)rv are tree level decays mediated by a W in SM
* Lepton universality in SM, might be broken by mass-dependent couplings
-> Probe SM extensions to models with e.g. enlarged Higgs sector, Ieptoquarks

pt ! ;1 i o
b w v u
5 B
o
D"

-> Test SM by measuring ratios R(D) = I'(B — Dzv) R(D") = I'(B — D'zv)
theoretically and experimentally cleaner I'(B — Df¢v) I"(E — D" V)

-> Renewed interest in this area, after anomalous result of Babar (next talk
PRL109, 101802 (2012)

i - R(D(*)) at LHCb - CKM2016 2




= (pf + pu)2

2
= (P8 — Pp=) T
« ltis not a rare decay: BF~1-2% T <
+ 3-body decay: many observables _ W / H U
sensitive to NP can be exploited b < s C
| BT D ¥
[ Signal ] q a
4 T Theoretically Clean
R ( D( %) ) o B ( B—D (*)7‘ I/) Cancellation of |V | and Form Factor
= uncertainties (partially: the helicity-
B (B — D™y ) suppressed amplitude estimated from
- ad HQET)
Normalization
(largest background)

« Experimentally clean with leptonic tau decays
* B(t — qww),B(t — evv) = 17%
« |dentical visible final state and direct access to R(D) and R(D*) ratios



@ The effective Hamiltonian describing b — s/ /™ process is

4GF

Her = \/— thvzs z Ct(ﬂ)on + z (Cl(ﬂ)ol + C (ﬂ)o )
E i=7,9,10
i=1,2 Tree i =9,10 Electroweak Penguin
i=3-6,8 Chromomagnetic Penguin i=$S Scalar Penguin
(=7 Electromagnetic Penguin 1 Pseudoscalar Penguin

@ The effective Hamiltonian mediating the semileptonic decays b — c7vr is
given by
4Gg / [ i / [ ml
Hor = "5 | (8- + Cly ) O, + €L, OV, + €505, + C5,05,,

@ where the operators are

Ov, = (ey"b.) (Fuvuvn) s O, = (Sr7" br) (Fryuvn)
O’s1 = (Cbr) (FrRYL) , 0’52 = (Crbv) (Trw) .



@ Recently LHCb and B factories have observed violation of lepton
universality in b — s/7/~ and b — clv; processes.

@ Br(B™ — K7 ee) in agreement with SM.
@ Can be explained if possible NP contributes to b — supu not to b — see.

@ If same anomaly persists in Rx-, it would be clear signature of NP.

Observables Expt. value SM prediction Deviation
R = S&=rcie ) 07457395 40,036 1.0003£0.0001 260

Rp = Faorl 0.41 +0.05 0.286 + 0.012 1.90

Ro- = Fra—pery 0.317 £ 0.017 0.252 + 0.003 3.30




1

LFU in Bt — KTt~ LHCb, PRL 113 (2014) 151601

BR(BT - KT putu™)
BR(B+ — K+ete™)

[C. Bobeth et al., JHEP 07 (2007) 040]

R(K)M = =1+ 0(107%)

e FCNC process, only ocurring at loop level in the SM

* Measured relative to BT — KTJ/¢(l71™) to cancel experimental
systematic associated to differences between electrons and muons

'».— 4()’ T Y T T . )(IO‘ . .
z «\» LHG S LHCb
g Z ]
- = (a)
[ P N
2 3
g 3
o =
0775000 5200 5400 5600 Y0 : L -
: o< Frete™ (Mo V/ed TUS000 5200 5400 5600
mE'ee) vy m(K*e*e’) [MeVic?)

Note: FSR simulated using PHOTOS. Dominant effect to g° migration is
Bremsstrahlung in the detector.

4
P. Alvarez Cartelle (ICL) LFU & LFV @ LHCb /18




e Measurement performed with 3fb~! of data, in 1 < ¢2 < 6 GeV/c?

Ry = 0.745 10-099 +0.036
Compatible with SM at 2.60

— Consistent with b — suu
anomalies, if NP couples only
to muons and not electrons

——[LHCb —=—-BaBar ——Belle

0".A..1‘..A1..AA1..A‘1A.
0 5 10 15 20

q* |GeV?/c)

— Clear motivation to explore related LFU ratios (Rg-«0, Ry, ...)




Global fits to b — syt~ observables
Model independent approach

HT ~ Y (CPM + AChP)O;

where heavy fields are integrated out and Wilson coefficients (C;) and operators
(O;) encode coupling strength and Lorentz structure

Branching Ratics |
Angular Observaties (P) |

: . — Angular observables, BR's and Rk
1 | . are compatible with a modified vector

se | @ r . coupling C§* = —1 and AC§® =0

i . — Best fit ~ 40 from the SM pre-

o * diction

2 | LFU ratios free from QCD un-

certainties that may affect other

3 -2 -1 0 1 2 3 observables
cslP

[Descotes-Genon et al, 1510.04239v3]

P. Alvarez Cartelle (ICL) LFU & LFV @ LHCb




Conclusion

'©M: R'otvor!do

* First ever measurement of a b>1t o S .
decay at a hadron collider e | — i?ffs’fd?.’.'??ﬂ:é’:i’,‘; AY = 1.0 consous ]
* R(D*)is the beginning of a vast %04t bt PRDMOT00T 0001 e SM P E
5 - ~ R D0 30 HNOCD O S) -
exploranon . 5 :?&:‘(b.x:;m RDy-029 1) FRALMILC OMS) ]
— 5weral channels 0 “ L- — LHCON22 RD A0S Tatxad N -‘
— Two T decay modes [ -
op o 385 b p—
« The addition of Run2 and Run3 data 035¢ - : .
will eventually lead to samples of .- -
0(10°-10°) events “F \ E
— Not only R, but also angles, - - @~ d
polarizations, form factors... 0251 E
- ..and charmless semi-tauonic decays! F ) ) M s 1
s . ‘ (T — A R e

* LHCb will compete with final Belle-lI 0.2 0.3 04 0.5 06

measurements R(D)

C. Bozzi - R(D(*)) at LHCb - CKM2016 18




Tau Physics

LFV is severely suppressed in the SM

LFV t decays, clean and unambiguous probes: NP
Deviation from V-A theory can originate:

a) CPV in lepton sector

b) Scalar contribution from H*

c) mixing of right and left hand current (W, W;)
t->31, tT->1lyy, tT->lvy, T->lvvy

T = Ky, (CP violation has tension with
the experiment 2.8 sigma)



XY Z and all that
Y (4260) -2 D, Z (3900) =2 J/y pi
Z (3885) - D D¥, Z(4020)—> D* D*
Z(4025) = h mum, Y(4065)—> y X(3872)
Molecules, Hybrids, Tetra-quarks ..........
Observation of X(3872), Z,(10610) and Z,(10650).

| Z,(10610) “— Y(3S)r*
e X(3872)—Jhym Wpry
| cw ¥ Z, 110650) — 1(33)7:*
PRL91,261801(2003) £ . | ‘

+ Tk 4 2 1
Livsadl uertrrrrtrrrst s Sk s
| \ I ! l%.” 108 10482 1084 1058 1058 107 10.72 1074
R P d
I e )I(Y(35)')_,, (Gav/c")
) : ' 0 13

M., - M., (GeV/c?) M(Y(3S)r>) (GeV)



Bs — pTu” in the SM

4Gr €°
V2 16m?

Heff = — Vzbv;; 013010 + h.c.

B » Flavour-changing neutral current
O = (§L’7pr)(e’Y“’75£) » Loop suppresion
» CKM suppresion

S +
H » B; is a pseudoscalar
B; ) » Helicity suppression, m? /m?,
b H » Only 1 operator — no 7y penguin or

vector operator

=> One of the rarest B decays!




History: search for B — ptp™

50.0 ( ! T Y

300 * -
j 200 "
3 15.0F -
+ v
o 100 "
& 70f , 1
S sof e LHCE -
£ A 00 T L4 1l
I 3.0f -
B ™ ATLAS
a 20r |, cMs I '
~ 1.5 .
g§ i0 v CDF P { {

2007 2 2008 2010 2011 2012 2013 2014
year

» Hope for order-of-magnitude enhancement was disappointed
» Precision of SM prediction becomes crucial



Computing the branching ratio
Schematically:

BR o 7g, |VisVis Cio (1| Or0| Bs) |2

b
u-
C1‘: l‘.J ‘W l - +
z -
e
s




State of the art zovetn et a1 ]

BR(B; = pp )em = (3.65+0.23) x 107°

higher order 8,

Vel

cf.: B—R(Bs S p.+y,_)|_|-|0b+cus = (2.9 - 0.7) x 107°




Bs — ppvs. By — pp

» In the SM (and all models with Minimal Flavour Violation), BRs differ only
by CKM elements and overall factor

BR(B; = pu™) _ 7a.f5,ma.| Vis|®
BR(Bd — [_l,'*'p,—) TBafgdeA th|2

BR(By — p 1 )sw = (1.06 % 0.09) x 10~ 1°

of.: BR(By = 7 4 )urco-oms = (3.3775) x 107'°




By — pt .~ experiment vs. SM

CDF 10/

LHCb 3 |

CMS 250

CMS+LHCY
peeliminary

0 1 2 3 4 5 6 _ 7
B(B'— pwp) (10

» 2.40 above 0, 1.60 above SM. If NP: no MFV!




Bs — put .~ beyond the SM

5 VioVie Z C,0;+ C.O/ +he.

ofy = (S‘YuPL(n)b)(l"v vs£)
o) =

() _ Mo o ;
Op’ = mBS(SP R(L)b)(e’}’sg)

am?
BR(B; = p pu~) o ||5]? (1 - F“) + |P|?
Bs

m
o Cr+ muCio

m
S=—2Cs P=
2



FCNCAF=1:8B, RN

Measured by LHCb and CMS

o,
» Sensitive to pseudo/scalar contributions
¢+ Theoretical progress
« Inclusion of B, mixing in experimental time-
integrated rate (Br(Bs — pyt)) =~ 1.1Br-¢
* NLO+LO EW — NNLO + NLO EW N
+ SM (and MFV) correlation between ~—
Br(B,—»u'w’) and Br(B_—p'y), 2
driven by Am JAm_ o
@
Br(By — ppt)i=0/Br(Bs — ppu)i=0 &
+0.0008

# Further tests of pseudo/scalar operators

Br(By — 77)t=0 % 108 = 2.05‘;3'_11:;

Alejandro Pérez Pérez, CKM2016 TIFR, Mumbai, Dec. 1st 2016
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Br(Bs — 77)1—0 x 107 = 6.9872%
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Outlook

No new physics signature
Few deviations observed
New physics models???
Exciting time ahead
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