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@ Introduction

e Tetra&Pentaquarks

e Unitarity triangles and CP violation
e Tests of Lepton Flavor Universality
© Rare decays

@ Interpretations of flavor anomalies
ﬂ Future plans

e Conclusions and prospects
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Flavor physics: WHAT, WHY, HOW ?

@ WHAT: Quarks and leptons exist in 6 “flavors” (u, ¢, t, d, s, b)
and (e, u, T, Ve, Vy, Vr).

Q@ WHY:
e Flavor is at the heart of the Standard Model, involving 22 of the 28 free
parameters (masses and mixing of fundamental fermions, CP violation)
e Flavor physics loop processes (box and penguins) are sensitive to energy
scales well beyond the ones of the accelerators, thanks to virtual
contributions

— Indirect search for New Physics
@ HOw:

e Compare precise theoretical predictions with precise experimental
measurements
o LHCb, Belle, BaBar, ATLAS, CMS, NA62, BESIII, neutrinos experiments, ...!
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Introduction to flavor physics

Masses and mixings of quarks have a common origin in the SM,
the Yukawa interactions with the Higgs doublet

A
Lyukawa = — Y,/ O£I¢d;?j — 3/UU /Li€¢* U;qj + h.c.

After SSB, quark masses are obtained by diagonalizing Y.
Mass eigenstates are related to the weak eigenstates by the CKM matrix:

d\' [ Vi Vs Vu d\™
S = Voo Ves Ve S
b Ve Vs Vi b

The weak current interactions between quarks and W= are proportional to the
CKM matrix elements:

a.
Lcc = -9 (U, L, &) YW, Vekm | sL | + hee.
v2 b
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CKM matrix and CP violation

@ 3 x 3 unitary matrix, describes CP violation in the SM
V,/ 7é CP)Ecc(CP = OF

L hd

@ Can be parameterized with 4 parameters A, A, p and 7:

2 .
- A AN(p—in) .
Vekm = - — %2 AN2 +O(X)
AN —p—in) —AN 1

@ Strong hierarchy in quarks couplings:
also in masses:

El []o -
e [ - i
EI - D 171200
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Searching for New Physics

Few fundamental questions:
@ Hierarchy of masses and mixing angles? why 3 generations?
@ Stability of the Higgs mass? Dark matter?
@ Baryon asymmetry of the Universe requires CPV beyond the SM

(Not necessarily in flavor changing processes, nor necessarily in quark sector)

Two ways to address them:

@ Direct searches: try to produce directly new real particles “on-shell”, but we don’t
know their mass or lifetime and we are limited by the center-of-mass energy of
accelerator.

@ Indirect searches: study the effect of “off-shell” (virtual) particles within quantum
loop. Compare precise theoretical predictions with precise experimental
measurements. Not limited by the center-of-mass energy of accelerator.

e.g. Argus 1987, B-B° mixing = heavy top quark

Vi Vi d
q=t.c,u

b

W w

G=iii

Vo Voo

o
o

— Flavor physics exploits the second approach
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Selected physics results

In 50 minutes, will concentrate on “quark flavor physics”. For neutrinos, see Jonathan Link's talk.
Talk biased towards possible “hints” of New PhySiCS (+ tetra&pentaquarks since no other talk on that here)
(For top, see e.g. Y. Chao talk)

@ Tetra&Pentaquarks

@ CP violation and CKM physics

~ angle

Mixing-induced CP violation (8, ¢s)

CP violation in B® and B3 mixing

CPV in kaons

CPV in charm

Vub

Global CKM fit

@ Tests of Lepton Flavor Universality
@ Rk =B(Bt = Ktutu™)/B(BT — Ktete™)
) RD and RD*

@ Rare decays

e B—putu~
o B - Ky, BS — s, Ny — Nop'pu~
@ (g-2),
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Heavy flavor experiments

Exp. Accelerator Beam energies | o(bb) | Int. lumi (end 2015)
BaBar PEP2, et e~ 3.1+ 9GeV 1nb 550 b~
Belle KEKB, et e~ 3.5+ 8GeV 1nb 1ab—!
CDF, D@ Tevatron, pp 2x0.98TeV | 100 ub 10fb~T each
LHCb LHC, pp 2x35TevV | 290 ub 11b~]
2x4TeV | 330ub 2fo~!

2x6.5TeV | 500ub | 0.3fb~" (ongoing)

ATLAS, CMS | LHC, pp 2 x3.5TeV | 290 ub 5fo~T each
2x 4TeV | 330ub 20fb~" each

2x65TeV | 500ub | ~ 3fb~" (ongoing)

+ Belle Il, BESIII, NA62, KOTO, BESIII, CLEO, MEG, COMET, Mu3e, Mu2e, MUSIC, PRISM/PRIME, Project X, E989, ...

@ e'e collider: B and B produced coherently (good flavor tagging),
clean (low background), low boost

@ Hadron collider: all kinds of b-hadrons (B*, B, B, B, b-baryons, ...) but

produced incoherently (difficult flavor tagging), high cross-section, high boost,

high background (challenging trigger, reconstruction, selection)

@ Charm produced at both e™e™ colliders (e.g. CLEO, BESIII) and hadron colliders.
At the LHC, o(pp — ccC) is 20 times larger than bb!
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Tetra&Pentaquarks

@ Tetraquarks
@ Pentaquarks

Olivier Leroy (CPPM) Overview of Flavor Physics 12 February 2016 9/56



Olivier Leroy (CPPM)

Tetra and Pentaquarks

Volume 8, number 3

PHYSICS LETTERS

1 February 1964

A SCHEMATIC MODEL OF

BARYONS AND MESONS *

M. GELL-MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964

1 we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken "eightfold way" 1-3), we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-
namical "bootstrap” model for all the strongly in-
teracting particles within which one may try to de-
rive isotopic spin and strangeness conservation and
broken eightfold symmetry from self-consistency
alone 4). Of course, with only strong interactions,
the orientation of the asymmetry in the unitary
space cannot be specified; one hopes that in some
way the selection of specific components of the F-
spin by electromagnetism and the weak interactions
determines the choice of isotopic spin and hyper-
charge directions.

Overview of Flay

ber n; ~ n; would be zero for all known baryons and
mesons. The most interesting example of such a
model is one in which the triplet has spin } and

2z = -1, so that the four particles d~, s, u® and b°
exhibit a parallel with the leptons.

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 3, z = -}, and baryon number 3.
We then refer to the members u3, d-3, and s-7 of
the triplet as "quarks" 6) q and the members of the
anti-triplet as anti-quarks §. Baryons can now be
constructed from quarks by using the combinations
etc., while mesons are made out
etc. It is assuming that the lowest

Searches for years and many “discoveries” not confirmed

Known since the sixties that qqgqq and qqqqq are allowed in the quark model.
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Exotics states and charmonium spectroscopy

@ Most charmonium states

successfully described as cc

resonances

@ However, past decade has seen

few “exotics” (names XYZ) that
do not fit within this model

Olivier Leroy (CPPM)
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https://inspirehep.net/record/1326822?ln=fr

X(3872)

@ First observed by Belle in

12000

o) data b) MC

Belle
X(3872) o
"4
0.50 1.20 0 0,4(; 0.80 1.20

M@z 1'T) - M(I'T) (GeV)

M7 1'T) - M(I'T') (GeV)

Bt — X(Jrpmtn~)KT above the ¥(2S) .,
[PRL 91 (2003) 262001] E I
@ Then seen by 5 other experiments § 0
(BaBar, CDF, D@, LHCb, CMS) ; .
@ LHCb determined its quantum number ‘
JFC = 1%+ via angular analysis of ol
B — X(J/p ) K paL 110, 222001 (2013)] '
and BT — X(pOJ/zZ))K"' [PRD92 (2015) 011102(R)] R
%1200:—
%moo:—
@ Nature still unclear: compatible with § s
tetraquark, DD* molecule or xc1(2°P;) 3 eoof
hypotheses, 2 of
though pure DD* molecule disfavored at 2 2005_
4.40 by LHCD nucl. phys. Bess (2014) 665] F J
0

Olivier Leroy (CPPM)
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.91.262001
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.222001
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.011102
http://arxiv.org/abs/1404.0275

Tetraquark Z(4430)~ (1)

@ Z(4430)~ special “tetraquark candidate”, Belle

— 45¢
because charged: cannot be a cc state EPRL 100, 142001 (2013)
of

@ Belle discovered itin B — (28)K*n~

[PRD 80, (2009) 031104(R)] and had evidence for its JP
to be 17 (prb ss (2013) 074026]

Events / 0.17 GeV?/c*

@ Using a moment analysis, BaBar claimed
they do not need it in their data (pro 79 (2009) 112001]

2 (e’ 214
@ LHCb redid the BaBar moment analysis My, GeViie

using 3fb~' and clearly need something Fit without (red) and with the Z (blue)
more to describe the (2S) paL 112, 222002 (20141
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.031104
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.074026
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.112001
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.222002

Tetraquark Z(4430) - (2) [LHCb, PRL 112, 222002 (2014)]

@ LHCb unbinned amplitude analysis of B — (2S)K*n~:
m = 4475 £ 773 MeV/c?, T = 172 £ 13*3, MeV/c?

@ JP confirmed to be 1+ and Argand plot shows the typical pattern for a resonance.
@ Minimal quark content ccdu

— N T ——— —
S0 <o LHCb ]
g il
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.222002

Pentaquarks in /\g % J/’g/)pK deCayS (1) [LHCb, PRL 115 (2015) 072001]

o /\?J — J/ pK initially studied for a precise /\g lifetime prL111(2013)102003]

@ Close look at the m(Kp) — m(J/y p) Dalitz:

e m(Kp) with a rich structure due to A* states

o m(J/yp p) looks strange

Clear difference between data in black and phase space in red

< 3000 =
2 2 LHCb
§2500— @ LHCb run-1:3fb* 0 800F- o
] 2
£ 2000F- N(1520) § 600f-
@ —=-data w E
1500
— phase space 400F-
1000 E
200
500
L L L h 1 L 1 1 1
1.4 1.6 18 20 22 24 4.0 4.2 4.4 4.6 4.8 5.0
‘.‘ my, [GeV] my.,, [GeV]

(@) N c (o)
b )—@E b
A{)) { H S AO
u *
—»—\d} A
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.072001
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.102003

Pentaquarks in /\g % J/’g/)pK deCayS (2) [LHCb, PRL 115 (2015) 072001]

@ Complex angular fit needed to describe the data: 5 decay angles, 14 possible A*
resonances for m(Kp) and 2 “resonances” for m(J/y p)

@ Fit prefers two opposite parities:
P;(4380)": m = 4380 & 8 = 29 MeV/c?, I = 205 + 18 + 86 MeV, J© =

3
2

+
P:(4450)": m = 4449.8 + 1.7 £ 2.5MeV/c?, T =39 £ 5+ 19MeV, J” = 3
S 2200 ' —=—dats 2 800 t
§2000 —e— total 1 E
background LHCb
10 ¢ (@ LHCb S ) 10 700 (b) *+
3 == P,(4300) 3
g1k ¢ e % » (4380)* ! +t“$'
H —O-- A(1520) 3
@ MOF i <o A(1600) T s00F-  © “f ”ZMMH
1200 i A(1670) ¥ [y ¢
i <-xe A(1690)
1000) -3 A(1800)
--3-- A(1810)
800 == A(1820)
<oves A(1830)
600 ceeaee A(1890)
400 - A(2100)
- A2110)
200
9.4 . 1. 1. ‘ ﬁ. 22 y 2.4 2.6

My, [GeV. ©my,[GeV]
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.072001

Pentaquarks in /\g % J/’g/)pK deCayS (3) [LHCb PRL 115 (2015) 072001]

@ Argand plots show the phase motion of a .
resonance for Pe(4450). @ The interference patterns

Lo confirm the opposite parities
@ For the P;(4380), one point is off by ~ 2¢.

o O°F Riiatasssnies gsooj Combined P,
< of b) E =
T c o Z [ LHob - P((4450)
00sF- £ E @ 400~ -— P.(4380)
£ £ o [
£ ° b . .
E 2 - destructive constructive
0051 = E © 300 )
£ P.(4450) €t interference  interference
oE £ P.(4380) 3 s
E o [
015 - 200}~ /
02; b= [ - -
—025; E — | 100?L_L = [
-03F LHCb E [ %QM,W—JJ
Eovbonbonnd i bond i oo Lo s Y I I TR IV TR IEVEY ITRTR I, C
5 e e S T BT e o AR e e D R A i

Re A% Re A% cos(epc)

@ Significance evaluated with toy Monte Carlo :
P.(4380)*: 90
Pc(4450)*: 120
@ Those states are consistent with ccuud
@ Next steps: confirmation with other channels and other experiments
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Unitarity triangles

and CP violation

@ y-angle

@ Mixing-induced CPV in BY

@ Mixing-induced CPV in B°

@ CP violation in B® and B2 mixing
° Vi

@ CP violation in charm

@ CP violation in kaons

@ Global CKM fits

[See talks by A. Soffer, A. Chisholm, S. Harnew, B. Siddi, F. Wilson, E. Maurice]
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@ y=arg (— - V“b) is the least known of the CKM unitarity angles.

Can be determlned by:
o Tree level processes, nearly insensitive to NP. Act as reference.
Negligible theoretical uncertainty, using B — DK, § /v ~ 1077
[J. Brod et al, JHEP 1401 (2014) 051]
o Loop processes, sensitive to NP

@ Comparing the two can reveal NP

Unitarity triangle: VgV + Vea Vo + Via Vi, = 0

“ T T T T T T El L T T T T T T El
g ; E| EEB ; Amg& A E|
08 1 e E;% =3 08 =1 amy T Ec E;% =3
B E B E

= Eg E 03 55 g )
04 g E wlbl g 2 E
1= : 3 = EE El
03 - 03 E |
02 3 Y= I 3
01 4 = W
o p E E o B =
o | . L . J o . L L L . J
0a 0z a0 a2 0 a6 as w0 oa ET) a0 2z X a6 as )

P P
Constraints from “Trees” Constraints from “Loops”
[CKMfitter (J. Charles et al.), EPJ. C41, 1-131 (2005), updated results and plots available at: http://ckmfitter.in2p3.fr]
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http://link.springer.com/article/10.1007%2FJHEP01%282014%29051
http://arxiv.org/abs/hep-ph/0406184
http://ckmfitter.in2p3.fr

~ angle measured with tree processes

@ ~-from-tree measurements use interferences between suppressed and favored

B — Dh decays

@ Many modes used: D — KK, D — K=, D — Konm, D — KO K, BS — DF K+

DK~

Ap Aprpe’?
_ W
B Ip
-
Agrlm‘ / B" g
—0

@ Typical BR are small: around 10~

Favoured

Suppressed

u A

Va0

B~ w- e

@ e.g. “suppressed ADS mode”: very clean easy to interpret information on ~:

Events / ( 5 MeV/c?)

5200 5400 5600
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0.8

0.6

p-value

0.4

0.2

00

--- Belle 3 Combined
CKM 14 --- LHCb - BaBar
Ful\ Frequentist treatment on MC hasls
T T T
P NI R BRI L
0 20 120 140 160 180

@ No update since October 2014 (CKM2014): v = (73.2153)°

@ Blue point is from indirect constraints: 7“1“‘“*“ (66.9739)°
@ Expect updates soon in particular with:

) Bi — DOKiﬂ'Jrﬂ'7, D0 — KJFK77 ata~ [LHCb, PRD 92, 112005 (2015)]
e B Dol’li D° — K7r7r0 7r7r7r0 KKWO [LHCb, PRD 91, 112014 (2015)]

o B - DK*trn~

Olivier Leroy (CPPM)

,D— Ktn—, KTK™, m ™ [LHeb, anivi1602.03458)
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.112005
http://journals.aps.org/prd/references/10.1103/PhysRevD.91.112014
http://arxiv.org/abs/1602.03455

’}/'angle measured W|th |00p processes [LHCb, PLB 741 (2015) 1, 11— ]

@ ~ extracted from B — K*K~ , B = n7n~ , Bt — n*x% and B® — #%#° using
U-spin + isospin analyses. €.J. [R. Fleischer, PLB459 (1999) 306, Giuchini, JHEP 10 (2012) 029]

@ Experimental result: v = (63.51%3)°, including U-spin breaking effects

@ Compatible with “y from tree” so far

s
K+
U
w
IZ u
B! K~
S S
d
7‘_+
w
b u
Bj T
d d
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http://www.sciencedirect.com/science/article/pii/S0370269314008867
http://www.sciencedirect.com/science/article/pii/S0370269399006401?np=y
http://link.springer.com/article/10.1007%2FJHEP10%282012%29029

Mixing-induced CPV in BY

o Interference between BY decay to J/i ¢ either directly or via B-B3
oscillation gives rise to a CP violating phase ¢"? = ¢ = dy — 20p

$p ‘ i
Bs Jpo ‘
¢M\‘ Es /:DD ‘ é

@ InSM, ¢bs ~ —283, = —(0.03767%9997) rad, B, = arg (— Vis Vi / Ves Vi3)

@ Neglecting sub-leading diagrams, the same phase is expected in B2 — Df Dy
and B — Jppnr

@ NP could enter in the B — B? mixing box diagram
@ Measured by fitting differential decay rates for B2 and BY:

d*r(B2 = Jo) 0
=f Alg, Ts, A M(Bs), |ALL, |Al, |A
dtdCOS@H dﬂoh dCOSGK ((7)57 s, 1 s, AMg, ( S)7| J_|7| H|7| S|76J_76H7 )
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MIXIng-IndUCGd CPV |n Bg — J/’Q/J h+h_ [LHCb, PRL 114, 041801 (2015)]

@ Unbinned maximum likelihood fit (time, mass, angles, initial flavor)

2 g 3
S S 300
g 8 2500
g 3
k] 3 2000
2 § 1500
o 1000
500 -
1 1 ~ E<Z i e e
o 5 10 1 05 0 05 1
Decay time [ps] C0sBy
9 3500 T T ﬁ 3500 T T
S 3000F LHCb 3 £ 3000F LHCb 3
g 2500F = 18 2500 +
5 S T LR
5 2000 e = E E
- - ~_ P o o
O 1500 - ~_ 18 1500~ S~ ~d
~ Iz
10007 48 10mf. P =
I O A N N
o T
1 05 0 05 1 2 0 2
056, 6, [rad]

® ¢s = —0.058 & 0.049 + 0.006 rad,
® e = (M +y)/2 = 0.6603 £ 0.0027 £ 0.0015ps ™"

® Als =T — My = 0.0805 + 0.0091 + 0.0032 ps~"

@ Combined with BY — J/4mtn~: ¢s = —0.010 £ 0.039
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.041801

Mixing-induced CPV in BY

-1
0.14 pos HFAG @
— 0.12 CMS | 68% CL contours

/ (Alog £ =1.15)
/]
\

— 0.101 [CDF 9.6 fb' ’ L :

—~ / )

< oos ‘ mbined
SM

0.06 ATLAS 19.2 b

—0.4 -0.2 0.0 0.2 0.4
¢5°° [rad]
@ LHCb is dominating the world average:
@ ¢HFAGWA — _0.034 + 0.033 rad
@ Compatible with SM, but still room for NP!
@ Experimental constraints on penguin pollution using B® — J/4 p° and
BS — Jh K*© (LHb, PLB 742 (2015) 38, JHEP 11 (2015) 082]
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http://www.sciencedirect.com/science/article/pii/S0370269315000106
http://link.springer.com/article/10.1007%2FJHEP11%282015%29082

Mixing-induced CP violation in B°

CP F(B(t —f)—T(B(t)— ! Amd&A‘ms !
© A () = FEnsnira (t)~>/) o sin2 Y am, :
f—J/wKSOa J/¢K£7 n0K50a~~ (=
@ LHCb BO — J/’(b KSOZ [PRL 115 (2015) 031601] E|
Precision similar to b-factories, excellent y | E
agreement. o4 ‘ ‘ ‘ > \
2 ¥ 3
o LHCh | pa e
£ 02F El
Z oo ﬁ ‘ E 5 5
T N sin(2p) = s n( cpl) e
= —02F E BaBar 0,69 % 0.03 £ 0,01
& —03F E PRD 79 (2009):072009 i
@ g4 % lb 1‘5 Esg ) %093 112001 %‘_‘ 0.69 + 0.52 +0.04 +0.07
t (ps) Eggaﬁrg.l(/zqéég;ﬁgggggij Kg : 1,56 +0.42+0.21
@ BaBar+Belle analysis of B° — D) h°, Bel® 08 orz) 171502 067002001
penguin-free (paw 115 (2015) 121604]. PLE 782, 250 (2000) : 084:3%£016
First combined fit to BaBar and Belle data. | 98 46 oos) 2204050
50 observation of CPV in this mode. R 1. 072005 (2000) —— 07932
Very good agreemgnt wnt; world average | LhHeb (zvlsb w1601 » 073004002
from B — charmonium K" decays. BeleSS v1zh 7001 : 0570584006
@ World average in agreement with indirect | f6> : 0692002

SM fit. -2 -1 0 1 2 3
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.031601
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.121604

sin28 — B(B" — 77v,) correlations

b I
(H" W)
\Y
3 -value 3 value

030 (12 . . Fi 1.0 020 X9 p B Y
E ] 0.9 F 4 0.9

0.25 — — F 4
F 1 [os F 4 [Hos

£ ] 0.15 [~ -
F 1 Hor F 4 =07

—_ 020~ - —_ L il
[ L 1 Hos © L 1 Hos

T o1s 3 T L i
m C 1 0.5 m 0.10 i 1 0.5
£ T Hos £ | 1 |Hoa

@ 0.10 E B o [ ]
E 1 Bos3 3 1 Bos

L ] 0.05 [— -
F 1 Moz F 4 Moz

0.05 — — L 4
F 4 Bo01 H <4 Bo.1

[ e ] [ e ]
0.00 C 1 | | 1 ] 0.0 0.00 | | | | | 1 1 0.0

0.5 0.6 0.7 0.8 0.9 1.0 050 055 060 065 070 075 080 085 090
sin 28 sin 23

2012 — 2015: tension disappeared with more statistics

(latest Belle BY — 77 v, result: faniv1503.0s613])
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http://arxiv.org/abs/1503.05613

CP violation in B° and B2 mixing

@ Semileptonic asymmetry
Aq — r(?qﬁBqﬁf)fr(BqﬁB_q%_f)
SL [(Bg—Bg—f)+T(Bq—Bg—f)
very small in the SM farxiv:1511.09466)
AS M = (2,22 +£0.25) x 1078

AGM = (47 +06) x 107 N —

@ DJ measured the di-muon 0.00} SM
asymmetry, A2 , mixture of \ N s
semileptonic asymmetries in B2 (AS) oo RN
and B° (A%,). B }Z N THE
~ 3o from SM (pg, PR 89 (2014) 012002] < o kg %
L!—ICb measured individually: » 3 oo o fff’g;’;@';ﬁ )
A5 = (-0.06 050+ 030)% 110", DL T s
[F"&B 728 (2014) 607] i : BABAR /¢ (old) ——a—— PRL D6, 251802 (2006)
A5, = (—0.02£0.19 + 0.30)%, 3fb~ ', Bellet/r & PRD[73, 112002 (2006)

[PRL 114 (2015), 041601]

Compatible with both SM and D&

Explanation of D@ A% could be due
to deviation in ATl 4 (PRD 87 074020(2013) ]

Olivier Leroy (CPPM)

PRL110, 011801 #b3)
PLB 728, 607 (2014)

Overview of Flavor Physics

~0.01
Ao B)

0.00 0.01
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http://arxiv.org/abs/1511.09466
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.012002
http://www.sciencedirect.com/science/article/pii/S0370269313010058
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.041601
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.074020

Vub (1)

@ PDG 2014: 30 discrepancy between the 2 ways to measure V.
e inclusive b — utv, |Vyp| = (4.41 £0.157315) x 1073
e exclusive B — wly, |Vyp| = (3.28 4 0.29) x 1072

@ LHCDb uses /\2 — puT oy for the first time ature prysics 11, 743-747 2015)], 20— 1

d
u
Ab p
b Vb U
-
s
17#
|Vub|2 _ B(/\g — pﬂ_ﬁu)
Rer

Vo2 B(A) — NEp=1,)
where Rer is a ratio of form factors calculated using Lattice QCD farxiv:1503.01421]
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http://www.nature.com/nphys/journal/v11/n9/full/nphys3415.html
arxiv:1503.01421

Vub (2) [Nature Physics 11, 743-747 (2015)]

|Vip| = (3.27 £ 0.15(stat) & 0.16(LQCD) + 0.06( Vyp)) x 1073

T T T T
Inclusive — e . PDG 5 8 T
2014 — I inclusive
X I B- v
—_— PDG 2014 = Ay PHV (LHCb)
Exclusive RBC/UKQCD > 6 [55 combined
(B_1v) arXiv:1501.05373 =
- —— FNAL/MILC
arXiv:1503.07839
Detmold, Lehner, Meinel

IﬁH Cb —_—— (using RBC/UKQCD config)

(No—pHv) arXiv:1508.01421

1 1 1 1
0003 00035 0004 00045 0005 Z7 =3 0 02 o4
\

Fractional NP right-handed coupling €g
@ Confirms discrepancy between inclusive and exclusive
@ Disfavor NP models with significant right handed current

@ Debatable world averages, depending on the input used
(theory, BR of control mode, ...)
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http://www.nature.com/nphys/journal/v11/n9/full/nphys3415.html

CP violation in charm

0
Acp(D° =5 f) = MO=D=TO=0 ity f — K+K~ and 77—
r(DO%f)+r(D —f)
[ LHCb, arXiv:1602.03160], [Belle, PLB 753 (2016) 412]

Final Belle result

0.015
BaBar i ® noCPv
Winter 16 Belle - BaBar

CDF KKm Belle
0.010 LHCb SL KK+ CDF
LHCb prompt KK LHCb
LHCb prompt

0.005

0.000

dir
A“op

New LHCb prompt
—0.005

LHCb SL
LHCb prompt

—0.010

~0.015 Courtesy of M.Gersabeck

-0.015 -—0.010 —0.005 0.000 0.005 0.010

ind
acp

New world average:

ads = (0.056 + 0.040)%
A&l = (—0.137 £0.070)%
Consistent with no CPV at 6.5% CL.
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http://arxiv.org/abs/1602.03160
http://www.sciencedirect.com/science/article/pii/S0370269315009739

Direct CPV in kaons: €' /e

@ 1999: discovery of direct CP violation in K — = (NA48, KTeV)

@ 2001: Combined experimental average of the two above experiments:
Re(€'/¢) = (16.6 2.3) x 10~*, compatible with SM
Experimental precision much better than the theoretical prediction.

@ 2015: Fantastic progresses in lattice QCD. Can now compute all relevant
long-distance effects that used to dominate the theoretical uncertainty

[RBC-UKQCD, PRL 115, 212001 (2015)] [Ishizuka et al., PRD 92, 074503 (2015)]

[A. J., Buras et al, arXiv:1507.06345] Re( I/G)SM - (1 9 Zl: 45) X 10 4
@ A new 2.90 discrepancy emerges!

@ Good lattice prospects to improve even further the theoretical uncertainty
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.212001
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.074503
http://arxiv.org/abs/1507.06345

Global CKM fit

0.7
0.6

EPS 15

0.5

<
>
3
™
~

sol.w/'cos 2B <0
>~ — (excl. at CL > 0.95)

0.4

excluded area has CL > 0.95|
78
|
N
™

0.3

0.2

e -
Q

I IIII|IIII|IIII|IIII|IIII|IIII|IIII

ol

Excellent consistency of the various CKM measurements so far
[CKMfitter (J. Charles et al.), EPJ. C41, 1-131 (2005), updated results and plots available at: http://ckmfitter.in2p3.fr]
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http://arxiv.org/abs/hep-ph/0406184
http://ckmfitter.in2p3.fr

Tests of Lepton Flavor

Universality

@ Ry, BT — KT¢ti~
@ Rp, Rp-, B — D(*)_T+V.,-

See talks by B. Siddi, A. Palladino
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Test of Lepton Universality with Bt — K¢/~

[PRL,113, 151601 (2014)]

-o-LHCb -m-BaBar -a—Belle

¥ 2r T T T

s LHCb
1.5F 1| S
1: l

E It T SM
0.5 4

% 5 01520
¢* [GeV¥c*

@ Search for NP in the above loops (@ =m?,)

RK = W = 1.0003 + 0.0001 in the SM [Bobeth et al., JHEP0712:040(2007)]

Bt—Ktete—) —
® Rx(LHCb, 1 < g% < 6GeV?/c*) = 0.74575,0%% + 0.036 (2.60 from SM)
@ To monitor with more statistics
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http://arxiv.org/abs/0709.4174

B(B® — DY=7%v.)/B(B® — D®)~(+y,)

B’(B0 — D~ 7%y;)
B(BO — D_€+I/g) ’
@ Sensitive to NP at the tree level!

@ Theoretical predictions:
@ Rp = 0.300 + 0.008, [HPQCD, PRD 92, 054510 (2015)]

0 *—,_+
Rp = R(D*)—B(B — D~ 7%u;)

= é =
B(B® 5 Dty - ¢

@ Rp+ = 0.252 + 0.0083, [s.Fajfer et al., PRD 85(2012) 094025]

[updated by M. Rotondo Feb 2016]

—~ 05 T T T
— 6 — BaBar, PRL109,101802(2012) AXZ =1.0
.‘i i & 045 N e taanaor
i ), » (2015)
W~/H™. Uy 04 T
—_ b z c F ]
B{) a9 g o100 o= i
q q E ]
03= -
0.25 < i
SM prediction
1 1
932 03 0.4 06
L R(D)
@ Combination of LHCb, Belle and BaBar: 3.9 wrt SM!

@ Interestingly, CMS sees a slight excess in h — 7 (ows, Lg 749 (2015) 3371
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.054510
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.094025
http://www.sciencedirect.com/science/article/pii/S0370269315005638

Rare decays

@ Effective field theory
@ B—putu~

o B - K*utu~

© B putp”

® A — NOutp~

See talks by G. Andreassi, Y.T. Lai, H. Schreeck, S. Yang, |. Nugent, F. Wilson, R. Cheaib
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Effective field theory

Transition B — f described by an effective Hamiltonian (f|Hex|B), with

4G, .
Heff:fT;wbquZ( CO; + Cloj )

Left—handed  Right—handed

Computed by splitting into:
@ C; (Wilson coefficients): short distance (perturbative) effective couplings, can be
computed in terms of fundamental couplings of the SM and beyond
@ (f|O;|B): long distance (non perturbative), computed using QCD at low energy or
extracted by phenomenological analysis. O; are local operators:

b—sy B—uu b— sl

\‘i Og') photon penguin v v

5
14

b

b : Og) vector coupling v
>‘< 058 axialvector coupling v v
s 4
b £ .
>( O(s,)P (pseudo)scalar penguin v
s )
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b gW3X * 3
ol ! b W* 6.0, 0 |
" S ZLHLh, .
t,c,u I]v .
S(d)_0 e I s(d) . W—’io I+
w5’

° Bg,d — uTp~ are loop processes very suppressed in the SM.

Involved Wilson coefficients Cg » and C1(g
Precise theoretical prediction (c soetn etal, Pac 112 (2014) 101801
BM(BY— ptu~) = (3.66 +0.23)°
BM(B — ytp~) = (1.06 +0.09)~1°
@ Sensitive to new physics
e.g. BMSSM(BY , ;,t/,7) o tan® 3, where tan 3 = v/ v4 is the ratio of
neutral Higgs field vacuum expectation values
@ Intensive searches over the past 30 years...
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.101801

B — i~ combined analysis of CMS and LHCb

[CMS and LHCb, Nature 522 (2015) 68]

CMS and LHCb (LHC run I)
e Fr T T T 3
3 0F —— Data -
s E —— signal and background
S sk 8w 3
= [T ] ooCMsanatch o ny . _
s [ -+ = Combinatorial bkg. Je E / \ EF sM
< 40 N — Zo =R
s°qH!1 I m Semileptonic bkg. 13 E|
2. H — — Peaking bkg. B El
3 5[ 4 E E|
L a0 ER b
> L 1& E|
> 1% \ E 46 8
S 20 | \ E| B(BY - ') [10°]
@ 3 | ER
& E ] | EERN A
50 5 / ERr
Ero 7 EN
0 L O s L L | ) a3 c
5000 5200 5400 5600 5800
- 78 9 0z 04 06
m,.,- Mevieq BB -t ) 1109 B8 u' umﬂ

@ B(BY — putu~) =287 x 107° (6.20), first observation!
@ B(B® — utu~)=38.9"1% x 1071° (3.20) evidence for B — utpu~

0
o Bt —0.1479% (2.30 of SM)
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B — utp~ consequences

109 x BR(By = u™u~)

0.5

0.0

Modified from [D. Straub, Nuovo Cim. CO35N1 (2012) 249]

MSSM-LL

MSSM-AC

0 10 20 30
10° x BR(Bs = utu™)

Olivier Leroy (CPPM)

40 50

Overview of Flavor Physics

SM4: Standard Model with a sequential fourth generation
Left-handed currents only (MSSM-LL)

Ross, Velasco-Sevilla and Vives (MSSM-RVV2)

Antusch, King and Malinsky (MSSM-AKM)

RSc: Randall-Sundrum model with custodial protection

Agashe and Carone (MSSM-AC)
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http://arxiv.org/abs/1107.0266

B — utp~ consequences

Strong constraints on many NP models, in particular those with large tan 3

109 x BR(By — u™u~)

Modified from [D. Straub, Nuovo Cim. CO35N1 (2012) 249]

LHEb-EE@VS [combination
687, 95% €. L.

10

20 30
10° x BR(Bs = utu™)

40 50

Overview of Flavor Physics

SM4: Standard Model with a sequential fourth generation
Left-handed currents only (MSSM-LL)

Ross, Velasco-Sevilla and Vives (MSSM-RVV2)

Antusch, King and Malinsky (MSSM-AKM)

RSc: Randall-Sundrum model with custodial protection

Agashe and Carone (MSSM-AC)
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http://arxiv.org/abs/1107.0266

BO — K*Ol,l,+/,t_ [LHGD, arXiv:1512.04442]

@ Same motivationsas B~ — K¢/~

Same SM loops, but with a vector in the final state, sensitive to C{”, C{” and C!}
@ Complicated angular analysis with many observables:

PG

1 dér 9 3(1 FL)'Ze A 2, 1(1 FL)‘20 20
= -(1 - sin’ + Fp cos + =1 = sin cos
dI'/dq2 dcos 6y dcos Oy dp dq2 327 |4 K K 4 K £

- F cos? Oy cos20y + Sg sin® Ok sin? 0y cos 2¢
+ Sy sin20 sin260 cos ¢ + Sgsin 20 sin 6 cos ¢
+ Sg sin? O cos 8y + S7sin 26/ sin 0 sin ¢

+ Sg sin20 sin 20 sin ¢ + Sy sin? 0k sin? 0y sin2¢

@ Can parameterize the angular coeff to be largely free of form factor uncertainties
[Descotes-Genon et al, JHEP, 1305:137, (2013)]

eg.| P = S where F; is the fraction of longitudinal polarization
FL(1—F)
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http://arxiv.org/abs/1512.04442
http://link.springer.com/article/10.1007%2FJHEP05%282013%29137

[LHCb, arXiv:1512.04442], [DHMV = Descotes-Genon et al., JHEP 12 (2014) 125]

. . : : : : | i “ 1 C T T T ]
oF = N 1
: Lhco ] : LHCb ]
s 3 05 .
1:— SM from DHMV_: }+ l SM from DHMV 1
of : of — :
: == " : ; T 2.80,3.00 from SM ]
4 E -0.5F + =
IR
E . ) ) b -1' L 1 1 J

0 5 10 15 0 5 10 5
o [Gevci] ¢ [GeV?/el]

@ Mainly compatible with the SM except one angular variable
@ Local 2.8-3.00 discrepancy with SM prediction in bins

¢ =nt,, €[4,8]Gev?/c of P
@ LHCb fit of the EW penguin Wilson coeff Cg,

including S; — Sy, Fi, Aps: 3.40 from SM

@ Theoretical work ongoing to better understand this effect:
NP or unexpectedly large hadronic effect? z
See €.J. [Descotes-Genon et al., arXiv:1510.04239]

s(d)

@ Channel also studied by BaBar [arxiv:1508.07960], Belle [PRL 103, 171801], "
CMS [PLB 753(2016)424], ATLAS [ATLAS-CONF-2013-038] and CDF [PRL 108, 081807]
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http://arxiv.org/abs/1512.04442
http://link.springer.com/article/10.1007%2FJHEP12%282014%29125
http://arxiv.org/abs/1510.04239
http://arxiv.org/abs/1508.07960
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.171801
http://www.sciencedirect.com/science/article/pii/S0370269315009685
https://cds.cern.ch/record/1537961
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.081807

B(BO — QS/JJ [1; ) [JHEP 09 (2015) 179]

@ Similarto B° — K*u+p~, but not self-tagged (no CP observable
accessible)

@ Narrow ¢ resonance gives clean signal peak
@ Full angular analysis
o Atlow qz, BR also below SM [Altmannshofer, Straub, EPJ C75 (2015) 382], [Bharucha et al, arXiv:1503.05534]

;E‘ 9 T T T _;
S LHCb
% E SM pred. 3
s s O TE E
oo = -=T)atq =
P ) -2 6 H_ Data _;
b T ; s = sE 3
'\ ' i E 3
WA o3 e | —
44 = E 3
z&‘%.< " 3 3E —— 3
' 3 E {' 3
ut S 2F -
I E 3
S OE 1 1 1 E
= 5 10 15

¢ [GeV¥c*]
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http://arxiv.org/pdf/1506.08777v3
http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3602-7
http://arxiv.org/abs/1503.05534

B(AO /\O/JJ_F[L ) [JHEP 06 (2015) 115]

@ Similarto B — K*utpu~

@ Baryonic system provides sensitivity to additional observables
@ Rate still too low to preform a full angular analysis.

@ Again, BR lower than SM at low g?: deficit of muons?

18— 7
16
14
12
1
0.8

SM prediction

—*- Data

ffffffff

fffffffffffffffffffffff

. LHCb

10 15 20
o [GeVZ A

SM from [Detmold et al., PRD 87, (2013) 074502]
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http://arxiv.org/pdf/1503.07138v2
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.074502

Muon anomalous magnetic moment (g — 2),

Dirac equation predicts a muon magnetic moment M = guﬁé
with gyromagnetic ratio g, = 2. But experimentally, g,, > 2.

This “anomaly”, a, = (g, — 2)/2, arises from calculable quantum fluctuations,
largest contributions:

I oo

SMyvalue: &M = (116591803 +49) x 10~ " poc 2014

Experiment: affm = (116592091 £+ 63) x 10" PR 73:072003 (2006), Brookhaven E821 + PDG2014]
Difference: &' — ™ = (288 +£80) x 10~""  3.6¢ deviation poc 201
Underestimated uncertainties? SUSY?

Fermilab E989 should reduce the experimental uncertainty to 16 x 10~
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http://pdg.lbl.gov/2015/reviews/rpp2014-rev-g-2-muon-anom-mag-moment.pdf
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.072003
http://pdg.lbl.gov/2015/reviews/rpp2014-rev-g-2-muon-anom-mag-moment.pdf
http://pdg.lbl.gov/2015/reviews/rpp2014-rev-g-2-muon-anom-mag-moment.pdf
http://muon-g-2.fnal.gov/

Interpretations of flavor anomalies

@ We see tensions in both:
@ Charged Current b — ctv: Rp, Rp=
@ FCNC b — s04: R, B® — K*ptp™, BY = ¢pp, A — Aoutp, ...
@ Statistical fluctuations? Under-estimated uncertainties? theory? experiment? NP!?
@ Many attempts to perform global fit of “flavor anomalies” and explain them, e.g. on next

slide, [Altmannshofer et al., EPJ C 75 (2015) 382], [Descotes-Genon et al., arXiv:1510.04239)]

@ b — s¢¢ anomalies point to NP in Cq. Unfortunately it is a place where SM uncertainties are
debatable (charm loop)

Possible NP cc loop

@ Two Higgs Doublet Models type Il seem disfavored by R(D™)) (pro b s, 072012 (2013)]
But type Il possible [criveliin et al., PRD 86, 054014 (2012)], ..

(] Leptoquark could explain RD(*) s RK and (g — 2)M [Bauer, Neubert arXiv:1511.01900], [Dorsner et al., JHEP
2013:84], [Sakaki et al., PRD 88, 094012 (2013)], ...

@ Introducing a Z’ that allows FCNC at the tree level could explain B° — K*0u., Rk and
h— T . €.F. [Criveliin et al, PRL 114, 151801 (2015)], ...
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http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3602-7
http://arxiv.org/abs/1510.04239
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.072012
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.054014
http://arxiv.org/abs/1511.01900
http://link.springer.com/article/10.1007%2FJHEP11%282013%29084
http://link.springer.com/article/10.1007%2FJHEP11%282013%29084
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.094012
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.151801

Interpretations of flavor anomalies

Global fit of Wilson coefficients to b — s data (e.g):

[Altmannshofer et al., EPJ C 75 (2015) 382] [Descotes-Genon et al., arXiv:1510.04239]

... Branching Ratios
| Angular Observables (P) |
I Al

Re(C}})
o -
af

=l -1
P Angular observables | =27
- Branching fractions |
Combined
sz 0 ! 2 - -‘3 2 10 1 2 3
NP
Re(Cg ) c

@ Tension reduced with ARe(Cq) ~ —1, significances around 4o.
@ Consistency between angular observables and branching fractions
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http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3602-7
http://arxiv.org/abs/1510.04239

@ LHCDb
@ Belle Il
@ ATLAS and CMS
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LHCb plans

@ Run2 (2016-2018): 5fb~"' at /s = 13 TeV, improved trigger

@ Some major experimental measurements (e.g. v, B2 — ¢¢ ) are not yet at the
level of theoretical prediction

@ Above a luminosity of ~ 4 x 10%2cm~2s~", LHCb efficiency to trigger hadronic
modes saturates, because of the LO-trigger bottleneck which can not cope with
more than 1 MHz output rate.

= upgrade the LHCb experiment in 2018-2019:

@ Full software trigger: read all detector at 40 MHz — x2 efficiency for hadronic
final state.

@ Luminosity up to 2x10%3cm~2s~", new challenges: high pile-up, large
occupancies, radiation damages

@ Detector upgrades: VELO (pixels), tracker (Silicon strips and scintillating fibers),
RICH (multi-anode PMTs), CALO& MUON (new electronics), ...

@ Aim to collect ~50fb~". Annual yields wrt published analyses:
%10 for muonic final states and x20 for hadronic modes.
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Expected performances of LHCb upgrade sz,

Type Observable LHC Run 1 LHCb 2018 LHCb upgrade Theory
BY mixing #s(B] = J/v ¢) (rad) 0.049 0.025 0.009 ~ 0.003
$s(BY — J/p 1(980)) (rad) 0.068 0.035 0.012 ~ 0.01

Ag(89) (10—3) 28 1.4 0.5 0.03

Gluonic o (BY — ¢o) (rad) 0.15 0.10 0.018 0.02
penguin $$(BY — K*0k*0) (rad) 0.19 0.13 0.023 < 0.02

2p¢f(B0 ¢K§) (rad) 0.30 0.20 0.036 0.02

Right-handed #<M(BY = ¢) (rad) 0.20 0.13 0.025 < 0.01
currents T¢ .(Bs — qb'y)/-rBO 5% 3.2% 0.6% 0.2%

S

Electroweak 387 — K*0uF =1 < ¢ < 6Gev/c?) 0.04 0.020 0.007 0.02
penguin @@ Arp(BY — K*0ut ) 10% 5% 1.9% ~ 7%
AKpTp—i1 < ¢ < 6Gev2/ct) 0.09 0.05 0.017 ~ 0.02
BBY - xtutu=)/BBY - Ktutu™) 14% 7% 2.4% ~ 10%

Higgs BB - ptu=) (1079 1.0 05 0.19 03
penguin BB = ptpu)/BBY = utu) 220% 110% 40% ~ 5%
Unitarity ~(B — D(*) k(%)) 70 40 0.9° negligible
triangle 'y(Bo — Dsq:Ki) 17° 11° 2.0° negligible
angles ﬁ(B8 — J/Y Kg) 1.7° 0.8° 0.31° negligible

Charm Ar(D0 = ktKk—) (10— %) 34 22 0.4 -

CP violation DA (10739) 0.8 05 0.1 -

@ ¢ (BY — ¢¢) with a precision of 0.018
@ ~ with a precision below 1°
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https://cds.cern.ch/record/1748643

Futu re, Be I | e I | (See talks by D. Greenwald, T. Luo)

@ Belle Il plans to take data from 2018 to 2024
@ Physics complementary and competitive with LHCb

Observables Belle Belle I
(2014) 5ab~! 50 ab~!
UT angles sin2j 0.667 % 0.023 = 0.012 [64] 0.012 0.008
al] 85+ 4 (Belle+BaBar) [24] 2 1
el 63414 [13] 6 15
Gluonic penguins S(B — ¢K) 0.90+343 [19] - 0.053 0.018
S(B — 1/K°) 0.68 £ 0.07 £ 0.03 [65) 0.028 0.011
S(B — KJKJKYD) 0.30 £ 0.32 £ 0.08 [17] 0.100 0.033
A(B — K°z% —0.05+ 0.14 % 0.05 (66| 0.07 0.04
UT sides [Vig| incl. 6-1073(1 4 1.8%) [§] o 12%
1073(1 £ 3.0%ex. + 2.7%q,) [10] 1.8% 1.4%
-1073(1 £ 6.0%ex, + 2.5%.) )3} 3.4% 3.0%
[Vi| excl. (had. tag.) 10731 £8.2%) 7] T A% 2.4%
Missing E decays B(B — 7v) [1079) 96(1 + 27%) (26 10% 5%
B(Bﬂ/u/] [1079) <1767 20% %
R(B — Drv) 0.440(1 £ 16.5%) 291 5.6% 3.4%
R(B — D*rv)t 0.332(1 £ 9.0%) [20]7 3.2% 2.1%
B(B — K**wp) [1075] <40 [30 <15 30%
B(B — K*vp) [10°6] <55 [:m <21 30%
Rad. & EW penguins B(B — X,7) 345 -1074(1 £ 4.3% + 11.6%) % 6%
Acp(B = X, a7y +4.0+08 ‘(m] 1 0.5
S(B — K3r%) ~0.10:£0.31:£007 [20] 0.035
S(B — py) —0.8340.65+0.18 [21] 0.07
C7/Cy (B — X, t0) ~20% [36] 5%
y) [1079] <87 [Ju| -
7) [1079] - <2fadt -

[Wiechczynski at EPS'2015]. See also [P. Urquijo, NPPP, 263-264 (2015) 15]
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http://www.sciencedirect.com/science/article/pii/S2405601415002953

Flavor future of ATLAS and CMS

ATLAS and CMS will continue to collect data with an instantaneous luminosity 10 to 40 larger than LHCb.
However, since their priority is the high-pr physics, they cannot afford a too low pr threshold at the trigger level,

hence a compromise is to be done for b-physics.

In ATLAS, New Inner B Layer (already in run2) interesting for flavor physics: improve decay resolution and flavor

tagging.

Modified from [ECFA/13/284, 21 Nov 2013 ]

Expected sensitivities that can be achieved on key heavy flavor physics observables, using the total integrated luminosity recorded until the end of each LHC

run period. The values for flavor-changing neutral-current top decays are expected 95% confidence level upper limits in the absence of signal.

LHC era HL-LHC era
Run 1 Run 2 Run 3 Run 4 Run 5+
2010-12 2015-17 2019-21 2024-26 2028-30+
[ cat LHCb 3t~ T 8fo— T 23— 4610 7011 (2)
[ cat ATLAS, CMS 251 100" 30011 300011
BE St ) TMS > 100% 71% 7% - 21%
BE ) LHCb 220% 110% 60% 40% 28%
> 0 1 — THCb 0% 5% 2.8% T.9% 7.3%
9 ArB (K™ n 1) Belle Il — 50% 7% 5% —
0 ATLAS 0.1 0.05-0.07 0.04-0.05 0.020
#s(Bg — J/¥9) LHCb 0.05 0.025 0.013 0.009 0.006
$s(BY = o) LHCb 0.18 0.12 0.04 0.026 0.017
LHCb 7 4 1.7° 1.1° 0.7
v Belle Il — 11° 2° 1.5° —
=7 =z =z =7 =7
AP — KHK—) LHCb 3.4 x 10 2.2 x 10_4 0.9 x 10_4 0.5 x 10_4 0.3 x 10
Belle Il — 18 x 10 4-6 x 10 3-5 x 10 —
ATLAS 23 x 10 ° 41-7.2 x 10~ °
t—qz —5 —5 -5
cMs 100 x 10 27 x 10 10 x 10
t— gy ATLAS 7.8 x 10—5 1.3-2.5 x 10~
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https://cds.cern.ch/record/1631032

Conclusions and prospects (1)

Tantalizing tensions with respect to the SM:

Observable Tension | Limited
wrt SM | by

B— D®ru/B— D", t =p,e | 3.90 experiment
(9-2)u 3.60 exp. & theo.
B® — K*%uu angular dist., BR 3.40 exp. & theo.
B — ¢uuBR 3.00 experiment
Dimuon CP asymmetry 3.00 experiment
Vs exclusive versus inclusive 3.00 exp. & theo.
€’ /e (direct CPV in K) 2.90 theory

BT — KTee/Bt — KT upu 2.60 experiment
h— 1 240 experiment

Many other interesting results exhibit no tension today, but put strong
constraints on NP models.

They remain fundamental for future searches, e.g.: v, B°-D°-K°-mixing, ¢s,
sin2s, Bg — up, B— Xy, Vop, B— 71, CPV in charm, CLVF, K — 7vp, ...
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http://www.slac.stanford.edu/xorg/hfag/semi/eps15/eps15_dtaunu.html
http://pdg.lbl.gov/2015/reviews/rpp2014-rev-g-2-muon-anom-mag-moment.pdf
http://arxiv.org/abs/1512.04442
http://arxiv.org/abs/1506.08777
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.074020
http://www.nature.com/nphys/journal/v11/n9/full/nphys3415.html
http://arxiv.org/abs/1507.06345
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.151601
http://www.sciencedirect.com/science/article/pii/S0370269315005638

Conclusions and prospects (2)
@ Flavor physics is at the heart of the SM and a powerful tool to look for NP.
It probes scales beyond the TeV, thanks to virtual processes.
@ Intriguing hints of Lepton Flavor non Universality in semi-leptonic
b-decays + other “flavors anomalies”:

statistical fluctuations, New Physics or under-estimated uncertainties?

@ Many NP explanation attempts, but no single picture has emerged yet.
Not easy to explain them all together in a simple and natural way.

@ The situation will be clarified with

e improvements in theory (Lattice QCD, LCSR, ...)
@ more experimental results soon (LHC, Bellell, NA62, BESIII, E989, ...)

@ Expect many new exiting results in the coming years!

Apologies for the hundred of very nice flavor results not mentioned here...
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Page 58 Phenomenology

Page 73 CPV

Page 103 Rare decays

Page 115 Other physics: spectroscopy, ...
Page 122 LHCb detector and upgrade
Page 132 Other heavy flavor detectors
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Phenomenology
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Why going beyond the Standard Model?

@ SM describes very well existing data, however:

e Gravity is not included
o Higgs mass diverges quadratically
o Why 28 free parameters?
e Why such a hierarchy in CKM? Link with MNS?
102 om 0.80.5 0.2
Verkm ~ 1 0.2 ]_ 0.01 VMns ~ 04 06 07
o001 0.01 ]. 04 06 07

@ Where does CP violation comes from?

@ MS CPV to small to explain baryonic asymmetry
@ New source of CPV?

@ Hence we expect new particles, new couplings
and new CP violating sources...
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Fundamental parameters of the Standard Model

The 28 parameters of the Standard Model are:
@ the 3 coupling constant associated to SU(2), xU(1)y and SU(3).,
@ the 2 Higgs field potential parameters p and A,
@ the six quark masses and the six lepton masses,
@ the four CKM parameters
@ the six MNS parameters
@ the possible QCD CP violating phase fqcp.
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Constraining NP with flavors

e.g. [J. Kamenik, Mod.Phys.Lett. A29 (2014) 1430021]

Limits on NP scale
Generic coupling MFV (i.e. SM-like) coupling

AlTeV] AlGeV]

I’”’E

10° ¢
KO-K0 p'-p° BO-B® B-By KO-R0 pO-p° BO-B" B,-Bs

10! r

108

1?2 ,
10}

2
also: [J. Charles et al, arXiv:1309.2293] %(a,-,w”q,,L)z

NP loop [Scales (in TeV) probed by

Couplings o o
order |Bg mixing| B mixing

[Cil = [ViaVis | [tree Tevel| 17 19
(CKM-like) |one loop 1.4 1.5
[Cijl =1 |[tree level| 2 x 10* 5 x 10°

(1o hierarchy) [one loop | 2 x 10% 40

TABLE II. The scale of the operator in Eq. (2) probed by
Bg and Bs mixings at Stage II (if the NP contributions to
them are unrelated). The impact of CKM-like hierarchy of
couplings and/or loop suppression is indicated.
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Historical power of Flavor Physics

In the past, flavour physics lead to several «indirect» discoveries:

= 1970: Kaon semileptonic branching fractions

vV,
T I wt e
BRK® » p*u)  7x107° e
] iwe -

K not aZ° KO BR(K" — ,U+Vﬂ) 0.64

allowed /\ forbidden
o F 4 g

Glashow, lliopoulos, Maiani (GIM) proposed a solution

| |
= No flavor changing neutral current (FCNC) W 4' 'vw
= FCNC are suppressed by loop diagrams } i
= charm quark prediction >
o s
. _——
Observed in 1973 K5 (i

Olivier Leroy (CPPM) Overview of Flavor Physics 12 February 2016 62 /56



Why precision?

Courtesy Browder

’ Unwise to assume ~10% and Son
(or even 0.1%) is ‘good enough’

Many of the arguments for increasing the statistical precision are motivated by
clear numerical facts, e.g. matching theoretical precision or opening up

new decay modes. But history tells us that whatever the argument, improved
precision is always welcome. We should exploit existing facilities to the utmost.

"A special search at Dubna was carried out by E. Okonov and
his group. They did not find a single K, = n* =~ event among
600 decays into charged particles [12] (Anikira et al., JETP
1962). At that stage the search was terminated by the
administration of the Lab. The group was unlucky.”

-Lev Okun, "The Vacuum as Seen from Moscow"

BR (K%, —mm) ~2 x 103 Cronin, Fitch et al. , 1964

CP Violation - Naturalness 2014
15/11/14 Guy Wilkinson 36
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Complementarity of direct/indirect NP searches

A 5
A AF =2 o<5—

AZ

LHCG

o

>
>

CKM-like +«——  — generic
flavour violation flavour structure
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Constraining Z’ couplings with different channels

[Crivellin et al, arXiv:1504.07928]

B ) ‘ ol
\ L )
b
no
Userl,,
Constrain T',, to constrain T, ™ #
from B, — B, mixing from B — Kt~
Tur e b —+
- Py w T I ke
L )
7 b s
Ty 4 _
. .
Use T, . s F g
to constrain,,, " to predict it
fromr= — pptps B — KWzt~
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Effective field theory

Semileptonic operators
Magnetic dipole operators

G) G)
br(w) -—§-»— SL(#) bur 7 Clo O SuA)
C(/)
7

- 0Y) =(87,Pyryb)(T1"t)
b (= v _ -
Ogl) = ?(SUHVPF{(L)b)F# 058 Z(S’YHP[_(R)b)(é’y“’%E)

4
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¢s and BY — ptu~ implications

@ 5., = —sinos 0 EpF R TN T
/ MSSM-AKM
@ Modified from [D. Straub,
Nuovo Cim. C035N1 (2012)
249 and arXiv:1012.3893] s
UNOFFICIAL L
5 20}
=
i
@ Blue: 68% CL LHCb+CMS &
2014 constraints T
o 10+
o
m
X
(=] 5 -
=]
—
LHCb
2 P
-1.0 -0.5 0.0
Vo

Strong constraints on many NP models:
@ SM4: Standard Model with a sequential fourth generation
@ Left-handed currents only (MSSM-LL)
@ Ross, Velasco-Sevilla and Vives (MSSM-RVV2)
@ Antusch, King and Malinsky (MSSM-AKM)
@ RSc: Randall-Sundrum model with custodial protection

@ Agashe and Carone (MSSM-AC)
Olivier Leroy (CPPM) Overview of Flavor Physics
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B — utp~ consequences

[Mahmoudi et al, EPJ C74 (2014) 2927]
CMSSM - tan =40, A0=-2 m,

s 2000 Modified from [D. Straub, Nuovo Cim. CO35N1 (2012) 249]
3] [ Allowed 20 T
o CIBR(B, —un)
) [l B-K
£ 1500:7 Eg:zg:z‘;;’) & 15 / MSSM-LL
[ 5
1000 L
[ o
I ['4
o
x
500 ’ -
AL ol
50 1000 1500 2000
m,, (GeV) 10° x BR(Bs — utp™)

Black line corresponds to the direct limit by ATLAS 20.3 o= 1

Strong constraints on many NP models, in particular those with large tan 3
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http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-014-2927-y
http://arxiv.org/abs/1107.0266

Sensitivity to NP of various models

[Altmannshofer, Burus, Gori, Paradisi, Straub, 0909.1333]

Process\Mode| AC | RVV2 | AKM | 4LL |FBMSSM | LHT RS
D°—p° ok k * * * Fok ok ?
€K * Jokk | kkk * * *k | Kkk
Sy dkk | hokok | hkk * * Kok ok | hkk
Sercs *okk | Kk * dokok | hokok *

Acp (B = X7) * * * S kok ok * 4
Ars(B — K pitp~) * * * *kk | kkk *k %
Ag(B — K*ptp) * * * * * * ?
B — K®up * * * * * * *
By = pitp~ dkk | Fokok [ hkok | kokk | kokok * *
K+ — wtvw * * * * * Kok k | kkk
Kp — i * * * * * Jook k| ko
ey ko | kok [ hokok | kokok | kkk | okok | kokok
T = dkk | Kkok * dokok | hokok | kokok | hokok
f+N—e+N kokok | hkok | kokok | kokok L. 8.8 ¢ Kok ok | dokok
dy ko | dokok [ kkk | ok Yook ok * * %k
d, dkk | kkk | Kk * Jokk * *kk
(9-2), Jookok | kokok [ kk | ok | kokok * ?

Olivier Leroy (CPPM)
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AC U(1) flavor symmetry

RVV2 Non-abelian SU(3)-
flavored MSSM

AKM SU(3)-flavored SUSY

SLL LH CKM-like currents

FBMSSM Flavor-blind MSSM
LHT Little Higgs w/T parity
RS Randall-Sundrum

0. 0.0 ¢ Large effect
* % Small but visible effect

* No observable effect
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>k
MO re O n RD and RD [BaBar, PRL109,101802(2012), PRD88,072012(2013)]

. ljDé ]I 7HL>M can describe the | niggs sectorin

Sl dr,  GHVaPlpy.le
di;  GElVelmIPpelg (l m; ) [(|H+| +HP
7

o Differential ({cca\q rates dl[2 9077"”1;,

m 3/11,.
F1H,? )( :) = 1,2 ]
2q

areimadtiedbuachureed bives HEHDE :HSMx(I b (Se =8 »L)‘
are modified by a ]'IiEDC(‘[ L”:o = v (Sg 1. T ——

ina q? c{cpcmdcnt manner 0.
= s o 0.6
. (_,onsl(‘lcr different values of t;aiwﬁ/n1ﬂ+: a
) = 04F
generate new Srgnal :;!‘mpcs and measure
] 0.2
K(L} *“, compare with ijM PI'C({iction
) 04
o« Resultis imcompatiblc with 2 DM =
& 03
0.2

S
=
[

0.4 0.6 038 1
tanf/my+ (GeV™?)

G. Simi at WHEPP - IIT Kanpur, India, Dec 2015
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NP in B° mixing

i A
— ) —
S My = M3 Dy, Ag=|Ag|€"

Im A,

[CKMfitter (J. Charles et al.), EPJ. C41, 1-131 (2005), updated results and plots available at: http://ckmfitter.in2p3.fr]
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http://arxiv.org/abs/hep-ph/0406184
http://ckmfitter.in2p3.fr

NP in B mixing

[ RS 1 s SM,s jpo
[ [ excluded area s cL> 068 ] M12=M12’ As, Asz‘As‘e%
r AT, 8758 & T (K'K) & T, (I )

E SM point B
Am & Am,

Im A,

1 2 3

0
Re Ag

[CKMfitter (J. Charles et al.), EPJ. C41, 1-131 (2005), updated results and plots available at: http://ckmfit .in2p3.fr]
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http://arxiv.org/abs/hep-ph/0406184
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CP violation in beauty and charm hadrons
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CKMfitter plots

0.5

T Ty T T

I= 00

sini2p

‘exclaged area hes GL> 095

o
|
60° <

LI e e

-1.5 L

EFS15

-1.0

[CKMfitter (J. Charles et al.), EPJ. C41, 1-131 (2005), updated results and plots available at: http://ckmfit
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http://arxiv.org/abs/hep-ph/0406184
http://ckmfitter.in2p3.fr

20 years of CKM fits
[CKMfitter, LEP, KTeV, NA48, BaBar, Belle, CDF, D@, LHCb, CMS, ... ]

15 T T

s Amy

o5

i ,“\ A
st

15 T T
Y
wf am,
sin2p
osf -

it i
2001 2004
ESRRELEN U R S £y
E am, _* 3 3 Amg& Am,
Sin2p Sin2p,
£ A5 Y 1

Vs
sl Nm‘\»‘ e

2006
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CKMfitter plots

By 0.91

0 0.65

v 0.91 o
o 0.84

sin 2p 1.66

£ 0.05

Am, 121

Am, 1.29

B(B—1v) 1.22

IVoploamiep 089

[\ 0.88

BBTT 183

B(D-uv)  1.08

B(D—tv) 164

B(D—KIV) 0.01

B(D— nv) 0,04

IVeluetrmnes 000

IV ohotmce 0,43

Bz 222

B(K ) 0.03

B(K,) 144

B(K.j) 0.00

vJ 0.04 L .

0 05 115 25

Pull (o)
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A way to introduce (g

Vo can be written with 4 independent parameters:

m  the « usual » Wolfenstein parameters ,A pn
1= A2 A AN (p . in) ,
Verkm = —A -1y AN? + O
AN (1 —p—in) —AN 1
. Or |V, IVl IVal, [Vl [Branco 1988]
= Or 4 independent phases: v, B, B, B¢
~ = are [7 Klrl‘ﬁi’ix}
o v
V:'d":"\()
i =arg| -~ 7%
e Vvl
. Vr»VaiﬁJ
Bs = arg | —
e
. VuJ’]Td)
B = arg -
K ' [ V;"I/('(l
e References:

>  6.C. Branco and L. Lavoura, Phys. Lett. B
»  R.Aleksan, B. Kayser, and D. London. Det
Asymmetries. Phys. Rev. Lett., 73:18.20,
See also: J. Silva, hep-ph/0410351
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208, 123 (1988).

G. C. Brance et al., CP violation, Oxford University Press, (1999)

ermining the Quark Mixing Matrix from CP-Viclating
1994, hep-ph/9403341
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b—d and b—s unitarity triangles

SM values, both triangles on the same scale, bs triangle shifted by etabar-0.3 to be visible
b-d trianglde divided by VedVcb*; while bs triangle divided by VesVeb*

VadVan + VeV, + WV = 0
y thVrE:
‘/u dv:kb Vcdv(;lk)
udVub
VeaVh
- 'Jf;ulviz‘l . Vv
A fi=ar [— ‘]
/ Vv
N . =(21.5 £ 0.5)°
VisVih + VsV + WV = 0
N L (V)
V V* | = 4”5. Vie /(’f)
MLMTY: ... il =(1.05 + 0.05)°
%S‘/‘Cb Vtthh Q
sl VZ‘HVL‘])
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Mixing and CP violation

In Standard Model, neutral mesons (H°) mix with their antiparticles (H°)
via box diagrams (H® = K°, D°, B°, BY)

u ds,b c b uct d b u.ct s
Do 3w w BO w w B; w w
c d,s,b u d u,ct b s u,ct b
3 types of CP violation:

@ “In the mixing”: rates of H® — H° and H® — H° differ
@ “In the decay”: amplitudes from a process and its conjugate differ
@ “In the interference between mixing and decay”
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B mixing and lifetime |
The neutral B, (g = d, s) system is described by the following equation

(2 (180)) — (- Lge) (18400 )

dt \ [By(1)) 2 |By(1))

The famous box diagrams give rise to off-diagonal elements M/, and '}, in
the mass matrix /19 and the decay rate matrix 9

Diagonalization of /19 and ['7 gives the mass eigenstates

CP-odd: By :=pB+qgB , CP-even: B,:=pB-gB
with  |p|* + |q|* = 1

with the corresponding masses M/, M, and decay rates I'/;, '}
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B mixing and lifetime |l

IM{,|, [TY,| and ¢12q = arg(—My,/T{,) are related to three observables:

. rap2 .
® Mass difference: AM, := M, — M] = 2|M{,| ( : M‘;“Q Sin® 124 )
12

|M{,| : heavy virtual particles: t, SUSY,

@ Decay rate difference:

Alg = rf—rZ:2|r§’2|cos¢12q( —%‘Mg‘ﬂn 12 + . >

|I'§72 : light real particles: u, c, ... no NP — below hadronic uncertainties

@ Flavor specific / semileptonic CP asymmetries:

ra, r,\° Al ra,
AL = Im12.0 < > = 1 tan ¢1pq+0 < >
o My, M7, AMq M7,

2
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New physics effects

General parametrization of new physics effects in mixing

SM
r12,5 - r12,s-,

SM .
M12,s - M1275 WAV

As = |Ag|e/s

leads to the following relations for observables

AM;
Al

S
ASL

J
d)s/“’qb

2MiYs| - |As
2|T12,5| - cos (¢535 + 5)
M12,s] sin ( 1 + 95
M3 |

_268 + d)SA + 5l§€l:\gg. + 5113\‘Ielj1g.

Remember: ¢35L = arg(—M;3,/T$,) and Bs = arg (— Vis Vi / Ves Vi)

Olivier Leroy (CPPM)
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New physics in B2-mixing

b S,
bg T SRr
’d
(823)RR
g ) g
- ~
s b
Sy -----B-:)g----':-‘--- bg
(823)rR

+ Examples of NP affecting @ and being compatible with
Am =17 .8ps-!
n  hep-ph/0703117 (little higgs model with T parity)
= hep-ph/0703112 (susy, extra Z', little Higss)
= Hou et al., hep-ph/0810.3396 (4™ generation; top')
.
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~v-angle measured with tree processes wi oo

I

LHCb

Preliminary

1-CL
o o o
N ()] [ele]
TTT‘TTTNTTTNTTT

o
N
I

[T

90 100 110
y[°]

@ LHCb combination of many modes, using Bs) — DK™
(mixture of 1 and 3fb_1)
e v =(72.97%2)°, world best measurement, better than B-factories legacy!
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Penguin pollution in B2 — Jip¢

+  Inthe SM, B,—»J/y0 decay is dominated by a smgle weak phase: V.V,

A —
|
i

: ) ; 'l
T/ W coonr singet | | J,”@""
'\ | |

b eselige

B
S
-PL(BH ?(g) = ";-‘:];(AT + P) + I/IH ‘/:_ﬁ-)Rl + ‘]lﬁ"?{‘npl
- ‘C*"Cb(AT+P Pt) +-[’l|ﬁ ub(‘p)“ )
Vg = Vv, — v:.;v;;[\{m 21— 322 ~ AN (p + in)
+  Various penguin pollution estimates:
= §P~10+ [H. Boos et dl., Phys.Rev. D70 (2004) 036006]
L] 6P~10% [M. Gronau et al., arXiv:0812.4796]

= 3Pupte~01 [S. Falleretal., arXiv:0810.4248v1]
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Penguin pollution i

[S. Faller et al. arXiv:0810.4248]

.
e M alowsinge ([} g -
S exchin e D
v ) - b — scc
. o S o - N
B/ i L{\«- B) } Penguins suppressed by A2

s \\\ \
NIE
Y

2

AR = Ui = (1-F ) Al ae] o= 21—

-

s i /[ ‘ﬂ‘ T 7 7 _
b b N b ) dCC
B {T B fl 7/1“\‘\
s | s AN ] ;
[ \ v Penguins NOT suppressed
3 ]

wrt free

A(BS —(J /'d‘K*O) i) = )\A} {] - a}fie} eh}
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Penguin pollution in B — Jhbo

@ LHCb, arXiv:1411.1634 (PLB). Using B° — J/i p°, shift on ¢s due to
penguin pollution = 0.009 + 0.031 rad at 95% CL (including 50% SU(3)
breaking effects).

@ Method proposed in [S. Faller et al. arXiv:0810.4248], using BS — J/K*°

@ Other approaches to reduce penguin pollution:

B. Bhattacharya et al., Int.J.Mod.Phys. A28 (2013) 1350063.
M. Jung, arXiv:1212.4789.
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CPV in B® and BY mixing

Tension in the measurement of the SL CP asym seen by DQ.

Not confirmed by latest LHCb measurements:

ASL = (—0.06 £ 0.50 + 0.36)%, 1fb~", [LHCb, PLB 728 (2014) 607]
A = (—0.02+0.19 4+ 0.30)%, 3fb~ ", [arXiv:1409.8586]

ool ax=t

As(

-0.0

-0.02—

l HFAG
-0.03
L L

002 001 0
ASL(]")

Latest BaBar result on asld: arXiv:1411.1842
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CPV in B2 and B° mixing

N(B°(t) — t*veX) — N(B(t) —» "7 X) _ |p/ql5 — la/pl3
N(B°(t) — t+veX) + N(BO(t) — €2 X)  |p/qlf + la/pl3

d _
ASL_

DY measures [PRD84, 052007 (2011)] :

LZAL + fZAS
A =X df ;Li - SL — _0.00787 -+ 0.00172(stat) = 0.00093(syst)
d4d s

where Z, =1/(1 - y2) = 1/(1 + x3) =2xo/(1 = y2), g =d,s
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http://prd.aps.org/abstract/PRD/v84/i5/e052007

BY— ¢¢ [PRD 90 (2014) 052011]

E 3 ;

E\ %\ L =] LHCb E|
= 10 S 10k < E
© o T E
< £ T X E
g 10 2 10 = E E
L Q |
g g g8 20t 1
s s L = F 1
3 2 E E
g 1 g 1 R ]
© © E E
L L L L E =
s R N s i g B E ]

N e s i o ‘ ‘

5250 5300 5350 5400 5450 5250 5300 5350 5400 5450 2 2
M. MeVic] M. MeVic] @, [rad]

@ Pure b — s5s penguin mode
@ SM expectation for CP violating weak phase |¢$%| < 0.021

@ Tagged time-dependent angular analysis, 3fb~" , 4000 B — ¢¢
candidates

@ ¢$5 = -0.17+0.15+0.03

T Bartsch et al., arXiv:8010.0249, Beneke et al., Nucl.Phys. B774 (2007)64, Cheng et al., PRD 80 (2009) 114026.
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B2 — ¢¢

s
w ’ - 3
b - (\/\/AVA V\s - 5
\
u,c, f\\,, s
b - - s
K
s s s s
(a) gluonic penguin (b) colour-allowed electroweak penguin
s
Q°
b - . s G0 5 s
S
s NSl ey
_ u,c,
) b /v“v’" VAVAY s
~__ W
8§
s s s - s
¢) colour-suppressed electroweak penguin d) singlet penguin
PP peng glet peng
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~v-angle measured with 100p processes i w1

@ v extracted from B — K*K— , B — n+r~ , B* — 7770 and B® — 707°
using U-spin + isospin analyses. [e.g. R. Fleischer, PLB459 (1999) 306, Ciuchini, JHEP 10 (2012) 029]
: . 7.2
@ Experimental result: v = (63.57(%)°
@ Compatible with “vy from tree” so far:

68%  95%
Analysis A with K=0.5 — 1 — [56°, 70°] [49°, 82°]
Analysis C with k=0.5 H 1 1+ [57°, 71°] [52°, 829]
LHCb tree-level [ I [55°, 79°] [44°, 90°]
UTfit tree-level world average — 1 [63°, 77°] [56°, 84°]
CKMfitter tree-level world average —{ 1T 4 [59°, 76°] [51°, 83°]
UTit full fit HI1H [67°, 74°] [63°, 779
CKMritter full fit —{Th [67°, 719 [61°, 72°]
P B

L | L |
40 60 80 100
YI[°]
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LHCb, New J. Phys. 15 (2013) 053021

# candidates / 0.2 ps

1fo~ " BY— Dyt

e Tagged mixed

400~

—— Fit mixed

—— Fit unmixed

200}

e Tagged unmixed

0 1 2 3

4

decay time [ps]

Amg = 17.768 4+ 0.023 (stat) 4 0.006 (syst) ps '
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Charm mixing and CPV

Specificity of charm:
@ CPV expected below O(0.1%) in SM.
Higher value means New Physics or strong hadronic effects

@ FCNC with down-type quark in the loop:
constrains NP coupling that can’t be reached by B/K decays

@ At LHC (7TeV): o(pp — ccX) ~ 20 x o(pp — bbX) ~ 6 mb

@ Complete view implies 38 observables and 10 physics parameters.
Simplification here:

|D1) = p|D°) + q|D°)
|D2) = p|D°) — q|D°)
M2 —
-

Mo —Ty4
Tor
¢ = arg(q/p)

X
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Charm mixing and CPV

< — A
é’ 1.2| CHARM2015 | L Cavjalowed 8 CHARM 2015
> S 60
1 = L
S L
08l 5 40
= L
0.6~ 20}
0.4 It O:
0.2 L
-20-
0 r
Y mio| 0
20 C
-0. B30 -60
40 N
0. B50 Lo b b b b
-06-04-02 0 02 04 06 08 1 12 0.6 0.8 1 1.2 1.4 1.6
X (%) a/pl
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Charm CPV AAcp(D° — KtK—,ntr)

Measure the difference of CP asymmetries AAcp = Acp(D® — KTK—) — Acp(D® — nta—)

. r(0°—f—r(0°—f

Final Belle result

0.015
BaBar - ® noCPV
Winter 16 Belle | = BaBar

CDF KK Belle
0.010 LHCb SL KK+ CDF
LHCb prompt KK LHCb
LHCb prompt
0.005
A8
=% 0.000
< New LHCb prompt
—0.005 o0
8
E
=
&
—0.010 8
]
~0.015 Courtesy of M.Gersabeck
-0.015 -0.010 —0.005 0.000 0.005 0.010
and
acp
(i (ge— et dir (_— _+ A(t) _ing
AAcp = (agp(K™K™) —agp(r~77)) + ——acp
TDO
direct CP asymmetry —
indirect CP asymmetry
(t) is the average reconstructed decay time. A(t) = (t)(KK) — (t)(7=)

e.g. [LHCb, PRL 108, 111602 (2012)], [CDF, Public Note 10784, 2012]
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http://dx.doi.org/10.1103/PhysRevLett.108.111602
http://www-cdf.fnal.gov/physics/new/bottom/120216.blessed-CPVcharm10fb/cdf10784.pdf

Charm AAcp

AAcp = Acp(D° — KYK™) — Acp(D° — pitpi~)

— T T T T T T T T T T T

Babiar =06 €

CDE_ L0487 thcy ;

‘M 0 ;i 2 C (muon tagged) | _E

Belle prelim. = £ ]

— S| Y e

~ C ]

LHCb (Tuon tagged) -0.2- _;

30fb 0.4 E

LHCb Unofficial LHCDb (pion tagged) Tt ]

Ton -0.6F E

World average -0.8F | 3

[ T S TR T T SN TR TR S S S _1: /v . . ... ]
-1 1 05 0 05 1

AA . [%] A p(mnt) [%]

AAcp = (—0.10 £ 0.08 + 0.03)%
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Direct CPV in kaons

- =AK? = 7tn7)JAK® = nn7)

100 = A(KLO - 7T07T0)/A(Ks0 - WOWO)

Re(€'/€) ~ €' /e ~ %(1 = |noo/n+-1)
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Vub a nd Vcb

@ 2.50 discrepancy between the different ways to measure Vp:
e inclusive B — Xclv, | V| = (42.21 +£0.78) x 1072
o exclusive B — Dv, |Vip| = (40.0 £ 1.4) x 1078
e exclusive B — D*lv, |Vyp| = (38.94 £0.76) x 1073

D
BaLE

IV pInen(BGL) =(41.10£1.14) 103

IV, x10°

=(0.083+0.004£0.004)

0 X
IV, 10

Belle, V¢, with B — D{v [arXiv:1510.03657]
Uncertainty significantly reduced wrt previous measurements
Results in between inclusive and exclusive results
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BY lifetimes

Contours of A(logL) = 0.5

>
HFAG RS
d
&
S
T

X
7(BY — J/yrr;

0.05}

0.00L ‘ ‘ LN
0.62 0.66 0.70 0.74
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World best measurement of Acp in B — K*v

[Nucl. Phys. B 867 (2013) 1-18]

Candidates / 25 MeV/c?

Candidates / 50 MeV/c?

107

ST

0
1 T I ST M TR |

5000

5500 6000 4500
M(Kny) (MeV/c?)

Most precise measurement to date (1fo~"):
Acp(B® — K*v) = 0.008 = 0.017(stat) + 0.009(syst)

Olivier Leroy (CPPM)
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5000

5500 6000
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Two Higgs Doublet models

See e.g. [Branco et al., arXiv:1106.0034]
@ Type I: all quarks couple to just one of the Higgs doublets (conventionally
chosen to be ¢,)

@ Type II: the Q = 2/3 right-handed (RH) quarks couple to one Higgs
doublet. (conventionally chosen to be ¢4) and the Q = —1/3 RH quarks
couple to the other (4).

@ Type lll: FCNC at the tree level.
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http://arxiv.org/abs/1106.0034
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Definition of angles in the B® — u+u~K*® analysis

[arXiv:1304.6325]

(b) ¢ definition for the B decay

—
W N
)7;"2 ~ K
~_
o % s
o

(c) ¢ definition for the B® decay

Graphical representation of the angular basis used for B — K*%u*j~ and

B~ K*%u*ju~ decays in this paper. The notation fias is used to represent the normal to
ame. An explicit description of

the plane containing particles a and b in the B (or B) res
the angular basis is given in the text.
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BY — KOt~
Hr ll/ [LHCb, arXiv:1512.04442], [ ABSZ = Altmannshofer et al., EPJ C75 (2015) 382]

@ T T T " T T T
< 05F w
- - odl LHCb
[ ] L I SM from ABSZ
I [ ] 0§ + .
= o
= 1 04 .
I LHCb ] o
I I SM from ABSZ ]| :
-05F -
0 5 10 15 % 5 10 15
P [Gevc R [Gev¥c
21< [ ]
18- % ]
10F .
5 h
A LHCb 1
L
0 35 4 45
Re(Cy)

X2 fit to FL, Arg and 83 — Sg, giVGS ARC(CQ) =-1.04 £0.25
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http://arxiv.org/abs/1512.04442
http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3602-7

b — su*u~ Branching Ratios

1

EmLCSR Lattice —-Data EWLCSR Lattice —-Data
T T T T T T

B K uu

_ =3 B =K _

LHCb 3 ;Q 4 LHCb 3

1 X -

£ T 1 Oy + E

2 + 1 =2 + E

s ! \ 3 ;? 1 f + 3

) . . . P R : . . N

% 10 15 2 = % 10 15 20

¢ [GeV¥et] ¢ [GeV¥cH
1 T E| T 9 T T =
Mpredicton e T g LHCb 3
o 3 E 7 SM pred.J
= % _; = 6 tDaa 3
3 q k== E = 5 —
: B e | 1 I + ; 3
St g, T LHCb |  § E
LT . 3 s 1 E
’ S i g ° 5 10 5 i
& et i ¢ [GeV¥ ]

Branching ratios tend to lie below SM predictions..? Deficit of muons?
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Test Of Iepton universality With BJ’_ % K+,[/+,(7— [PRL,113, 151601 (2014)]

B(BT — Ktutu™)

Ak = B(Bt — Ktete™)

= O.745f%’_%33(stat) =+ 0.036(syst)

(2.60 from SM)

X b s
= ¥
i \H l+ / it
Z
L 70 _
1z x 1
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.151601

Test Of Iepton universality With BJ’_ % K+,(/+,(7— [PRL,113, 151601 (2014)]

Rk measure using double ratio to minimize uncertainties:

Ry = (NKﬂﬁ/F) (NJ/w(e+e)K+) <€K+e+e ) (EJ/ll)(WM)K*)
Nirere ) \Nyw(urp)k+ ) \ekrprp= ) \ €y (ere-)k+

R dr[B*— Ktputu~]

/. dg?
qﬁ)in dq2
Rk = 1< @? <6Gev?/ct
@, dr[B*— K+e+e—]d 5 (1<q /c’)
qﬁ)in dq2 q
S il 1 2 o T
% 40 18 LHCb -
2 1 e 1
= - 4
g 30 ] ;: B — K'uu 7
7 20 1 & ]
g 18 ]
Z 10 is ]
= 18 2
) it 5 S o it Nttt
5000 5200 5400 5600 S 5200 5400 5600
m(K*e*e”) MeV/c2] m(K* ) [MeV/c?]
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.151601

BO — K*M+/,L_ at CMS [PLB 753(2016)424]

CMS result on 2012 data (8 TeV) W

» 20.5 fbt

= 1400 signal events

-~ integrated over ®

» fit s-wave component : F; and Ag

> determine : dB/dq?, Ay F
SM,LCSR « [JHEP 09 (2010) 089, JHEP 02 (2013) 010] 0

2051 (8 TeV)

PRI I I

P STEPEEN T

SM,Lattice — [PRD 89 (2014) 094501]
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http://www.sciencedirect.com/science/article/pii/S0370269315009685

B — K&+~ isospin asymmetry

[JHEP 06 (2014) 133]

M(B°— KUPutp™) — (B — KWt
I'(B°—> KGO+ p=) + T(BT — K&) +M+ -
_ B(B° = K&t ) — (ro/74) - B(BY = KWyt )
B(B®— KtPptp=) + (ro/74) - B(BT — KOt ptpu~)”

A, consistent with SM expectations [PLB 539:227 (2002), JHEP 01 (2003)
074]

Although the isospin asymmetry for B — K p i decays is negative in all but one q2 bin, results are more consistent with the SM compared to the previous

A=

measurement in [LHCb-PAPER-2012-011], which quoted a 4.4 o significance to differ from zero, using a test statistic that explicitly tested for A; to be
negative in all bins. The lower significance quoted here is due to four effects: the change of the test statistic in the calculation of the significance itself, which
reduces the previous discrepancy to 3.5 o; the assumption that the isospin asymmetry of B — J/2) K(*) is zero which reduces the significance further to
3.2 0; are-analysis of the 2011 data with the updated reconstruction and event selection that reduces the significance to 2.5 o-; and finally the inclusion of

the 2012 data set reduces the significance furtherto 1.5
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http://link.springer.com/article/10.1007%2FJHEP06%282014%29133

~ isospin asymmetry
[JHEP 06 (2014) 133]

A — r(B°— KGOyt y=) —T(Bt — K&+ ptpu-)
" T(BY— KGOut =)+ (Bt — K&) +M+ -
_ B(B" = K&t ) — (ro/74) - B(BY = KWyt )
B(B®— KGOputp=) + (ro/7+) - B(BY — KT ptp—)’
< I . . . 1 & I . . . —
F LHCb B - K 'y ] F LHCb B - K'y'y ]
0.5:— — 05F + ]

| T R
T e Ty

S

4L ! ! ! 1 ] 4L ! ! ! 1
10 5 10 15 20 10 5 10 15 20

R [GevZcd] P [Gev2cd]

A, consistent with SM expectations [PLB 539:227 (2002), JHEP 01 (2003)
074]
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http://link.springer.com/article/10.1007%2FJHEP06%282014%29133

Few searches for Lepton Flavor Violating decays

® By, — e*uT
[LHCb, PRL 108, 231801 (2012)]:
B(B® — etuT) < 2.8 x 107% at 90% CL
B(BY — et uF) < 1.1 x 1072 at 90% CL
20 times better than previous limits. Constraints on leptoquarks
@ D — etyF
[LHCb, PLB 745 (2016) 167] Set a limit 20 times better than Belle’s one:
B(D° — e*tuT) < 1.3 x 1078 at 90% CL
@ T Tt
Best limits by Belle and BaBar. Also [LHCb, JHEP 1502 (2015) 121]
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http://www.sciencedirect.com/science/article/pii/S0370269316000411

Upper limits on 7 LFV branching fractions
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First evidence for B — 1t~ by LHCb

[PRL 111, 101805 (2013)]

—: LHCb experiment
they 3 [ T
BDT>0.7 3 Date: 8 Sep 2

3 fb! 3

Ml 1

T

Candidates / (44 MeV/c?)

My [MeV/c?]

@ B(BY = putu~) =291 x107°

@ B(B® — putu~)<7.4x107"% at 95% CL
BB —utu” .
BEBE:ZﬁZ*; = 0'14453.(()%
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Other physics: spectroscopy, QCD, ...
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More abOUt pentaquark (1) [LHCb, PRL 115 (2015) 072001]

< 400 At
2 | @ mo=155GeV -5+ Po(4450)
= <= P.(4380)
o
N $
2500 t | |7 Positive interference
g el ﬁ; between the P, states
w t: Wﬁgz { (display before efficiency)
LH J,‘ i ~=— Combined P,
k4 5 —— P,(4450) ﬁ
S\ - P,(4380) ;
3 1.70<my, 1 @ 2.00 GeV<my, |
Q <2.00 GeV LHCb JJ .
2 209 _
[ T TR E R T T
> cos(6; )
i

[ Negative interference
between the P, states

o,
(display after efficiency) mmw: [GS\I] mJ/lvr‘ [GBV]
The components shown are the phase space integrals of the squares of the matrix elements. The sum of all backgrounds would not really have a physical
meaning since it would take no account of interference. The two Pc states have negative interferences between themselves for high m(Kp) masses, which
correspond to cos(opc) < 0, and positive interferences for low m(Kp) (cos(Gpc) > 0). This is a consequence of the opposite parities. This is why in
Fig (d) the two Pcs plotted without interferences seem to be too large for what is seen in the data and in Fig (b) too small for the size of the peak in the data,
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.072001

More abOUt pentaquark (2) [LHCb, PRL 115 (2015) 072001]

& data

-@- total fit
— background
P.(4450)

A(1670)
A(1690)
A(1800)
A(1810)
A(1820)
A(1830)
A(1890)
A(2100)
A(2110)

1

1 rest frame

lab frame

Phenomenological interpretations, €.g. i suns, eru. ast 2o15) 11, 1521
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.072001
http://arxiv.org/abs/1509.02460

What is a pentaquark?

hydro-
. diquarks molecular triquark
charmonium
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Few other thSiCS results (amongst ~ 250 LHCb papers...!)

First of observation of the excited baryons Eg*)* (bsd), [PRL 113, 242002 (2014)]

First observation of of a heavy flavored spin-3 particle: D;,(2860)~, [PRD 90
(2014) 072003]

First observation of Z production in proton-lead collisions at LHCb, [JHEP 09
(2014) 030]

Quantum numbers of the first confirmed tetraquark (cucd) Z(4430)~, [PRL 112,
222002 (2014)]

First observation of photon polarization in b — s+ transition, [PRL 112, 161801
(2014)]

Search for direct and indirect CP violation and measurement of mixing parameter
in charm, [PRL 111, 251801 (2013), PRL 112, 041801 (2014), PRL 110, 101802
(2013)]

Determination of the X(3872) meson quantum numbers, [PRL 110, 222001
(2013)]

First observation of CP violation in B2, [PRL 110 (2013) 221601]

World best limit on B(K? — u* ™), [JHEP 01 (2013) 090]

Electroweak physics in the forward region, [arXiv:1411.1264, JHEP 02 (2013)
106, JHEP 01 (2013) 111, JHEP 06 (2012) 058]
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Detector and upgrade
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Tag initial B2 flavor

same side
kaon tagger

Same side

proton proton

vertex-charge tagger

Opposite side . : : -
*.from inclusive vertexing

opposite
kaon tagger (K7)

positive lepton taggers

negative lepton taggers from b_sc-s| cascade

(e, i) from b-quark

@ oy =725y, w= g%, Tagging power = e = £y DP = 1y (1 — 2w)?

@ Mistag fraction, w, estimated event by event

@ Tagging algorithm optimized and calibrated on real data with B° — D* v, B* — JipK™* and
B® — JpapK*O
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LHCDb: super b and c factory at the LHC

@ LHC is a proton-proton collider, /s = 7 TeV (2011), 8 TeV (2012)

@ Large bb production cross-section: o(pp — bb) = 286ub at 7 TeV
[PLB 694 (2010) 209]

@ o(pp — cc) 20 times larger!

@ All kinds of b-hadrons produced (B*+, B°, BY, B}, b-baryons, ...)

@ b-hadrons produced mainly at low angle: LHCb detector installed in the
forward region; unique pseudo-rapidity range

b

Detector Acceptance

b
UAT
COF J LHCb MC
Do =1
ALICE [ Se——
ATLAS
cms
LHCh —
! ! !
0 1 2 3 4 5 (]
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The LHCb detect JINST 3 (2008 S08005)]

@ Single-arm forward spectrometer:

e Tracking system =
IP resolution ~ 15um (at high pr) il
sp/p ~ 0.45%

@ RICH system
Very good K —  identification for
p~2—100GeV/c

o Calorimeters
Energy measurement, identify 7°,~,e

sctromagnatic calorimatsr

+ trigger
o Muon detector
muon identification + trigger

@ Integrated lumi 1fb~" (2011), 2fb~" (2012)

Instantaneous lumi ~ 1 — 4 x 10%cm—2s~'
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The LHCb Trigger in 2011-2012

40 MHz bunch crossing rate

X b I

@ LO hardware trigger: Lo Hardware Trigger : 1 MHz
e Find lepton, hadron with high pr readout. high Er/Fy sg"atures ‘
e Reduce the rate from 40 MHz to i Dz SELSE
1 MHz - - A 1 A g
@ HLT1 software trigger: (Sotomace High Lavel Triooer 1
e Finds vertices in VELO 29000 Logical CPU cores
o TraCkS Wlth hlgh |P & ,Or Offline reconstruction tuned to trigger
time constraints
@ HLT2 software trigger: Mixture of exclusive and inclusive
selection algorithms

@ Reconstruct all tracks in event
@ Select inclusive/exclusive b-hadrons
e Output rate = 5kHz

~>

5 kHz Rate to storage

2 kHz
Inclusive/

1 kHz

Exclusive Huonjand
DiMuon

Charm

2 kHz
Inclusive
Topological
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@ LO hardware trigger:
e Find lepton, hadron with high pr
@ Reduce the rate from 40 MHz to
1 MHz
@ HLT1 software trigger:
e Finds vertexes in VELO
e Tracks with high IP & pr
@ HLT2 software trigger:
@ Reconstruct all tracks in event
e Select inclusive/exclusive B meson
o Output rate = 5kHz

sep/ps Muon

ECAL+HCAL _I] I
- i \‘T[ = I
i 2048 15420 25920 =
alorimet Muon
rigge Trigger

Olivier Leroy (CPPM) Overview of Flavor Physics 12 February 2016 127 /56



Trigger in 2012

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz
readout, high Et/Pr signatures

450 kHz 400 kHz 150 kHz
h* H/Hp e/y

Software High Level Trigger
29000 Logical CPU cores
Offline reconstruction tuned to trigger
time constraints
Mixture of exclusive and inclusive
selection algorithms

5 kHz Rate to storage

2 kHz
Inclusi
Exclusive

Charm

1 kHz
Muon and
DiMuon

2 kHz
Inclusive
Topological

r Physics
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Trigger in 2015

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz
readout, high Et/Pr signatures

450 kHz 400 kHz 150 kHz
h* H/Hp e/y

:. Software High Level Trigger .:
Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

12.5 kHz Rate to storage
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LHCb upgrade trigger (2020)

Olivier Leroy (CPPM)

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate,
event building at full rate

LLT: 15-30 MHz output rate,
select high Er/pr (h*/p/y)

Software High Level Trigger

Full event reconstruction, inclusive and
exclusive kinematic/geometric selections

Run-by-run detector

calibration

Add offline precision particle identification
and track quality information to selections

. . .
2-10 GB/s rate to storage

Overview of Flavor Physics
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The LHCb detector

RS
AW

131/56
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Other heavy flavor detectors
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Detectors at the e e~ b-factories

BABAR Detector

Belle Detector
= Aerogel Cherenkov cnt

n=1.015~1.030

I MuoniHadron Detector

Magnet Coil
[l Eectronphoton Detector
M cherenko Detector
I vacing chamber

M support Tube

1 Vertex Detector [ /
|

-\

8GeV e~

r?i(ing +dEldx

+ Lsmall cell + He/C,H

1/ K, detection
14/15 lyr. RPC+Fe

3lyr. DSSD

Olivier Leroy (CPPM) Overview of Flavor Physics 12 February 2016 133 /56



Belle Il expected performance (1)

@ Belle Il plans to start data taking in 2018
@ Physics complementary and competitive with LHCb

Ohservable Belle 2006 Belle 11/SuperKEKB
(~0.5 ab™1) (5ab™1 (50 ab™1)
Hadronic b — s transitions
A8, ko 0.22 0.073 0.029
AS,rgo 0.11 0.038 0.020
AS.&'Q KOKY 0.33 0.105 0.037

Ad ok g 0.15 0.072 0.042
Agprc+ 017 0.05 0.014
#:77 (0K ) Dalitz 3.30 15°
Radiative/electroweak b — s transitions
Skoroy 0.32 0.10 0.03
B(B = X,9) 13% % 6%
Acp(B — Xo) 0.058 0.01 0.005
Cy from App(B — K*6Ti7) - 11% 4%
Cio from App(B — K*{+{) = 13% 4%
C7/Cy from Apg(B — K*¢1i7) - 5%
Ry 0.07 0.02
B(B* — K*wv) < 3 Bgn 30%
B(B" — K*%wp) < 40 Bgy 35%
Radiative/electroweak b — d transitions
5. . 0.3 0.15
B(B — Xuv) - 24% (syst.)
Leptonic/semileptonic B decays

2 = lird O
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Belle Il expected performance (1)

@ Belle Il plans to start data taking in 2018
@ Physics complementary and competitive with LHCb

Observable Belle Belle II/SuperKEKB
B, physics (2) 1) (5 ab—T)
B(Bs = vy) 87 %1078 0.25 x 1076
ATSP T, (Br(B, — D DY) 3% 1% (model dependency)
Al /1y (B\ — fep t-dependent) - 1.2%

¢s (with By — J/¢¢ etc.) = - -
B(Bs — ptp) -
¢3 (B — KK) -
¢z (Bs = DK) -

T decays (3m~T) (500 Ib-T)
B(Y(15) — invisible) <25%1072 <L2Ri10
(~0.5 ab~T)F (5ab-T) (50 ab 1)

Charm physics
D mixing parameters

# 0.25% 0.12% 0.09%
y 0.16% 0.10% 0.05%
OKx 10° 6° 4°
la/pl 0.16 0.1 0.05
& 0.13 rad 0.08 rad 0.05 rad
Ap 2.4% 1% 0.3%
New particles®
vy — Z(3930) — DD* > 30
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