Heavy flavour physics at LHCDb

+ Preamble : + This lecture :
» Familiar with special relativity and - No formal computations
guantum mechanics ? - Heavy flavour phenomenology and
> Particle physics background ? focus on selected LHCb measurements
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Outline

Setting the scene
2 Flavour physics in the Standard Model

- Heavy flavour phenomenology

- Searching for new physics
The LHCb experiment

- The current detector

- Data taking

- The LHCb upgrade(s)

Highlight of some LHCb results
> The flavour anomalies and CPPM activities



Setting the scene : Flavour physics

+ Flavour physics in the Standard
Model

+ Phenomenology
+ Searching for new physics



Flavour physics in the Standard Model
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LEPTONS

28 free parameters :
- 3 coupling constants

- 2 Higgs field parameters

- 12 fermions masses

- 4 quark mixing parameters

- 6 neutrino mixing parameters
- 1 QCD CP violating phase (?)

N 22 are concerning flavour
physics

Flavour physics Is at the heart of the Standard Model
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Mysteries of flavour physics

Why are there so many different fermions ?

What is responsible for their organisation into generations / families ?

Why are there 3 generations / families each of quarks and leptons ?

Why are there flavour symmetries ?

What breaks the flavour symmetries ?

What causes matter—antimatter asymmetry ?



Flavour physics

—




Flavour physics goal

1'\

—

Unified understanding of flavour physics !




Flavour physics : this lecture

e
—

Main focus on quark Heavy flavour physics




Flavour physics : historical successes (1/2)

No Flavour Changing Neutral Current (FCNC) at tree level

T Charged current X

- But the observed rate of K- puu is
very much suppressed

/\ Neutral current

- diagram cancellation !



Flavour physics : historical successes (2/2)

1964 : first observation of CP violation

30
Evidence for the 2t Decay of the Ko, Meson
Christenson, Cronin, Fitch et Turlay
Phys. Rev. Lett. 13, 138 ] . .
lao & 1973 : Kobayashi and Maskawa show that this can be
> explained if there are 3 generations
494 < m*< 504 I, W 2 prediction of the third family, directly observed in 1977
G
m
=
=2
0 Fd

1987 : B meson mixing -

UAL1 Collab., Phys. Lett.B186, 247 (1987)
ARGUS Collab, Phys. Lett.B192,245 (1987)(plot)

- First hint of quark top high mass
(4S)—BCB°. 10

Fig. 2. Completely reconstructed event consisting of the decay T
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Quark flavour physics :
> flavour changing interaction

The weak interaction is the only
one acting on quark flavour

2 flavour changing is due to W
exchange
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CKM (1/2)
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CKM (1/2)
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CKM (1/2)
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CKM (1/2)
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CKM (1/2)
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CKM (2/2)

The Higgs interaction  Y;; (¥¢) ¢g
and the W interaction g ¥ (Y*W,) ¥
have different quark eigenstates
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What is Heavy Flavour physics ?

Flavour changing interactions :
< electroweak processes

- at the quark level

But quarks feel the strong interaction and hadronise
- quark level parameters can not be accessed directly

< hadronic physics effects need to be under control

Heavy quarks ?
> Noep I My << 1 & ag(m)<<1

s » maybe c¢,b —just right !

- hadronic physics can be handled perturbatively = 100 MeV =14 Gev

Heavy flavor physics :
» study b- (and c-) hadrons decays

- very rich phenomenology

Main objectives :
- Test the SM / Search for physics beyond the SM (BSM)

- compare precise theoretical prediction with precise experimental measurements

t —too heavy !
m = 170 GeV
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Some heavy flavour phenomenology

+ Strong Interaction and hadronisation
+ Neutral Mesons mixing

+« CP-violation



Strong interaction

N Electromagnetic interaction

->

->

Electric charges (2)

+1

-1

Interaction between charges
opposite charges are attracted
equal charges are repelled
Neutral object (charge = 0)

Insensitive to electromagnetic
Interaction

Force career

photon (neutral)
Intensity

decreases with the distance (1/d)

N Strong interaction
2> “Color” charges (6)
- red, green, blue (3 charges “+”)
- red, green, blue (3 charges “-”)
2 Interaction between charges

- all color charges are repelled

- Neutral object (charge = WHITE)
- rgb=rgb=rr=gg=bb= WHITE
- Insensitive to strong interaction

> Force career

- gluons (8 — carry colors)
2 Intensity

- grows with the distance !!!
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Quark confinement into hadrons

Strong interaction gets stronger with distances
- only WHITE (color neutral) states appear in nature

< guarks are confined into hadrons

o
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Different types of hadrons
> baryons made of 3 quarks (rgb rgb)

80 , 80
- ex : proton, neutron ' %)
- mesons made of a quark and an antl quark (rr, gg, bb)
- ex : pions (1), kaons (K) b @ Q

- also exotic states with 4 or 5 quarks !
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Quark confinement into hadrons

n of particles composed of five quarks,

14 July 2015: Observatio

nium states, seen in A0 — J/wpK™ decays.

pentaquark-cha rmo

[ m(P;*’(MSO)) - 4449.8£1.7%£2.5 Mev, I = 39%5% 19 MeV ]

[ m(P¢+(4380)) — 4380+8%29 MeV, T = 205+ 18186 MeV ]
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The zoo of hadrons

A few key players :
* paryons (3 quarks)
- with u & d quarks (ordinary matter)
— proton (uud) / neutron (udd)
* mesons (quark+anti-quark)
- with u & d quarks (ordinary matter)
- 1t+(ud) / Tr-(ud) / TT°(UU ou dd) — « pions »
- with a strange quark : s
- K+(us) / K-(us) / Ko(ds) / Ko(ds) — « kaons »
- with a charm quark : ¢
- D+(cd) / D-(cd) / Do(cu) / Do(cu)
— Dg*(cs) / Dg(cS)
- with a bottom quark : b
— B+(ub) / B-(ub) / Bo(db) / Bo(db)
— B<o(sb) / Bso(sb)
— B.*(cb) / Bo(ch)
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Ap

N .. and many others with the same quarks and different angular

configurations
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The zoo of hadrons

A few key players :
* baryons (3 quarks)
- with u & d quarks (ordinary matter)
— proton (uud) / neutron (udd)
>
* mesons (quark+anti-quark)
- with u & d quarks (ordinary matter)
- 1t+(ud) / Tr-(ud) / TT°(UU ou dd) — « pions »
- with a strange quark : s
- K+(us) / K-(us) / Ko(ds) / Ko(ds) — « kaons »
- with a charm quark : ¢
- D+(cd) / D-(cd) / Do(cu) / Do(cu)
- Dg*(cs) / Dg(cS)
» with a bottom quark:b actively studied in LHCDb !
— B+(ub) / B-(ub) / Bo(db) / Bo(db)
— BLo(sb) / B<o(sh)
- Bc*(cb) / Bo(ch)

N .. and many others with the same quarks and different angular

configurations -



Hadronisation

In particle collisions (proton-proton, e+e-, ...)
> quarks are produced by pairs (qq)
- and hadronise

B hadrons hadronisation fractions :
> f(BY) = f(B+) =0.37
> f(B,) = 0.16

<.:_..’;___:!>
q 44 @

as energy decreases... hadrons freeze out

--------------------

L \* - 4 L L/
—PG DG BDE VG

-------------------------
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Hadron decays (1/3)

All hadrons (but the proton) are unstable, they decay spontaneously

Most of the hadrons we are interested in are decaying through electroweak transitions :
- ex : tree level processes

Yy <o
~
A

0
| =
b
A
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Hadron decays (1/3)

All hadrons (but the proton) are unstable, they decay spontaneously

Most of the hadrons we are interested in are decaying through electroweak transitions :
- ex : tree level processes

Vd C C
z - £ >
EO|: ] pt B pt
-« -< - - _

Yy <o
A
| =
b
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Hadron decays (1/3)

All hadrons (but the proton) are unstable, they decay spontaneously

Most of the hadrons we are interested in are decaying through electroweak transitions :
- ex : tree level processes
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w
T

2 ex . processes with loops

@ W P ®) _
NANNNAN b W Thd _ (
Z°y .
T t T
AN S w w \ B
s w n ]
“Box” diagram “penguin” diagram

29



Hadron decays (2/3)

Many possible final states — probabilistic law

Ex : DO

Citation: J. Beringer et al. (Particle Data Group), PR 186, 010001 (2012) and 2013 partial update for the 2014 edition (URL: et/ pdg bl gov)

Meost decay modes (other than the semileptonic modes) that involve a neu-
tral K meson are now given as K% modes, not as KU modes. Nearly abways
itis a KO that is measured, and interference between Cabibbo-allowed
and doubly Cabibb PP d modes can invalidate the assumption that
2r(kQ) = [(KY).

Scale factor/ p

D DECAY MODES Fraction (I';/T) Confidence leve|MeVc)
Topological modes
O-prongs Il (15 6 1% -
2-prongs (0 +£6 1% -
4 prongs k] (145 + 05 1% -
f-prongs M (64 +£13 j=io—? -
Inclusive modes
et anything [n] (640 + 011)% -
pt anything (67 £ 06 )% -
K~ anything (547 £ 28 1% 5=13 -
KPanything + K%anything 47 +4 )% -
K+ anything (34 +£04 )% -
K*(892) " anything (15 +£9 1% -
K*(892)%anything (9 +4 1% -
K*(892)* anything < 36 % CL=00% -
K*(892)%anything (28 +13 )% -
1 anything (95 £ 00 )% -
7" anything (248 £ 027 )% -
¢ anything (105 + 011)% -
Semileptonic modes

K- etw, (355 + 005)% S=12 867
K—ptu, (331 + 013)% 864
K*(892)~ et u, (216 + 016 )% 710
K*(892) ptu, (101 + 024 )% 14
K- %t v, (16 + 32y 861
Klretu, (27 8% )% 860
K-nta—etu, (28 *H juwt 843

Ki(1270) et v, (76 + 39 yx10t 408
K- ata~ptu, < 12 x10-3  CL=00% 821

(K*(892)m)~ ptuy, < 14 «10-3  cL—o0% 602
T etu, (280 & 008 ) =103 S=11 07
T ptyy, (237 + 024 )x10-3 a4
petu, (10 + 04 )x10-3 71

HTTP://PDG.LEL.GOV Page 10 Created: 7/12/2013 14:49

Citation: J. Beringer et al. (Particle Data Group), PR D6, 010001 (2012) and 2013 partial update for the 2014 edition (URL: hetp:// pdg bl gov)

Hadronic modes with one K

K- at (388 + 0.05)% S=11 861
Kta— (137 4+ 0.06 ) = 10~4 361
K%':rﬂ (110 + 0.04 )% 860
KO0 (100 + 07 )x10-3 860
Kizta— le] (283 4+ 020)% S=11 242
K200 (63 * 9T yu10-? 674
Klu, w— ata (21 +06 Jx10-4 670
Ke (7 77 )5 wave (34 +08 )x10-3 842
K%?(QB}B), N (122 *+ 040y 1072 540
0(980) — w o
K% f(1370), (28 *99 yxw0? 1
f(1370) — w+a— )
KYH(1270), (o 10 y.10-5 262
£(1270) —» =t w
K*(892)" =+, (166 * 31y 711
K*(8o2)~ — K~
Kj(1430)~ =+, (270 * 348 102 78
K3(1430)" — K%z~
K3(1430)~ =+, (34 13 )10t 67
K3(1830)- — K%z '
K*(1680)~ =+, (4 +4 jxit 46
K*(1680)~ — K%7-
K*(892) " m—, o] (114 + 380y 10-4 711
K*(go2)* — KIz+ ’
K§(1430) =, [o] = 1.4 x 1075 cL=05% -
K(1430)+ — Klx+
K3(1430)t =, [o] < 3.4 «107%  cL—osy -
K3(1430)F — K2rt
K%ﬂ"'?r" nonresonant (25 * ?g )= 104 842
K= qtq0 le] (138 + 05 )% S=17 844
K= p* (108 + 07 )% 675
K~ p(1700) 7, (70 + 17 Jx10-3 1
p(1700)F — 7t 40
K*(892)~ =+, (222 + 040 )% 711
_K*(892)~ — K~
K*(892)%x°, (188 + 023)7% 11
K*(892)0 — K-t
HTTP://PDG.LEL.GOV Page 11 Created: 7/12/2013 14:49




Hadron decays (3/3)

Some decays are very rare :
> ex:B - Uyt -
- doesn't exist at tree level

(a)

b w* u*
AANAAAN
i k)
AN
s w w

(b)

Limit (90% CL) or BF measurement

%)

Candidates / ( 50 MeV/c

[Nature 522 (2015) 68]
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E e
é N¥k F
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= x Br am
E w
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E | * ARGUS [0 BaBar 5 "
- | YV ua1 HH LHCb SM: B, — u'p-
E | %/ cDF 44 cus
E|VVL3 { ATLAS =
[ | AA DO ®® cms+LHCb | SM: B” — pu-
Ej 1 1 1 1 I L 1 L 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I
1985 1990 1995 2000 2005 2010 2015

Year

[Phys. Rev. Lett. 118, 1

LHC

BDT = 0.5

b

91801 (2017)]

Total

B — piu

BY = i
Combinatorial

B, — h*h”

By, — T (K )utv,

I -
B X+) N 1,I:U(+Ju+u

5600 5800 6000

M [MeV/c2]
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http://dx.doi.org/10.1038/nature14474

Hadron life time (1/2)

Fopulation suvant une decroissance exponentielle ML)

For a particular event, the hadron 1004 —
e decay mode is not predictable b
e neither it's decay time o
- probabilistic behavior "
-
N
Hadrons do not age 0] |
- same decay time prob. at all times of |
- decay time follow an exponential law 2”{ ti :
characterised by the hadron life time il
'3 ‘lm'z'u'a‘u'ah'ah's'u'?b'a'u'g’u'mu
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Hadron life time (1/2)

y=10’
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Reminder : logarithmic scale !
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Hadron life time (1/2)

For a particular event, the hadron
- decay mode is not predictable

< neither it's decay time
- probabilistic behavior

Hadrons do not age
- same decay time prob. at all times

- decay time follow an exponential law
characterised by the hadron life time

Candidates / ( 0.2 ps )

Pull

10*

10°
10?

10

AV oA
=1 B

IIIIII,II IIIIIIII| IIIIIIII| IIIIIIII| I

[JHEP04(2014)114]

e
e
T
.
.
LN
"
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e
'
L
'y
"
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Lr
"
'
L
ey
e,
ey,
e

uuuuu
[

lps = 10*2 s !l

(B~ J/¥Y®P)=1.480 £ 0.011 £ 0.005 ps
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Hadron life time (2/2)

Charmed and beauty hadrons have large lifetimes :

DO 123 BO 456
> T (um) D~ 312 B* 491
D, 150 B, 453

Experimentally :

> they fly away from the production vertex before decaying

> flight distance is measurable (allow identification)

[x 0.2mm]

. D - . S P
YZ Projection b = B.- D puv;D, -~ KK
58— s - "‘ N) 2= .
— . PV
5 rom primary vertex_ 10—
257_ ¥ o1 LG A = ) = _ s
— 85—
2 — n
15— at -
Wé 4_—
—] Z]  LHCh Preliminary
05 = - v 5| EVT: 49700980
a — T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T | T T 1 ‘ T T E RUN: 70684 \
L 1 4 = & 2 B i |||||Hl\\WI|||IH’HI‘HI|III/|*H\\
B*— J/WK*; JW - [mm] 2 4 6 8 0 ” ® '®

35




The mass of hadrons

Hadron mass
2 Intrinsic property
- sum of quarks mass
+ their binding energy
2 proton mass :
- dominated by binding energy

- ultra-relativistic quarks
- B hadrons :

- dominated by m(b) = ~4 GeV

Experimentally :

> B hadron mass reconstructed from the
measured momenta of the particles in the
final state

M(B,) = 5366.90 + 0.28 (stat) + 0.23 (syst) MeV/c?

- allow identification

Events/ ( 5 MeV/c?)

-

MESON MASS (GeV/c?)
N

250

200

150

100

50

. B,
NS =Y
M ———— Y

fix params X
b2, P
. hy2P) / 'ﬁ(’](zp) postdens —E—
—@——E s o eEe predcns —o— |
hy(1P) ‘,;(%(IP) Y(1D)
B.—e— @ B, *
,,,,,,,,,,, ¢ © By
B.—e— © B,
B mome B*:
,,,,,,,,,,, B B
%Xe2
Xel

expt

[HPQCD collaboration,]

0 i
5300

) S K
N L

D e ‘.

5350 5400 5450
My §) [MeV/c?]

Energy scale ! AE/E < 2.10™
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Hadrons : summary

Hadrons : bound states of quarks
Large variety of hadrons

Each is characterized by :
2 mass

> life time
- guantum state (parity, ...)

Many decay modes accessible
Heavy hadrons (i.e. with b or ¢ quarks) have a very rich phenomenology

37



Some heavy flavour phenomenology

+ Neutral Mesons mixing



Neutral meson oscillation (mixing)

Interaction eigenstates : Mo and Mo
» Mo can be Ko(sd), Do(cu), Bo(bd) or B(bs)
> Meis the antiparticle of Mo

They can mix to each other :
> Mo~ Mo

Mass eigenstates . M, and M,
> My, =q MO+ p MO (V(p*+g?) = 1)

Observation : matter and anti-matter oscillations

O

py
(VN
& a s 21T/AmS e Tagged mixed
/8\ g E l ' e Tagged unmixed
“ — 400 —— Fit mixed
(@R /)] i
g e —— Fit unmixed
1 @ B
— B
v o i
> ¢ 2001
° 8 :
—
= B
; I
- 0 - - .
O 0 1 2 3 4
i} decay time [ps;

: -+ =
unmlxed:BS - D ,morB, -

mixed :B —~B_ —D_ T Tor B.-B

Oscillation frequency
Am_ =m(M) - m(M,)
Am_ a |V |?

+ -
DS T
+ -
-D 11
S S
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Some heavy flavour phenomenology

+« CP-violation



Discrete symmetries and CP violation (reminder)

1 2
( ) - y - ot (2)
4—# ° -—)-
C P

- X -_> - e

v T -
3 H@

C (charge conjugation) : P (parity) :
> reverse all charges (but mass and spin) 2 reverse spatial coordinates (i.e. momentum)
l.e. electric, color, isospin, flavour, ... identical to a mirror transformation

C and P are maximally violated by the weak interaction :
- only left-handed neutrinos and right-handed anti-neutrinos are observed

CP was first thought to be a valid symmetry :
- a CP-mirrored process behave as the original
l.e. anti-matter behaves like matter observed in a mirror
BUT, 1964 : first observation of CP violation in the K0-KO system [Christenson, Cronin, Fitch and Turlay]
< very active domain ever since N |ead to the prediction to the third family

> also observed in the BO-BO system  ~ accounted for in the SM by a phase in the CKM matrix
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Observation of CP violation

CP violation: | 2(M — f) 2| A(M - f)|?

CP observation requires 2 interfering amplitudes A4; and A4, :

A e'el™

Al e_i¢1ei61

Azeiq)zeiéz Kze_lq)z id,
with A = ¢, —p,and Ad=0,-9,
A+ AS+2 A, A,cos(Ap+AD) A+AS+2A A, cos(Ap—AD)

Need A4, and A, with :

> different weak phases (ER) : ¢, # ¢,
> different strong phases (CP) : 0, # 0,
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CP violation effects classification

3 types :

®* mixing :
> P(MO — MO) # P(MO — MO)

* decay
> P(MO - f)#P(MO - f)

* interference between mixing and decay
A

t=0 t
@ /\A
MO f
- - y
MiXing™~~ pM°

A
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CP violation in the mixing

Interaction eigenstates : M2 and MO /\
5> CP MO = MO A
0 0
CP eigenstates : M M

> Meyen = ( MO+ MO ) v/2 V\/

> Mygg = (MO - MO) / V2 - -
o AM° - MO 2 M0 - MO
Mass eigenstates : M; and M,

> M1/2:qMinm0

CP violation if mass eigenstates # CP eigenstates
> e if |p/gl #1

This is the kind of CP violation observed in 1964 in the Kaon system
» Observation of K, (= K, — 21 (a CP even state)

2 KL = ( Kodd+ gK Keven) / \/(1 + EKZ) Wlth |€K| = 2'10_3
This type of CP violation is negligible in the B system

CP asymmetry : _ B N 5

“ETBS H+T(B = ) LHCb : a, = (0.39 +0.26+0.20)%
with = (D" pu* v X) [Phys. Rev. Lett. 117, 061803 (2016)]
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CP violation in the decay

Decays :
> BO - K* 1T BO - K-t

> B, - Kt vs B, - Kt 1T
The 2 amplitudes, e.g. for B9 :

N First observation of CP violation In

4000F

N
[=]
[=]
o

-k
[=]
[=]
o

Candidates / ( 10 MeV/c 2?)

3000F

the decays of B, mesons

(b)

Lk UIALARNLAAS LSRN RR RN RARA LA R

R LV FTEN ot SENURE W

(d)

300f

I
AAARRRERRRRREN

200

100E

S A . ¢

0551 52 53 51 52
K% invariant mass [GeV/c?] Kt invariant mass [GeV/c?]

[Phys. Rev. Lett. 110 (2013) 221601]

Acp(BY— Kt 7r7) = —0.080 = 0.007 (stat) = 0.003 (syst),
Acp(BY— K~ 7") =0.27 = 0.04 (stat) = 0.01 (syst).
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CP violation in the interference (1/2)

Time dependant CP violation gives access to the mixing phase :

* In the BO-BO system (mixing phase ¢)
> final state accessible by both B and B : J/W¥ K,

oy mixing
® = A
Via Vio
A ./(4 0 N T J Iy >
@t:O/\A t B Vcs s d t''tcut b/
, > K° > K, B _ i | B
BO f v b 't co! d
b cb c < ‘ < 4 <
S > > t td
mlxh\ BO A’ E < - Jlv ’ -
g0 v \CE . .
A L g ‘”1 X o« Mixing phase in tDe SM :
sM__1 (_Vcbvcd>
q)d _2 arg o}
ViV

- Construct the time dependant asymmetry

- need to know the production flavour of the B (tagging)
I'(B'>J/yK,(t))-T (B> J/yK,(t

A(t)= | tg WK (o)) (_50 WK >>ocsin((l)d)sin(Amt)
[(B,»J/yK,(t))+I' (B, »J/yK,(t))
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CP violation in the interference (2/2)

Time dependant CP violation gives access to the mixing phase

* |n the B,-B, system (mixing phase ¢.):
- Use J/W® final state

HFLAV

DO 8 fb~!

68% CL contours
(Alog £ =1.15)

CMS 19.7 fb~!

o
ﬁ\
wl o

<~
<
o
=
N

B
0.10 Combined CDE 9.6 fb-!

- Much more complicated analysis 008 O
- fit angular distributions

LHCb 3 fb~!
ATLAS 19.2 fb !

0.06

904 02 00 02 ‘0@'
¢ [rad]

N Note : beyond the standard model physics could add an extra contribution to the

Standard model mixing phase
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CP violation in the CKM framework

d’ Vad Vas Va d
’ Vea [Wes Ve S

S —

b’ th ‘/ts - b

weak mass

CKM :
- complex (3x3) unitary matrix — 3 real angles and 6 phases

- freedom to redefine the phase of the quark mass eigenstates
- only 1 physical phase remains

N this physical phase is the one responsible for the CP violation in the SM

Wolfenstein parametrisation (O(A5))

1 9 1 4 3 .
[ 11 SN = 2 1 1A AN (p — i) \
A+ §A2)\5[1 —2(p+in)] 1- 5)\2 — g)\‘l(l +4A?) AN

\A/\B[l —(1— %Ag)(p—l— in)] —AN + %A)\‘l[l —2(p+in)] 1- %AQ,\4 )
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Standard model tests with heavy flavour

1 .'5 T T 1 T T 1 T 15 0.0 T T T T T 1 T T T 1
exchuded ares has CL= (.95 ! ' %I .
\§) ]
Y ._*'g___ i
05 ]
L Am d i
ool /A 8 S 5
-05 Y -
: (‘{ :
1.0 — Y , K
L suI:'wI'eus 2fh=0 o
= ICHEFR 18 . {axcl:__aI CL=095) -
_1 -'5 | A | | | I | i L1 1 | | I I | | L1 1 1 I |. 1 1 |

-1.0 -05 0.0 0.5 1.0 15
P

2.0

Lot's of precision measurements
are being compared to the SM
prediction
< e.g. lot's of redundant
measurements of the

parameters of the CKM matrix
to check consistency

However, more precision is
required !
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Standard model tests with heavy flavour

-0.5

-1.0

1.5

15

1.0

05

0.0

['II|"II['I|['II[!IT'II|"I||I|['II

Lot's of precision measurements

exchudad area

sin 203

"A special search at Dubna was carried out by E. Okonov and his
group.They have not found a single KOL—n+m-event among 600
decays of KOL into charged particles [13] (Anikina et al., JETP, 1962).
At that stage the search was terminated by administration of the Lab.
The group was unlucky.

Approximately at the level 1/350 the effect was discovered by
J.Christensen,J.Cronin, V.Fitch and R Turlay [14] at Brookhaven in
1964 in an experiment the main goal of which was KL—KS
regeneration in matter.

Thus absolute CP-invariance was falsified."

Spacetime and vacuum as seen from Moscow, Lev Okun
Int.J.Mod.Phys.A1751:105-118,2002

III|IIII]IIII|IIII|IIII|IIII

-1.0

-0.5

0.0 0.5 1.0 15 2.0

p

the SM

ANt

ne

CKM matrix
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BSM searches with heavy flavour

+ The quantum path




Mysteries of flavour physics

Why are there so many different fermions ?

What is responsible for their organisation into generations / families ?

Why are there 3 generations / families each of quarks and leptons ?

Why are there flavour symmetries ?

What breaks the flavour symmetries ?

What causes matter—antimatter asymmetry ? (SM CP violation is not enough)

What about Dark matter ?
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Mysteries of flavour physics

Why are there so many different fermions ?

...~ theotY
What is I’e-‘:n{.‘ .;\'\5 schoo! AT SM asS an theory {ra-
—aaud off nve tness: ex
the SVL whic 5 VS pamde : ?
exten SM: string each
Wi W o s bey 05 cs \law t expenme“ta\ J
Wwhat is at\:l;t ymmetries & . o the SM? 1S o
i ons, W yerco
Why dimension oy dO we need 100
nev
Arwhat €

What breaks the flavour symmetries ?

What causes matter—antimatter asymmetry ? (SM CP violation is not enough)

What about Dark matter ?
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Search for physics beyond the Standard Model (BSM)

Direct Indirect

— 2
g E=mc ~ AE.At < h/2Tt

\ d
W+ virtuel Ve
> d >

u
p u u, n
d d,

High energy High precision
Direct observation : Indirect observation :
- produce “new” particles on shell > virtual “new” particles can be
and detect decay products discovered in loop processes
> more intuitive, “really” produced > less intuitive, “quantum” level
> limited by collision energy > not limited by collision energy,

limited by precision (of
measurements and theoretical
predictions)

Complementary approaches — both are needed !
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BSM searches with heavy flavour

Contribution to New Physics as a correction to the Standard Model
Standard Model

-t

g W |, b
I 1
p_,tuctl q

95



BSM searches with heavy flavour

Contribution to New Physics as a correction to the Standard Model

Standard Model New Physics
+ —
g W b
I I
t +
b, tuct! g
/’-‘— \\
b "’ u, C,t \ S +
( C
— SM
ﬁBSM o /qo 2
M

N What is the scale of New Physics A? What are its coupling C,z?
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The LHCb experiment

+ The LHCDb detector
and its upgrades



LHCb @ LHC

One of the 4 main LHC experiments
N Designed for heavy flavour physics precision measurements
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Beauty and Charm production at the LHC

LHC is a Flavor Factory, e.g. @ 7 TeV .
e g(pp — cc X) =~ 6 Mb [LHCb-CONF-2010-013]
* a(pp - bb X) = ~0.3 mb [pLB 694 (2010) 209]

2 note : the cross section grows lineraly with the energy

e B factories : o(ere- - bb)@Y(4S) =~ 1nb

Challenging background condition :
* a(pp — X);,, =60 Mb [JINST 7 (2012) P01010]

All B hadron species are produced : B9, B, B, ...

bb/cc pairs are produced predominantly
In the forward or backward directions

LHCb MC
{s =8 TeV

=

Parton 2

X b

Parton 1

:P -
b
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A forward spectrometer (1/2)

B forward-peaked production LHCDb is a forward spectrometer
= (operating in collider mode)

scar, HCAL
SPD/PS M3
RICH2 M| M2
T3
T4
= T1 i

beam 1 beam 2

252

Interaction point
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A forward spectrometer (2/2)

With unique rapidity coverage at LHC - complementary measurements

ATLAS

E\ TIEE l TTrrr l Trrr I TrIrrr I IIIIIIIIIIIIIIIIIII
€ 0.3F \s=7 TeV ATLAS+CMS+LHCb—
S C Preliminary
£ C ]
> 0.2 —
-10 10 ) = ]
n © C ]
g 01 p >20Gev =
H ey L .
[&] = a
s O . =
a E @« ATLAS (extrapolated data, W — Iv) 35 pb"' E
10 10 8 01 = oMsW— 38Rt —
n C  ®m  LHCb(W-pv)36pb" ]
0.2 MSTWO8 prediction (MC@NLO, 90% C.L.) _‘
- m CTEQS6 prediction (MC@NLO, 90% C.L.) .
0 3-_ HERA1 Opredictlon(MC@NLO 90% C. L) ‘ ]

Ve o Pvv e bys s s by v a bown s by nalsuns | I A

0 05 1 1. 5 2 2 5 3 35 4
0 -8 6 -4 2 0 2 4 6 8 10 ATLAS/CMS
n | | In |
LHCb

I hadron PID | |
BN muon system
s (umi counters
I HCAL
B FCAL
tracking

> LHCb acceptance : 2<n<5
> fully covered by tracking and 4=

particle identification
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A forward spectrometer optimised for heavy flavors

o 0 S 3 H
||||||||HI‘JH|||||||\H

I

LHCb Preliminary

EVT: 49700980
RUN: 70684

N

D

VErt

ex LOcator

/RICH detectors Calorimeters

\w.~~.‘~s\.~-~- 7[+’K+’K_

|II|IHWH}III|III’HI
4 6 8 10 12

scale inmm

‘III|III/F%
4 6

Key requirements
- B and D decay identification and

resolve fast B, oscillation

< Final state reconstruction and
background rejection

> collect high statistic

HCAL
ECAL M5
#SPD/PS M3 e

TRACKING system

MUON system

Detector design :
- High precision vertexing and tracking
- VELO, TRACKING system
> Particle identification
- RICH, CALO + MUON system
> Trigger

- LO (hardware) + HLT (SOftWare) 64



LHCDb detector
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The VErtex LOcator (VELO) (0/3)
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The VErtex LOcator (VELO) (1/3)

Reconstruction of primary and decay vertices, track seeds

—— R sensors \ 1m |
\ !

"""""""" ¢ sensors

cross section at y=0

0 T
I

VETO interaction region

SiEiliy

i

stations visweni c=53cm

most upstream
VELO station

21 modules of R-® sensors

Movable device (retracted for safety during beam injection) .
* 35 mm from beam out of physics
* 8 mm from beam during physics

Operated in vacuum



The VErtex LOcator (VELO) (2/3)




The VErtex LOcator (VELO) (3/3)

| Zresolution - 2011 data and MC10, many PVs |

— 03
E C x? I ndf 38.67 /33
£ - Prob 0.2288
< 0.25— Z-Const  0.9813 + 0.03272
- Power 0.8406 + 0.02392
= C Epsilon  0.01356 * 0.002947
S 0.2 «* { ndf 25.76/33
@ C Prob 0.8112
x C Z- Const 0.8842 + 0.0252
0.15— Power 0.9063 + 0.0197
B Epsilon  0.01795 + 0.001744
C LHCb VELO Preliminary
0.1— Data 2011 - MC10 comp
0.05—
)| | | [ | | |

5 10 15 20 25 30 35 40

nTracks

[69 £69 91d]

IPx Resolution Vs 1/p_

TOU

£
S 50

Events/0.05 ps

)
(=]
L)

90F
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40
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20
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—=— 2011 Data
—— Simulation

LHCb VELO Preliminary
2011 Data: 0 =13.2 + 24. 7!p pwm
Simulation: o =11.2 + 21. Ofp pm

0

o
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The Tracking System (0/2)
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The Tracking System (1/2)

System :
* 1 tracking station before magnet (TT) :
> 4 layers of Si-Strips sensors
* Magnet
<> [Bdl =~ 4 Tm ; polarity switched regularly
* 3 tracking stations after magnet,

4 layers each split into:
< Inner Tracker (Si-sensors)

- Quter Tracker (straw tube)

” —l

Track finding : -
Assigned Hits

* Long tracks : high-momentum tracks Reconstructed Tracks
traversing the full LHCb tracking setup ——

- combine track seeds in VELO and T-stations
and add TT hits i

- measured with highest precision

) \%\\\}\ \l_n\'\

i / !{XT/
7

- most numerous in the main LHCb acceptance :

i
S
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The Tracking System (2/2)

Momentum resolution : a(p)/p = 0.4-0.6% (5-100 GeV/c)

. J/W - pp o =15 MeV/c?
x10
1600 T | T E
- o LHCb Preliminary
1 — oy _
00 ;W \s=7TeV,L=243pb" 7
1200 R} N =5.08e07 B
C . Signal
1000 2 6 =14.6 MeV/c?
00|
600
anof
2004 :
%" ‘;LS‘ |3 1 315J J J_z
’ ' ’ mw[Me\?]

Candidates / (25 MeV/c?)

Y(1S) - M : o =54 MeV/c?

6000
5000
4000
30005
2000:

1000

LHCb
\E: 7TeV E
L =25 pb™

[9‘(22) ‘O 'r "sAyd-in3]

10000

M(uu*) (MeV/c?)

Momentum scale and detector alignment well controlled :

B hadron mass world's best measurements (2010 data only, 37pb*)

Quantity LHCb Best previous PDG fit
measurement measurement

M(B*) 5279.38 & 0.35 | 5279.10 & 0.55 5279.17 £ 0.29

M(BO) 5279.58 + 0.32 | 5279.63 + 0.62 5279.50 + 0.30

M(Bg) 5366.90 4 0.36 | 5366.01 £ 0.80 5366.3 =+ 0.6

M Ag) 5619.19 4+ 0.76 | 5619.7 1.7 -
M(BD) — M(B+) 0.20 £ 0.20 0.33 £ 0.06 0.33 £ 0.06
M(Bg) — M(B+) 87.52 4+ 0.32 — -
M(Ag) — M(B™") 339.81 £ 0.72 - -

[Tz (2T02) 80 91d]

2500

2000

Events / 2 MeV

1500

1000

500

Candidates / (10 MeV/c?)

B~ J/W® : 0=8 MeV/c?
T T T T T T T 1
L |~ data % LHob Preliminary
I | — sig. component (J/LIJ mass 1 —
[ |— bkg. component constrained) _ 8
Z
- 17
N
o
L - =
iy
o
- 10O
L
5300 5350 5400 5450

B, mass [MeV]

cf. [CMS DPS-2010-040] ~ 16 MeV/c?
[ATLAS CONF-2011-050] ~ 22 MeV/c?

B. mass also measured

603— LHCb

F @
50 o

—+— Data ]
— Total ]
e Signal

Background

e I~
6200 6300

L L 3
6400 6500
M(J/ynt) (MeV/c?)
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The RICH detectors (Particle Identification) (0/3)
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The RICH detectors (PID) (1/3)

Cerenkov effect :

- Cerenfov effect : when a
particle travels faster than light
in a medium,

—>
vparticule

It emits photons

- the photons are emitted in a
cone with a opening angle
proportional to the speed of
the particle

50
220
200
180
160
140
120
100
80
60
40
20

0.015 1 PR T T T | L 1 PR T B A B | 0
10°

Momentum (GeV/c)
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LHCb's RICHSs : Cerenkov
Imaging detector

- allow to identify charged
hadrons

Cherenkov Angle (rads)

: ':.:_, '
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The RICH detectors (PID) (2/3)

K/1t separation over the full 1-100 GeV/c range

The detectors :

e RICH1:
> full angular acceptance

2 covers low momentum range : 1-60 GeV/c
> aerogel & C,F,, radiators

* RICH2:
> limited angular acceptance (~+15—-~+100 mrad)
2 high momentum range : ~15 GeV/c - > 100 GeV/c
- CF, radiator | s

> LI LI | LI | ™1

e Hybrid Photon Detectors (HPDs) g ., LHCb 5 O ALLK-1>0
o s = 1 e BN - >

> 500 each with 1024 pixels % Ve = /ey baa ALLK-7>5

1 " : R P e,
W PO Ay e
O O
“,'-"'-'Oum

- High efficiency, low noise 08 | ~—._
Performances T
* &£=950% for 5% 11-K misID probability .
* performances well described by simulation o oo
om0
Pty aeep eyt aeepegenred]x 107
20 40 60 80 100

Momentum (MeV/¢)



The RICH detectors (PID) (3/3)

N _ Sss0- LHCb f\ 50k (@
Charmless B decays : sensitive probes of CKM matrix  sooo- %
32500 |
~2400 Plot with Ttrt hypothesis - No RICH fzoooi
) = : e
S 2200 — 7] B*K'n §1500-
2 2000 0 T1000" ’ B, » Km
1800 — 5 "
31600i ° SOON ¢ o
0 1400 = 0557 52 5.4 ‘515; 56 ‘gﬁv‘/‘ 5.8
£ 1200% KT[ n~invariant mass (GeV/c<)
21000 — B 700F .
g 8000 Deploy RICH 3 600° (b)
o . to isolate & 500
_________ each mode TITT - 400°
. St o O S E R §300§
49 50 51 52 53 54 55 56 57 5.8 3
n* 7 invariant mass (GeV/c?) KK 2200
O 100 -
p-r[ pK 0: A = e e e
5 51 52 53 54 55 56 57 5.8
n'r invariant mass (GeV/c?)
—~ 240 =~ T 7 ~1000
Q E O C Q B
S - LHCb (e) S 250 LHCb (d) S - LHCDb g c
E 200 T E - E 800 3 B, — KK ©
S 160- N, = PTT g 200" N, = PK g T
s S 1s0n < 600
_§ 80% ;g 1001 E 4007—
k] = T - - i
— i S i . ey c r -
§ 40 e St S sog + _— §2oo:—
s I . e Lerccrooioe et e it
0555, 556 57 58 B¢ 53 54 55 56 57 58 59 O == =53 53 54 55 56 57 58

pmtinvariant mass (GeV/c?) pK" invariant mass (GeV/c?) K+*K-invariant mass (GeV/c?)
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The Calorimeters (Particle Identification) (1/2)

SPD PS ECAL

The ECAL detector

HCAL

Scintillator Pad Detector / PreShower

2 robust e/y and e/hadron separation

> single layer scintillator tiles separated by Pb sheet (2.5 X,)

> g(e*) = 90% for 5% e-hadron MisID
Electromagnetic CALorimeter :

2 e and y energy measurement

2 trigger on electromagnetic decay channels

> Pb plates / scintillator tiles (25 X,)

» o(E)/E = 10%/VE(GeV) + 1% (nominal)
Hadronic CALorimeter :

- energy measurement for hadron

< trigger on hadronic decay channels

- Fe plates / scintillator tiles

> o(E)/E = 69%/VE(GeV) + 9% (nominal),
moderate but enough for triggering
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The Calorimeters (Particle Identification) (2/2)

Events 7 ( 0.04 )

Events / (25 MeV/c?)
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The Muon system (Particle Identification) (0/1)
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The Muon system (Particle Identification) (1/1)

5 stations interleaved with iron

absorbers

> muon identification
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Data acquisition (0/1)

~ Calorimeters,
ﬂ]]]. Muon detectors
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Data acquisition (1/1)

Calorimeters, By design :
| Muon detectors > full detector read-out @ 1MHz
} 1 40 MHz > need to reduce the LHC collision rate from 40 MHz to 1Mhz
LO : custom electronic @40Mhz, 4 ps latency
custom electronics 2 based on Muon and calorimeters system
U, e, y and hadrons p_cuts - search for high-p; U, e, y, hadron candidates

p+(1)>1.4; E(ely)>2.7; E{(hadron)>3.6 [GeV]

custom electronics ] ]
LOMuon made in Marseille

- custom electronic boards

Tracking and vertexing
High p, tracks with large IP

Inclusive/exclusive selections
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Data acquisition (1/1)

Calorimeters,
Muon detectors

=j 40 MHz

Level O
custom electronics

U, e, y and hadrons p_cuts

DAQ

custom electronics

Tracking and vertexing
High p, tracks with large IP

Inclusive/exclusive selections

LO : custom hardware trigger

HLT : software trigger
- ~30000 tasks in parallel on over 1500 nodes
- HLTL1 : track and vertex reconstruction

- Impact parameter cuts
» HLT2 : global event reconstruction and PID

- select exclusive and inclusive modes

Offline : ~1010 events, 700 TB recorded/year

< centralized stripping selections to reduce the
sample sizes to 0(107) events for physics analysis

> ~800 selections

Performances at 8 TeV in 2012 (LOXHLT)

- B decays with pp : €=90 %
- B decays with hadrons : €=30%
- Charm decays : e=10%
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LHCDb Operation




Luminosity

LHCb designed luminosity :

Full luminosity Reduced luminosity :
. . .. i i central collisions displaced beams
— Lt =2x10% cm2st with u=0.4 (# of visible pp int./crossing) beam 1 Coam 1
eam
— Precision physics depending on vertex structure l.. _' '- -
o : : . ™ " beam 2
> easier in a low-pileup environment beam 2 .
Lum|nOS|ty Ievelllng at LHCb Instantaneous Luminosity Updated: 11:40:54
1000 -
— run with constant luminosity e
_ - GPD luminosity *
> beam overlap adjusted regularly - o L el e
— automatic procedure between LHC&LHCDb Z a0
e Luminosity of LHCb levelled continuously
. . . . .E znu_ _________ b o o= s -_._._.l_._.- ______ +._.__.',._.
2011 & 2012 instantaneous luminosities (' LHCb design luminosity
I:Il'.illl'lllllll 02;00 H’lﬂﬂ [lﬁ;lm BS;DIJ 10:00
L (x10% cm?s™) L (x10% cm?s™) —m.-,sl_nucs — s —'I.Hl:b '
4 | 2011 o] 8 [ 2012
3 £ £ o._a . _,.,’: L F
) ' oy .".! Sooa v 4 ; :'"‘.,. 5 4 o wreken o Aegy o
2 A A S R P . 2011 : [t =~ 3.5x10% cm=s?, u=~1.5
. o2
1 et . . =L .. . .
e s N o 2012 : [t =~ 4.0x10% cm=s?, u=~1.7
R Fill
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Data Taking

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

B Recorded Luminosity :

8 = ® 2017 (654251 TeV): 1.71 ffb + 0.10 /b
= ®  2016(65Tev): 167/fb -> R 1 .
7 2015 (6.5 TeV): 0.33 /i un -
C e 2012 (4.0 TeV}: 2.08 /b
6 e 2011(35Tev): 1.1/ - 2011 - l fb-l @ 7 TeV
2010 (3.5 TeV): 0.04 /it

- 2012: 2fb1 @ 8 TeV
- Run2 (on going)

- 2015:0.3fbr @ 13 TeV

- 2016 : 1.7 fbr @ 13 TeV
- NOte : O(pp - bB)RunZ = 2X O(pp - bB)Runl

Integrated Recorded Luminosity (1/fb)

2010 2011 2012 2013 2014 2015 2016 2017 2018
Year




LHCDb upgrade (0/3)

LHCb
UPGRADE

custom electronics
i

CPU farm

Storage !
ﬁ‘_
!
1
TEE




LHCDb upgrade (1/3)

Calorimeters, Upgrade goal : increase instantaneous luminosity
Muon detectors With current design : saturation of the yields
» 1 40 MHz
Level O L
custom electronics e :
- C
1, e, y and hadrons p_cuts 325 W oan
£ F A 9y
& 20 vy
custom electronics o _ O DK
o1.5 [
2
o 1F
o C
20.5
= -
_\I|I\II|II\IIIIlIIIIIIIII
A T R
Tracking and vertexing Luminosity (x10™)

High p, tracks with large IP
Inclusive/exclusive selections

- p; cuts must be raised to cope with the 1 MHz

limitation on the read-out rate
Storage

2 no gain beyond 2-3 1032 cm-2s-1 for hadronic modes
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LHCDb upgrade (2/3)

N |n preparation for Run3 (2020)
To benefit from higher luminosity :
> remove LO bottleneck
- read full detector at 40 MHz

Full read out at 40 MHz:

- replacement of all front-end and back-
end electronics

> fast high-level software trigger

Replace some detector to cope with
higher particle density

» optimize geometry for fast
reconstruction

- sustain increased radiation dose
Final output bandwidth : 20 kHz
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LHCDb upgrade (2/3)

- ~500 custom

- boards with top-

' notch FPGA's and

~ PCl interface to |
- Event-Building PCs

To benefit from higher luminosity :
- remove LO bottleneck

~> read full detector at 40 MHz

Full read out at 40 MHz:

- replacement of all front-end and
back-end electronics

- fast high-level software trigger

Replace some detector to cope with
higher particle density

- optimize geometry for fast
reconstruction

- sustain increased radiation dose
Final output bandwidth : 20 kHz
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LHCDb upgrade (3/3)

N The 40 MHz detector :

VIEILO

radiation dose and
occupancy
- replace sensors

Calorimeters

embedded FE
- replace sensors

= Outer tracke
HCAL
ECAL
SPD/PS g
Magnet RICH2 M M2
3
T1T2 :
RICHI
i S TTY
rt
ogato

v all subsystems are impdcted



LHCDb future upgrade ?

m CERN,/LHCC 2017-003
J8 Luch Eol

[ 4
T“c.‘;;.) 08 February 2017

Opportunities in flavour physics,
and beyond, in the HL-LHC era

Expression of Interest




Highlight on some LHCDb results

+ plased selection with a focus on
CPPM's activities

- The flavour anomalies :

— b - s transitions
— b - s transitions



Selected LHCDb results

+ b — sfl transitions



b — sl transitions

b - sl transitions are FCNC (flavour changing neutral current)
» forbidden in the SM at the tree level

- only exist at loop level - highly suppressed - rare decay !

%4
b = - - =S s(d) b >
i
ZO
. M+
,U_

Physics beyond the Standard Model (BSM) enter at the same level as the SM

BSM can modify a range of observables
< branching fractions

- angular distributions
- CP/isospin asymmetries

Different type of decays give access to different observables
- sensitive to different BSM contributions

Correlation between the observables allow to identify the type of new physics involved
- important to measure all possible observables
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A harvest of results

R(K*)

Branching fractions & isospin
asymmetries

> B - KO p+p-
Branching fractions & angular
analysis

> B - K u+u-

> By~ @up-

>Ny = AP

> B - K e+e-
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A harvest of results

Pulls Candidates per 34 MeV/c?2

Pulls Candidates per 10 MeV/c?

R(K*) = [(Bo— K* p+) | T(Bo - K* e+e’)

3 LHCb E
R S B°—5K et 3
25§ I Combinatorial —z
20 B—Xe"e™ _E
0 *0 =
s Bk Ily
10 1.1<¢%<6.0 [GeV/c*] 3
J: =
SE l ____________ —
_5 =
4500 5000 5500 6000

m(K*mwete™) [MeV/c?]

80 1 1 1
70 LHCb

______ Bk 0 s
60 P Combinatorial

1.1<q?<6.0 [GeV*/ 4]

5200 5400 5600 5800 -
m(K*m-utu) [MeV/c?]

< 1.0 :_ ......................................................... PR ]
~ BRZE = == ]
0.8 F .
:HP' }i k
061 ® LHCL ]
i BIP ]
0.4 v CDHMV ]
i B EOS ]
0.2 ® flav.io ]
- LHCh M
OO [ v v b v b e b by 1]
0 1 2 3 4 5 6
¢ [GeV?/c]
2-(.) Ll I Ll T I T Ll I Ll T 1 I 1 I 1 I
Q% i 1
1.5 —
; L f
10 e e s l ........................................................ —]
0.5 R @ LHCh 7]
- B BaBar -
i LHCb A Belle ]
O'O P T N T N T S S | T T I T N
0 5 10 15 20

¢ [GeV?/c]

08



A harvest of results

EmI.CSR Lattice —-e—Data

EN].CSR Lattice -e-Data BN CSR Lattice -e-Data 20 e ik
— 8 P R [ ST TS S L RS SR ST R op e PR e e e e, et [ e eyt e (\; L ) i J il
™ = i I i SRRl
cg% B+HK+ILt+u E % 5] BOHKO/PL‘U : (QD) i B HK 'Lt+ﬂ ]
= LHCb § © LHCb { 9 5 LHCb -
AN Sk e ]
X - ]
&X oox 0 10 E =
: ; eF ]
8= o+ = = ]
5 HL
D_:'\l o ('\l@4 B ]
LIJ-g ¢ '84 C 3 E
I E E E m 0 i 1
——— s 10 15 20 = O 5 10 15 20 0 5 10 152 20, .
q? [GeVZ/ c?] q? [GeVZ/ c?] q? [GeV~</ct]

> B > K U+U-
> B, - Pury-
>Ny = N -
> B - K e+e-
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http://arxiv.org/abs/1403.8044

A harvest of results

EmI.CSR Lattice —-e—Data

EmI.CSR Lattice -e-Data EmI.CSR Lattice -e-Data HEHEE) | CLEARERRE
'CT)N_1 R S R S (PSRN T L TN) R R, L ) [T I L PR PR '—: (\f]_\ 5 R S R S (PSRN T L TN) R R, L ) [T I L PR PR '— (\]> i K *+ B _:
2l B'>K'utu 1 3 B Kl B"—= K "uty
i, il 1 O 1sH LHCb o
= LHCb § © LHCb § X [ i
— © ] Q a © i ]
&X X O?X 10f
@O — 2L 2 E
oL E +t = F —+— C‘\l—‘ s
~N - = C
n3 s it i 3 |
I\ C S~ N E :
.'2.%0'----'----'---------- %0'----'- L < 0
0 5 10 15 20 0 5 10
q2 [GCVZ/C4] ~ — T T T T T =
> B - K U+u- ~ b =
C LHCb ]
N +177- = [ ]
B » dpurp S IE SM from DHMV —
>N, - A uru- S H :
b HTH S of +l -
> B - K e+e- o F ERR 4 N
> 1k ]
x 1: ]
S r ]
2r -
- N | 1 | L | 1 -
0 5 10 15
q* [GeV*c*]
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http://arxiv.org/abs/1403.8044
http://arxiv.org/abs/1512.04442

A harvest of results

EmI.CSR Lattice —-e—Data

Em] CSR Lattice —e-Data Em] CSR Lattice —e-Data R0 | sl isel |
e L5, L ) [T R ) R e [ R e e e L T L5, L ) [T R ) R e [ R e e e L N -
'5"> + + - N> 5 0 0 e = > - B K™yt ]
QB i, E 8 Bk E 8 15: i LHléltft :
— LHCb 3 = LHCb 4 X ™[ ]
— © ] © ; :
&X C _: oox o 10_
= A ER =
© N + 5 R C‘\l—‘ 5
[N E 1 X S B
w3 1 A S Eiip
IE : E C m 0— |
L) [ PLAA b PO 41691 1 T NP0 01 O i i, N e T T U B ORI T @) .
=0 0 5 10 15 20 e Bt 5 0 3
A2 [(aV2/ 41 A" — , , . =
5O9E ] T S 2E ]
&L sk LHCb : LHCb ]
':| [} 75_ SMpred. _3 ~ L ]
O E 3 < 1F SM from DHMV ]
p = = Data = < g -
0 < 6:—|— = < i
o = sE E o it N
S p ok —+— |3 S 0 +
o = "E | - o F —— ]
O 3 3F —t— = o T —+ —4— i
a X F —+— E > 1 -
W e 2E = < F ]
T |E E S .
= QR = 3 -, B
- S 0= PP S SR R 1 3 _2__ ]
m B i
=2 5 10 15 ) - . L .
2 4
q° [GeV/c?] 0 5 10 15
q* [GeV?/c4]
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http://arxiv.org/pdf/1506.08777v3

A harvest of results

EmI.CSR Lattice —-e—Data

Em].CSR Lattice —e-Data ENI.CSR Lattice —e-Data HEHEE) | ald
oL CERaE T T R D IIIIN> I + I e
e B'>Kwuu { 5 ° B’— K'uru Oh: B>k "wp |
= LHCb § © LHCb 4 £ f LHCb
— © a &) ] © i ]
Q X 3 0 3k ]
N 1S 15 !
g2 o w N 12 1
] a N 5 -
&% 1F i & -+- = _g :
2% 0’ LA TR P31 OO . % 1 A ! g = 0 L.
0 5 10 15 20 10 15 20 0 202
A2 T(eV2 4 A ' | | _ /]
<’r_' 9__' i ! i I ' 4 1 B I 1 ' i R Q* 2__ _—
Q = = ]
&L sk LHCb : LHCb ]
':| [} 75_ SMpred. 3 ~ L i
o E E < 1F SM from DHMV -
L/O\o"3 6= = Data = < . ]
— 9 = 3 | --+- .
S o SE g < e ]
- = = | 3 &: 0_ + ]
(@)) g 45_ = Ta L + l -
2 S 35_ —t— o 18 CrT T T ' = : Y
LIJ ‘S‘ 2__ vu - . i
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E 0: | a é?/ E = Data 3 ]
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http://arxiv.org/abs/1403.8044
http://arxiv.org/abs/1512.04442
http://arxiv.org/pdf/1506.08777v3
http://arxiv.org/pdf/1503.07138v2

Model independent analysis of b — s transitions

M, ;> m, — low energy effective theory :

i=12..... tree

_1CF i = 3-6,8 .. gluon penguin
Het = V}th: Z(Cioi £ 5 C'Z'O:) i=7 ... photon penguin
V2 R N i = 9,10 ... electroweak penguin
left-handed part  right-handed part ¢ = S Scalar penguin _
suppressedin SM £ = P ........ Pseudo scalar penguin

e |ocal operators O, depends on hadronic form factor
- (dominant) source of theoretical uncertainties
e Wilson coefficients C; describe the short distance effect
- can be modify by new physics : C= Csv + Cnp
(including operators not present or suppressed in the SM)
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Results interpretation

Global fit (with all b — séf observables) rarXiv:1704.05340]
Favours new physics contribution to the 2 -
f (i | IATLAS
coefficient Cq 1- i B
i 3 ] LHCb-
> significance almost 5 ¢ ! S oL g /an
SR - |
Implies a violation of the lepton universality _q|———_T
> significance >3 o E
2L ]
I B S -
More measurements needed ! 3 2 -1 0 1 2 3
Chy,
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CPPM b - st activities

CPPM worked on the B - pp analysis

Now, focus on decays with T in the final state
By — T'T (published in 2017)

e Analysis
- the t decay in flight and are not reconstructed

= use the T — v mode

- neutrino escapes detection »n 10* =
- missing energy % LLHCb
- no invariant mass reconstruction "9 10° b
* Results : T N
- upper limits on branching ratio : S o | + ?atal 3
R LO
- BR(B.—11)< 6.8 102 (first limit) g _i’t:: Sional S
- BR(BY-11) <2.110-3 (best limit) i 8 S
: 10 ¢ — Background Q
On going : : o
> B~ T u (lepton flavour violation !) 1 E 7
RN FEETE AR FEEE FEEEE SRS SRR R Ll nd
Prospects ? = a
=
> B, - K*1T1 A 0

TR AR FEEEl FEERE AN N FNE N AR SRR AR R
0.1 020304050607 0809 1
Neural network output
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Selected LHCDb results

« b — c transitions



Anomalies in b - c1v transition

_ B(B® = D7) i
)= 5@ Dy o LC el il bj"f{,‘;f:{'g n
M0.300+ 0.008 . Big_ 3.9, 39, 41D

B(B® — D*7tv,)

al — % o BaBar, PRL109,101802(2012) | ; ! '
R(D ) — B(BO — D*_f“'V ) ’ ¢ < {M, e} e 0-3 - ——— Belle, PRD92,072014(2015) Ay”= 1.0 contours ]
E Qﬁ = LHCb, PRL115,111803(2015) .. -
SM 0.45 - — Belle, PRD94,072007(2016) === Average of SM predictions
’ - e Belle, PRL118,211801(2017) R(D) = 0.299 £ 0.003 n
= 0.252 :l: 0-003 - ———— LHCb, PRL120,171802(2018) R(D*) = 0.258 £ 0.005 —
0.4 :_ [ Average _:
0.35F o =
All measurements above the SM - ! ]
.. __ 20 ]
Combining Belle, BaBar and LHCb 03¢ l l .
> measurements are ~4c away from SM 0.25 - ) -
|
— | Summer 2018 _| ]
0.2 | | | | PGO)=74%

At CPPM : 0.2 0.3 0.4 0.5 0.6
. . . . R(D
2 participate in analysis of R(D*) with Run2 data ®)

~> if central value, BSM could be discovered !
»
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Final focus

+ Lepton Flavour (non-) Universality

- LFU: equal electroweak coupling to all
charged leptons



G. Isidori — B-physics anomalies: model building & future implications LHCb implications, CERN, 10" Nov 2017

» [ntroduction [a digression on LFU]

Let's go back ~ 100 years, and suppose we can test matter only with long wave-
length photons...

b These two particles seems to be
. “i1dentical copies” but for their mass ...




G. Isidori — B-physics anomalies: model building & future implications LHCb implications, CERN, 10" Nov 2017

® [ntroduction [a digression on LFU]

Let's go back ~ 100 years, and suppose we can test matter only with long wave-
length photons...

b These two particles seems to be
AN ’ . “identical copies” but for their mass ...

That's exactly the same (misleading) argument we use to infer LFU...

Y, 8 W, Z . PY . These three (families) of particles
AN seems to be “identical copies”
SU3)*SU2)xU(1) € Ll T but for their mass ...

The SM quantum numbers of the three families could be an “accidental” low-
energy property: the different families may well have a very different behavior
at high energies, as signaled by their different mass




Conclusion and prospect

Still many open questions in and beyond the Standard Model
Without any sign of new physics in the direct search, the precision era is open !
The heavy flavour sector is still a promising sector for BSM discoveries

More data and measurements are needed to resolve the tensions that are building
up in heavy hadrons decays

- Lepton flavour non-universality ?7??

Come and join us !
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