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Role of flavour physics

s Key open HEP questions
o Why antimatter disappear?

o Any BSM physics and what is
the form?

= Precision study of flavour and CP violation can probe BSM physics

o Looking for new sources of CP violation
m Precision flavour measurements to overconstrain CKM matrix
o Looking for new phenomena in rare or forbidden decays
s Flavour changing neutral current
s Lepton flavour universality violation
m Lepton flavour number violation



LHCDb experiment

= LHCDb is a dedicated flavour physics experiment at the LHC

o >10% X larger b production rate than the B factories @ Y(4S)

o Access to all b-hadrons: B*, B°, BY, B}, b-baryons
s Can also study hadron spectroscopy and exotic states
= Acceptance optimised for forward bb production
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CKM matrix




CKM mechanism

CKM matrix elements are fundamental SM parameters
* Only known source for CPV in SM
* But insufficient to explain baryon asymmetry in Universe
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Test of CKM unitarity is a key test of SM:
* New physics (NP) beyond SM?

* More than three quarks?

* New source of CPV?




CKM

= Test of Unitarity by measuring
o Angles (CP violating) and
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CKM unitarity triangle

= All measurements are consistent with CKM unitarity
= More precision measurements needed
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Loop vs tree to probe NP

= CKM triangle determined from loop processes
= Compared with tree-level determination for y
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Measurement of y
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y with Bt - D(h*h'Fg0)pt »=re=r

= Quasi-ADS modes B~ — D(K*n*tn®)h~

Charm decay parameters 1, 6p and kp from BESIII data

PRD 68 (2003) 033003
JHEP 05 (2021) 164

= Quasi-GLW modes B~ » D(K*K n%)h~, B~ - D(n*n n°)h~
Both CP-even and CP-odd of D decays, CP even fraction from CLEO-c data
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y With Bi —> D(Kin_l__n-l_n_)hi arXiv:2209.03692

= Phasespace split into 4 regions to improve D- D coherence, based on
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LHCb: pushing the frontier

And S|gn|f|cant improvements in y A DKp
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Charm physics




Direct CPV in charm decays

= First charm CPV observed by LHCb in 2019
AACP =Acp(KTK™) — Acp(mrtm™) = (—15.4 + 2.9)x10™*

* New measurement of time-integrated CP asymmetry

(K+K ) = agg +——

AY kK 2rXivi2209.03179

= [6.8 + 5.4(stat) + 1.6(syst)]x10~*

To obtain:

al, = (7.7 + 5.7)x107*
al = (23.2+6.1)x107*

First evidence of CPV in D0 -

Tt~ decays (3.80)
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World average (WA)

D° — D° mixing

S.E 1{loner 2020 | CPV allowed
= After many effort, D°-D° oscillation was observed .
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Bin'FIip With DO — Kgn-l-n_ PRD 99, 012007 (2019)

= “Bin-Flip” method: yield ratio between —b and b bin as a function of time

o Most detector effects cancel
o Fix Xy, = (Cp, Sp) parameters from CLEO+BESIII
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Results with prompt D° and WA

Huge impact on WA of x and CPV !

= Bin-Flip method rrb 99, 012007 (2019)
s First measurement of x > 0 for 70

PRL 127 (2021) 111801
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Update with SL decays
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Hadron spectroscopy
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List of new hadrons keep growing
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List of new hadrons keep growing
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Z.. [ccus] states

= Charged Z_ states observed at BESIIl and LHCb:

Z.s(3985), Z,.5(4000), Z.;(4220) rHCH, PRL127 (2021) 082001

" Z.5(3985), Z;;(4000) have 5~
similar mass but very = ) o
different widths e

= BESIIl also find an evidence for * * .G

the neutral isospin partner

LHCD
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T451(4000)° in B® - J /K]

BT - J/YpK* arXiv:2301.04899
. 0 §7°° o LHICIb ' ' ' LHCh
= Simultaneous fit to B” — J/YPpKg =*—wuu , " o

2500
F -+ Background

and BT - J/YpK™, assuming e
isospin symmetry for all the o0 e
intermediate states, except for

the charged and neutral
Tz,sl(4000) states
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= Consistent with being isospin partners: Am = —12. 11’%5:&2:‘2’ MeV

= Significance is 4. 0o without isospin symmetry for Tf;,sl(4000), while 5. 40 with
isospin symmetry constrain

T,051(4000)° > ] /K 1*  3991.3*117+8>  104.8%323%171 7.9 + 2.5739

Z& /TS, (4000) — J/pk* 17 40036},  131+15+26 9.4+ 2.1+ 3.4



Possible emergence of two SU(3)
flavour tetrquark nonets

]P(C) = 1+(_)

Z,.5(3985)° Z.5(3985)*

Z.(3900)°

Z:(3900)~ Z,(3900)*

Z,5(3985)" Z:5(3985)°

BES arXiv:2211.07217

arxX1v:2103.08331
JPO = 1+(+) arXiv:2111.08650

Z:5(4000)° Z:5(4000)*

7,.(3872)°
Z.(3872)" Z.(3872)*

x(3872) | x(4140)

Z.s(4000)" Z.5(4000)°

LHCD

Two multiplets could exist in both molecular and compact tetrquark models,
however not all of the states exist in the molecular model

arXiv:2207.08563
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LHCb upgrade(d)




Long term plan beyond 2035

Peak lumi ~ 4x1032 cm-1s-! Peak lumi ~ 2x1033 cm-1s!
[L£~9fbl JL£~50fbl
~ 1pp/Event ~ 5 pp/Event
Belle II starts 25 fb1 collected in Run3
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N N & &y N W% % & Q% % v & Q&
TS S S S SS

Peak lumi ~ 2x103* cm1s?
[ £ ~300fb1
~ 50 pp/Event
HL-LHC
00‘ O) Q N \% o) ™ ™
& & > L) > > Qo) Q)
Q ,\9 ,‘9 ,\9 Q Q Q Q

---------------------
IS ™ I I N S [ BT

e Starts to accumulate data for Run3
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_40 MHz 1.1 vuz_ (@R 12.5 kHz (0.6 GB/s)
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Upgrade I (being installed)

100 kHz (2-5 GB/s)

Locator /|
l

...........

40 MHz HLT
pp [)C[CLtOI Software

collisions  readout

Events on disk

All electronics upgraded to send every hit to
flexible software trigger (GPUs + CPUs)

Magnet

SciFi

Tracker

Increase granularity and longevity of 3 new trackers

Muon stations \\ \
Calorimeters M5 N 0N

“ HCAL\p
ICH2 ECAL

M3 M4

CERN-LHCC-2012-007

5x higher inst. lumi. to 2 X 10%3 cm-2s71,

5 visible interactions/crossing
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LHCDb upgrades

Table 10.1: Summary of prospects for future measurements of selected flavour observables. The projected LHCbD sensitivities take no account of potent
detector improvements, apart from in the trigger. Unless indicated otherwise the Belle-II sensitivies are taken from Ref. [568].

Observable Current LHCDb LHCb 2025 Belle 11 Upgrade 11 GPDs Phase 11
EW Penguins

Ri (1 < ¢® < 6GeV3ct) 0 1 [255] 0.022 0.036 0.006

Ri+ (1 < ¢% < 6GeV3c?) 1 [254] 0.029 0.032 0.008

Ry, Rpx, Rr = 0.07, 0.04, 0.11 — 0.02, 0.01, 0.03 —
CKM tests

v, with BY - D} K~ (E0)e [123] 4° ~ 1 -
7, all modes () [152] 1.5° 1.5° 0.35°

sin 28, with B® — J/yK? 0.04 [569) 0.011 0.005 0.003

b5, with BY — J/v¢¢ 49 mrad [32] 14 mrad 4 mrad 22 mrad [570]
¢s, with B“ — DD 170 mrad [37] 35 mrad 9 mrad

@55, with B“ — QP 150 mrad [571] 60 mrad 17 mrad Under study [572]
(1:[1 33 x 1074 [193] 10 x 1074 ax 102

* CKM tests: match precision from indirect determination
0y, ~ 4 mrad, o, ~ 0.35° Ogjnzp ~ 0.003

b — cl~y, LUV studies

R(D*) 9% [199,202] 3% 2% 1%

R(J/¥) 25% [202] 8% - 2% -
Charm

AAcp(KK — ) 8.5 x 1071 [574] 1.0 s 10+ bd x 10~ 3.0 x 1075

Ar (=~ xsing) 2.8 x 1074 [222] 4.8 % 107° 8.5 w107 1.0 x 10~°

zsing from D — K+n~ 13 % 107 [210] 3.2 5 10~ 4.6 x 10~ 8.0 x 107°

2 sin ¢ from multibody decays

(K37) 4.0 x 107° (K%77r) 1.2 x 1074

(K3m) 8.0 x 1076
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Summary

= Studies of flavor towards new physics
= LHCb: a wide range of flavor physics
o Precision measurement of CKM matrix: y < 4°
o Charm mixing and CPV: precision on xp, yp, evidence of Agp(ntn™) # 0
o Hadron structure: more exotic hadrons
= LHCb plans for upgrade from 9 fb~! to 300 fb~1!
o New physics?

Peak lumi ~ 4x103? cm-1s1 Peak lumi ~ 2x1033 cm-1s-1 Peak lumi ~ 2x103*4 cm-1s-1
[L~9fbl [ £~50fbl [ £~ 300 fbl
~ 1pp/Event ~ 5 pp/Event ~ 50 pp/Event
Belle II starts 25 fb1 collected in Run3 HL-LHC
N © A S 0)‘ Q N v > ™ ‘)‘ © A ‘b‘ O Q N \% Ye) ™ ™
e"’ S S NN S S Yy & & 6” S LS

v Y% v % vov v v
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N ew y com b i n at i on LHCb-CONF-2022-003

= Simultaneous determination of y and D° mixing&CPV parameters

° A
L y = (63.8;3;;) o xp = =2 = (0.398+3359) %
@) : . LHCb: — Al-‘D 0. 636+0 020
LS. Erimigy Yp = oy, = (0:63626015)%

Improved on yp w.r.t charm only results

1 o
| 2221 LHCb Charm Only LHCb .
(7871 LHCb Beauty and Charm  (eey

y [%]

0 50 60 70 80 90
E 110: T T T T T T T T E y [o]
~100E LHCb -

90 E— Preliminary 3




Vub/Veb

= Vyu/Vep is fundamental input to constrain SM

Im

= Measure differential

decay rates of: @ w, clizg);

\ B— 71w, p7T, pp Bo Bo

(1 - 22/2)(pm) mixing

o Inclusive semileptonic
decays: theoretically clean

o Exclusive (semi)leptonic
decays: theoretical
uncertainties

;/arg{ M:l aarg{ & ")} arg{M}
= Large tenson between VeaVer VidVi ViV
inclusive and exclusive
determinations
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Vub/VCb pUZZIQ

b— ulv

b— clv

(p.1)

m Tension between inclusive and exclusive determinations

— 48—
S 46F

b

4
3.8
3.6
34
32

3
2.8

> 42F

Exclusive |V _|
cb

Exclusive [V _|
ub

Ax* = 1.0 contours

Inclusive
[V |- GGOU —

i

\4 h|/ v l,| [V, global fit E
E HFLAV Average - E
B 73 E
— HFLAV &
- :
E P(x?) = 8.9% -
I ! I 1 I L I 1 1 1 I 1 ]
36 38 40 42

44
v | [107]

Inclusive: high background
|Vup| = (4.19 £ 0.17)x1073

|Va,| = (42.19 + 0.78)x1073
Exclusive: need LQCD inputs
|Vyp| = (3.51 4+ 0.12)x1073

|Vs,| = (39.10 + 0.50)x1073
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Charged Higgs

HANS5 UM FE

Clear BSM
Clear BSM

D - invisible :
Ty Sy hofinal state
Model-independent D® - K *n~ Zc(3900) = I/UM " puy curse
Absolute branching fractions

Quantum correlated D°D°

0 0t —
SR s i bos/dy bouly
Only charged particles  go yiyino kM a, B Vs V,
in the final state I
and lifetime .
CPVin rlifetime B - Doy Y(65)
D® - eu D° = h*h™ _
0 oo Charged Higgs
()
N BY mixing Bokl \ 5o KKK Y(5S)
HE and lifetime B - D'ty B - K%

B-K'nn® p hvv, Tv

a
* Dol Charged Higgs

T - hadrons

Neutral particlesin T = Vv

CPVin charm 51(1: V.q  Polarized beam
J/(ce) » Wts  J/¥ — hadrons
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