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Hadrons

?‘5‘ WIKIPEDIA Q_ Search Wikipedia Search Do
The Free Encyclopedia

Hadron ¥ 82languages v
Contents hide Article Talk Read Edit View history Tools v
(Top) From Wikipedia, the free encyclopedia Can force mediator or leptons

. form a composite particle?
Terminology and

In particle physics, a hadron is a composite subatomic particle made of two

etymology
Properties or more quarks held together by the strong nuclear force. Pronounced Boso adro rmions
Baryens haedron/ ll))®, the name is derived from Ancient Greek adpog Ehioton il /. Mesons ran B
=t e P

(hadrés) 'stout, thick'. They are analogous to molecules, which are held W o ks, (Proton B N eleciens
Mesons . . gluon, Higgs kaons, ...) neutron, ...) \ neutrino, ...)
_ together by the electric force. Most of the mass of ordinary matter comes

ee also ) Made up of quarks

from two hadrons: the proton and the neutron, while most of the mass of . : : 3 P
Footnotes o o ) A hadron is a composite subatomic particle. Every

the protons and neutrons is in turn due to the binding energy of their hadron must fall into one of the two fundamental classes of
el constituent quarks, due to the strong force. particle, bosons and fermions.
External links

+ Made by two or more quarks; held together by the strong nuclear force
* Most of the ordinary matter are proton and neutron; most of the mass of hadron from the strong
force (Higgs only generate a small amount)
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Hadron physics

Almost all high energy physics are related to hadron physics
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* Lepton properties, however, QCD still important (Hadronic

QED EW HVP HLbL
~ o . Vacuum Polarization, Hadronic Light-by-Light etc.)
wt wt WS ., e  Method developed to understand QCD (lattice, dispersive
W STOT\MT .
/ ! \ / \\ = relationship) BESIII input
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Tasks of flavor and hadron physics

* SM model very successful;
 Still an effective theory, many unexplained phenomena;

* Most related to flavor and hadron physics

Understanding QCD at low energy New Physics hunting
o Properties of QCD :: aco isappzit%le - e Matter and antimatter asymmetry
confinement Tl ; — D —) observed in the Universe
* Structures of hadrons "[ s «  Origin of dark matter? New particles
Non -pe rturbative! ‘ g pace courtesy to S. Olsen
' o w or new forces? Flavor hierarchy
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Hadron physics: colorful and tasty

QCD at low energy

1/2000 1/200 1/20 12 rfm * Spectroscopy studies
05 - T T T —
| PQCD is applicable here confinemant
- .él.aums
w o o » Structure of hadrons
s 3 =
03 |- %a
- 7 . _
02 | * Hadron interaction with matter
5 i we live
T ' here —_—
: **a?ﬂ';?.:" courtesy to S. Olsen

* Production and decay of hadrons

0 | 1

0.001 0.01 1
t 1/Q GeV =

+ Fragmentation process into hadron

* Everything related to matter
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Questions related to hadron structures

 How quarks are combined into hadrons? How many types of matter?
* What are the properties of strong force at low energy?

 How does the strong force generate mass of proton and neutron?
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Quarks and gluon

mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c?

charge > 2/3 2/3 4 2/3 r 0 |
spin = 1/2 12 12
| 0
up charm J top

=4.8 MeV/c? =95 MeV/c? =4.18 GeV/c?

-1/3 -1/3 -1/3

1/2 1/2 1/2 gluon
down J strange J bottom J

QUARKS

* Intotal, 6 (flavor) x 3 (color) x 2 (antimatter) = 36 quarks

« How many different types of hadrons can they make? (if not counting excited states): 36
for meson ( ') and 112 forbaryons( ~ "or —");

* hadron does not show color property

* Can gluon itself form a hadron?
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Top quark

+ Top quark a bit special, no resonance seen until recently

1fm ~ 3x

» Lifetime of top quark: 7x ~ s
sRAH HAEH FREAE AR SSMHEAEH 5l A EAER
W (N L 5B R &
B gf P & G.(M pcz)z G.M =
o, = 4z h T
EH 47hc TTEWHC (he) 4rhc
Gt ~1~10 = 14137 EIXIO_S ngIO_‘m
palil ¥ XF HRl BT
Heith (g) €2 (W, 2"
B fE 107 f» 107 F 1071°% L
FH B[]
718 1fm o 1/400 fm ©
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Toponium (1)

CMS 138 fb-1 (13 TeV)
103_ - 1/3 S Chel <1 1/3 < Chan < 1
B { data i + Both CMS and ATLAS seen excess of events near
2 o threshold of
5:'{ 10 o other
% +— unc. * New physics or the smallest composite particle yet
3 —e——

10" observed in nature: toponium

Text book claim: top quark lifetime too short to form any

@ postfit (FO pQCD + BG + 1, bound states
= .
9 « Cross section: . © pb
O - -
=40 * Total cross section: ~830 pb
[
- " « Could it really be toponium?
'*E 0.9 — My o(n,) =8.8.73pb
T ) T T
400 700 1000 1300

my; [GeV]

2025/08/19 UCAS, Wenbin Qian 10




Toponium (2)

- mlom 11?00 1/120 1.;2 rfm
— Q-CD iS applicatﬂe here confinement ° In BOhI’ mOdel: ( / ~ 340000, Charge +2e/3)
0.4 | éw . — /
(].s . d o A
03 | . = / ~ 0.7 fm
- ‘ . = / ~0.5keV
a WEIIE . ~ . > ~ . :QCDdominant
o oo . here
L i courtesy to S. Olsen . = ~0.2c } 2 ,
00.001 0.01 0.1 1 ° =/ ~0.01 fm 1
1/Q GeV-1
. = / ~ 2.0 MeV
QED potential: QCD potential:
a aq(1/r)
Vi) =~ Vi) = - Cp——+or Cr=4/3 o =0.18GeV?
r
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Toponium (3)

-

- NN W s O OO N OO O O«

» Lifetime of top quark: ~ X s
« Average interaction length between

* 1 fm: around 6 , probability around x

* 0.5 fm: around 3 , probability around 3x

* 0.25 fm: around 2 , probability around 2x

« Estimation varies from 2% to 0.01%

« Measured: ~1%

n i n 1
X

1' z 3 ;1 5 6 7 8 9 10 » There could be toponium formed before top decays

Exponential Decay
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Godfrey-lsgur model

* Ignor multi-quark or gluonic excitations
« QCD-inspired potential:
+ Confining part (long range):
+ Coulomb-like part (short range): — / =0

» Spin-dependent part: hyperfine splitting

* Mainly depends on \ J

« Wave function solutions from Schrodinger equation

» Spin-parity
« Nature: *, -, * —, *.
« Un-nature: -, *, —, * ~.

* Decaying into two pseudo-scalar particle: nature spin-parity
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Quark mass

» All other quarks except top decays after formation of hadrons

* Mass very different from each other

M I N I ST N —

Mass (MeV) 2.3 1275 173070 4180
1/2000 1/200 1/20 12 rfm
0.5 T T I I I
| QCD is applicable here confinemant
° -~ Mev 0.4 | ﬂérawms Vou
* Perturbative calculations “ B % l ”;‘{‘*
0.3 ap % i ] g o
. (large momentum transfer) - T Il
02 [ 3 |
. / 3 it | we live
H k | ial rol 01 Lyttt 6
° eav uarks: ay a special roie ' asymptotic
ydqd play a sp R ot courtesy tci S. Olsen
0 |
0.001 0.01 0.1 : |
1/Q GeV-
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Heavy quark spin symmetry (HQSS)

* When , spin of heavy quark decouples with other freedom or - oo, all spin

interaction vanishes (  / )

* Heavy quark can be considered to be static( ~ / )
» Spin of heavy quark and total angular momentum conserved
+ Splitting between different approaches 0 when - ©0

+ System very similar for different heavy quarks
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Application

+ Mass splitting between doublet of ground state (spin related)

—  ~140 MeV 2 — 2-054GeV? -0
—  ~142 MeV 2 _ 2.048Gev2. 0 &

—  ~45MeV 2 — 2 -057MeV

- ~ 45 MeV — ~0.52 MeV \ J

» Mass splitting decreases as /
« Also works when the light part is changed to s quark

+ One may also expect

—_— _— —

Light freedom -~ —

Angular momentum
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Particle zoo 2.0

* Many new hadrons discovered since the discovery of

115

in 2003: renaissance and revolution?

i i i i i
= — 5
11,04 [75 new hadrons at the LHC| o' .bb ® ccgq W bag
= ® bg @® cccc [ eele]
Xb(3P) Xb2(3P) A & =
10.5 1 o Yn(3P) [ ) L ® g W céqqq L
© céqq) ® cqqg
Z,.(4020)" 7
7S new hadrons ,« ol | st
7.0+ Bu25) @5ET g Tea(en0) & Z.(3900)"
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N& . N
> | [2)
& 50 Xeo(4700) 2(4685) b N(2570)
o Pea450)  ©xeo(4500) Pee(4457)" Biyia630) ) © X(2370)
2431 Xe1(4140) :’“]“z") Jreaeon Tenta220y @) hel4300) N(2300)
£ 401 o Pe(4380)* 5;;‘;;21)2” & Teea(4000)* T (4000)° g Xa(4010) E X(2120)
: - ° [ X(3960) ‘ 2
- e T(3875)"
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2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2012 2014

patrick.koppenburg@cern.ch 2024-07-22 Date of arXiv submission

LHC (mainly LHCDb)

Y(4790),
Y(4710)
Y(4390) Y(4500)
, Y(4320)
(4020) Y(4230) )
©2.(3900)° Z.,(3985)'®
.wz(sazs)
30 new hadrons at BESIII
#X(2600)
®x(2500) O’a(24g;)2356
X(2262)% @ (2250) X(2000)
h,(2100]
"1(1555)‘%‘,(1817)”" X(1880)
30 new hadrons

 + 17 new hadrons from Belle (>35 from its start)

« > 20 new hadrons since 2022 (only selected ones are shown)

 Many can not be explained by conventional quark model
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Spectroscopy studies
Complicated

Ly-a Paia Br-a Pf-a  Hu-«

Ba-a
l | | | |
ITI

100 nm 1000 nm 10 000 nm

Measurements

Empirical summary to Balmer’s equation:
2

n
4=365.46—-——mm, w=345 -
n-—2
Rydberg’s equation:
1 I 1
c=—=R(—5-—) R=1.0973731534x10'm~ Zi&E% &
A n, n,

n, =1,2.3.4,~, B =0,1tLRa,+28, -+

2025/08/19

UCAS, Wenbin Qian

Bohr model




A history of understanding

Xc1(3872) Y(4230) | Z.(3900) P, states [l T .zcc (6900) Y states | T.5(2900) +
Belle BaBar BESIII LHCDb LHCDb BESIII LHCb
2003 2005 2013 2015 2020 2023 2023
More states
P
Time Better understanding
Z.(4430) Z.(4430) | Y states | T..(2900) | T..(3875) Z,s Pos
Belle LHCb BESIII LHCb LHCb BESIII, LHCb
2008 2014 2017 2020 2021 2022, 2023 1
! )
Existence of exotic particles? [ \ J

Structure of exotic particles: |
compact? molecular? Structure of exotic particles:

mixture of different
contributions, fraction?

Unified model for all hadrons?

'

2025/08/19
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LHCb experiment
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Experiments in the world

Side View

SciFi RICH2

muon chambers muon chambers

Electro Magnetic
Calorimeter

£car HCAL

M3
M2

Tracker
I=—=W

barrel New Small Wheel (NSW) barrel toroid magnet

+ many dedicated
experiments
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LHC a new energy and Ium|n03|ty frontier

e

SR

The LHC as a Beauty andwCharm factory

.SUISSL SEEAT
= FRA!\CE,;

High B-baryon production fraction

B*: B®: BY: A)

(ub) (db) (sb) (udb)

4 : 4 : 1 : 2
Unique dataset

LHG27%kni”

2025/08/19 UCAS, Wenbin Qian
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Production of hadrons

LHCDb (50 tb1) ~1013 ~0.1%
Belle II (5 ab!) ~1010 few%
CEPC ~1012 few%

* Beauty in LHCb more than 1 order of magnitudes larger than other experiments; CPV and
time-dependent studies

* Production notonly '~ mesons, butalso + b baryons

. * ~ experiments: final states with neutral particles; absolute branching fraction

measurements etc.
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Charm production at LHCb

LHCb (50 fb?) ~200 x 1012 <0.1%
Bellell ~0.1 x 1012 few%
CEPC ~0.26 x 1012 few %
BESIII ~0.25 x 108 >10%

Super tau-charm ~25x 108 >10%

« Charm in LHCb more than 2 orders of magnitudes larger than other experiments; CPV and time-
dependent studies

« BESIIl: quantum-correlated production

. * ~ experiments: final states with neutral particles; absolute branching fraction measurements

etc.
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What we eat in canting

PROTON PHYSICS: STABLE BEAMS

e
2.5E11 4
)

2E11

Intensity

1.5E11 4

i
T T T T
04:00 06:00 08:00 10:00

1E11

5E]_|]—J J | - ALCE — CMS — LHCh
I

0DED L[;

T T
02:00 04:00 08:00 10:00 1200

BIS status and SMP flags
Comments (03—Jun-2015 13:03:41) Link Status of Beam Permits

Global Beam Permit
the LHC is back in business!

e Setup Beam
(all IPs optimized) 7

Beam Presence | true |
Moveable Devices Allowed In | true |

Stable Beams

AF5: Single_3b_2_2_2_with_nc_probes PM Status B1 ENABLED (g -\ dV - ¥ ENABLED




The LHCb detector (before 2019) 2008 JINST 3 S08005

A / \
L // M4 M3 \\\\
// e \ \
smi-/ SPD/PS yrar - \\
ECAL |
........ \
o
R W
..... — N\
Vertex N %% \|
Locator
\\‘I\ \“.\\
--------------------- \'\_.\. -.':_I.- ‘\‘"-..\I ‘II
-5m
s e L I owoa g ox IR o on T 5
om 10m DeSfgned for CPviolafion and heavy flavor studies
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

A new LHCDb detector

*  With our new LHCb detector, already collected more data than Run1+2

*  More importantly, full software trigger =» better performance on hadronic final states

New New UT A ed M1 R
piXEl & o LHCb Preliminary 2024 +"‘+ T
Velo readout Similar PID " E4 Blg-mas .
performance .
Side Vigw Ecal HCAL M4 MS e - P
SciFi M *° W&m

Momentum [GeV/c]

Tracker . . . o o . o
Twice trigger efficiencies (hadronic)
2 L Oy LS S R S e & g T T T T J0.175 2
g LHCD Preliminary HLT2 Turbo 016 = £ LHCb Preliminary HLT2 Turbo {7 2
A2 2004 HIt(Two) TrackMVA Joqa B 2120 1 2004 HTwo TrackMVA Joas0 2
B i -+ Run 2 LOHadron + HIt1(Two)TrackMV A T8 B i -+ Run 2 LOHadron + Hitl(Two)TrackMVA E]
S 1 & oo P ) 2 1 el Py iacuca: SR
% —__'______,__.—-_-—:——— — (.12 § % s _—.__—--—'—‘:—::_—h—l—_'p 0.125 2
éo.s - = . ().m? §01§ b _—_ 7 530 %
= S - g
..... 06k _:" ] ”-(w’é 06 = ] 1113753
| — 006 £ N =
04F - & 048 - J0.050
£ 1004 — . S
\ 0.2 NN oo 02f _— i —
— . 1 e
A g — T k oa s 10 s 20 25 MO 10 15 20 250
Tp— = T Transverse momentum, pr(B") / GeVc~! Transverse momentum, py(B*) / GeVe™!
) Removed PS/SPD and 0 i v =0 4
New RICH optics and PMS B - D™« BT — D°rw

new readout
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The LHCb Cove rage 2008 JINST 3 S08005

I Tracker M PID [ ECal
N Counter  [NEEEM Muon [N HCal

ALICE
|
. | I EEn .
s 6 -4 -2 0 2 4 6 8 10
n

-10 -

ATLAS+LHCf
= - ==
-0 -8 -6 -4 =2 0 2 4 6 8 10
n
CMS+CASTOR+TOTEM
-T'.'f = I . N
S - ._-_ ]
%\&.@Oyz ‘5:‘-":-:-‘-:' bé&::’*":‘::_:‘:' -10 -8 -6 -4 =2 2 2 4 6 8 10
LHCb+HeRSChelL
I .
____‘_{;:T__
i —I10 —I8 —l6 —'4 —I2 6 2 4 é é 1l0
g Q q Q n
4 = » Very different from other collision experiments
g q
e ® « However, not a fixed-tag experiment
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

The LHCb status

—~ 10
'a — 2024 (13.6 TeV): 9.56 fb™ e Run1:
"i — 2023 (13.6 TeV): 0.37 fb™ ’
= | —2022(13.6 TeV): 0.82 fo™' R . 1
§ . — 2018 (13 TeV): 2.19 fo™ 2011 (7 TeV): 1 fb
= —2017 (13 TeV): 1.71 fo . )
% 61— — 2016 (13 TeV): 1.67 fo' % © 2012 (8 TeV). 2 fb-
- — 2012 (8 TeV): 2.08 fb™ .
@ — 2011 (7 TeV): 1.11 fb™" * Run 2:
S 4r . 2015-2018 (13 TeV): 6 b
&
o
3 * Run3:
S /_///F_;/ - 2024 alone (13.6 TeV): 9.56 fb-!
(O]
E gl = | !
Mar May Jul Sep Nov

Month of the year

A new LHCb detector for Run 3 operates at x higher instantaneous luminosity

« Similar performance, while efficiency for hadron final states increased by a factor of 2
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The LHCDb luminosity

~ LHC Fill 2651

—_
o,
N

I

* Instantaneous luminosity for LHCb at Run 1

7 and2are ~ . X cm-2s-1
= ATLAS & CMS L o
mis : i |+ WhileinRun 3, itis X cm-2s-1
10 — ! T — * Average number of visible pp collision ~ 1.1

" ; levelling possible .
Luminosity ~constant = (33% empty events) in Run1,2

LHCb

Instantaneous Luminosity [10* cm2 s

T T TTT7]

* Low pp collisions important for flavor physics

Beam 1 (lifetime related measurements)

1 | 1 | I 1 L 1 I 1 1 1 1 I 1 L L | I

20
Fill duration [h]

» Instantaneous luminosity at ATLAS and CMS falls exponentially

* LHCb controls its luminosity by beam offset
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The LHCb VELO detector

——— R sensors I 1m }

""""" ¢ sensors

cross section at y=0 + Designed to measure pp

collision and secondary decays

_— | — from beauty and charmed
JHHE IR mesons

pileup interaction region

VETO view of 6=53cm
stations

most upstream
VELO station

* VELO only closed when stable

8.4cm

beam

6 cm

VELO fully closed VELO fully open
(stable beam)
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Why a silicon detector important

* Lifetime of and hadrons: ~ s; typical momentum ~ 60 GeV - flies around 0.5 cm

Help in distinguish tracks from decays of and hadrons and tracks from pp collisions

ﬂ+ _ * Crucial for lifetime measurements

. h~
\ I
I

dXm
\\ 6(Z) f 200/um E =
B g

Lifetime resolution in LHCb ~ 44 fs

7 oS
\\\:\L%ucfv "12=(E)2ffd+(i)2013
o 1
V{N 20 ,um\\ ~ 200 um Up/P ~ 0.4 %
) / ~4%

More than 100 tracks
2025/08/19
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Impact of silicon detector

Dramatic effect on measurement precision!

— 2 e e e
g [ Plot courtesy G Wllklnson s000 F 225
— PDG World Average |
o 1B 200
L5 [
16 [

| [ ”»
1~ ‘/ _ |ooo; %o
LEP dominated [ - >
0.8 .................................. ] ° 1 L .
1986 1938 1990 1992 1994 1996 1998 2000 18 185 19 A 183 19 193
Year M(K*n"n") GeV/c M(K*n™n") GeV/c
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Meson mixing

; W . Not diagonalized
AVAVAV
Bq u,c,t u,c,t By - — —_ I_
7 Py 7 - 2 o
W
b u,c,t q Mass eigenstates != flavor eigenstates
W) ws 3w [ — p|B0) +q|B!
- _ . |B’-=H)_p|Bq>:|:q|Bq>
q _7éat b
Amg = mpy — my
~0.5 ~0 ~1.5
Alg=T, —-THy
~17.8 ~0.14 ~1.5

Fq = (r[_ -+ FH)/2
cos A x /

2025/08/19 UCAS, Wenbin Qian 34




Oscillation

My
T

-
o

1.53? cos A x /

=

T=A /2 ~43

=

4
]

—_

=
oo

=
=

=
=

=
ha

=
ro
w
o
2]
o
~
o

t'ps tps
* Flagship measurement when LHCb designed is to measure
* To resolve oscillation, further constraints on lifetime resolution; separation between two
oscillation peaks: ~ 50 fs

- CPV power /7 ,073@45fs,0.28 @ 90 fs
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First hit point at the silicon detector

unambiguous
<4+ flight distance

+ Secondary vertex resolution depends on how close the first detection point to it
« Make it as close as possible to the beam pipe
*  Now only 8mm!!!

* VELO closed only during stable beam

2025/08/19 UCAS, Wenbin Qian 36




unambiguous
<€+ flight distance

+ Secondary vertex resolution depends on how close the first detection point to it
* Make it as close as possible to the beam pipe
*  Now only 8mm!!!

* VELO closed only during stable beam
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Flavor tagging

Primary Vertex (PV) Secondary Vertex (SV)

Need to know flavor of B when it is
produced
Based on knowledge of the other B

or s/d quark associated with B

production

Same Side (SS) « Low effective tagging powerlyields

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

®Opposite Side (0S)
OSK

OS vertex charge T 0Se
OS charm

2025/08/19 UCAS, Wenbin Qian



Where is the other B?

scar HCAL

SPDPS M3

RICH2 ) M2
3

M4 MS

- 250mrad

= —Int g
LHCb MC = e

Vs=14TeV

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

. and produced heavily boosted in one direction

- Single-armed detector designed to have 27% and produced inside LHCb acceptance
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Measurement of

e Tagged mixed -

* Measured using - , R

o Tagged unmixed

e = Amy = 0.5065(19)ps
Ams = 17.757(21)ps*
Precision of 0.38% and 0.12%!!!

400

candidates / (0.1 ps)

== = = 1 9 1 3 1 3 3
0 1 2 3 4 s = 4o > s == — I
decay time [ps] 4 41— 21— 21—
2 5 2
_ 2 2 —~ _
Amg = — 0 | = 32

« Uncertainties mainly from Bag parameters (3%) obtained from lattice

« Large reduction of uncertainties by making ratios of the two
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PID system

+ Key different in detector design for experiments dedicated to flavor physics

Tracking Electromagnetic Hadron Muen
chamber calorimeter calorimeter chamber

S GPD

i lavor

—

Needs to identify
different hadrons

—

Innermost Layer... P ...Qutermost Layer
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Muon
Electron
Phnton

PID system in LHCb

Charg __f_,.-—-""'f
Meutral Hadron
‘ - -
|l_5l-“F| : ---i""'l
o
'lhmu |

2025/08/19
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LHCDb PID system

+ Example: Sensitivities of CPV mainly come from ~ - decays ;

0.06]-
0.05|-

ood- DK
+ Two RICH systems offer good PID performance around 10-100 GeV; 003

Needs to remove large ~ - background

(Mubn system to distinguish muon from other particles) 0-0{— D

.01

ecar HCAL Mg MS

SPDVPS M3 250mead A R T
-3 2% ) = Sq 00 5200 5300 5400 5500 5600 5700

M(D’K*) (MeV)
lrich \ % . |
T \ = T
| > A LHCb
=
) 150 — pK* T
\ — ' Dxt
.............. % lm < Combinatoral N
=
o 50 =+ Part. reco.
5
=
U 'y ! - -
03360 5400 5600 3800

m(DK™) [MeV/c?]

2025/08/19 UCAS, Wenbin Qian 43




Cherenkov detector

RICH1 RICH?2

Central tube

g 220
T
E 200
Photon —
Detectors 2 o .
g’ H
250 rrad - . W
"_Spherical >
Mirror B w
5 o
ot
‘ 0 100
|| > Track o
exit window
- \Carbon Fiber 0
! Exit Window

60 /

Plane

80 \—V pherical mirror

Flat mirror

Mirror 0.02 - 40
20 ‘ N\
0.015 1 1 L 1 aal 1 1 1 3 3l 0 \‘\\*\:v §
=X
(; 1(‘30 2(;0 z (cm)‘ 10 102 °
Momentum (GeV/c)

+ By knowing momentum and velocity, one can identify hadrons

* Velocity determined by cos QC _ L
n
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LHCDb tracking system

« Tracking system consists of VELO, TT, T stations
+ Offer momentum measurements together with magnet; ~0.5% momentum resolution
+ Layout offers sensitivity to different track types: VELO tracks for vertex reconstruction;

downstream tracks for long-lived particles (Kg etc.)

magnet T stations
TT M T track
VELO
L
upstream track [
[ long track

VELO track [ TR,

N downstream track
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Why tracking is important

Good momentum resolution extremely important for distinguishing two resonances close to

each other (famous pentaquarks)
« Also important to distinguish B? and Bg in hadron collider (LHCb vs CMS)

« Significance of rare decays also largely depending on mass resolution

0.14; 0.07
0.12;— BO 12 MeV 0.06

0.1 0.05
o.os; BS 0.04
o.oef— 0.03
0.043— 0.02
0.02; 0.01

- Iu.A\\\uu bl b L

-~ | . L
5400 5150 5200 5250 5300 5350 5400 5450 5500 5550 5600 4
M(up) (MeV)
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Jiaikekial | kil | L
00 5150 5200 5250 5300 5350 5400 5450 5500 5550 5600
M(u*w) (MeV)
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LHCb magnet

asymmetries

~1T
~ 1.2 (a) 2<p<20 GeV LHCb =
:5 —— pal -
i = ’ '+
_,:-"1.10..___':‘:— _________ 2
B —r ——
w —— —r—— ——
0.8~ —s— Magnet up -
—a— Magnet down
1ar
L - Average
] P 1
. 0 2 4 6
Courtesy of M. Vesterinen ¢ (rad)

« LHCb magnet in y direction;
« Change magnet direction during operation (mag. down or mag. up)

* Detection asymmetry cancels largely in two scenarios
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LHCb muon system

‘\ ,'/ \ '\\
y / / \ \

f
f f

J {

)

f |
/| /f
/ | :

Verte}y/‘ /| /
Loca/tog/i 7/

NY

10m 15m 20m
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in LHCb
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How data is collected

LHC bunch crossing (30MHz) .
No hardware trigger

5TB/s DETECTOR READOUT

Factor of 25-50 reduction
HLT1 PARTIAL RECO  Shiabbls

0.1 -0.2 TB/S E Real-time alignment ——

and calibrations

HLT2 FULLRECO SEEEE

5% FULL Offline reconstruch’orj and
~5 GB/S associated processing

85% TURBO & =

real-time analysis User analysis
A Offline reconstruction and

o,
10% CALIB associated processing |

Raw data will not be kept for these analyses
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Impression of LHCb

Q Generate RAW data
L CERN e 40 Th/s of data to the detector
%NUWMMM 1% of global internet traffic
% | FZK ] INZP3leNikHERk] PIC le—r RAL Reconsinctr Distributed analysis framework: grid
é Us_lt'nﬂ\pE;-ll?sls
E Tier-2's Froducton

Tierl: Beijing IHEP; Tier2: Lanzhou
All Chinese group contributes
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A collision in the LHCb detector
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LHCDb Physics and LHCb China

FEMRAR LHChb&{E4H: 24MER, 10085 %
& kAR S CPRB R fir, #T1800FRL5:
P b 1 ol
et ol LHCbehE4: SHIEAY . LI
BT TESIES, QCD RZF. SRR, FEMNZER

| K, BIUAZ, HEAZE, LI
55 )E S H \ P NV
ﬁf%E%'%“mi B, JEBASE, ZMAS. TR
EETYE, .. IEAS . PEMERAKS, i
Tk
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Amplitude analysis
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Dalitz plot

« Amplitude analysis widely used in flavor physics
« Simplest case: Dalitz plot, a spin 0 particle decays to three spin 0 particles
D—Ksn™n as an example:
oreen & blue: K*(892) vector
cyan & magenta: K»2*(1430) tensor
: p(770) vector

red: fo(980) scalar

* Resonances with different spins behave differently

« Separate them and extract information according to interference between them
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Dalitz plot (1)

----------
04

03+

02

0.

(my 4+ m3)?

(

M —mg) 2

00 . . 1 . . . . . . 1
0n 0.1 02 03

2 2 2 _ 2 2 2
13t 121+ 23= + 1+ 5+
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1
04

2
3
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0s

. Named after R. Dalitz

« Kinematic and freedom

Constraints Degree of
freedom

3 four-vectors 12

4-momentium 4

conservation

3 masses -3

3 Euler angles -3

TOT 2
56




Decay rate

+ Decay rate of a particle M into n body final state

2m)4
dl’ = (2]‘} |,ﬂ|2 d®n, (P P1; apn)a
n n d3 :
d‘I)n(P; b1, - ‘apn) = 54 (P_ sz) H (271‘)52E'
i=1 i=1 %
.  Two-bodv d 2 |P1|
wo-body decay  (4I" = 3%2 | A | aq ,
*  Three-body decay
1 Py,m
dl’ = = |.#|? dE; dE3 da d(cos B) dry b
(2m) 16M
P,M Do, My

Integrated over angle freedom

1 1 — ,m
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Phase space and square Dalitz

1 1
dl’ = (27m)3 32M3

T 712 9 g 1

| #|? dm7y dm3s m'=
|

Lorentz invariant

Constant = uniformly
distributed

5 10 15 20 25

mADK") [GeV¥ Al

6!

- FTTY IYUTE EYUTA AAT1 FAT0Y SRUTA ARATA FTT1 FRARUATIT

02 04 06 08

o
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Resonance

Magnitude o tige 0 L
24 LA IR A I L LN HNL LN EN AL BB LN L 1—5 28 . (mg_mz)_?;m[]]-_‘(m),
- : ]
. 5 g\ (mo
< - 1 T(m)=To (—) (Z2) X*(arfiw),
,: : ) “ 90
5 i; 05 ‘

= T E
b £
’ = [ TA: L [ J T ]
g ] 3 [ . 0.8
2 = F
i i 000" 0.6
\ = L
F ] 6000 — -
: [ 0.4
F 2000
- wl .
E E 0.2-
2 4 m:— 1 —
b L L, ] :
3k i i i 3 i i i jic) o S e & Pl P | st 0 3
02 04 08 88 1 12 14 18 ia o5 1 1 2 i3 . . ' ! ' :
06 -04 -02 0 02 04 06
m,, m2, Re(T)
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Angular distribution

Spin-0 Spin-1 Spin-2

L 4 58 T
8 3E E? 3 e

250 - 2.5E -

2 2+ =
18- 18F

1 1
05 05

[ 3 F

| SRS ISl I PR S RIS ST Lo Lo Dol e oyl
% o5 1 15 2z 25 3 %65 1 15 2z 25 3

I"éb l"éb

Py(cosh) =1 Pi(cosf) = cosf Pa(cosh) = %(3 cos?f — 1)

T
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Interference

Constructive Destructive

. o AR AR AR LR AR O . 3
Magnitude 'Es ] Magnitude fg
. 25 :. y ] [ ey 25
: E - ]
2l . 2
1.5 1 1.5
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T ALRARS RRAS RaAys =
i3 3
P 3 3 aooof- L
2100 ’;‘j.é -
M- '5‘ —; sco0f-
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ETY .:i— -i 2000}
1oaf P it b s B o) b JH !
o », L) 1 EY ] 14 . 2000 l
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N e
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Modeling

* Isobar model: coherent sum of quasi-two-body contributions

L 1 1 {13}

1 2
—Tsz + _\\2+_<\;|-_ <3

A

A(s12, 823) = ZA ZG-; (812, 823),
J

Contain both strong and weak contributions

weak phase 8 — (CP) -8, strdng phase: 6 — (CP) 0 # QPV 1f 0 are different for
different resonances

Strong dynamics: resonant line-shape, angular distributions
Invariant under CP transform
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TF-PWA

 Amplitude analyses very complicated: main limitations to start an analysis
« Enormous data from BESIIl, LHCb and other flavor physics experiments: massive CPU time

needed to perform analyses

« A general PWA framework using modern acceleration technology (such as GPU, AD,...) eagerly

needed

A general and user-friendly partial wave
analysis framework

Hao Cai', Chen Chen®, Shuangshi Fang*, Haojie Jing?, Yi Jiang?, Pei-Rong Li, Beijiang Liu?#, Yin-Rui Liu?, Xiao-Rui Lyu?,
Rungiu Ma*, Rong-Gang Ping*, Wenbin Qian?, Rongsheng Shi?, Mengzhen Wang®, Shi Wang*, Zi-Yi Wang?,
Jiajun Wu?, Shuming Wu2, Liming Zhang®,Yang-Heng Zheng?

TWHU, 2UCAS, 3LZU, 4IHEP, °THU
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Features

e GPU based

» Fast ) * Vectorized calculation

TensorFlow

 Automatic differentiation

https://gitlab.com/jiangyil5/tf-pwa

- General « Custom model available

— Open access and well
- Simple configuration file supported

- Easy touse
+ Automatics process

- * All necessary functions implemented
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https://gitlab.com/jiangyi15/tf-pwa

Framework

data, MC

Decay description.

Decay, Particle

|

config.yml

Configuration file

For inputs, the
most relevant
place users need
to take care

2025/08/19

Decay chain

l

Decay group

Automatic generations

fit parameters

!

amplitude model

error matrices

! of different Kinds of
' fitting outputs
!
Data process . Results
I
1
1
1
4-momenta : plots
—» structure J |
0 | fit fractions
1
angle ;
:
1
1
1
1
1
1
1
1

partial wave
distributions
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Key functions

« All functions needed for amplitude analysis:

* Toy studies

* Plotting

* Fit fractions, interference fractions

« Simultaneous fit between different datasets

» Parity conversation

* Gaussian constraints on parameters

* 2D chi2 test

» CP violation fit

* Final states with identical particles
+  Diffessntiwex¥aebmedr)ing: helicity formalism, covariant tensor, irreducible tensor formalism
+ LCpprabililyde form time-dependent Dalitz analysis

«  USin ple syrdtiinfedmulaalyses in LHCb and BESIII collaborations
* Model independent fit
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Spectroscopy studies
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Quarkonium production

Single-parton scattering (SPS)

Non-perturbative QCD Perturbative QCD Non-perturbative QCD

o(Hog) = . [ dradrafapCen)fayp ()l Aab — QQIn] + DI x(0" (n)
a,bn

LDMEs: extracted fromm measurements
& process independent
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Cross section and polarization

— o e ® e L S B S B S
3 i < E LHCb {s=7 TeV —1
S 100 T —-205gx25 0.8 F-gNLO NROCD(I ==
E) E_::E = 25<y<30 06 ;_ENLO NRSCDgzg \\\\\\ :
| s 5 <t O4Eanocs T S — e
510 3 == —+—40<y<45 02F S\\\.uu||||||I||III|I|I|II|I|I||| E
—~ F T == 0F BT o 3 o
< e — 02F AT t f =
s, 10F ; - 04F L™ -
T f LHCb , - o06E e T k:
B L EZSTCV, 9lpb—l A = ) E 2.5<y<4.0 ////////////////:
('\']d 1 E- —- _0-8__ —

3 Prompt J/w 3 _1; . -

= T 0 5 10 ]

0 5 10 [EPJ C73 (2013) 11] p J7y) [GeVie,

pt [GeV/c]

Many models to explain measured cross section and polarization from different experiments

However, not yet one which can explain all the results

Crucial point: matrix elements extraction
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Excited spectrum

£
)

D, (3040)

D (2860) D_,(2860)

Mass [MeV]
W
S

D (2700)
- D,(2590)

=" D (25836)Dy25TB)— - == mememimem o] DK
D, (2460)

************************************************************************ DK
D, ,(2317)

o
S
==

7

2200
2000
1800

1600 | | | | | | | | |
2Ly = 1So 3S1 3P0 P, 3P2 3Dl D, 3D3 3Fz F, 31:"4

JP=0 1" 0t 1t 2t 1— 2= 3= 2t 3t 4t
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How to reconstruct a b candidate

* Well identified tracks
* Relatively large

+ Large impact parameter

2025/08/1Y UCAS, Wenbin Qian

Tracks and its
properties are
reconstructed from
hits in detector




Discovery of

o L N N N B N N R B L
E 1o0F LHCb e Dua Run2-: - Signal modeling: resolution smearing + FSR
N L i « Background: random combination of tracks
= gorF EYN e B°—=DD'K*m~ ]
g X --- Background ] * Mis-identified background (not in this plot)
60 |- -
‘-g - - » Partially reconstructed background (not in this plot)
< 40+ -
© X ] * Non doubly charmed background (not shown in this
20 My 1 plot)
Py o gkt o L |+ sl LN
5200 528 5300 5350

m(D"D*K*z~) [MeV]

» Kinematic fit to improve resolution

* Unbinned maximum likelihood to extract out signal yields ( + )

2025/08/19 UCAS, Wenbin Qian 72




Discovery of

O -+ -_ -+ - ~T0F T T T L BRI g F
- % [ LHCb (a) b 1 ot
E 60 —_ .ata 1 2 r
& 22 T T T = =) e 1 S sof
S E . 3 g 50 o] SF
B 2E LHCb 4  Zu TRETY Gl
C ‘:" .:.u * . ‘a E
— E 3o oghe . 4 S 30
o 205 'ﬁ;':;.f,: sy, | aniet : E 20[
Q 19F “Een o ¢ : = <
+Q - N s ' = 101
N 18 oy & ’ ’ " = 0065 07 075
E 17 :_ . £ . . . Ll . 5 _: mK+“:_ [GCV]
16 E_ : . n .o - L] ) _f % 60: ]
E . 0'.: g 2 : [ ] : E E 505 __
e b e O < -z
§ & = g i 5
14 | L. 3 30} :
6 8 10 12 § 20f :
= 2
mZ(D+K W4 ) [GGV ] 10f " .
;.%
0 - O + O % 22 24 26
my,.  [GeV]

1" -0 +0"
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Significance test and look-elsewhere effect

+ Wilks’ Theorem, a statistical model parameterized by
* Null hypothesis , no signal, restricted to a subset
« Alternative hypothesis , having considered resonance
+ Test statistic based on likelihood ratio,
= /

. follows a  distribution with ndof =dim( ) — dim( )

Example:
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Significance test and look elsewhere effect

* Regularity conditions
. lies in the interior of
» Likelihood function sufficiently smooth (twice differentiable)

« Parameters are identifiable: different parameter values lead to different probability
distributions

2
. 2 _ . .
1 — + 5 0 What if contains

i ?

Example: , fit parameters*
. 2 _
0- -

« When = ,itviolates condition 1 and 3, however, if changing - + ,the two

conditions restored
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Example

250 A

Local significance

200 1

150 1

Ziocal

100 A

50 1

1500 2000 2500 3000 3

mass/MeV 5\ 100 T | T T T | T T T |—‘
0 o | © Toy 2ALL fitted ]
1000 1500 2000 2500 3000 3500 4000 % 75 : Fai gg:;z;;ﬂtl(ifn?t (50) )
g [ —— Data2ALL ]
m i [ Toy 2ALL distribution ]
. . - LHCb 1
» Case 1: to search for a resonance at 1400 with width 10 50 9 fb-! .
+ Case 2: to search for a resonance in the range between 1000- 25 [ J
4000 : : ]
0 1 1 |= 4 1 1 | it 1 i |
40 60 80

2ALL
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Spin parity determination

~ 120 ; ~ 1207 120 :
S | LHG (@ s | S [ LHCb (¢)
& 100F e 4 %100 @ 100F .
F P_— Fit + F g
2 | JP=0 ;4 & | g | Jo=ar
< e D (2590)" ] = C = L
5 80f w2536 | = 80 = 80
i ~ NR 1 i i
§ | § e S wf
: ] 40f 40F1
20[-- 20T = ]
0j e ] - 4 @ 0 0@7’:‘ + 1 55 S\L\‘w :
-1 -0.5 0 0.5 1 -1 -1 -0.5 0 0.5 1
cos BDS cos @,
Different spin gives different angular distributions over helicity angle g T SERAL ML
® aussian fit seudo data JP=0*
~ [ —— Daa2ALL=15.82 {777 Pseudodata/P=1- 7]
Hypothesis test (based on toys) gf 150 Luch @ ]
|a [ o

+ Toy 1: generated with spin Aand LL =LL(spin A) — LL(spin B)
+ Toy 2: generated with spin B and LL =LL(spin A) — LL(spin B)
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+ +
and

;‘ 3400 5 | 1 |; | | 1 | | | | .
C 3200 — .
Z " s
i 3000 — -1 D, (3040) =]
CE@ 2800 :— D_ (2860) D_(2860) —:
2 2600 3 D, ,(2700) 1 _:
" D,,(2590) 7;_W5;5)D22(2573)7 e —

2400 B —
2200 . —
2000 =— =
1800 | =
1600 - ] ] ] ] | ] ] | ] 5

3 3 3 3 3
P, D, D, °D, °F, F, °F,
2t 17 27 37 2% 3t 47

2025/08/19

DK
DK

JP=1+
L=1,S=0or1

Mass of * very close to
predicted value

Mass of * significantly lower
than predicted value (nature not clear)

Same JP allows mixing between two
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+ +
and
+ 0 +.
1~ .
1/2
1 >: S wave
3/2
1 >: D wave
|D,1(2460)7) = cos@ |Y/2E,) + siné |*2E; ), P-wave forbidden by parity
|D41(2536)%) = —sin@ |'/2E, ) + cos 8 |3/2E, ), .
- Different wave gives different angular
distributions
43T 7
X W 9 * 9 H . D41 (2536)" rest frame D*? rest frame B rest frame
d cos Op-d cos Opdy iong (0, 00) | Ho|

4+ wtran(X: HD* ) HD) |I-I-|-|2 + C*Jint(X: 9D*: gD)éR(HSH-i-):
2025/08/19 UCAS, Wenbin Qian 79




LHCb-PAPER-2023-014

cﬂA t\f\ 150 I T I T T T T I T T
L = | by
> LHCb Run 2 (6 fb™) = T LHCEMmE QY |
S 4 Data p= | —+- Sweighted Data |
- -==y chain, L 100~ ---Bi—D K* ]
ey . --- ¥ chain, T ] '; 3 [] BO_>D:1K = i
@ ticles Il(lgfl'&.ﬁ{,)lllStl‘ll & [(1B—=D K™ ]
_§ --- a° chain, T = [ W B—D i
;_é [ ]Background -é 50 = — Total —
CU o= =
3 S | _

L e L 0 T-'F—l-"-.l..- I I ! N n N n N i
sac0 r 5100 . 2450 . L Bt 5000 5100 5200_0 5300 5400
-+
m(D K-) [MeV/c?] m(D K°K") [MeVic’)
+ +
12536+, O+ 0 00/0

k=189+0.244+0.06, |[¢|=1.81+£0.20+£0.11 rad,

* S-wave fraction: + =+ 0, allows to calculate mixing angle and understand the nature of these

orbitally excited states
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* and N
— Charm meson Mass (MeV) Charm strange Mass (MeV) Difference (MeV)
meson
DO 1864.83 (1869.58) 1968.27 103.44 (98.69)
/ 1~ D*o® 2006.85 (2010.26) D;‘i 2112.1 105.25 (101.84)
o+ D§(2400)0@® 2318 (2351) D;,(2317)* 2317.7 -0.3 (-33.3)
/
1+ D, (2430)° 2427 D1 (2460)* 2459.5 32.5
, 1+ D, (2420)°®  2420.8 (2423.2) Dg1(2536)* 2535.10 114.3 (111.9)
2t D3(2460)°@®)  2460.57 (2465.4) D, (2573)* 2569.1 108.53 (103.7)
— 3400
% 3200 E T T T T T I_I_I T T E
E‘ n— o ]
What causes these difference? o 3000 e
§ 2800 D;,2860) D 2860) -
Mass very close to and threshold, molecules of or 260055 " — S
. . 2400F T =
instead of proposed in quark model? Or a compact four quark state? 2200 oL E
2000 — 3
1800 F- e

25+1 1609 1 3 3 p 3 3 D. 3 3 3
Ly= 7§ S, ' P P, 'D; D, Dy °F, F; °F,
JP=0" 1" 0 1+ 2t 1= 2= 3~ 2+ 3* 4
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+ +
and
+ +
* Mass below DK threshold * Mass above DK threshold
*  Width very narrow (<3.8 MeV @ 95% CL) *  Width very narrow (<3.5 MeV @ 95% CL)
« Dominant decay channel: * ,lIsospin * Dominant decay channel: * ,lIsospin
breaking? breaking?

* Neutral and doubly charged partner not found

previously

I D0 (48 + 11)%
Fz .Ds_|_")f (18 =+ 4)%
Ty B e (4.3+1.3)%
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Why doubly charged?

* For a four quark state containing a charm quark:

3 3 3=3 3

Models SU(3) flavor multiplets
cq (w/ or w/o unquenching effects) [3]
Hadronic molecules 3] & [6]
Diquark-antidiquark tetraquarks  [3] & [6] & [15]
= 2

D,(2317)
S= 1
S= 1 lower Dy
5 =~1

[15] 3]
2025/08/19

—"—nr

6

15

Ifl=1 - state found, indicating

also multiquark state

What about  ?

If also found, distinguishable between
hadronic molecules and Diquark-antidiquark

tetraquarks

UCAS, Wenbin Qian 83




Search for neutral and doubly charged

- BaBar, 2006, searchedin * ~ - ~+ @10.6 GeV, not found

* Belle, 2015, searched in - , hot found

* LHCDb, 2023, searched in - * , found neutral and doubly charged -
. - = MeV similar as - : radial excitation of

* Many other theoretical discussions

+ +

* Welookinto - ~, where 5
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Dalitz plot

~—
- O
S—

e T T T T 4 '_‘050 T TQ -:_ AN [N A B TR B A I N R IR I | _:
el 1% 13 .f L
=ty | 2045 = E
S ] V. el 1 < 4of - 3
ot —y 1T R b
i +++ § R 040[F(* 1 @ ﬂ g <
05 l3(I)0‘ - ‘35IO‘ - .4(30. — .4510‘ +-E: E — - - E_+++ + ++_E
m(nn) MeV/c? 0.35 Gl }|||.+
[ i 0 2150 2200 2250 2300
E i m(D{n’) MeV/c?

0.30 -

21 22 23
m(Di ™) [GeV]

« Clear gathering of events in three different regions, possible contributions from -?

* Double peak structures in * 7, quite interesting

2025/08/19 UCAS, Wenbin Qian 85




Fit results with only models * T 2792, 4912 Mev

>0k 1 2% T . T ]
: ] [ LHCb 1
gloo:— @1 Swl ggo (b) 1 * Both and far away from
S sof 1 & aF ety ]
= 1 2% threshold (492 MeV)
7 Y 12,0 * Very puzzling parameters
8 20 e =
© 8:|-]—'.LL_--—r«’f-I|‘|-|1|||.|I|-.:IET ] © 9-3- —~ 0 T .
.25 0.30 0.35 0.40 0.45 0.50 i 5 % I I '
n’l(ﬂ'Jrﬂ.ﬁ) [GeV] m(D;rﬂ;Jr) [GeV] E / fo(500) + £¢(980)
50 A ——— £ | ] £o(500) + £4(980)
...... £0(500) % LHCb m(rtn)>0.39 GeV | i | Qe +£2(1270)
SOE 9! (€) 1 gl Sg——— =1 S
------ fo(980) z ; ]
------ £(1270) Swf 3 -
Background ?3,,20_ ] R _JJ;
— Total fit 5 [ EEe S - T
~+ Data g 10 ] 400k |
© 91;)_-' s 220 4 225 '2l30'- w0
' ' " m(D 1) [GeV] Re(V5roe) (MeV)
Model Resonance  Mass (MeV)  Width (MeV) FF (%) . S-wave line shapes quite different from
fo(500) 37649416 175+23+16 197+35+23
fo(500) + £0(980) + £>(1270)  £,(980) 945.5 167 187 4+ 38 £ 43 other processes
f2(1270) 1275.4 186.6 294+2+1
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Fit results for models with - * = 2792 4912 MeV

Sl g ‘ ' T %“’0;' PA-AanibAREE S ] . mass and width agree with other
é 100F (a)4 O sof gp-t (b) 1
S ol 1 8 measurements
S sop 1 g eof A S T
g 1 Fwb =k 1« Scattering length in K-Matrix determined to
S 40f . g :: L-i
Pl e W1 be
T PR o I R —— e el
825 030 035 040 045 " 050 910 215 220 223 2&?&
o’ D V [
) [oo PN g = [—0.862(40.070) + 0.443(40.067)i] fm
~50
______ T+ % LHCb m(mtm™)>0.39 GeV . o
.70 SOF 9! c - Significance of - >
cs (=3 —
...... 30 e ] . .
Jg’ﬁggzound < + « Coupling, masses and widths of -and
g20F i Tl 4
4+ E‘:tzl i - fixed to be the same; if free, consistent with
g I
@] L | " I I
910 215 2.20 2:25 2.30 eaCh Other

m(D ) [GeV]
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Discussion

 Both models with and without - states can describe data
« However, models without - states have some deficiencies and implausible
* Model with - states:

« Mass consistent with

« Width significantly larger than

 Spin 0*
« Relationship with *?
* Indication of exotic structures in 2

-+

e How about
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Other doubly charged state?

* Two decays considered: T
(a) . (b) 5
§< + Eﬁ< s 7
w s w s
5 < E - _ t_) - E — *
) D;(2460) + . D, (2460)°
d > u > u
C & d c
) W s > ) Nw“"< s O
b < c —o b < c -
D D
u d

A

+ <
d d u »

e Connected by isospin relationship in all aspects

\ 4
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Dalitz plot

C\’l->\ nFEFT L e (\T>\ 12F 1T —r ]
8 [ B ] 8 i (b) +:
= 10} 4 = 1w} =
| s +
N : 3 ! k= :
tw : L iy + - =
Q s i — Q 8 .
o~ i A i ~ i
o ’ LHCb | °r LHCb
: 9fb I 9" ]
4 L P 4 L1 —
4 6 8, 10 3 0
M?*(D ) (GeV?) M=(D"rr*)(GeV?)
* Very similar distributions over Dalitz plot
+ - + +

*  Clear accumulation of events on both channels around 2.9 GeV of and
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Amplitude analysis

§ 100 :?'5\100
= 5
= B0 5 80
m=2.908 + 0.011 £ 0.020 GeV
E 2w I'=0.136 £ 0.023 £ 0.011 GeV

w0k 20 ‘F = O+

N 0 p—
0 —— = — — 22 24 2.6 2.8 3.0 3.2 34
22 24 2.6 28 3.0 32 34 M(D_;'JT') (GCV)

> ++
S s -
~ 80 - 3
- =80t
S 2
S wlh 3
2 60 S ol i _ i
g g
1 =]
'E 40+ ;g " _ _
o S

20 20 #

0 : 3 ' ! ’ - 0= : 3 - . . .

B2 W U4 s e En s B e DAY GeY) - radial excitation of
* 5
) _ 9
Without new states With new states
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Further tetraquark states with and ?

. - have quark content ~—— and ~
«  Any states with quark content — ?
In "5 * 7 7 decays, two states observed
a = !
< 70F
> 2
2 wf LHCb Mass (MeV) | Width (MeV) | Spin-parity
o soE
L= O + 2 + + "
5 I + =+ + =+ B
L 30F
3 - - *+ * + * *
= 20 - . .
5wk - + =+ 137+ +
O TF AT ‘
()= e T el T e e
2.5 3 35

m(D—K+) [GCV/CE]- ° Very similar mass
Spin 1 state has larger yields and larger width
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A model-independent technique

* First used by Babar to search for *, however, not fully correct
e  Further developed by LHCb to search for N
e Applied when normal resonances in while considered new resonance in

e Ineach * = slices, perform Legendre expansion to certain order
9

| @@ Simulation | Uniform Dalitz distribution
| weighted according to

[ Simulation

e}
[=]

e
£
aw
Q
U

& &

Q 0

Fony =

e >

= 5

860' 860-

Py -~

820 Py,

&) A . y] + -

5 g - § :(Ykﬂjk (hz’(D D ))

g 520 | k=0

U . . —

0l © " Comparison with * offers

L 2.8 el 342 a 24 2.6 2.8 3.0 3.2 3.4  information on new resonance

m(D~K*) [GeV/c?] m(D ~K*) [GeV/c?]
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Confirmation of

E LHCb 9 fb~! A8 E

~]
L

. , foundin * - * T T decays,a

nature idea is to searchin * - * = %

Candidates /(18 MeV)
n
@]

decays
25 F
ol
« Confirming -- and — in a new decay channel * - © —
+ + + +
128+ 57+ 92+ 110+
This work Mass and width agree within 2 Previous work
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Branching fractions

~]
Ln

. ‘ foundin * - * T T decays,a

nature idea is to searchin * - * = %

decays

[\
Ln

o

Candidates /(18 MeV)
L
=

M(D-K*) [GeV]

 However, branching fraction ratios between spin 0 and 1 particles show tension

B(Bt—T,,(2870)°DX)+)
B(B-"—*ngl (2900)01)(*)4_) 1.174+0.31 = 0.48 0.18 = 0.05

This work Previous work
* Large difference on branching fraction ratio, further hints on structures?
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Isospin relationship

. , foundin * - T T 7 decays, with -

e Searchin * - * : finding - , but not -—- to

120

I - .

7 100} —= .+ + Similaras - , more
fégoi - spin 0 contributions than
8 spin 1

S wf .

= [ = +

[1h] B — LI

— 40 . T

g fe - iy,

g WE 7N

© P s dl _&4\— T —

5 While 1 from Isospin symmetry?
Mo [GeV/c?]
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1
100 I N I 1 [ % 1< 100 I N LT RO | T ]
z LHCb 9 fb-! } + 13 LHCb 9 fb-!
= (e) 18 | () |
g O 18 SOF 0\ B .
= 8 o
g2 L e 1= I
2 - g = ’
= - e o Pt b % e =) - e
LI LI, e 11 | S o Lt

2.6 2.8 3.0 3.2 3.4 2.6 2.8 3.0 3.2 3.4

M(D*-K*) [GeV] M(D"* K*) [GeV]
0* can not decay into
+? +
« T~ notfoundin * decays
L p— -5 TP < %@ %C.L.
—_— — - +

—< . @ %
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How about doubly charged -

. - *Tfoundin T - T T 7 decays, a nature ideais tosearchin T - = F * decays
5 Zsofy) ' ' '—: . . . . .
¢ g * Main contributions from  states including ,
= S wf .
% 4wl 1 ’ ’ ’ and etc.
" af 1 + No strong evidence of - +*, upper limits set on fit

e ]

R YR R Y fractions to be smaller than 2.5% @ 90% CL

m(D*~7t) (GeV)

o THCD I H () _ « Statistic matters

S

« Couldwesearchin - % ~decaysfor - ?

Entries / (0.03 GeV)
£ D
Entries / (0.03 GeV)

[
S

o

m(D}Fxt) (GeV) m(D*~ DY) (GeV)

Around 1K signal events (4K in
previous work)
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ek

How about doubly charged -

. - TTfoundin * - T T T decays, with - LT T

e Searchin * - ~— % *or *, ~— * 7
o I VI U A S A | | BT IO AL G H H ++
- 1 ¢ N ive in rch -
E sE LHCb9fb-! } E egative in searc
= (c) : . . .
=<l E Tt < L %@ %CL
% 25 — !
% . « Workongoingin * - ~ * * decays
g8 0: EITE . e il e TS S 1
U 2.4 2.6 2.8 3.0 32 * lsospin: - decays

M(D*K*) [GeV]
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Around 11K signal events

<, 1800 F T T TS
& T T T T T . > 1600 LHCb =
L 12r -] S 1400 (b) 3
> n ] K 1200 3
(E 10 e E 3 1000 E
= 8 7 3
IE : ] g e Data
< 6F 41 o Full fit
T F - ——— K*(892)°
4 :_ —: .............. LASS
e 1 € F T 7 3 — K3(1430)°
5 . e I R N L S oo R D, (2573)
o4 = N -
5 10 15 20 25 v - Dg(2860)
mA(D'K") [GeVc*] 3 === D5(2880)
L S . § — —  Nonresonant
m(D? (2860)7) = 2859+ 124 64 23 MeV/c?, T Lof
< E
[(D*(2860)7) = 159+ 23 427+ 72MeV/c?, © 10E
m(D*3(2860)_) = 2860.5 :l: 26 :l: 2.5 :I: 6.0 MeV/Cz ’ i—f.-‘.:g; BT R RS Ao e S ]
e 8.75 2.8 2.85 29 2.95 3
['(D#(2860)7) = 53+7+4+6MeV/c?, m(D'K") [GeV/c?]
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Spin-parity of

50 4 Data

LHCb

spin-1 + spin-3
40

T 1 'J .l_l__l_.l.i—rﬂ T 1

Candidates / 0.04

20

1 |
+

I 1 Irlllllli"-'l'"l"l'-l»-l I L1 11 I L1 11 I L1 11

10

IIIIIIII
.r‘

=

—
+

- "
--.— %
= 3P I
- ._ i
B i § o H
+ feent” =

ol ¥y
-1 -0.5 0 0.5 1

COS 8(1_)0 K)
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Alternative ways to search for resonances

LHCb
» Spectroscopy not only can be “g 45 @ “§
. . 2 2 40000
studied via b decays, also from o | g
_ ] § 40001 - @ _
direct production through - 5 5 50000
+ o + + E Aheor ] § i
Ol T . L i : . " . 0 PG e, |
25 3 25 3
D*K3 invariant mass [GeV/c?] D°K* invariant mass [GeV/c?]
+ , — r —
 Resonances of , [ THoD | F THeo ]
© 400 () — L 2000 (d) =
+ , + E B { ] E L i
. n - ©
« Care needed when studying prompt 200 @ 1000
- =
production (feed down, reflection, § § )
© ©
. 0 [3) 0
experimental effects on parameter ° i
. . : 2.5
determination etc.) D*K{ invariant mass [GeV/c?] DYK* invariant mass [GeV/c?]
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Alternative ways to search for resonances

© 20000 H 2 2 s
= B LHCb Sao00|-
= T + ' : sin?
b - 500 8 of
Q B 2600 2800 3000 3200 3400
= 15000 [ /
=) »d »
S Hl s . NP enhance
10000 1 T T T
i P 1 2
5000 :g | gmoo—
By i E
])5 . ¥ “ 1 + hcos?
O ,u | I e T L | " I L | L i i | i 2000 _'I: "
2600 280 3000 3200 3400 E |
. - m(D™K}) [MeV] UP enhanced | Cos =05
O e TR0 00000 3400
m(D”K‘; ) [MeV]
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Difference in two methods

From b decays

« Less signals, but much lower background

* Full decay chain reconstructed

« Amplitude analysis to determine spin-
parity

« Easy to separate overlap resonances

* More precise mass and width
determination (well modelled background
and efficiency)

* Interference properly considered

Inclusive searches

Larger signals, but much higher
background (feed down, reflection)
Only considered part

Spin-parity from helicity angle, however,
quite limited sensitivity

Hard to separate when resonances
overlap

Mass and width not as precise as
expected

Hard to include interference
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An example

WEIGHTED AVERAGE AAL 2016AH PR D94 072001 Amplitude analysis of B~ — D~ Decays

2461.1£0.7 (Error scaled by 5.2)
AAl 2015X PR D92 012012 Amplitude Analysis of B® — D Ktne Decays
Values above of weighted average, error, AAl 2015Y PR D92 032002 Dalitz Plot Analysis of B° — D'~ Decays
and scale factor are based upon the data in
this ideogram only. They are not neces- AAL 2015V PR D91 092002 First Observation and Amplitude Andlysis of the B~ — D* K-~ Decay
sarily the same as our ‘best’ values,
obtained from a least-squares constrained fit Also PRD93 119901 (errat.) Erratum to AAU 2015V: First Observation and Amplitude Analysis of the B~ — D* K~ Decay
utilizing measurements of other (related)
quantities as additional information. AAl 2013CC JHEP 1309 145 Study of Dy Meson Decays to D*n~, D’ and D**7~ Final States in pp Collisions
x2 ABRAMOWICZ 2013 NP B866 229 Production of the Excited Charm Mesons D; and Dj at HERA
—_— e AAlJ 16AH LHCB 10.7 DEL-AMO-SANCHEZ 2010P PR D82 111101 Observation of New Resonances Decaying to D and D*r in Inclusive e* e~ Collisions near /s =
—F— cnr e AAlJ 15V LHCB 3.9 10.58 Gev
—Ll— .- AAY 15X LHCB e
— AAlJ 15Y LHCB 126.4 AUBERT 2009AB PR D79 112004 Dalitz Plot Analysis of
e R RO AAlJ 13CCLHCB 0.3
e AALJ 13CC LHCB 21.7 CHEKANOV 2009 EPJ C60 25 Production of Excited Charm and Charm-Strange Mesons at HERA
s 4% Sin w MR B AAlJ 13CC LHCB 10.4 )
. ABRAMOWICZ 13 ZEUS KUZMIN 2007 PR D76 012006 Study of B — D77~ Decays
""" ABRAMOWICZ 1 ZEl
B oo v e e DEL- Am_sgm 1 gP B Alé: 2.0 ABULENCIA 2006A PR D73 051104 Measurement of Mass and Width of the Excited Charmed Meson States D¢ and D3° ot CDF
—4+— - - - - DEL-AMO-SA...10P BABR 15.1 ABE 2004D PR D —_y predo= -
69 112002 f B DO~ (D**0 — D&+ Dex
--------- AUBERT 09AB BABR St (s D | Cecae
———————— - - KUZMIN 07 BELL LINK 2004A PLB586 11 Measurement of Masses and Widths of Excited Charm Mesons D} and Evidence for Broad States
e 2 o s ABE 04D BELL
—l . . . - LINK 04A FOCS ABREU 1998M  PLB426 231 First Evidence for a Charm Radial Excitation, D*’
=l AVERY 94C CLE2
1 . - - BERGFELD 94B CLE2 ASRATYAN 1995 ZPHY C68 43 Study of D** and Search for D™ Production by Neutrinos in BEBC
e - . o - [ s e s s e s FRABETTI 94B E687
P T FRABETTI 94B E687 AVERY 1994C pLB331 236 Production and Decay of D;(2420)" and D3(2460)"
"""" AVERY 90  CLEO BERGFELD 19948 i + +
PLB340 194 Observati f Dy (2420 d Dj(2460
------------- ALBRECHT 8% ARG B e D)
—————= ALBRECHT 89F ARG FRABETTI 19948 PRL72 324 Measurement of the Masses and Widths of L= 1 Charm Mesons
L s ss s e e W ANJOS 89C TPS
190.5 AVERY 1990 PR D41 774 P-wave Charmed Mesons in e* e~ Annihilation
nfidence Level < 0.0001
L/\l_/\L (C°| Idence Level < 0.0001) ALBRECHT 19898 pLB221 422 Observation of D*(2459)" in ¢~ Annihilation
2455 2460 2465 2470 2475 ALBRECHT 1989F PpLB231 208 Observation of the Charged Isospin Partner of the Dj(2460)°
D;(2460) mass (MeV) ANJOS 1989C PRL62 1717 Observation of Excited Charmed Mesons
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; - ; * Only possible to be studied in hadron

3000 — Data )
< — Total fit machines
Around 30K 7 2 ¢ @y,
= — bkg +J/y
signals Q 200 --- I/ +bkg.
2 1500 0 bke, +bke, 290 S T —
g . 3 ‘ E
% 1000 (é 200 i_ LHCb p?‘ﬂw >5.2GeV/c _f
5 2 180 —— 3065<M,, <3.135 GeVi/c? =
S () - s
0 E 160 % ﬁ —— 300< M, < 3.05 GeV/c?or i
g= Q140 315 < M, <320 GeV/c?, normalised —|
N E =
: T 1205 M + ﬂ + TN 3
||III|||||||l|||l|||l||||||||l|| . 100__+++ H++ ++++++ + ++ _:
o B TRl T TR Ay S
- PN g 60 |t H t ++ 4 +++++ +H’é
200 2 40 E ++ +;
A > & 49 :
‘;- p O 20 ETINCLR Latd ‘¢“*“+¢*‘+¢***me"m**ﬂ'?«*“**o*mp,%**«ﬂ*,**. PRI
2 150 0 ety T gt T, PR e TR TR
r E ~ 8200 7000 8000 9000
€§ 100 § Mgy Yy (MeV/c?)
3
8
Q

i
7
IIIIIIII|IIII|IIII|I|II|IIII|II

S S 8 8 8 8 < 3000 3050 3100 3150 3200
§F B § &2 8 % ®
Candidates / (2 MeV/c?) M, MeV/c?)
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(b)  ~ 220 . — () ~22 . ——
__‘:2 —+— paa ..Sf_ =1 Datn
> 200E 1 HCh — > 200F 1 HCb ot
2 : x:::};‘:::ﬂwx E 180 Resonance
g = = Threshold BW2 g 160 = = Interference
SN F7 pPs N m Interference BW
= s 7 OF b Bz ors
] = DPS+NRSPS 2 120 1 — NRSPS
3 S 100 ‘
E E 80
< < 600
B 520
= B3
00 7000 8000 9000 00 7000 8000 9000
My, MeV/c?) Mg, MeV/c?)

Model I: X(6900) + 2 RWB at threshold, Model II: X(6900) + RWB +

tension around 6.75 GeV interference with NRSPS

m[X (6900)] = 6905 & 11 4= 7 MeV/c? m[X (6900)] = 6886 & 11 & 11 MeV/c?
T'[X (6900)] = 80 + 19 + 33 MeV, [[X(6900)] = 168 + 33 + 69 MeV.
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Follow ups by ATLAS and CMS

390 woes 1 8%%Fanas | _aome 1 Modell: X(6900) + 2 RWB at threshold (with
<+ F fs=13TeV, 140" — gackground ; <t F(s=13TeV, 140" BW,+Bkg. +Int. | .
S e g Eoaions = 3% g Eraidom interference and feed down)
2000k i - 8ig. wio Int. L2200k - 8ig. wio Int. N
s E 5% Sig. Int. ] S r - Interference
'ﬂwo; o m100; +pae Model II: X(6900) + RWB at threshold (with
oF o i
i : interference of RWB to SPS)
-1001- ] -1001- ) 7
; @ - (b) —
N ST e Mnic PN VTP T Confirming X(6900) + broad structure at threshold
65 7 75 8 85 9 65 7 75 8 85 9
m,, [GeV] m,, [GeV]
> [LT [Ty T e I e e e > RN BRI LU LR G L AR 2N AL .
8 S anas — g 8 S anas —s-ae | Also consider / +
o Vs =13 TeV, 140 fb” —— Background o ¢ s=13TeV, 140 fo" — Background |
g 40p s iy g 4opimiees) P in ] Model I: three resonances atdi- / +
~ r Data ~ r Data b
g s g additional one
20¢ % © ] Model II: only one RBW
HL C ]
1055 7 I ] Though statistically limited, not conclusive
e A T T YA 775 8 85 9 yet
m,, [GeV] m,, [GeV]
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Follow ups by ATLAS and CMS

% 180w: | L B B LA B LA B B \1%;';1&‘2 % 130i T T LA B I1§?Cﬂh;;‘s(1?ta\’:)

S 160 = = e =

Y = ¢ Data —Fit = Y b ¢ Data —Fit =

= E —BW, ---BW, 3 = = —BW, ---BW, 3

§ 120 «wBWjy - Background § 120 ~BW, - Background

= 100 [ = g 100 F == Interfering BWs 3

k=1 = B k=) = =

S 8o ~] E] =

[&] 1 3 [&] 7

20 'E_ - {'—:

" 0: . ! sd B . = » OI .

55 kst s b e e i LI e H i

S5 [T m*ﬂﬂ} {ﬁh"*ﬁ*@;ﬁ ik ﬁ?ﬁwﬁ*ﬁ g Wﬁ% WW#H Mﬂ}%ﬂw Ky

6.5 7.8 é 85 9 6.5 8.5
my, ,, [GeV] my,. ., [GeV]
Two models considered, with and
BW, BW, BW,
without interference between RBWs No interference m (MeV) 6552+ 10412 6927 +9+4 728772045
While confirming X(6900), two new I(MeV) 1245%£33  122%7+£18 9575 +19
. N 4707120 492778 15678
resonances found (third one around 4.7 , —42015 4:348 ;zl Y
local) Interference  m (MeV) 663873, 6847155105 71347381
T w0BE sl o
Also attempts for Jr (2++7?)
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« A new state below * threshold found

&; 70: T T i T i T T T |g{; 4-0 T T ] d ] ] t .
= r ' LHCb =35 . ecaying Into dm = myps — (mp«+ + mpo)
2 60 Y ] 11 2
S . g2 1 dmpw = —273+ 61+ 57, keV/c?,
=0 1 S5 : Tpw = 410+ 165+43 F18kev,
—~ a Lo > 10F ‘ .
< 401 B 5 1 + Mainly from +
- i Data g - i .
- ! |£| Tj':—> DODOrt 1 + Decayingto * also found
30 | === Background : ying
C | | — o ] s
- (| p—— D**+D° threshold ] T T T
20 :_ i _____ D*OD+ :hreshold * + _: § 30§_ Smpopors < 0 glf{b(j? _i
= i u § 25; &I %bf: DDt é
) TINLITIVOE RS S-S
bttt THITE T4 T IT Y f
: 1 1 1 | | 1 1 1 1 I 1 I 1 1 1 : 10; |
3.87 3.88 3.89 3.9 )3 I + + ]
MO0+ [GeV/c?] T + |
2.004 ‘ 2.006 B 2.008 I 2.01
Mpot [GeV/c?]
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B al‘yons arXiv:2502.18987

« Singly charmed/beauty baryons with orbital angular momentum = have all been observed,;

* However, very limited results on orbital radial excitations

T - 07 First observation
S L e N e e B S S B m[Z,.(2815)"] = 2816.65 4 0.03 £ 0.03 £ 0.23 MeV,
§ LHCb + Data T E(2815)F I'[Z.(2815)"] = 2.07 £ 0.08 = 0.12 MeV,
— 157 L 54~  —— Total fit e E(2923)F
i Background [ Z,(2970) m[Z5.(2923)T] = 2922.8 £ 0.3 + 0.5 & 0.2 MeV,
B M 3080y T[5,(2923)"] = 5.3 £ 0.9 + 1.4MeV,
S 100
T f m[Z,(2970)1] = 2968.6 £ 0.5 + 0.5 + 0.2 MeV,
S L I[Z,(2970)1] = 31.7 £ 1.7 £ 1.9MeV,
: m[Z:(3080)T] = 3076.8 £ 0.7 + 1.3 + 0.2 MeV,
I VR N S I'[Z,(3080)*] = 6.8 £ 2.3 + 0.9 MeV,
0 100 200 300 400 500
m(Efn~nt) — m(EF) — 2mE2C [MeV]
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Sometimes you have surprise

Af = ude, X1 = uuc, ¥} = ude, X? = dde,

L
o)
=

ot
[

C

= usc, = = dsc, 20 = ssc

* Five new, narrow excited states observed:

H 1 H H

Candidates / (1 MeV)
(]
S
S

* Feed down contributions from 5

"+ _

* With more data, two broad resonances

and are found

3000 3100 3200 3300
m(Z7K ") [MeV]
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Mass (MeV)

4500 -

4000 -

3500 -

3000 -

Charmonium-like particles

Charmonium spectrum

XlT00) ¥ (4685)

G 2016 3071 X(4630) [17)
2021
3D <0(4500) +
'5616 Al
43(4390) G(4415) 2F 2008
$(4360) 3P X(4350)
2017 035 3P 16 5570 014 S0t
011
2015 42820 T, 2D 2008 Riol@240)  Zj5(d220)
P $(4160) Xgl(4140) X(4160) Zi%zi}g,]

38 2009 _iF 2018 ——
e 2008 xaos)" S X (4055 (3985)"
T TpUp — 7402009014 e

3 2P o 2B 2007 X(3940) 2090 D- DZB 56_ o
Dp° Xe1(3872) x2(3930) X et
[rTTTTTTT L T T T Tt =—=""5pp3 2006 __"°"7- _ 20{3TTTTTT
u,l_‘?ﬂo Xczogiﬁ;;) 2003 ey TG54) 2005 2013
| pp ¥ A 20132018 .
Y(2S)
.28
Xe2(1P) v JFC
) Yel(IP) = X(3015) 0F  0FF or 2HF
X (3940, 4160) 7? 777
X (4350) 0+ 71+
Xeo(1P) zZE 1" 1+
Reo 1+ 0=~
X (4020,4055)F  1* ?7-
X(4050,4250)* 1~ 27+
I Godfrey-Isgur quark model
Feng-kun Guo discovered before 2003
_MEZ discovered after 2003
0*(0™") 07 (177) 07(1*7) o0*(0*) o*(1*) 0*(2*) 07(2™) 07(37) 27 1=1 1=1/2
2025/08/19 UCAS,

Very crowd spectra above open-charm
threshold, much more than predicted by
model

Many JPC€ not determined

Charged states (|, ) can’t be explained
by ~ model

Little overlap between decays and ™

production
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« First claimed by Bellein - * ~using 1D fit to * , later using 2D analysis
« However, Babar disfavors its existence using Ml approach
« Smoking gun for multi-quark states

* LHCb performs a full 4D amplitude analysis, confirming its existence (several new methods
widely used later developed here)

* Not only * but also gives a new resonance: *
N
= Y+ & I *r r T I r v = T & £ & T &= 7 <
1000~ o -+ =02r
[0 - LHCb p N
O I
N e
o L
§ 500 I _027_
:_a | L
g - L
S : -0'4,_
16 18 20 [2(2} vy 2l L
Fn_ e o T Erinde n -
o Argand diagram Re A?

2025/08/19 UCAS, Wenbin Qian 114




» First analyzed by LHCb using Run1 data, discovering for states: and decaying

to / , first ever generally agreed pentaquark states

> T 800
= b=
n 800 LHCb U‘_) 700
E ZIZ:J(n 1_ datla :2: -
§ 600 signals 3
i LLI 500

400

200

I TR TR R T T N TN TR NN NN T
4.0 4.2 4.4 4.6 4.8 5.0 0%

meq:p [GeV]
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Statistic matters

* Further analyzed by LHCb using Run1+2 data, more structures are seen

* More is different

% %1000

= 800 LHCb E LHCb

ln S

= R @ Run1+2 data
> un1 data £ 800 246K signals
= 26K signals 3 9

g 600 'té

LL 8 600

400

200

l'|'lll'|'lll'|'lll'|'lll'|_l_ll

PRI (N TR N N TR T U N RN TR NN NN TN N NN N
40 42 44 46 48 50 - : -
my,.,, [GeV] My1yp [GEV]
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Statistic matters

150

9

(0]
o
o
T

« One more seen just below *  threshold
* Previously found becomes two narrow resonances, and
2;50 ook 5
s : T 1 ,?': g :
= 300F  LHCb o ‘I = 1200F 5
o ' o I\ % [ — data LHCb
B 250 %1000-_ — total fit :
IS - 2 . — background
2 - 200 m 2 - ;
& C 150 || E
- S
L (0]
- =

i YR YRy
100
m,,>1.9 GeV 400f
M 200}
ok A P T B L. . ¢ | [
4.2 4.4 4.6 48 5 - . :
m.., [GeV] 4300 4250 4300 4350 4400 4450 4500 4550 4600

m o [MeV]
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More pentaquark searches
AR == -/ N

e T —T —T —T
> i 5 LHCb I -o-]f;ata . i
© 60 E s — N : I i
360 TISN < RN QT _
S - : ROy |2 | 9fb! *
S CNR(AP) ] 2
o 40 E b P | 8 wp *H g
= i - + ---Background = | + i
L i 2 .+++ : I I i + * + i
"g 20_ 2 + _ = A +{ iﬁ:E-i-l'-'e-"'"".'i'-“_ﬁ"‘Ez' SagE S E
;é A _ _ i LS j Eﬁﬂ" R '°‘,52,-I-:J:LZ‘ ]
3 re 45 50
@ 0 E 1% My, 4 (GeV)

2 425 43 435

m(J/@ /) [GeV]

0~4312 MeV 0~4338 MeV 0~4459 MeV
~3. [o~7 MeV ~3.1
=1/2"
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Null results means

* Many searches also performed in other channels, none found either due to non- in the channel or
small statistics

 However, these also provide important constraints on different models and help understand nature of

hadrons R _
a ! I o F T T 3 l:-é. E,
L 3 LHCb i) E LHCb E
% b () 5.7 b1 % iE (b) s7m| || 3 S s
E 6 = 25F 3 = =
g i; g 1sE 1 = 3
: ; =] k=] b=
R A I i g1 8 5
o ;’,d 3 U 05 - =
0 || | 1 | ||| 3 0 n
0 200 400 600 0 200 400 600
m(ED") - m(Z) — m(D’) [MeVic?] m(ED") - m(E°) - m(D’) [MeV/c?]
a T T — 10 T T T & i ‘ T "1 & F ‘ T ™3
216 L LHCh 5 20p 02 (e W R 3 LHCh
5 W0 | |, 3 o st S b (®) ;HHH sn 4 2 CF O .
12 - 1 =] o ] 20( E
2 pe g b 1 < sof H{ + S 3
% = - : {H + < 15F 3
& 8 1 3 e g eof A g F
s e it ERRATTL T OND T E B
:, 12 fl 3 wf : 5 }
B ) 1] 3 = Uil I 5 b 15 ikl
i I | M n I L] " ] 7
0 0 0 i i AT | 0 | ! 1
0 N 200 400 _ 600 0 . 200 N 400 600 0 200 400 600 200 400 600
m(Z:D°) - m(Z+) - m(D°) [MeV/cY] m(Z;7D°) = m(Z*) - m(D’) [MeVic?] m(A;* D7) - m(A?) - m(z*) — m(D") [MeVic?] m(AIm D) - m(A]) - m(x*) - m(D") [MeVic?]
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A decay with many exotic states

First analyzed by LHCb using Run1 data, discovering for

states: : : : decaying to /

Later, using full Run1+2 data, two more states decaying into

to / , observed together with two states,

+

: * decaying to /

18
> 700 F— x(4630) I
; 600 ;_— X(4500)
= F— x@7on)
§500F— xnr
g 400F-— X@140)
= E — X (4274)
O 300F— xe85)
200E— Xx@150)
E 4= Z,,(4000)
100

2025/08/19

w1 ﬂfﬂ

46 418 36 38
my.4 [GeV]
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Puzzles around 3930 MeV

Summary of previous PDG * 7 threshold: 3936.68 MeV
3915 o**t/2*+ 39184 +19 20+5
BaBar, Belle
> 3930 2+F 39222+10 353+28 .
. less likely to be [1208.1134, 1410.6534] due to its small width and mass close to ,
while now is assigned to a state around 3860 MeV (not seenin ~ - * T ),
- R My(3930) [MeV/c?] I'es(3030) [MeV]

Tk e ) LHCb ]

= g, E Belle [17] 3929 +5 +2 29 +10 £2

g“’o"— T g J“m BaBar 18] 3926.7+2.7+1.1 21.3+68+36

2 wEX(3842) Y22 (3930) - This analysis 3921.9+ 0.6 £0.2 36.6+1.9+0.9

DD~

e LHCb measurements from inclusive DD channels show difference on the

mass and width, 2 lower mass and 2 larger width (two states or one?)

T -

Candidates/(1 MeV/c?)

e  PDG values driven by LHCb inclusive measurements

1 1 1 - 1
38 385 39 395 4 4.05 4.1 4.15
Mpp [GeV/e?]
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Puzzles around 3930 MeV

Summary of previous PDG * 7 threshold: 3936.68 MeV
3915 o**/2+" 39184 +19 205
BaBar, Belle
> 3930 2+ 39222+10 353x28 .
* LHCDb measurements with = - = 7 also gives inputs
—— : Resonance Mass (GeV/c?) Width (MeV)

45

LHCb E Xc0(3930)  3.9238 + 0.0015 + 0.0004 174+ 5.1 + 0.8

:(5] X2(3930)  3.9268 £+ 0.0024 £+ 0.0008 342+ 6.6 £ 1.1
30
25 * Two resonances seen in DD decays, with J=0 and J=2; probably two

20
15
10

in previous results
e It also puts the question whether this spin 0 particle = X(3915)?
(PDG now said yes)

Candidates / (0.037 GeV%/¢%)

b 155 A P . 2]
mXD*D") [GeV/c] «  Hard to be in 2P triplets, thus may prefer exotic nature;
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Another 0*+*

DFD; threshold: 3936.7 MeV Nature of the three states?
Resonances JFC M, (MeV) I, (MeV) Decays References
X(3960) 0+ 3956 +5+11  43+13+8 DiD; This work
Xc0(3930) 0** 39238+15+04 174+51+0.8 D*D™ PRD102.112003(2020)
Yeo(3915) 0**/2°° 39217 + 1.8 188 + 3.5 /b, vy PDG 2022
* A new state discovered in * T~ final state SN T T T T T T
ﬁ 5 LH(;E) + Data :
*  Mass and width differ by around 3 and 2 , respectively S 4oF s :
Sof (G607 ZC UG
I'NX —-D*D") BW f‘g) 2t --== 1§ (660) ]

=0.294+0.094+0.10+0.08, o}

-+ Nonresonant Dy D; ]

(X - DiD;) B@Fd

+ + -

* Phase space of ~ smaller than

i P 9 1 ]
+ 4.0 4.2 4.4 4.6 4.8

*  Suspiciously smaller branching fraction into ~ final states: m(D3Dy) [GeV]

different resonances or a tetraquark with — ~
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21 years ago

* First heavy exotic candidate containing —, opening a new field of research ( and

at the same year)

Observation of a narrow charmonium-like state in exclusive B+ — Citations per year
K*n 7~ J /1 decays

Belle Collaboration - S.K. Choi (Gyeongsang Natl. U.) Show All(174) ]. 50

Ser, 2003 Sep, 2003

10 pages ]- 00

Published in: Phys.Rev.Lett. 91 (2003) 262001

e-Print: hep-ex/0309032 [hep-ex] 50

DOI: 10.1103/PhysRevLett.91.262001
PDG: chi_c1(3872) --> pi+ pi- J/psi(1S) Show All(5) . . o
Experiments: KEK-BF-BELLE 2 3 07 CltatIOIlS 2003 2008 2013 2018 2023

View in: ADS Abstract Service

pdf & links [= cite = aim @ reference search %) 2,307 citations

&

Events / ( 3.005 GeV)
S

*  Only around 36 signal events observed

e Aim: looking for "

* Surprise: find and it is not likely to be G 7

382 384 38  3.88 3.9 3.92
M(J/yp ) (GeV)

Now: possible have
2025/08/19

component
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Structure of

* Important to discover new state, however, more importantly, to understand already discovered
states
* Properties extensively studied, usually leading to different conclusions

Mass: very closeto + - - = . = . MeV
Width: narrow width (0.1~1 MeV)
— Molecular like
Charmonium like
Decay: = (~35%), / (~4%), / (~3%)
Production: , —, decays, b, PbPb

O 6D €D

Can we determine contributions of different
components?
2025/08/19 UCAS, Wenbin Qian




arXiv:2406.17006

Structure of o001

=

photon

X1 (3872) Photon to probe its structure _ _ .
TP (25)) g %
r 2 2 ol P
Xe1(3872) (28)y § : .

Ry 2oy 44

Ly.i 387205 30y

3 : . . , V<059 @ 90 C.L.
‘ = .8 3.85 3.9 3.95
T. Barnes and S. Godfrey [67] 5.8 e o 38 3.85 3.9 3.95
T. Barnes, S. Godfrey and S. Swanson [69] 2.6 cc My, J/v) (GeVic') M(ry) (GeV/c’)
F. De Fazio [84] | (1.64 £ 0.25) cc i anaEA . i & Py o e
B.-Q. Li and K. T. Chao - [85] 1.3 cc 2 100F 0 BY o xa (387K gl | 2 1000 EI B* o xa (872K 9fp!
Y. Dong et . 8] | 13-58 o S 0 oot | S 9 Gomtma ]
A. M. Badalian et . B | (08x02) o 1T e ™ P(28)
J. Ferretti, G. Galata and E. Santopinto [88] 6.4 cc N ot | 13 { ﬂ g
A. M. Badalian, Yu. A. Simonov and B. L. G. Bakker [89] 24 cc E " \ 1 E a \
W. J. Deng et al. [90] 1.3 cc © A L LY SN
F. Giacosa, M. Piotrowska and S. Goito [71] 5.4 cc/ve % 5.1 52 5.3G N 54 7 384 393 o c;t_oz
E. S. Swanson 81] 0.38% DD el e DUl masy G/
" o & ata ' R ata ‘ '

Y. Dong et al. (86] 0.33% DD N ot & =S T~ e W vt
D. P. Rathaud and A. K. Rai [91] 0.25 DD* 24 = BASJS/;I;))(W = 08_\Zl B_Eag;bzxw ]
R. F. Lebed and S. R. Martinez - [92] 0.33% DD* g ’(T%ﬂélmmm g ’éﬂm},m{m Jp 167 +0.25
B. Grinstein, L. Maiani and A. D. Polosa [93] 3.6% DD~ I T o a e T
F.-K. Guo et al. (82] | 0.21(g5/g2)>  DD* e TRARER A 18 ]
D. A.-S. Molnar, R. F. Luiz and R. Higa 83] 2-10 DD* < o4 Y Lo © O e ;
E. Cincioglu et al. [94] <4 DD* g 52 53 a4 %7 38 39 el

— ey Gev/e?
S. Takeuchi, M. Takizawa and K. Shimizu 9] | 11-34  DD* BWW (coc] miv ey
B. Grinstein, L. Maiani and A. D. Polosa 93] > (0.957gp;)  ccaq mass ¢y mass
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Fixed target experiment

* LHCb could also be a fixed target experiment to study properties of QGP; i.e. study
suppression of quarkonium production in QGP vs pp collisions

« But it could also be used to understand properties of exotic particles

Q* ~m’+pj
107
8.16 TeV pPb Other Collision Systems
6 I LHCb [ LHCb 110 GeV EcaL HCAL Me MS
10° mm ATLAS/CMS I HERA i 3
[ ALICE 1o T2 M1

105 ALICE Muon

Pb .
S0t 8o - |||::|”
o | §

d Broad and
poorly explored

107
10! -1 gs
Gluon saturated region (He Ne, Ar...)
10°° 10-° 10~ 1072 1072
z Q .,
(QGP) <
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in heavy ion collision

* LHCb could also be a fixed target experiment to study properties of QGP; i.e. study
suppression of quarkonium production in QGP vs pp collisions

« But it could also be used to understand properties of exotic particles

T T T T CMS 2 671 717 Xc1(3872)
Ll o 5 G o~ [ LHCbpPD s =816 TeV X1 (3872) OpA
3k ! 5F . RpA - 3872
S |3 ! ~— x_(3872) = Jl yara] 208 x o-;f;l( )
tls Sl S - utw ]
§l13_ LHCb E A " S)Gfl/ﬂ
2] p,>5GeVic ] ; Przomeve ]
K~ 3k ] What does it mean if
N | : larger than 1
Elg &] ! 2f 1 while smaller than 1?
b;“ o i | ]
1__ _:E _______________
1L | L —f—
10 [
i 0 ] | ]
[ 2<y<4.5 | 1.5<y<4 | -5<y<-2.5 | byl<0.9 -5 0 5
pp pPb Pbp PbPb Y
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Central exclusive production

Hils « Collision events without any other activities except

the studied one

______________

Single diffraction

(gap)
'Double diffraction
(gap)

CEP elastic p
(gap' . .(gap) :%

P

CEP inelasgic P

‘ . (9ap)

P

| Elastic scattering P
‘ (gap) ‘ pI

-15 .10 -5 0 5 10 15
pseudorapidity, n
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HeRSCheL

LHCb B HeRSCheL

l l Inelastic
" hL‘u. ____________

Single diffraction

(gap)
Double diffraction
(gap)

CEP elastic
(Qap' . .(gap)
CEP inelastic
‘ . (gap)
Elastic scattering
‘ (gap) ‘

-15 .10 -5 0 5 10 15
pseudorapidity,

2025/08/19

« Scintillator with PMT (High Rapidity Shower Conter for
LHCb)

hole radius

Station B2 47mm hole radius
atz=-114.0m | 61 mm

hole dimension
~ 54 x 115 mm

Station B1
atz =-19.7m

Station BO _JJ

A R Station F1
atz=20.0m

Station F2
atz=114.0m
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Exotic particle in CEP

* An unique environment to study QCD

p+/P

| G X =1
p \
P

~ —r & T ! —71 v * r [ v v 17
% &0 I Data
= 70 ' —— Total fit
e ==y (4140

60 X,,(4140)
o )
5 0 bl N e %4(4500)
*é 40 ot -= %, (4685) + x_(4700)
[5 - CREE NR

10
2 T 5250 Bl o T A 4.
49000 5000 5500
My, , [MeV]
2025/08/19

++  ++

 Several states seen in

. ., 24
. . 4.3
. *+:.5.5
. +

6000

UCAS, Wenbin Qian

-/ also seen here
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Experimental inputs
Particlex=®+© + ®+® + @
! !

Charm + charm + X charmonium + X

Experimental tasks:

Discover more and understand them
through production and decays

(X(3872) — DD*)

=9.1°3¢
r(X(3872) — J/ymtm) —20

I(Z.(3885) — DD*)

—62+1.1+27
F(Z.(3885) = Jjom) _ °

However, studies with - decays rather limited
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+ + - + + -
— + - +, - —
+ - + + -t
. * . *:weak decay, violate C and P
. - : strong decay, obey C and P symmetry
+ - - +
C=1 o s 4+ Tt > A - - -
C=-1 T T>s— Tt > A - T T == Lo - F

The first time, amplitude analysis can tell the C-parity of resonant particles,
decaying not in the C eigenstates
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Dalitz plot

TN

+ - + + +
el e
o 10f ~  10F
SO f S
O 9 L 9
> r > -
O} - Q N
G 8¢ o
_X7F 57
= [ =
6 6F
g 5 bl L
15 16 17 18 19 20 2212 22 23 15 16 1
M
(M, /(GeV/c?)) M.

» Clear difference due to interference of different C parities

« Contributions from seen in one channel

2025/08/19 UCAS, Wenbin Qian
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/(GeV/c?))?

JRZ




Spectrum of

+ -+ o+ + o+ -+
< 1 T e L E RS T L S B O
S s .
% 100f t LHCb 9 fb % 1oof LHCb 9 fb
=T @ 1= (b)
% s0f 18 sofF ]
o} B 3 B
s | 15
5 | 15 [
Ug 0 B k] "‘,,‘.-,,-,:-.:_:-.h:::'.::-.:'.:::-.-.--._-__ ......... R B - Ug 0 B Aot Sy
4.0 4.2 4.4 4.6 4.8 4.0 4.2 4.4 4.6 4.8
M(D*~-D*) [GeV] M(D**D") [GeV]
=+ © NR+ =+ : NR+EFF+
= - +
= *F = +

Resonances well separated from each other except 1**; more theoretically motivated model for
future analysis
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Three new states

S sof o] Decayt:
§ B == Reference fit ] 2 2 2
60 - Interference between 4.(4300) and other contr?butﬁons (not 1:nclud?ng 2a(4010)) + —_ + + 2
0 [ == Interference between A, and other contributions (not including y.; b -_
:/ [ — in:er;rence }l:e:ween jl(cffé(l)(()]{g) a:d ct)?her cortlrl_rtijblitions( ERCag g RO i 1 2 1 2 1 2
—_ 40 C \\\' T5(2870)° and 75, (2900)° 7
IQ - '/_f-/ g;t;:r contributions ] Decay 2:
*i 20 [ B Background .I. -l- _l- + 7
== ]
. D ey ] 1t %= 1%+ f+2 1 2
é C oWy T T :I' o ]
Q 20 ‘\l, ]
T £ Difference: - i i
55_sf ] - . relative parityof ,to
L _1 E
P + LHCb 9 fb 1 2 -1 1
_80 -_ 1 1 I 1 1 1 ] 1 1 L I £ 1 1 I 1 1 1 l_ -
4.0 4.2 4.4 4.6 4.8 Different I 1 2 =0
M(D**D*) [GeV]
. . P
=+ - NR + EFF+ Only ||:|terference with same JP but
I different C party remains

= +
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+— 3 — +—
— + +  MeV = . T %+ . MeV = MeV
— * ' MeV = + . = . MeV = MeV
Significance: 9.1 oL QM Predictions
Also prediction by
wang et al.
Width much larger than - , potential candidate for

Ys/D
2

1* resonance modeled by fR,S/D (?TL) — m2 — il imo[’)’%rs(m) g f)%I‘D(m)] ’

2 2 _
['(m) = To(mo/m) (¢/20)" " B(¢,90,d) V5 + b =
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+— ++ +—

— . -_l-i MeV = + © MeV = MeV
= * * MeV = + += MeV = MeV
Significance: 6.4 QM Predictions

++
Another state at similar mass, however with different C = MeV
parity; new state potentially
= MeV
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++ : ++ . ++
= . 2T MeV - . £ . MeV = MeV
— *t.*. MeV = . == . MeV = MeV
Significance: 16 QM Predictions

Lattice prediction

Puzzles with

- current assigned to , however, not confirmed by other experiments;
relationship with and not clear
: mass (width) much smaller than QM predictions; relationship with not

clear oy
Prediction by wang et al. and Deng et al.
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—+ .92 o
= T T MeV = + MeV = MeV

— + + MeV = T MeV = MeV
Significance: 10 + - — QM Predictions

et
LHCb 9 fb~!

Mass and width consistent with
, While JPC now
determined

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

Candidates /(18 MeV)

48
M(D*-D*) [GeV]

<o
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Confirmation of C relationship

® fit results s Ady=104%
< F —
<,L LHCbOfb ! S
4 = ¢
———————————————— —+§/———-~———:——--=? -
- _é—l %
2 | ¢S 27 -
i . —_ =
: F|xe+d 0 _ o 2 :
AN - S 1 .
Or SR T = _
- >
State
I I I A I
.0=C 7 _p +,0 — -0
CR - A =0, CR =— A =

2025/08/19
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More than spectroscopy
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Flavor measurements

Understanding QCD at low energy

New physics hunting

|

Short distance

l

[ = Weak EM

/

Experimental measurements

2025/08/19

|

l

Non-perturbative

l

Short distance + long distance

QCD /

Precisely calculated by QED
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Tasks of flavor and hadron physics

* SM model very successful;
 Still an effective theory, many unexplained phenomena;

* Most related to flavor and hadron physics

Understanding QCD at low energy New Physics hunting
o Properties of QCD :: aco isappzit%le - e Matter and antimatter asymmetry
confinement Tl ; o/ °°° ) observed in the Universe
* Structures of hadrons "[ s «  Origin of dark matter? New particles
Non -pe rturbative! ‘ g pace courtesy to S. Olsen
' o w or new forces? Flavor hierarchy
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EW Standard Model

 Interactions we see in EW SM

X X
w 7D w /Y Z Y
U L X X
Uis a up-type quark; Lis alepton andv is the X is any fermion in X is electrically charged.

D is adown-type quark.  corresponding neutrino. the Standard Model.

_ g + 1A+ 1 — A7 — _ em Ap g B o em W
Loc = E(JMW + I, W), Lnc = eJ"A * o0 (J;; —sin® Ow J™) Z*.
_ ) . ) _
JF = UlvuDL+ 0y, % = 30000t DinuDh+ vl - Fiyth].
Jm = 2 (kUL + UnUk) - 5 (DhvuD + DhuD}) — (Bvuth + Bauth)

Only left handed EM part couples to both left and right handed

3 left handed, however, Z couples to both
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Yukawa

The mass matrix defined as

Ng
- _ i h
EYukawa = — Z [ zJDI{'LD{{] -+ AZJUIIAU}I{] + )\fjéizéfzj + hC] (]. + 5)

1.1=1

Sl s

D_ Y \D uv_ YU ¢ — Y ¢
Diagonalize it:
VLUMUVIgT = Mcga,g VIPMDVRDT - M(gag

We have two eigenstates: interaction and mass eigenstates
I
ur, 'u,i dr, D dL
I
c, | =V [t s, | =Vi | st
I I
tL Unitary tL bL Unitary bL
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CKM matrix

The mass matrix defined as

Loo = %(J;W+“+ng—ﬂ), JF = Uly.D} + vfvuti,

J,]L = UrvuVexkm DL + vry,lr,
I I CKM closely related to
Yukawa couplings
'
d Vud Vus Vub d
I —
S| =|Vea Ves Ve | |s
I
b Vie£ Vis Vi) \b

Unitary
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Cabibbo angle

* 1963, Cabibbo angle
P v R S I \
NS + —+~ 5 20 times smaller rate
Q
[d’] [ cos 6, sinec} [d] | Vaa Vs || d
s —sinf, cosf.||ls] |V Vills I
e- 14 14
" 1
Lepton-hadron same strength AN
= 'cos
/\ ‘ r N\ = ’Sin o \|d>
COS sin
cos ~02 cos? +sin® =1
2025/08/19
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GIM mechanism

*  Very small branching fraction of > T 7~ x 7 muchsmallerthan * - *
d s d s d| cosO. sinf. |[d
= ] ,
‘ ‘ | ‘ s’ —sinf, cosf, || s
coso, ¢ : i+sing, =:"-sin 6.8 ® oS0,

/—\ /—\ Prediction of charm quark

ut wooou

* Cancellation of amplitudes due to unitary condition of CKM matrix
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CP violation mechanism

* 1974, discovery of charm quark (November revolution)

* 1973, Kobayashi and Maskawa propose third generation (needed to generate CPV, two not enough )

Vud
CKM VC d

Vid

2025/08/19

VUS
Ves
Vis

u

Vub
Veb
Vib

LL C

H

d S

b

- 1995

= 1977

An unitary matrix to indicate interacting strength between

generations of quarks

One weak phase offers CP violation in SM: z
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How hadron physics is delt with

e Extreme case: determine all the strong parameters + EW quantities by experimental measurements;
example: CKM angle

e Middle scenario 1: constrain strong parameters using experimental measurements with theoretical
assumptions; example: penguin pollution

e Middle scenario 2: strong parameters determined from Lattice calculations; example: determination of
CKM matrix elements through semi-leptonic decays

*  Worst case: strong parameters calculated based on models, pQCD, QCDf etc; example: charmless b decays
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What is angle

* E 3 E 3
ud cd td Vud  Vus

* * *k
Vus ‘/cs ‘/ts VCd Vcs

* £ *
ub ch th Via Vis

o By meson (bd)

Va Vi
Via Vi

Vit Vi
Vs Vi

B

0.0 (Lo

(small but non squashed)
Bp-meson triangle (bd)

ViaVis | ViVl |
VedVep  Ved Ve
2025/08/19

: unitary condition

Vb 1 00 =1
Vo l=10 1 0
Vb 0 0 1 —0

D meson (cu) e
VV’

/.-"

(large but squashed)
D-meson triangle (cu)

; 2 +1=0
Vs Ves Vius Vs
UCAS, Wenbin Qian
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The CKM triangle

# * *
VudVun+ ¥d Yo + ViaVer =0

Im
G Vi = VO
P-n ® a+ B + Yy =7
v V* _ ViV
- T Vo Ve (Wl Wl ke
£ 3 d Cb U us U
¥ Yo (|vcd| A A )
ey _ Viale™ —|Visle™ Vi
B Wavy VP )Y B \
0 I Re
ViuaViy

thVtZ] 3 = arg [— “;Cd“%‘ v = arg [— Vv ]
td Vip edV eh

2025/08/19
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How to generate CP violation

@ constructive interference @ destructive interference
phases match phases mismatch
y y
; -+ -

[

[

| 2 | )
XV XV
: strong phase; conserved under CP : weak phase from CKM matrix;
sign changed under CP
2 _ —2

— . 2 1 ZSin 1— 2 Sin 1~ 2
2+ 2 24 542 4,008 1— €08 11— »
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Strong and weak phases

*  How CP violation is generated

A = aei(B11+01) 4 g, i(02+02) A= alei(61—¢1) + azez'(az—(pz)

_ AP - 142

Aqrp = ~
AR+ AP

o sin(d; — d2) sin(py — ¢2)

*  Weak phase changes sign under CP while strong does not

* However, to measure weak phase, one needs to know strong dynamics, / ,and —

b .. u

. Arg | ————
* Tree-level processes: SM candle, NP normally enters loop diagrams " l Vea ;E, ]
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CKM angle

|K | D A ~ = arg [ VUdVJb]
/F’avoured [4pl \ VeaVay
B f A ——
Nppressed / iAS /
. | Ag eTbidSE D | Ay e 0, 0~
measurements

D*+ = DO 11+ mix I wrong-sign decays
~—, DO K+11- BES]]I

DCS .7 QC data

S~
~
________

Charm mixing -0
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Global fit

* Measure CP violation in many different channels, with different strong phases and amplitude ratios in
decays

GLW: D = CP cigenstates, e.g. KK, nn

b _/DOK \zye:‘“’) ADS: D = quasi-flavour-specific states e.g. Kn

B~ f p K~ GGSZ: D = self-conjugate multi(3)-body states e.g. Kstn
b —>u /
rpei®s=7) DOK ™ GLS: ADS variant with singly Cabbibo-suppressed decay D—K.Kn
XB

time-dependent Bs— DK, B'—Dr etc

Dalitz (GW) method: B'—DKn
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Global combination from LHCb LHCh-CONF-2024-004

* 19LHCb decay measurements +11 decay measurements + 27 inputs from LHCb, HFLAV,

BESIIl and CLEO-c =29 physics parameters of interest + additional nuisance parameters

410

L 100 BY decays
O s dlters | .
0 }mﬁgg B ) oo — o+ surpass LHCb design:
™ .8~ Summer 2024 B Al 1\;522:‘

Belle + Bellell: = . *-

0.6F i
0.4 . Previous tension between  and other modes
... .. =L 740
0.l ] smaller, modes still with largest uncertainty
............. _.%a4%] <+ Sensitivity dominated by * modes
0.0 : i
4 5 60 70 8 9% 100 110 . Charm inputs crucial for measurements

v
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Global combination from LHCb LHCh-CONF-2024-004

* 19LHCb decay measurements +11 decay measurements + 27 inputs from LHCb, HFLAV,

BESIIl and CLEO-c =29 physics parameters of interest + additional nuisance parameters

— 7 T T ‘ J T ¥ T 7 T ! J
© . | ¢ B= 5 Dh*, D - K%th 1
HM 160 |- 19 B= — Dh*, D — K§K*a7 [h=h'Fn® [hhFa+n- %EE]%B_
o Summer 2024 = o+ surpass LHCb design:
o 4
1407 i Belle + Bellell: = . -
1204 1« Previous tension between  and other modes
: smaller, modes still with largest uncertainty
100F 4 « Sensitivity dominated by * modes

L * Charm inputs crucial for measurements
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Observation of CP violation in B decays

W w

A RS | TIIl[[I[III

i
e

5 b
AN O
<
Raw Asymmetry Events/( 0.8 ps)
LS oo
.hu.djzz @
Ll

e B ; R
el 2005 % R NGB
~Sin2f3 = 0.59*+0.14%*0.05 Sin2p = 0.99+0.14*0.06
Babar, PRL 87 (2001) 091801 Belle, PRL 87 (2001) 091802
= ~ " — - =

CKM mechanism of CP violation established
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CKM angle

« Angle entersthrough o~  mixing 8 = arg |:_ ‘/;dvg!;]
., ' ViV
Bq<> u,c,t u,c,t <>Bq 0 0
W /
b u,c,t q
SONCEN G \ -
q u,C,t b

i

dT[B° — f]/dt
e—l"t

dT[B° — f]/dt
e—Tt

o< (|Af >+ |Af|?) + (JAf|* — |Af|?) cos(2Tt) — 2Im(%A}Af) sin(zI't)

o< (|Af|*> + |Af*) + (JAf|* — |Af|?) cos(2Tt) — ZIm(%A’}Af) sin(zI't)
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CKM angle

— T Tk
 Angle enters through o mixing B = are |— ‘/cdvcb
= arg _v, -
td v th
0 / 0
+ —
2 0
2 =2 + +
b c
 Use -/ to control penguin pollution
(penguin enhanced progress) Bo w* 2
e Alternative approach, penguin free decays d
d d
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CKM matrix elements

g

L

N
=

I\
s N
oy
%

ki
(3

|
N

NN
oy
bﬂb

|
)I
I8
A gy
S

A

7 From S. Descotes-Genon

. : superallowed nuclear decays

. N , >, o etc. + form factors, decay constants
. , : (semi-)leptonic charm decays + Lattice inputs

. : . (semi-)leptonic B decays + Lattice inputs

. : : : + bag parameters, decay constants
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General on magnitude measurements

o+
g—’ 7 b B q
dj U _
> > By u,c,ty \u,c,t By
= — AVAVAV. =
g q W b

Leptonic decays, only need decay constant of the decaying particle

. GZmym? mé ? ol.2 Me2
Precise BF measurements B[M — fvilsm = - ( — F) | Vauay |“Trmm(1 + bem”)
M
e  Semi-leptonic decavs. form factor needed (2 when P is Psendo-scalar. mare for vector and fermions
P Ys,
BF as function of AT (M — Plv) G| Vayq, 2|4 — m0)*y/ ER — 3

m? 3m?
| (1+ g ) mhi(EB — mB)IA. () + o — )P () |
*  Meson mixing, decay constant and bag parameters
2

_ 2 2 2 —~
Amq_62 0

2025/08/19 UCAS, Wenbin Qian 164



Puzzles on and

-value
P 1.0

T T T T T ]
E \Vm \SLN (dashed) _|

0.0060

T T 1T | L | 1T
Voo,

* Long saga of and puzzles from inclusive

L,excl

0.9

0.0055 and exclusive measurements

'— 0.8
0.0050 wly g (dashed)

0.7 * Disaster for new physics searches if we don’t

0.0045

I|IIII|IIII|II

I|IIII4>IIII|III|

0.6 understand CKM elements precisely

0.5

o
2 =0.0040

Changing |V,,| :|39:10° =42-10"°

0.0035 — ) - 0.4 2 & -
- - - |l,, changes V.| : by 16% (B,, > u'p’, AM_
I - - 3
0.0030 — — V.| : by 25% (K* — n'VW,e )
E Vsl V|, 1 Bo-2 | °"|4 Y |
: e : . () 0.5 +o0=
L S excluded area has CL > 0.95 =
0.0020 _I 11 | L1 l 11 1 | 11 1 I:l | I | 11 1 A. Buras
0.032 0.034 0.036 0.038 0.040 0.042 0.044 0.046 0.048

v I
cb
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Semi-leptonic decays at LHCb

* Notlike * ~ machine, very complicated, however, not entirely impossible

eV/c?)

M
=

Candidates / (40

1000 F
800 F

=
=)

400 [
200 F

5

— T
F + Data

F—+— Total
B Ky,
F—— H,—~ H (= KX)uX'|y
E B ke,

T3000 4000 5000
M, [MeV/c?]

2025/08/19

+ Two-fold ambiguity
//\? ~ .

< 60000 } Data
= ~+ Total
ESOOOO —-Bg—" WV,
240000 F F —BI=D, u',
o0 - 0_) o i *k
1.:30000: — B}—D, u*v,/D, D.
§ ., D{ )+
- v,/
_gZOOOO - B, —>D ‘DX
s : )
g 10000 |- — MisID
@) D
3000 4000 5000 6000
M, [MeV/c?]
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Results

Two new measurements, one

|v$bbqb%ka“V) .
| Vb |/[ Ve |(high) =

/

from

— VS -

0.0607 + 0.0015(stat) + 0.0013(syst) & 0.0008(D,) =+ 0.0030( FF)
0.0946 + 0.0030(stat) g o0ss (syst) & 0.0013(D,) + 0.0068( FF)

0 -

B, > K utv,

using LCSR, ¢ <7 GeV%/¢*
0 .

By > K ptv,

Ay —Sp v,

|V

wl Ve (PDG)

cb |excl

LHCb preliminary

e

using LQCD, ¢ > 7 GeV?*/¢*

using LQCD, ¢* > 15 GeV?/¢*

ALEPH [PLB 395, 373 (1997)]
CLEO [PRL 82, 3746 (1999)]
Belle [PRD 93, 032006 (2016)]
BaBar [PRD 79, 012002 (2009)]
BaBar [PRL 104,011802 (2010)]
ALEPH [PLB 395, 373 (1997)]
CLEO [PRL 89, 081803 (2002)]
OPAL [PLB 482, 15 (2000)]
OPAL [PLB 482, 15 (2000)]
DELPHI [PLB 510, 55 (2001)]
DELPHI [EPJ C33, 213 (2004)]
BaBar [PRD 77,032002 (2008)]
BaBar [PRL 100, 231803 (2008)]
BaBar [PRD 79, 012002 (2009)]
Belle [PRD 100,052007 (2019)]
BaBar [PRL 123,091801 (2019)]
LHCb [LHCb-PAPER-2019-041]

—Exclusive average (HFLAV 2019)
------ Inclusive average (HFLAV 2019)

|

8

=41

|

i

i

£
. __B#.
B § }_{

———

!1

0

005
|V

ub

0.1 I
Vel

10 20

30

N

(\E
S_

|—|o

1073

LQCD
LCSR

Discrepancy found in high and low q2 region with different form factors, further investigation from both

experimental and theoretical parts needed

2025/08/19
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Measurement of

& ¢ Tnsgedmixed + Measuredusing - ~ * .
S - o Tagged unmixed ’
< 400 o Fit mixed _ -1
% i 3 mumes. Fit unmixed Amd - 0'5065(19)p8
k| .
= -1
§ 200 Ams = 17757(21)138
i Precision of 0.38% and 0.12%!!!
L L L L L L n L L L . . L . L 3
% I 2 3 4 . = 1,9t 38 1 3 °
decay time [ps] 4 41- 21— 2 21-
2 5 2
— 2 2 - —
Amg = 6 2 0 | = T2

* Uncertainties mainly from Bag parameters (3%) obtained from lattice

» Large reduction of uncertainties by making ratios of the two
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Beautiful CP violation pattern (direct CP violation)

\

CP violation as large as 80% \ 5
/ \
il | O O °
= BC J—} LHCb (c) o
o 5
§ 200 —0.4
- - 2
g o
10 IS - Vi
L 0.4 g
55— lj g- -0.6
: PRL 112 (2014) 011081 08

Two body decay Three body decay

'U; A P
4 6 8 10 12
m[GeV"’!c*]

o + ot
BT — nm*n More freedom to study
CP violation

ﬂ
AT o

Important to understand CP violation phenomena and
search for new physics
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PRL 124 (2020) 031801
PRD 101 (2020) 072006

5
=)

A new type of CP violat

200

N{ 200 -=-= lsobar e aQmi NQ ] -=-= lsobar e ollll
g 150 ——— K-Matrix + Data E 150 th;; ——— K-Matrix + Data
g 0 i 44 gw A Preliminary
< il i <
S 50 . HHL-] '|' S 50 +t
~ : 'l--‘u._l 2 thi=ta =
L0 l‘ R L0
z I ¥ t z
100 t Preliminary | 5.0
= €S Oper >0 =
-150 -150
_3 5 Heoel 3
-3 3
0.4 0.6 0.8 1.0 12 1.4 1.6 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Miow [GeV/c?] Miow [GeV /c?]

CP violation from S- and P-wave interference

i A e R
=+
ER Rl o
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Methodology of measurements at LHCb

Physical quantity of interests

rA° . —r A0~
rA° - +T A%~

Experimental effects

a T T 7 & 160F T T £
N LHCb, 9.0 fb~! = E (b LHCb, 9.0 fb! 2
> mAK <29 GeV 41 > 140 E ( ) mAK*)<29 GeV =
o e s TS 7 PR e i o et e e e mKK)>22GeV a
0 +0 - = — Total fit 3 = 10fF — Total it 3
N - — N - & S, 27 o S = T S —A-TRE 3
_ ' o | — 5> AK'K” 1 < - —Z,- AK'K” E
— 172] 0 =1 172} —_ =
_ — 9 A= AK'r(mis) @ E -== Ay AK 7 (mis) ]
Raw /\O N + /\O . 3 Conb. b 1 5 oo P -
=] A= AK'K7y 3 8 w0 ) - A,— AK*Ky 4
8 ..... A)— AK*K 10 3 8 20 E o 8 T s Ao Ak ]
SRR o S W ok Lo SHER bty i ]
What we see directly from KK [MeX e S
Yy m(AK*K") [MeV/c?] mAKK") [MeV/c?]

mass plots Preliminary See later
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Methodology of measurements at LHCb

Physical quantity of interests

A —-TA -7 I
CTAYL T AL T

— — D — —
Experimental effects i i
Production asymmetry Detection asymmetry

- - = — Total fi 3 = 120f — Total it 3
AL — AL s R =y - T 3
— = =ESAE ] = — P akx ]
- J— — _ 3 Aﬁb—> AR 7mis) 7 8 80¢ Ay AK T(mis) ]
v AL+ A0 e 2 L=
S ; o Ay AK'K 7 _ 5 20; ----- A%XK"K"I-!: _

. Y (i E ottt i, ] ok ; +
What we see directly from MOKKY MV KK MV

mass plots
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Control channel for measurements

Signal channel Control channel

: mostly canceled, small residual due to kinematic —
difference induced by selections

Similar topology

: mostly canceled, small residual due to
kinematic difference induced by selections or particle
type difference (Kvs )
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Production asymmetry LHCb-PAPER-2021-016

g 51' R B AR LN R L '_:

= “F LHCh E

— T 4F 4 5=TTeV, IR -

0 _ 0 : E

N? _ - N\ - A 3~ 5=8Tev, 26! _Fﬁ-—— E

T .

(] ——— :ij :

- Production asymmetry of -E N , L
2 2.5 3 35 4 "

dominated by gg fusion 4,y

« Hadronization asymmetry of and = s LHCb E

45— —4- 'E=7TeV,1fb’[_E

~ in pp collisions 3F AT

’F mall ;

: : 1~2% , measured by LHCDb as a function of y, ;_ + 4

. ~ . 9%, with uncertainties around 0.2%: consistent with 0—15— o ,—:
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Detection asymmetry

— [Chin. Phys. C 40 (2016) 100001]
: — T T T errg T & & T roa[d

« Matter, antimatter interact with detector (made by

cross section [mb]

matter) differently

« . different combinations of , | etc. = .
* Including effects from reconstruction of particles, PID, Momentum [GeV/c]
trigger effects; = + + y=

« Obtained using data-driven method with calibration channels

AD(W:‘:)%01%,AD(K:I:)'\NJ1%,AD(p/]_9)%1_2% S :~1%
Significantly reduced
using control channel
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Evidence of CP violation PRL 134 (2025) 101802

£ AL R B I T —] & AL I B I B B E A R 1
= s00F (a) ___JHCLimfb._____._g_sgg;_ N— LHCb, 9.0 b G
= F | — Total fit 1 = — Total fit ]
= 4000 Y e o s i 'ﬂ Y ve 3
g F — 5> AK'K 18 — 5 KK ]
Z 300F === My AK'm(mis) T 300F T s B Ay
§ X Comb. bkg. § C il i
s20F || - Ao ak'ky 4 E 200F — -
o . s = o O A~ AK'Ky u
o x TL AV— AK*K = - + Py AR K70 ]
S 100f 4 S 100F 1t 4> AEE =
U i U i aiat :-,-r+. A
o] o E = +W”“"“"F';"**-Fﬂ ok A IL : il bt W =i 5

5400 5600 5800 6000 5400 5600 5800 6000
m(AK*'K™) [MeV/c?] m(AK*K™) [MeV/c?]

+ —_
_)
= . + +

First evidence of CP violation, 3.1

Three body decays, need to know which resonance contributes
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Looking into Dalitz plot ( -

+
|
~—

PRL 134 (2025) 101802

.. Yield
Preliminary = 25T e
T T SR LHCo90 o' {177
[} 140: ————mm(g:;;(:evv-————:_—-ﬁ-l@:: ——————— :(K*K);;.ZGN _: > 20 || AO_) AK+K— 60
E 120; — Total fit — E 120:— —B))talﬁt = (ﬂD) i b
S [l S 1 2|
& g AR Tmis) J 8 -+ Ay AK 7 (mis) 151 A} - Af(150
= 60F Comb. bkg. 1 8 Comb. bkg. 3 M -
=BT SB B G RAE - " S A S A-AKKY Q [
5 20_ N0 AK*K7° E 5 _____ 712—)ZK+I(7E0 - 10
0 B o b d 0 I i e R R NE [
5400 5600 5800 6000 5400 5600 5800 6000 B
m(AK*K") [MeV/c?] m(AK*K") [MeV/c2] 5F
o= x . % 0.
10 20 30
First evidence of CP violation in . . mAK") [GeV?/c4]
. % —_— ——
local resonant region, 3.2 Ap > N°K l Feliminary
reglon_ 4 4 Consistent with 0 within 2.5 PRD107 (2023) 053009
- = - Predicted CPV (resonant), ~1.5%
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https://doi.org/10.1103/PhysRevD.107.053009

Observation of CP violation in baryon decays

e | ! : | L L S5 N | I t
< 14000 LHCb 9 fb-! 1 2 14000F 'LHCb 9 fb" .
= - (a) ﬂ I Data Preliminary = - (b) I Data Preliminary]
© 12000F Total fit 7 ©12000F ﬂ Total fit g
< [ ; . 1 =t " -0 ., )
8 107306 4] O | Ab = pK wtn _ 5 10000 [} ¢ A%—>pK Tt ]
= - =0 pK i : = E —E, s pKin :
J 8ooofF [ Comb. bkg. 4 I 8o0oF ] Comb. bkg -

§ 8 —— A > pKmtn® § i — A, > pKtr
3 6000 — A > pKn(=rry ] S 6000 — Ab —pK*n (—Mr:r‘“y)

— K —_ AP + ] - B _— + +

g 4000 doprmr 102 4000 Aopran
< : — A, > pK K i < i —Ab — pK*K ’
& [ e L 1 © E e ]
2000p r*—— 5 2> pKK - 2000 A~ 5, > PK'TK -

5.4 5.6 5.8 6 54 5.6 5.8 6
m(pK ) [GeV/c? m(pK ) [GeV/c?]

LHCb-PAPER-2024-054

Acp = (2.45 + 0.46 + 0.10)%

CP symmetry violated by more than 5
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CP violation in Y4 decays

T T _ 0 _ 0 _
2 wf 6 R Fpas E E ol 61 s E AAcp = AC’P(Ab —)J/I/)pﬂ‘ )" ACP(Ab_} J/‘/)pK )
< soo%— — Fit model =_, Z 500;_ o — Fit model _
g F —A-awe ] 5 F — Romrdiypr = (403 +1.18+ 023)%,
g Comb. bkg. 1 'g Comb.bkg. 1
O 300F ] O 300F 0 o4
: Ay—=JIypK E : A,—>JpBK* ]
» Asignificance of 3.3 , when

combining with Run 1 result, it

5700 5500 5600I — I5700I
m(J/ppn-) [MeV/c?] m(Jpprt) [MeV/c?]

reaches 3.9

& son0F 3 % o000
> :LHCb ] = ,LHCb E A =(4.31 +1.06 £0.2 .
w0l ] Mo -assiossony
& 7000 =N z,vooo:— 3
= 3 —Fitmodel 3 b= E: — Fit model . . .
§ o Ty e e « CP violation seen in a channel where
% 5000 F- — AIppK” % 5000 F- — Ky—JhypK* 3
S 000 comb.bke. § O *™F Comb. bkg. pentaquark is found!

3000 - r 3000 £ =

2000 - . 2000 =

1000 - 3 1000 3

s 5600 5700 - 05550 5600 700
m(JppK~) [MeV/c?] m(JppK*) [MeV/c?]
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Global CKM fit results

e  With all these measurements and theoretical inputs from Lattice QCD, new updates on global fit performed

A — 0.8215 1_8883; (08% unc_) 1'0 iM@‘ﬁ' ' ';'“%% Iy T T T T
1 = 0224984982 (0.% unc) -

p = 0.1562 150525 (4.9% unc.)
7 = 0.355173-9%2 (1.5% unc.) =

\& ]
& A, & Amg

05

) 0.5 [

68% C.L. intervals ;
o gz : 1.0 Yo N &
B 7i: ~ 20% more precise =
_1 .5 L P ] | I | i | I | | I | | | N I | | \\\\;\ I i

-1.0 -0.5 0.0 0.5 1.0 15 2.0
e Better constrain due to improved measurements of CKM angle and p

* Global consistency looks good
CKM'21: p-value ~29% (1.10) — CKM’23: p-value ~ 67% (0.40)
e Offers precise predictions on New Physics sensitive processes
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Matter and antimatter asymmetry

Primordial abundance Baryon density Qgh2
1

02y . 0005 00 02003+ “Visible” world dominated by matter
s — He « Big-Bang Nucleosynthesis and Cosmic Microwave Background all
0.25 %—
Yo b indicate large matter-antimatter asymmetry in Universe:
0.23 _
10—3§ : : ; é — - — ""‘10 10
~ b, "
S ~-%. 1 « No yet fully understood:
05 | T 7\
. . | ‘/ L *
10-9 \Z Toda
\ . : y
Tl g M ﬁfte:'Rﬂ?.t'ontt Matter dominated 0
P} : atter = Antimatter 1010 41 10
o L % E

1 2 3 4 5 6 7 8 910
Baryon-to-photon ratio 1 X 1010

PLB667 (2008) 1
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http://pdg.lbl.gov/index.html

Possible explanations

* Matter != Antimatter before big bang?

* Non-observed antimatter dominated regions?

* Photons produced by annihilation at boundary not observed
* Observed cosmic rays in space not supporting this scenario

* Need explanations for separation

* Sakharov conditions for a baryon-generating interaction:

* Baryon number violation (not yet observed )
* C-symmetry and CP-symmetry violation

* Interactions out of thermal equilibrium (condition 1, 2 may not be reversed)



EW Baryogenesis

 Sakharov conditions: CP violation need
* In SM, offered by CKM matrix

- — % X EW Scale:
T 12
Jarlskog invariant:
— 2__ 2 2_ 2 2_ 2 —
- ~3x107°
- 2_ 2 2_ 2 2_ 2 I
Masses ja s nannn Ranl sl R AN
s y . Amgy & Amg
Fsin2p ]
p -5?SK ’-u Am,
! L
c| m s| m M. \d..*/ a ~
O\l c\m Ve L
-1.0 -0.5 0.0 055 1.0 15 20

e
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PRL 55 (1985) 1039
CKMfitter

Far smaller than observed

matter antimatter asymmetry
in Universe

Need new mechanism

1
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039
http://ckmfitter.in2p3.fr/

EW Bal’yogenesis PRL 55 (1985) 1039

CKMfitter
Far smaller than observed

 Sakharov conditions: CP violation need

] matter antimatter asymmetry
* In SM, offered by CKM matrix in Universe
_ % x EW Scale:
~—— 15 = Need new mechanism
Jarlskog invariant: I
— 2__ 2 2_ 2 2 2

~3x107° — B B

Masses i Y‘{ ....... e
‘-°:—. amy& am,
w/ . a/ . i ZH\ i More data needed to
o m | s TUENAY F resolve the puzzle by over
A\l o\ m _1_0:%7 constraining CKM triangle

[ T L I
-1.0 -0.5 0.0 0.5 1.0 15 20

p
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039
http://ckmfitter.in2p3.fr/

Why CKM precision test important CKMfiter

dI Vud Vus Vub d
I
Unitarity: only requirementin SM | Vea Ves Ve s

. b Vie Vis Vi b
D ViVij=1 3 ViViu=0

|

10,000,000,001 10,000,000,000

Mass eigenstate vs interaction eigenstate

Y Mamme] | Yy ]
C iy ] .. . -
s % _amsam - |Is current precision enough? No | | Disaster for new physics searches
~ // 1 if CKM elements not precise
- - 1075
0.5 ey 4 Amd ]
= ool e [ ; S~ ] + + -1 Changing |V,,| : 39-10° = 42.10°|
r j \ ] 2, T
: iR M ) \\ changes |Vcb|3 : by 16% (B&d >p ;j , AMs,d)
\ g = 0.00012, —0.00295 3 Veo| 2 by 25% (K* = n'vv,e, )
. “ | Val's by 35% (K, vk 1)
- DR iy A Cabbibo anomaly? From A. Buras
_1.5 _I { 2 B I IIIIIIII I 111l I 1111 I AL ) I_
-1.0 0.5 0.0 0.5 1.0 15 2.0
P
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Ways towards new physics

« Two main streams: direct search and indirect search through precision measurements
« Examples in history: many beyond “current” model new physics first found through indirect

search
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Precision measurements

+ Sensitive to New Physics scale much higher than direct search: 1-104 TeV

csm | enp NP scale: A
AW =ty +X) = Ao | =5+ =5 T
v A 0 Ny i 107
M = 106
Energy scale for SM: v ~100 GeV 100 = & ] ¥ X i = ;10
Flavor (quark) 5105 ms ) A . 5 105
< 104 R ? T2 100
2 ki . LR S8
LHC e — | 210 RN 3 ;. 108
Energy 102 I u ’g'&.:NN$?\=§‘H;102
Tevatron I logeaaBy iy q S 3iiifmm
GeV 21| EE SIS| | - :
\ | | \ | | . 100 N NS NN 10°
g S SEN SIS
2 3 4 5 6 7

Observable

« Statistics or precision is key for flavor program: New Physics scale, i.e. Dim = 6, /\/

+ Also “tasteful”, not only can tell there is New Physics, but also tell properties of New Physics

based on flavor it couples to
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Flavor anomalies

- anomaly: new physics at tree level? Anomaly at - transitions
- +

= still 2-3 deviation, new

-+

- 108 results consistent
~ 04 ————————— X
;é L 68% CL tontours g 4: 14F | Lﬁ Cl;) R —3— LHCb 9fb™!
 f a q C BO +.4 ~ LHCb3fb™'
03s| ] Z 12 s = PUTH | SM (LCSR+Lattice)
: : <) 10 [ 1 SM (LCSR)
- = A, e - - - = SM (Lattice)
03 § o 1:}.‘ \l attice =
C ' EL o I Iy Wy(2S) .
025 ‘i 6F ‘
= B |_ p—t -
: _ s EEE -
A e o ts o ]
02~  JHFLAV SM Prediction RD)=0312 +0026,,  — ou 2Bk -
- R(D)=0298 +0.004 R(P );0.287 +0.012,,, E 2 - -
: PR | R(I.)*) :.0.254.1 irO.DOSI PR T TR T R Fl;.6(')0.: gq?c L : E’ 0 ! : —— : t ! ! L ! L ! .
02 03 0.4 05 = 0 5 10 15
R(D) Phys. Rev. Lett. 127 (2021) 15 612 [Gev2/c4]
Deviation significance: 3.3
« LFUtestat - transitions between first and second generation( ) disappear
d + -
* Crucial: to understand charm loop contribution , = ya—
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FCNC and charm loop

FCNC in Standard Model FCNC in new physics

T —
Y Y Broad charmonium
I U(QS)\ resonances (above the
open charm threshold)

N

Photon pole
& cnhancement (from C7)

Sensitivity to
Cy and Cyp
—

CKM suppressed

o light-quark resonances

phasesh

Sensitive to C7—Cy

interference suppression
1 L N M % 1 M " B : 1 . . . .
0 5 10 15 20
-« increasing_ hadror.lic re_coil q2 [ GeVZ]
mcreasing dlmHOll mass =

T.Blake, G.Lanfranchi, D.Straub, 1606.00916
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LFV searches

* No matter the results from LFU, still extremely important to search for LFV

T T Lox T MEGII
p v, ” < - - T Lox T SINDRUM
e T o< 7 LT . S Babar
I . o Lox T Belle
* SM contributions negligible
“F + — 1+ —
« Currently negative results - o Belle (ID)
« Future experiments from T Lox T Mu3e
COMET, Mu2e, Mu3e, Belle L * .ox T ATLAS
", LHCb, ATLAS, CMS and /i X — BESIII
BESIII will further improve ;o = BESIII

their strength to NP
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Most important: more data coming

* With our new LHCb detector, already collected more data than Run1+2

* More importantly, full software trigger =¥ better performance on hadronic final states

New New UT ed M1 R
piXEl & o LHCb Preliminary 2024 +"‘+ T
Velo readout Similar PID " E4 Blg-mas .
performance .
Side Vigw Ecal HCAL M4 MS e - P
SciFi *° W&m

Momentum [GeV/c]

Tracker —— . A . o . .
: Twice trigger efficiencies (hadronic)

I R i R = o P 3 8 ' ' TR Jo.7s5 3
£ LHCb Preliminary HLT2 Turbo 4 0.16 3 g LHCb Preliminary HLT2 Turbo | =
A2 2004 HIt(Two) TrackMVA i 8 2120 1 2004 HTwo TrackMVA Joas0 2
5 it -+ Run 2 LOHadron + HItl(Two)TrackMVA T8 s i =+ Run 2 LOHadron + Hltl(Two)TrackMVA S
S 1. = e e FANY e e vl s e e o B
S LRg— o 10§ § e 1424
é’o.s - e 0.10.2 §01§ F e {01002
- g - §
ool i 10083 0.6 = {00752
= 0.06 £ — g
04F 1y S 04 - J0.050
i 0.04% ) 1 =

02k i 1o mc 0.2 [ H0.025

b i v — s oa 5‘ llo' 115 2'0 230 00 SI ll(] IIS = 2I0l 54000

Tl = =2 Sl Transverse momentum, pr(B®) / GeVe-! Transverse momentum, pr(B*) / GeV¢™!
. Removed PS/SPD and 0 N L =0 4
New RICH optics and PMS B - D =« BT — D
new readout
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Prospects

Belle Il 10-4 ab! 1 15 ab! 50 ab'll 250 ab! 1
2019-2022 2024-2027
2015-2018  2019-2022 2022-2025 2025-2029 2029-2032 2032-2035 2035-future
Phase 1 Phase Ib Phase 11
LHCb Upgrade Upgrade Upgrade
23 fb! 50 fb-1 300 fb!
HL-LHC
CMS/ATLAS 200 fb-! T 3000 fb-!

BESIll/super -charm/CEPC BEPCII upgrade + running of super -charm/CEPC



Next LHCb detector from 2030

Z~2X10%cm=2s™" New ECAL R e
Data ~ 300 fb™! Techno|ogy P HCA More MUON filter +
d replace MWPC
New Vertex M/ﬁtation
Etector
(4D?)

SciFi
Tracker

P Improve granularity

Better radiation hardness

Keep triggerless
readout

Better coverage for low
momentum tracking

Use timing to distinguish
vertices (high—pileup)

Add @ center A
Mighty Tracker TORCH ?
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Future of flavor and hadron physics

15

10}

0.5

Spectrum of H, n=3 - n=2

Either we found New

physics or we “
understand QCD at low L@ | ‘ — 9@
®®

energy 0@ gg v

-
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Thank you for your attention!
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How to read antimatter?

Compton scattering

e« < : + T moving into each other
° = . N + +
« < < : T comingfrom future time

, While ~ moving in the direction of

time

e = = t4+ —

« > :: + T moving away from each
other

Same particle, but travel backwards in time
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