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High-precision measurements of
CP-violating phases



CP violation and CKM matrix

CP violation in the quark sector successfully described by the CKM matrix
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Run 2 legacy measurement of sin2f

Acp(t) = sin2f sin(4Adm,t)
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PRELIMINARY
BaBar JAy K. 0.657 + 0.036 + 0.012 =a (L2
PRD 79 (2009} 072009 e : -]
BaBar JAy K 0.694 + 0.061 + 4.031 %]
PRD 79 (2009) 072009 : iL.15
BaBar y(2S) K¢ 0.897 + 0.100 + 0,036
PRD 79 (2009) 072009 :
Belle Jiy K 0.670 + 0.029 + 0.013
PRL 108 (2012) 171802 e : 0.10
Belle J/y K 0.642 +0.047 + 4.021
PRL 108 (2012) 171802 — : 0,05
Belle w(2S) Kg 0.718 + 0.090 + 0.031 i
PRD 77 (2008) 091103(R} ;
LHCb Run 1 Jiy Kg R 0.750 + 0.040
JHEP 11 (2017) 170 * : K1)
LHCb Run 1 y(2S) K 0.840 + 0,100 + 4.010 3
JHEP 11 (2017) 170 ) : [
LHCb Run 2 Jiy Kg ; 0.720 £0.014 + (.007 (LG
LHCb-PAPER-2023-013 1 ' [
LHCb Run 2 y(2S) Kq 0.647 + 0.053 + 4.018 [
LHCb-PAPER-2023-013 " * ' : _“']H i
World Average M 0.708 + 0.011 .
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LHCDb: sin2f3

0.724 + 0.014

New WA: sin2f = 0.708 £ 0.011

SM prediction: sin2f = 0.731%
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LN S B S B S B B B B B B B e e

Beclle [T 2023
@ BuBus 208
@ Bl 22
& LHCh Run 1
® LICE Rua 2

UL BN L

contours hold 30%, 877 CL

w060

i I ik i i
080 0.8
‘E'I;'.lhl':g

A AP EPEPE EEPE EP
(.65 0.710 0.75

0.029
0.016



Most precise measurement of ¢;in BY - J /¢
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Acp(t) < sing, sin(Amyt)
L l L L L L I L L L 1 I 1 L
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(t-0.3 ps) modulo (2/Am,)

No sign of CP violation
No significant polarization dependency

LHCb: ¢S = —0.038 + 0.018 rad
New WA: ¢<¢ = —0.038 4+ 0.018 rad

SM prediction: ¢ = —28, = —0.0368+3:995 rad

Ar<s[ps—1]

[ arxiv:2308.01468
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CMS 116.1 fb!

CDF 9.6 fb~!
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M LHCb 9 fb~1
0.07

ATLAS 99.7 fb~!

00%s 0.3 0.1 0.1 0.3

pes[rad]

Tension in Al remains

LHCb Al = 0.0845 + 0.0044 + 0.0024 ps~!
ATLAS ATy = 0.0657 + 0.0043 + 0.0037 ps~1!
CMS ATy, = 0.1032 + 0.0095 + 0.0048 ps~?!




¢S in penguin decay Bg N ¢¢ [PRL 131 (2023) 171802 ]

e Penguin-dominated decay sensitive to NP

e Most precise measurement of time-dependent CP
violation in penguin decays, consistent with SM

LHCDb: ¢35 = —0.074 + 0.069 rad
SM prediction: ¢3M = 0.00 + 0.02 rad

Acp(t) « sing, sin(Am,t)

o Ol 1 1
5 N ] Run 1 +Run 2, 9 fb’! LHCb .
0.08 LHCb -
E F 6 b ] -
> 0.06 i Run 2, 6 fb"' — SM prediction -
0.04 |
C Run 1 +2015 + 2016, 5 b —r
0.02 |
0 E Run 1,3 b —*
—0.02F 2011, 1 fv!
_O‘O4 : 1 1 1 1 | 1 1 1 1 | 1 1 | 1 1 | 1 1 I
L oy
-3 ) -1 0 1
0 0.1 0.2 0.3 55 1o "
(t-£,) modulo (27t/ Am) [ps] . ¢ [rad]



y from B - Dhdecays

® Access y from interferenceof b - u &b - ¢
transitions in B¥ - Dh* (h = K, ) decays

r(B* — Dh*) | + rge?8%7) |2

v, g, 5. to be measured dp, 1p. external inputs

® y remains a limiting factor for test of CKM unitarity

LHCb: y = (63.8735)°  LHCB-CONF-2022-002
BaBar: y = (70 £ 18)°  prp 87 (2015) 052 015

BELLE: y = (73%12)°  arXiv: 1301.2033




¥ measurement methods

Categorise decays sensitive to v depending on the D final state
Optimal sensitivity only when combining them together

1

> GLW

> CP eigenstates e.g. D — hh
» [Phys. Lett. B253 (1991) 483]
> [Phys. Lett. B265 (1991) 172]

> ADS

» CF or DCS decays e.g. D — K 0.4
» [Phys. Rev. D63 (2001) 036005] [
» [Phys. Rev. Lett. 78 (1997) 3257]

» BPGGSZ
> 3-body final states e.g. D — K{mm 0L— N
> [Phys. Rev. D68 (2003) 054018] 0 50 100 150

» TD (Time-dependent)

» Interference between mixing and decay e.g. BY — D K [ phase is (7 — 28s)]
» Penguin free measurement of ¢ one day

» Dalitz

» Multi-body B decays with D% or D° in the final state, e.g. B — DK+ 7~
» [Phys. Rev. D79 (2009) 051301]
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Latest LHCb y combination | LHCb-CONF-2022-002 |

Combination of many B and D decay modes

a1 —— o~ 110: | | | | | T | | T -
Bt o DK™+ S LHCb - > 100 lI;Il‘_ICb 3
0 %0 — 0.8 October 2022— - reliminary 3
B - DK ] 90 F E
0 S i : .
B® = DFK*(rr) _ l } } ]
D— K*n~ 04140 - e 2 O T T P g
D— K+rn~ 0 E 0F E
D — hthn° ] 0 E
D +— et — 0 40 - | | ] | | | | | | | 3
DA 50 60 70 80 90 N Q\’% Q\b Q\(\ XX PP
D — K+m—m0 v [°] e A A S i el i N P Y
D - K*gFata—
D — KOK*n¥ LHCb: y = (63.8133)°
D — KOK*r¥

Consistent with SM prediction: y = (65.533)°

13



New y results using D — Keh*h~ decays (BPGGSZ) |arxiv:2310.04277 |

B° - D(K?h*h™)K*° Most precise single measurement: ¥ = (6913 )°
Nt =hpe [F:m + (@2 + 92 Fri + 2V FiF (@i — yisd)] ¢;, s;: from BESII/CLEO

Ni, =hg- [ij', + (22 + Y2 )Fri + 28/ FiF_i(z_c4i — y—Siz’)_ X4+ = 1gcos(dp £ V)
) Y+ = rgsin(dp + y)

8 ’4 1_ T T T
: o F T LHCh
) —0sf 9 b
5 06 ey ]
4 L | 1
\ 045 683% | i
2 02F .
) r 95.5%§ f .
N L . | . 0TS0 e 10
m2(KOr~) [GeV2 /Y —0.2 0.0 0.2 v [°]
D*K
Ty
et s 0+ 75— 0 _ (49+22 Yo | arxiv:2300.0551 |
B* - D*h*,D* - D(K2h*h™)y/n Y = (49135) '
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Anomalies in rare decays and
lepton flavour universality test

15



d > d
B et

b < < < S
W

1/Z /g—i_
&

—
=

SM &

e loop-suppressed (FCNC)

e universal guaranteed
Integrate heavy dofs out 14
b >

e can enter at tree-level

e universal not guaranteed

Hegr ¢ 2,00

e local operators relevant at different g*=m?*(£74")

e “effective coupling” coefficients may be affected by NP
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Tension in differential decay rates

BT > KTutu=  rro107 2023) 119003
0.5 s oo Lgp
s m Belle 19 )
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Anomalies in binned angular analysis

SM from DHMV
777 SM from ASZB

B® - K*Outyu~ Bt > K*utu-
A T T 15 ey
B LHCb Run 1 + 2016 1 ]
ﬂ I SM from DHMV . It ‘:
0.5 - 05 1
- ! > F e
i ; AT -
S ] + A ;
. | % i 05 F == ' LHCb .
—0.5 | = F;| — L 4 —— Data 9fb ! ]

i
]

o s 10 15 20 5 10 5
g [GeV?/c4] q* [GeV?¥/ '] PRL 126 (2021) 161802
Shift of effective coupling Cq preferred
25 18 T
%1  PRL 125 (2020) 011802 == ms LHCh 9 fb! flavio 200 | | B (RS s
N TN K*Oy : p — Rt + 200 wl pHJ:-l% I:'_2021+;| lilSOB N JHEPOM (2021}r 043
] [ * — -
25 4 o B _> K l“L /‘L 12 BS % ¢JL£ AL[
3. e Q‘:Jl: or / o]
& 201 RS 2101
?-7']\1 <] I 4
115 Tk ~20 T ~20
10 1 r 6
LHCb sk 4
[ 8.4 fb—l\ / LHCH
flavio L 21 flavio
01 [)- PR B 0 \_ 18
20 -15 -10 -05 00 05 10 15 20 —4 -3 -2 -1 0 z 4 -3 9 -1 0 1 2

1 - ‘ :
ARe(Cy) ARe(Cy) ARe(Cy)


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.126.161802

Possible interpretations

« New physics contributions in b — su™u~ decays?
« Under-estimated form factor uncertainties?
« Effect of SM charm loops? Get it from Run 1+ 2016 data

SM cc loop

q° [GeV?/c*]

19



Slide from A. Mauri CKM '23

Unbinned amplitude analysis of B® - K*O (Kt )u*tu~

= Perform q2 unbinned amplitude analysis Wown-local hadvonic

» model Jocal vs non-local contributions Watrix elementg
“chavm-1007”

2mp M p
¢>

Mg

mp

AL = NA{ (Co%C4) F (Cro +Clo) | Fala®) + (Cr + CFL (¢%) = 167~ L3, (¢2)| }

A=L.100 wilson coe$s
' Tovrw 'FQCJGO(S

Polynowmial expansion

Photon penguin Oy %(EU“UbR)F,W

Vector penguin = Q9 = (§fyubL)@fy“€) T R
i i — (s 1 g/ Lyn(28)
Axial vector penguin  Oqg (5yubL) (£yHsL) Hi(2) = W W % % Z a, 7"
L] L] L] = Z Z — Z
» Fit 5-D differential decay rate! R A n

L, qz, ml%x, coS O, Ok,

20



External inputs

Theory information

Value of charm-loop at g < 0

p reliable for g? <« 4m?

Experimental measurements
Branching ratio, polarization fraction and
phase difference from B® — y K™

Information
from theory

JHEP 09 (2022) 133

Measurement

Information
from experiment
PRD 76 031102(R) (2007)

PRD 88 052002 (2013)

PRD 88 074026 (2013)
PRD 90 112009 (2014)

AR
I 1 1

0

5

|
10 15
Local form factors constrained to theoretical calculations




Fit results for charm loop matrix elements

= S—F———71 71— 7
| B :
g 10 '-_'_ q2 > 0 Only ":
i C (it
~ SF i
a3 : A
T 0f %
& C 4 vl
-5 _ 7
-10F  LHCb47m!
-15F
C | | PR
-5 0 5 10
q* [GeV?/c*]
T 2F ' '
it [ LHCb 4.7 fb!
_‘ -
I i
: 10
~ i
T |
s -
N0
10k
| | |

I—SHHOHHSH 10
q% [GeV?/c*]

Re(H)) / F [1074]

Im(Hy) / F) [1074

10 —

—10 =

15

LA I B S B B B

LHCb 4.7 fb!

L

LHCb 4.7 fb!

l IOI - I5 - 10
q% [GeV?/c*]

| LHCb-paper-2023-032, in prep. |

= T e e
| A
= i LHCb 4.7 fb~!
- 10}
I by
~ r s
o “ 27
< o 32
& - s
-10 2
=20, el !
-5 0 5 10
q* [GeV?/c*]
= 20 T |
I -
= I LHCb 4.7 fb™!
(=] =
10T
= .
s i
T op e e
N I LHCb-PAPER-2023-032
-10 | LHCb-PAPER-2023-033
[ Preliminary (in preparation)
=20
| | |

Fit results with and without g < 0 theory constraints broadly compatible

I 5 - 10
q* [GeV?/c’]
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dB(B° — K*u*u)/dg?

Binned dB/dq* and P from unbinned results | LHCb-paper-2023-032, in prep. |

x10~7
AL T B A B A A S A L L L
[ | | LHCb-PAPER-2023-032 GRvDV :
10F LHCb-PAPER-2023-033 EZ ¢*>0only -
| Preliminary (in preparation) g* < O prior ]
LHCb Runl
0.8 -
I LHCb 4.7 fb~!
0.6 - _
04
1 1 1 I L 1 L I —
0 2 4 6 8 10 12

q* [GeV?/c*]

Updated normalisation inputs

= lower BR c¢f. Run 1

U2 N . B B B L L
L LHCb4.7 fb! GRyDY
LI [ 1 DHMV
. X 7272 ¢* > 0 only
0 R EEH 4% <0 prior —
- R <+ LHCb 20
- =
1 I r—
- = 1 L L L I L 1 L L
. O05F S T
<. 00F
A i
< i
—0,5_ | | | i g 1§ g 5§
0.0 2.3 5.0 7.9 10.0 12.5

q° [GeV?/c*]

Great agreement w/ binned result
Impact of ¢¢ up to 20%
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Constraints on Wilson coefficients [LHCb-papef-2023-032, In prep. ]

8:("' 25 _- j '|"'§'I"';|""_ %\ _||||||||||||||||1_ %IIS_IIII |||||||l—_
il it | Fef\ MO Lo 1 O (| HCHATT g 0only S LHCD 47 1
'_\ : ) : /J &-’ =25 - [0 4% < Oconstr. 4 &’ 1.0F ]
/ ] r % SM C .
/] -3.0F - L ]
1 i I L _ -_ . L — ] _0.5 | _'
4 5 . -3.0 45: L ] C ]
Re(CQ) Re(C]D) R T TR T AN TR WO ST S N S S N N N ! 1 1 1 1 1 1 ! | 1 1 1
2 3 4 5 -1 0 1
y
— T T T T = F T T T T RC(C9) RC(C)
6 i LHCb 4.7 tb~! g’ > 0 only a E 8 - LHCb 4.7 fb-! g* > 0 only
N ¢* < Oconstr. | < g% < 0 constr. ]

ACy = —0.93702 (-
ACip = 048703 (
AC, = 0. 48+g ‘;f‘;‘ (0. 26+04

0. 68+D 4

o
)
..[;
+
oo
[\3
ﬂu’! ::o:: 0o =] C.:"!\..-'J

R

-1 0 1 -0.5 0.0 0.5 1.0
Re(Cyg) Re(C},)

Tension between data and SM ~ 1.9¢ In Cy and up to 1.5¢ in Cy,.

Combined discrepancy ~ 1.40
24



Ay, » A(1520)u* u~ differential BF

| PRL 131 (2023) 151801 |

—
—4— Data

LHCb
—— Total -1
- == A(1520) 9 1b
B A(1405) 1.1<¢?<6.0 GeV*/ c*
B A(1600)
B A(1800)

YR I T T
1500

L | L 1 L L 1 L L L L 1 L
1600 1700 1800
m(pK™) [MeV/c?]

“‘3 SOF T
<) ' ' T > 70
(‘I\ID 10_7 I LHCb N é) 60
% — . 9 | w0
) — trm 40
NG“ [T I i, k=
= :
R e S8
107 b —
E\, +Data
S SM (LFQM)
3 i (7777 sM (NRQM) _
< SM (LQCD)
ng SM (LQCD+DB) l
\_/10—11 1 \ ] , . \ \ I \
9§ 0 5 10 15

« High g?: consistent with SM predictions
« Low g*: significant variation in theoretical

predictions

g* [GeV?/ 4]

Events / (10 MeV/c?)

S = D W ks N

—
—4— Data

LHCb
— Total -1
- - A(1520) 9 tb
B A(1405) 15.0<¢*<17.0 GeV?¥ c*
. A(1600)

. A(1800)

TR [N TN TR TN SR NN T TR 1
1500 1600

L 1 L 1 L 1 1 L
1700 1800
m(pK~) [MeV/c?] 25



Previous lepton flavour universality tests in b — sl*1~

p. BB = Hy'p)| /IB(BT — HJJp(— p"p7))
s =IB(B+ = Hyete) / B(BT — H,Jhp(— ete))

Previous tension with SM Electron reconstruction challenging
1 1T 1T 1T
[~ Measurement flavio + [EPJ C 76, 440] 1
- RUK) soceveya —— E ECAL
:_ *()\ [THEP 08 (2017) 055] R NE— _: Tl_TS
- R(K )0_045—1_1(;0\-’2/(74 ] magnetic field
i "

[ () [THEP 08 (2017) 055] . ]
- R(K )1.1—6.0 GeV?/ct ]

- [PRL 128, No. 10] ° ]
- R(Ks)l.l—ﬁ.(] GeV2/ct ]

[ %+ [PRL 128, No. 19] . -
- R(K )0.045—6.(]@0\"3/(:4 ]

[ [JHEP 05 (2020 040] . ]
- }%(pf()ﬂ.l—ﬁ.ﬂ(?.(\\-"2/(?4 ]

:.I...I...I...I...I...I.
0.0 02 04 06 08 1.0

R(X) 26




Benefitting from tighter PID selection, and
novel data-driven background modelling

900 Ry central-¢*

oy -4 Data
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Updated R, ) measurements

| PRL 131 (2023) 051803 |

New results consistent with SM,
superseding previous results

—
Ry central-¢* 1 B
x ;ﬁ?ﬁzl ] 1.4 LHCb ow qz{ Ry = 0.99410 02 (stat) 5 055 (syst)
I, === D>lgha 1 | = - )
Seton 9fh—! Ry = 0.927.575 (stat) {553 (syst)
BN Partially reconstructed 1 i
B B KU/ ete) ] - PRL 131 (2023) 051803 central-qz{RK = 0.94920017 (stat) Zg23 (syst)
1.2 PRD 108 (2023) 032002 Rg+ = 1-027f8.'8£(Sta[)jgfgzzg(syﬁ)
T 5000 5500 6000 <ok
m(K m ete”) [MeV/c <L I
et i
— T T T T T T T
[ LHCH Brelow® ]
o ! } Bl -
;l1 —== Signal 0.8 —
Iyl Combinatorial
L [ Misidentification _ -
#* * I Partially reconstructed | I Da‘ta RK,K % d ata CO m patl b | e
- #* \ - 06F SM with SM within 5%
+ Al " A ﬁ } 1 i
"""" 5000 5500 6000 Ry low-¢> Ry central-¢° Ry low-¢°> Ry central-¢°

m(K*n"eTe™) [MeV/c’]
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R(D¥)

Hint of LFU violationin b — clv

e"/u" /T [PRD 85, 094025 (2012), pt/rt
SM PLB 755, 270 (2016)] NP
BR(B—X_ tv) u <
w+ -
R = . ] b gy L
BR( B—X fv ) < < B B IQ
C 4 Xb X c c
) D* D*
q
T T T T T T r T T 1 T T ] [PRL 120 (2018) 121801]
Ax2 = 1.0 contours ‘
5 LHCb R(/v)
N —2021 ] PRL 120 (2018) 121801 -
L LHCbIS ! 0.71+0.17+0.18
- BaBarl2 - SM prediction
0.35 = N TR = PRL 125 (2020) 222003
= 8 0.2582 +0.0038
IE LHCb18 |
- “ = I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I
0.3 = = 0.5 0 0.5 1
L = g R(J/ y)
- o - PRL 128 (2022) 191803
0.25 % "BeHel - Bellel5 [ ( ) ]
- - LHCb R(A))
= SRD 54 (3016) 094008 = - LHCb-PAPER-2021-044
C Bellel7 e i i World Average ] 0.242 +0.026 + 0.040 + 0.059
02+ +HFLAV SM Prediction  JHEP 1712 (2017) 060 R(D)=0.339 £0.026 £0.014 ]
2E Trmoassoon nemomie (D) 029520010 £0010 $M predicton
R RD*)=0254£0005  porc s conn0rs 14 ‘;(; 5:’-:- : - - PRD 99 (2019) 055008
B 1 I 1 1 1 I I‘R[)I]()i(:(l’::)“;;‘i()} 1 I L L L & L 1 L L N \\I(h lnpul 'r(‘“]
2(2 345
0.2 0.3 0.4 0.5 e
R(D) P [T T T |"1—_1')f ] L1
0.2 0.3 0.4 0.5
) . .. N
Long standing 3.3¢ hint of deviation from LFU R(A})

ut )t
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LHCb R(D™) with T —» puv,v, decays | PRL 131 (2023) 111802 |

Measure R(D®™) with Run 1 data, assuming isospin symmetry for R(D*°) and R(D**)

D** - D%°x*,D** - D0 or DO

30 —><1o3 ¢’c [9.35, 12.6] GeV¥/c? LHCb 30Ex10° g% [9.35, 12.6] GeV/c? LHCb

1

I

I _ _

| - D' - Dip — Data (3 fb)
: 20F 20F ;

, - : B 3-D v

': 10: 10'_ -B%DTV

u‘ = B—D"D X
1

]

\

w o
L L T T T

Bl 3D uv

3 ¢%€[9.35, 12.6] GeV*/c* LHCb
XIO [ ] Comb. + misID

Candidates / (0.3 GeV*/c*)
Candidates / (75 MeV)
o
i

3 . D*+ﬂ,
of - B 3-D"uv
F 2 : B 3-D"uv
1F 1f B -0 uv
0 0 5 10 0 1000 2000
m]ss (Gevz/ C4) E:; (MeV)

R(D")=0.282 + 0.018 + 0.024
R(D) = 0.441 + 0.060 + 0.066
p = —0.43 29

B° - D**u~rwt for normalization



LHCb R(D*) with hadronic T decays |PRD 108 (2023) 012018 |

- % 8000 & 10000
1 o —
! z 0 S
i O 6000 >
I 0 B [}
- -
: ° ot s
I = 4000 2 5000
] - 5 =
1 8 O :
- 5] i
3 ;
! g 2000 |
1 g
I O 3
{ 0 — 0
- 0 5 10 -0.2 0 0.2 0.4
ll g* [GeV¥c4 Anti-D? BDT output
1
1
| B T e S B
' o - LHCb
1 g 10000 7 iyl — 4 DData Total
: = - 1 B B3 D Ty, 1 B-D"r'v,
| 3 [ B-DDY(X) B 5D DY)
x = 1 B->D"3xX I 3D D, (X)
i g I . [ Comb. B B Comb. D
l g 5000 . ] Comb. D*
o ! |
RO *+ + : : .
B” — D*"3r* for normalization — =l
0 —
0 0.5 1 L5 2
1 [ps]

Using 2015+2016 data: R(D*)=0.247 + 0.015(stat) + 0.015(syst) + 0.012(ext)
Combination with Run 1: R(D*)=0.257 + 0.012(stat) + 0.014(syst) + 0.012(ext)
One of the most precise measurements of R(D*)! -



World average of R(D™)

Experiment R(D*) R(D) Rescaled Correlation
(stat/syst/total)
BaBar 0.332 £ 0.024 + 0.018 |0.440 + 0.058 |-0.45/-0.07/-0.27
+ 0.042
BELLE® 0.293 + 0.038 + 0.015 |[0.375 + 0.064 |-0.56/-0.11/-0.49
+ 0.026
BELLEP 0.270 + 0.035 +0.028_ |- -
0.025
BELLES 0.283 + 0.018 + 0.014 [0.307 + 0.037 [-0.53/-0.51/-0.51
+ 0.016
LHCb? 0.281 £ 0.018 + 0.024 [0.441 + 0.060 |-0.49/-0.39/-0.43
+ 0.066
LHCbP 0.257 £ 0.012 £ 0.018 |- -
Belle Il 0.267 (+0-041 -0.039) - -
(+0:028 ) 033)
‘:)‘(’te’age 0.284 + 0.012 0.357 + 0.029 |-0.37

R(D*)

0.35

0.3

0.25

0.2

| Summer 2023 |

Ay* = 1.0 contours

[ Bellell ]
= Belle® ‘\\ -
= LHCb" -
B World Average -
— 4 HFLAV SM Prediction R(D) =0.357 £0.029,,,, =]
~ R(D) = 0.298 + 0.004 R(D*)=0.284 £0.012, -
~ R(D*) = 0.254 + 0.005 p=-0.37 -
n P(y?) = 33% -
1 1 1L I L1 1 1 I 1 L1 1 I 1 1 11 I 1L 1 1 1 I 11 1 1 11 1 L 1 L1 1 I 1 1
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
R(D)

Discrepancy with SM remains at 3.30, p-value = 1.04 x 10~*
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Candidates / ( 0.250 ps)

Candidates / ( 0.333)

D* longitudinal polarization in B® - D*~ttv,

[ —_
[ [\S]
| |

—
LHCb Run 2 (2 fb)

—4— Data

—— Total model

W=D v, ]
B—D Ty, ]

B 3-D DY) ]

W 5-D D) ]
B—D DIX)
B—D 3zx ]

I Combinatorial — _]

1 15 2
t; [ps]

LHCb Run 2 (2 fb) |

g2 >7GeV¥ct

[arXiv:2311.05224 ]

d*T

2 2\ 2
p— 9
d2dcos i ag, (q°) + co, (q°) cos” bp

oo 0p(¢%) + o, (4%)
L 2 2\
3049D (C] ) -+ Cop (q )

LHCD result of FP”
¢ < 7GeV¥/ct
q* > 7GeV¥/c'

¢* whole range :

0.51 £ 0.07 (stat) £ 0.03 (syst),
0.35 = 0.08 (stat) % 0.02 (syst),
0.43 £+ 0.06 (stat) + 0.03 (syst).

Belle result: F2" = 0.60 + 0.08 + 0.04
SM predictions: FP =~ 0.44 — 0.47
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Recently observed new hadrons
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Hadrons observed at the LHC

11.0
lD.Sl

Xs(3P) Xz (3P)
© .I.:-J[EIP:I
5 172 new hadrons at the LHC| (g4 by LHCD
0 @525y g
; ﬂﬂjﬁggigg _ e Tou|6600)
5 | (6152} : . i .
" oy Newer B ET WHEHE g
6.0 59458 Ase20p° =,(5955)~ _ B(5970)* O " n W 00 B=;(6087)°
' N, (5912)° - (5935 0 @ 5 (5840)" 2 L609T)" A, (6070 B (6114)°"
" 5.(6097)" B (6063)°
U 5.5 1 ° bb
1--‘-. -
% 504 ® bq
3 o . X(4700) S X(4685)
= -] cclqq) Pyaasoy @ xuson) Iﬁ'ﬁjﬁg @ x(4630] o 43380
[y T - - . * s
- e ccqg . . X(4274) ¥ . Tys1(4220)F m’
© i @ 11801 pviazsn) PY(4312) T2, (4000} T2, 14000)°
= 404 @ cfcc o842 e
] ﬂ? Eh T--(3875)" A[3960)
3.5 - - . 0.(3327)°
® 99 pyaoe0)e {300} - 3y 0.{3185)°
3.0 - D,{3000)° D.,(2860) Ac(2860)" 0. (3066)° = T.:a[2900)° : ++
. Ef'mﬁw: ¢ e 1300 - o3¢ @7na(2900)° ¢ E;_.:Eggg:_j
cqq ,(2740)° D2 (2760) ’ ® . -
2.5 1 - D/2580)°" : Ds(2590)
m cfgqq
2-0 T T T T T T T T T T T T
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
patrick koppenburg@cern.ch 2023-08-16 Date of arXiv submission
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Idea of the proposal:

T for tetra, P for pentaquark

Superscript: indication of
isospin, parity and G-parity:
Nl = % « Redl= 0

Subscript: heavy quark

content:

¢ indicates cc¢ content,
s-open strangeness,

No change in name if not
unambiguously declared

exotic

New naming scheme

[arXiv: 2206.15233

]

Minimal quark

Current name

1©) JP©)

Proposed name

content
cc xe1(3872)  I€ =0F, JPC =1++ Xe1(3872)
ceud Z.(3900)* IG=1+ JP=1% T%,(3900)*
ceud X (4100)* 16 =1~ T, (4100)*
ceud Z.(4430)* I€ =1+ JP =1% T;,(4430)*
cc(s3) Xe1(4140) I€ = 0+, JPC = 1++ Xc1(4140)
ccus Z.s(4000)* =3, JF=1¢ T?1(4000)*
ctus Z.5(4220)* I =3, J" =1 Tys1(4220)*
cece X (6900) I =0+, JPC =77+ T, (6900)
csud X0(2900) JP =0t T..0(2900)°
csud X1(2900) JP =1~ T..1(2900)°
ccud T..(3875)+ T..(3875)+
bbud Z,(10610)* IC =1+ JP =1+ T2, (10610)*
ccuud P,(4312)* [ =3 P} (4312)*
ccuds P.,(4459)° =() P2 (4459)°

P.. is a possible J /1 resonance
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Pentaquark Py¢(4338)° in A, — J/pAp

A narrow resonance below =.D° threshold observed, > 100

M
"

S 180F LHCh « Data .
ﬁ 160 - 9 fpy’! — Nominal fit
C — Baseline fit
S 140f * NR(J/y p) -
g1op | — P
¢ b |
:'9 100 + ---Background -
2 sof Mty =
< C + -
O 60F -
40F -
20F -
S S
4.2 4.25 4.3 4.35

) — 43382 + 0.7 + 0.4 MeV

)=7+13+13MeV
J = 1/2 determined, P = —1 favoured, P = +1 rejected at 90% CL

m(J/wA) [GeV]

Candidates/(0.05)

—_
)

o
)
<

[\
N
()

| PRL 131 (2023) 031901 |

N
-
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New X(3960) in Bt - DYD K"

New resonance below DJ D; threshold, 12.60

M(X(3960)) = 3956 + 5+ 10 MeV

r(X(3960)) =43 + 13 + 9 MeV
PC _ O++

5\50 T 1 T T T T
L I LHCb <4 Data j
2 40 [ 9 fb_l —— Total fit ]
S —— X(3960) :
N X0(4140) ]
S30F | ——- 1) (4260) .
;_% [ ---- 1 (4660)

Nonresonant D} D

m(D3D;) [GeV]

48

Yield / (20 MeV)
o [\ W

(S

| PRL 131 (2023) 071901 |

Evidence of another state, 3.80

M( ) = 4133 £ 6 + 6 MeV
r( ) =60+ 17 £ 7 MeV
]PC — O++
OF LHCb .
sE9m ]
0 — _
sk -
ok _
5 — _ + T ............................ ] ________ h
T e s 30 305,
m(DFK*) [GeV] 37



Observation of T%,(2900)**/%in B > DD,x | PRL 131 (2023) 041902 |

Bt > D Dfn*

%\]OU %\ T |]:') 1 T L L BN |
3 2 80 - LHCb ( ) ( 1 =+ Data
% 80 g 9 fb! 1 Background
S S | ] ] —— Total fit
7 200 1~ D;(460) D}
2 2 ! | —— D;(2600) D}
= a0l ! 4 — "
ERL 2 ) 1 23* (2750) Dq
S O ] D, (2760) D;:
20 2or B D(3000) Dy
ety | D*(2010)~ D;f
052 24 26 28 30 32 34 o . . T 32 34 EEE T%(2900) D
M(Dg 77) (GeV) MDf %) (GeV) —— DxS-wave D
First observation of a doubly-charged Assuming isospin relation

tetraquark and its neutral partner

T%,(2900)**: M = 2921+ 17 + 20 MeV
I'=137+32+ 17 MeV

@ (2900)%: M = 2892 + 14 + 15 MeV Jh =07
=119+ 26 + 13 MeV

M = 2908 + 11 + 20 MeV
=136 + 23 £ 13 MeV
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Evidence of T%,,(4000)° in B® - J/p¢pKy  PRL 131 (2023) 131001 |

LHCDb previously observed the 1* Z_..(4000)
and 1%tor171Z..(4220)" decayingto J/YyK?
(also called Ty, (4000)* and Ty, (4220)* )
[PRL 127 (2021) 082001]

M (T}, (4000)*) = 4003 £ 6 *}, MeV
[ (701 (4000)*") = 131 4 15 + 26 MeV

A possible isospin partner of T£s1 (4000)™* that decays
to JYK? is seen with 4.00

M (T, (4000)°%) = 3991 X313 %, 2 MeV
(T (4000)%) = 105 *32*17 MeV

\%\\\b\\\\\\\\\ AM = —12 11146 ey
3.6 3.8 4 4.2 ~10-4
m [GeV]

J/wK 39



Observation of .(3185/3327)° states

B 2.(3090) —

B (3185 — 5K
B (3327 - 5K

Q.(3065)° — Ef(eEjy)K‘ e 02,3000 — E'K-
EH=EPK =eee=- 2,3050) — EFK-
Q3119 = ENSEK  =====r 23065 — E'K°
-e-- 203090 — =YK
---e Q3119 > =K
x10°
L L L | | |
LHCb 1
3.3fb!

(\®)

Candidates / (5§ MeV)

| =&

[
[
LER)

I‘I".l

'
vy
l)’

TR 0

3000

3100

'
[ ny

o Py "

[

v 1y

' .

W T S

3200

l‘l 'l I L L 'l ']

3300 3400 3500
m(E:K") [MeV]

| PRL 131 (2023) 131902 |

with £f - pK~m™

Observation of excited states decaying to 7K~

M(Q.(3185)°) = 3185.1 + 1.7172 + 0.2 MeV
I'(Q.(3185)%) =50+ 7 1 MeV

M(Q.(3327)°%) =3327.1 £ 2.7 131 +£ 0.2 MeV
I'(Q.(3327)%) =20+ 5 13 MeV
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Candidates / (1.0 MeV)

Candidates / (1.0 MeV)

Observation of excited Eg/_ baryons

(b)

LHCb .
— Data (9 fb™") =

EY(6087) = E, (Epr)mt

Combinatorial

20 40 60

70
60 f
50 f
40F
30 f

20 F

(c)

Q-value (MeV)
LHCb
—— Data (9 fb™) E

E0(6095) = 5, (Fpr )t 3

Combinatorial

20 | 40 — 60
Q-value (MeV)

[PRL 131 (2023) 171901 ]

= Mgppr — Mgy — 2my

Observation of two new baryons with quark content

bsu that decay to &/ “m*m™

M( ) = 6087.24 + 0.20 £ 0.06 + 0.50 MeV
r( ) =243+ 0.51 + 0.10 MeV

M(Z,(6095)°) = 6095.36 £ 0.15 + 0.03 + 0.50 MeV
'(5,(6095)%) = 0.50 £+ 0.33 + 0.11 MeV
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Entering LHCb Run 3

SciFi
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Ay 11

gcar HCAL
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RICH2
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Front-End electronics
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removal

30 MHz processing
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Vision
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Summary

e CKM mechanism seems to stand the rigorous tests so far
v High-precision measurements of g, [,y at LHCDb

e Some puzzles with b - sl*l™ processes remain
v R(K™) anomalies disappeared
v R(D™) tension between experiments and theory persists

v Charm loops unable to explain the anomalies in b - su™u~ rates
and angular distributions

e The hadron zoo is quickly expanding

v Call for revolutionary development in understanding structure,
spectroscopy and interaction of hadrons

e Looking forward to data from LHCb Run 3/4/5/6...
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