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Introduction: CP violation

e Direct CPV requires interfering amplitudes with different weak and strong phases
* Weak phases from C.KM matri>.< | A = [T]ei(or=¢1) 4 |p|ei(0r—9p)
e Strong phases from final-state interactions
2|T||P|sin(é7 — 6p) sin(dr — ¢p)
ITI? + |P|” + 2IT||P| cos(67 = 6p) cos(dr — ¢p)

K _ |T|ei(5T+¢T) Fl |P|ei(5p+¢P)

ACP =

* Major milestones in CPV studies, with no conclusive evidence of physics beyond the Standard Model

1956 1964 2001 2025

Parity violation Strange mesons: Beauty mesons: Beauty baryons:
T.D. Lee, CPviolation in K° CPviolationin B® CP violation in A}
C. N. Yang, decays decays decays

C.S.Wuetal. J. W. Cronin, BaBar and Belle LHCDb collaboration
V. L. Fitch et al. collaborations

1963 1973 2019

Cabibbo Mixing The CKM matrix Charm mesons:

N. Cabibbo M. Kobayashi, CP violation in D°
T. Maskawa decays

LHCDb collaboration

* Multi-body decays with amplitude analysis
* Rich resonant structure and interference
* Access to additional observables: BFs, and relative phases for resonances
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Introduction: Previous LHCDb results

m2 (nﬁcﬁ)high [GeV*/c4

e Large localised CPV seen model-independently in

25F |
20F
15F

10F

S e = e
[SS I =N« Y

mA(nn) [GeVc4

N
raw

A
m (K1) [GeV?/ ¢4

—0.2
—0.4

251

— —_— (v
o W =]
LI LI L

wn
LI L

0 5 10 15 20 0

mA (K"K ) [GeV?/c4] mA(n'n) [GeVHeH]

+ + = +apd to *t -7

* Run 1 amplitude analysis: -

* No previous LHCb amplitude analysis of * -

PRL.124.031801(2020) PRL.123.231802(2019)
PRD.101.012006(2020)

+ -+, t, t+ - F

More challenging due to higher statistics
Need to model accurately subtle effects

2026-10-30
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012008
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.031801
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.231802
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.012006

Introduction: Previous results and puzzles

Puzzlel: ( ) CPasymmetry |
* Evidence for CP violationin * - (770)° * seenin : * Model-independent determination of CPVin  P- A
amplitude analysis by BaBar and Belle ppare | Wave at the (770) peak, by LHCb PRD.108.012013(2023)
NEY .
e BaBar amplitude analysis: ¢ = +. = . )tf)’screpa
PRD.78.012004(2008) | Ney =(+ . m )
N | Y,
Puzzle2: ( ) Branching fraction o200 _ T s
4 PRD.87.114001(2013) ) Belle (2005) Kc:.w:v(vzo:: B . | as0
o QCD_I: describeS . 0(1430)0[ " ’ , ]’ but Belle (2005) K*'m- BW sol 2 |—@— BE: ’;11-1
predicts amuch smaller * - 5(1430)° * BF than Bele (20081 ke B 20} 1 ——
measured in BaBar and Belle  Eur.Phys.).C.50.877(2007) i nitaieiatoi
BaBar (2008) K*nt- LASS e 3-26(;
K j BaBar (2017) Ks°n® LASS p———@— 34.6 £ 5.7
Puzzle 3: The mysterious ( ) . ° BB * K3 (14300m°) (109 "
4 . N
* Belle and BaBar introduced a scalar  (1300) « If (1300) = ((1500)
« Freely parameterised (1300) gives better fit quality « * ., ,(1500) *BFfrom T T T Tis
than (1370) + (1500) ~10 x larger than impliedby * - + = 7
* Fitted parameters consistent with *  (1500) cannot dominatethe * ~ channel
\_ 0(1370)(Belle)/ (1500)(BaBar) PRD.85.112010(2012)
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https://link.springer.com/article/10.1140/epjc/s10052-007-0231-9
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.114001
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.012013
https://journals-aps-org.ezproxy.cern.ch/prd/pdf/10.1103/PhysRevD.78.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.112010

Outline

 Amplitude analysis
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Amplitude analysis: Isobar

e 3 alternative S-wave models, following strategy usedin = - * = F
« 2 different fitters Laura++ and Mint2-devel in use, allows cross-checks A= (®3) = ZC?F}(%)
* Isobar J
effective-range-like (ER)+ (1430)°, ,(1950)°
. . 0(500), ¢(980), ,(1370), 5(1500), 7(1710), rescattering
Contribution Approach Mass lineshape Fixed parameters
(K*n 7 )gvp Isobar/K-matrix GLASS (PRD78 034023) —
K;5(1430)°
K;5(1950)° Isobar/K-matrix Breit-Wigner mg = 1.945 + 0.022 GeV/c* (PDG2020)
I, = 0.201 = 0.086 GeV (PDG2020)
fo(500) Isobar Bugg fit (iii) (3. Phys. G34 15]1)
" f0(980) Isobar Flatté (PLB 63 224) — |
fo(1370) Isobar T-matrix pole mg = 1.38 £ 0.07 GeV/c? (PRL130 051902)
[, =0.22 + 0.08 GeV (PRL130 051902)
fo(1500) Isobar Breit-Wigner mgy = 1.506 + 0.006 GeV/c* (PDG2020)
I, = 0.112 +0.009 GeV (PDG2020)
fo(1710) Isobar Breit-Wigner my = 1.704 £ 0.012 GeV/c? (PDG2020)
[h =0.123 £ 0.018 GeV (PDG2020)
-1 Isobar Rescattering CFD (PRD83 074004)
nn-KK Isobar Rescattering CFDy, (Phys. Rept. 969 1)
n'n” S-wave K-matrix K-matrix (PRD78 034023, EPJAIG 229)
K*n~ and 7*7~ S-waves QMI Constant per bin —
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Amplitude analysis: K-matrix

e K-matrix

same as in Isobar approach
. : 5 poles and slow-varying parts, 5 channels
* Interface to scattering results, approach with unitary condition applied

Contribution Approach Mass lineshape Fixed parameters

(K" n7)qyp Isobar/K-matrix GLASS (PRD78 034023) —

K;5(1430)°

K;5(1950)° Isobar/K-matrix Breit-Wigner mg = 1.945 + 0.022 GeV/c* (PDG2020)
[, =0.201 = 0.086 GeV (PDG2020)

fo(500) Isobar Bugg fit (i) (3. Phys. G34 151)

f0(980) Isobar Flatté (PLB 63 224) —

fo(1370) Isobar T-matrix pole mg = 1.38 £ 0.07 GeV/c? (PRL130 051902)
[, =0.22 £ 0.08 GeV (PRL130 051902)

fo(1500) Isobar Breit-Wigner mgy = 1.506 + 0.006 GeV/c* (PDG2020)
[, =0.112 £ 0.009 GeV (PDG2020)

fo(1710) Isobar Breit-Wigner my = 1.704 £ 0.012 GeV/c? (PDG2020)
[h =0.123 £ 0.018 GeV (PDG2020)

-1 Isobar Rescattering CFD (PRD83 074004)

nm-KK Isobar Rescattering CFDy, (Phys. Rept. 969 1)

n'n” S-wave K-matrix K-matrix (PRD78 034023, EPJAIG 229)

K'n  andr'nr S-waves QMI

Constant per bin
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Amplitude analysis: Quasi-Model-Independent r - .-

» Quasi-Model-Independent (QMI) o 2 |
* Simultaneous QMI treatment of the two crossing S-waves i %
. / :35/40 bins below charm, 15/10 above ‘§ ™ '\
* Bin boundaries aligned with hadronic thresholds to capture 2 \ WL osi\

expected cusps from rescattering effects L am e L am eV
Contribution Approach Mass lineshape Fixed parameters
(K" 7 )ayp Isobar/K-matrix GLASS (PRD78 034023) —
K;5(1430)°
K;5(1950)° Isobar/K-matrix Breit-Wigner mg = 1.945 + 0.022 GeV/c* (PDG2020)
I, = 0.201 = 0.086 GeV (PDG2020)
fo(500) Isobar Bugg fit (iii) (3. Phys. G34 15]1)
" f0(980) Isobar Flatté (PLB 63 224) — |
fo(1370) Isobar T-matrix pole mg = 1.38 £ 0.07 GeV/c? (PRL130 051902)
[, =0.22 + 0.08 GeV (PRL130 051902)
fo(1500) Isobar Breit-Wigner mgy = 1.506 + 0.006 GeV/c* (PDG2020)
I, = 0.112 +0.009 GeV (PDG2020)
fo(1710) Isobar Breit-Wigner my = 1.704 £ 0.012 GeV/c? (PDG2020)
[h =0.123 £ 0.018 GeV (PDG2020)
-1 Isobar Rescattering CFD (PRD83 074004)
nm-KK Isobar Rescattering CFDy (Phys. Rept. 969 1)
ntn” S-wave K-matrix K-matrix (PRD78 034023, EPJAIG 229)
K'n andr'n S-waves QMI Constant per bin =

+

2026-10-30 CPVin * - ~ T decays 9
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* Physics results and implications
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Fit projection

Candidates / (0.011 GeV/¢?)

Raw asymmetry

C : T T 1 o » T, T T ]
2500 LHCb  RK37 (K7 K7’ 4 = 3000F 4 KKg o
C 3fb! : : ‘ 1= F ! ; 3
s 1 & 2500 il 'LHCb 3
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: SO 1 = 2000fF ] . 3
1500 LHCb preliminary 1s 3 JEHCb prellm;naryz
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o ] 3 o 7
SR 1 E 1000 3
C 135 C 3
500 4 2 5wk 3
C ; 4 © s oo =
1 - ] - 1 3
1 15 1 15
My (GeVie?) m,.. (GeV/c2)
1 L T 3 = I —Tr— . :
08 LHCb ‘K3m 'Kn 'Kn' 4 2 o3 KK nn nn'
3 ‘ imi E imi 1
0.6 : | LH;b prellmmary 3 E o LHCb prgllmmary R
0.4 Isobar K-matrix QMI : 4 7 o4 o B
B2 P : ) = 02f 4t :
0 Bttt oas dtab oG (R e el
o2 ik — -0.2f
0.4 = -04
0.6 - -06
08 = -08

* Reasonable agreement between data and models: all three S-wave models with

‘ 15
. (GeV/c?)

I 1.5 .
M. (GeV/c?)

0.5 1

considering systematic uncertainties
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Candidates / (0.032 GeV/c?)

Raw asymmetry
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CP violation results LHCb-PAPER-2025-069

* (P violation of individual component: R

(P violation of interference between two components: =(" - ")/
Parameter Isobar K-matrix QMI
Acp(K*(892)0) —0.038 4+ 0.010 £ 0.018 (1.90) —0.035 % 0.012 + 0.017.(1.70) —0.027 & 0.014 + 0.023 (1.00)
ACP(K5(1430)0) —0.094 +0.020 £ 0.046  (1.90) —0.121 + 0.015 #0.050° (2.30) —

cr(p(770)9) +0.280 £ 0.022 £ 0.029 (7.60) +0.271+0.022+ 0.015 (10.20) 40.359 & 0.037 £ 0.048 (5.90)

.ACP(mﬂﬂu < dmy) +0.665 = 0.032 + 0.053 (> 100) 40.638 = 0.008 + 0.016 (>100) +0.754 & 0.115 4 0.113 (4.70)
ASD (x1071) +0.058 £ 0.007 £ 0.008  (5.:20)" +0.055 & 0.007 £ 0.007 (5.30) +0.071 £ 0.014 & 0.009 (4.40)
ASF (x1071) —0.237 £ 0.018 £0.040 (5.40) —0.249 + 0.021 £ 0.040 (5.50) —0.253 & 0.025 + 0.028 (6.70)
Acp(p3(1690)°) +0.603 + 0.090 4+ 0.121  (4.00) +0.477 4 0.100 + 0.096 (3.40) 40.698 4 0.135 + 0.163 (3.30)

* Angular distribution: a sum of Legendre polynomials

N - ———
dN < T ]
- 2 s 1 + Z a, P, (cos ) § 1s0E- (c)LH(;}) + LHCb prellmlnary_
.. e ) o 3
helicity angle s n=1 Legendre moments g 100 - Hi J[ H +H' ++.|.H =
g 50 .:.— + ++ 1\ | -I» 'I' H —E
* Sensitivity of Legendre moments to partial-wave interference 5 | gl %m S H H‘-H“'
> = g—i—A(P)data{ s T (175
(Py) < SPcos(6g — 0p) + 2\/;PD cos(0p — 0p) % -50 3 A(P | e 1 IIJ‘* Mﬂ-!- gﬁr —é
g " - —100 A(Pl) model TL ! E
(Pqy) o \/gP + %D + V28D cos(8g — 0p) ~150 A(P,) model H _
B 0.5 1 1.5
A<Pn> = <Pn>B+ - (Pn)B_ m,.. (GeV/c?)
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CP violation results:CPVin ( ) °
Probably associated with known phase variation

] (c)LHCb + ][ LHCb preliminary:
] =

Clear positive CP asymmetry for S-wave in m+,- < 4m;
Clear positive CP asymmetry for (770)°
* Observed CP violation in S-P interference, sign change

150 ;—

o/

<
>
&) = =
@) - \ - _ —
T +,++i Jer JrJer][ J[J[JrH Il : around the (770)° pole, very similarto * - 7
50 + = . . . . . . .
SE JP Jr\*i;«[, o : T  Nosignificant CPVin and — mixing contribution,
STL i Vi) ¥ T A Hﬁ“‘ _— :
o _sob—+— APy dataf\  Thrt w“i ,‘ );51[ + diluting the overall asymmetry inthe  P-wave
.y E —— A(P)data 1 TNGA
< 100 A(P)mode1+ e _
150 .A<P2> model H | Explains puzzlel: ( ) CPasymmetry
0.5 1 | s
m.. (GeV/c?)
P T T T '. T T T T ] —~ | T T T T T T
L 350 F-(a) LHCD LA T LT (b)LHCb
% oF 3 ; N3 = ]lJ[ g 3
O : -I- 'I' E i -I- _I_ -
g 250 —+ B data —|—BJr data EH 43 g 04 _ .H. +
= B~ model \B" model  tit _I.ﬁ s b= e T -!---I T'I-**Fq-
B b [SXPunl [SXPrr 1" 1 iy = 03 i J[ """" Zl_fr_i i
< Background +++++ T E e :0'4 ] !
= 100 :
8 LH& pJFellmlnarx? ?; <6 +Data p(770)" : . . LHCb prellmlr&’y
O 50 . ++:1'I:+*+ :"'-.-‘ti'-t*+f++ . % _()_g;- —Modlel S-wave E-?XPW_ |
0.4 0.6 < 0.4 0.6

0.8
m,.. (GeV/c?)

0.8
M- (GeVie?)
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CP violation results: ( ) CPV

O

A(P %/(0.0029 GeV/c?)
|
‘é: 2

100
~150 F

asymmetry/(0.04)

L

150 }(C) LHCb l

100

i
e ﬁ‘i 4y

E AP data Jr
E AP data _I_

A(P)model
A(P2> model 'H'
.0.5.. 1..l.1.5l
m.. (GeV/c?)

—Model
3 b S-wave — f,(1270)
Sx£,(1270)

N [mm m,m] GeV/c2
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Raw asymmetry inthe  helicity angle in >(1270) mass
range
cos + - <— 0.5: Negative CP asymmetry for 2(1270)/
In other regions S-wave CP asymmetry cancels or dominates
D-wave contribution
S-D interference contributes to raw asymmetry
2D test shows CP conservation is rejected at minimum 8.2
for three approaches

. / : CP-violating Cartesian coefficients

¢ = (z; + Az;) +i(y; + Ay;)

A — 1
< 1E(d)LHCb LHCb prellmlnar)c 2
- 31 p— g0 2
0.8 ] o By
E E 1072 g
0.6 =107
C ] 4'5
04 =10
B ¢ Isobar =
0.2 w K - =107
2 -matrix
- £,(1270)




CP violation results: CPVin ( ) °

* Sizeable ( ) contribute above 1.5 GeV
/° cos +-—~—05 ( ) responsible for the/

o 50 ;(ciL}lICb. '~ | LHCb r.)re.lirrlwin.aryll-i
% Y SE | ! asymmetry
100 F \ : : .
2 f +Ht+ JrJrJﬁL]L I JrHH * S-Dinterference contribution nearcos + - ~0
S 3 g :
;’/ 0F ﬁtﬂﬂ *Bt1++++ } f - + === -I--i ﬁiﬁ#f
o= —s0F E —— A(P) data ) Jr HJr 1Uf Hﬂl
b1 E —— A(P ) data _I_ 1 .|. _I_
—100F- A(P) model
~150 E_ IA<P2> model -l- I I
0.5 1 1.5
m.. (GeV/c?)
—_ 1 ------------- ~_~ T T T L a— | T ™7 L — T
I gE(b)LHCD m..._e€[1.50,1.75] GeV/c 3 ¢ L@LHCb —+ 5 data —} B* data
= 0.6 3! ?—: 3fb' — B model B* model -3
2 & B —p(1690) K~ B*—p(1690) K™
g 8'3 - 5 10 — B () K- B'>(r'r) K g
2K T ] ; Background i*":l: """ S
S -02 b = t +++’+“..--
3 -04 J[ + 1‘ et ( bprellmi -
~06F 'tDa p1690)'| R !
—0.8 —Model —D-wave ‘ \ |/
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The ( ) BFand ( ) Puzzles
* Previous:
 Llarger * - ((1430)° * BF favour pQCD ailbiiiisanaisssstaies
- QCDfdescribes - o(1430)[ , , , ] P e o " o
. (1300) QCDf (2013)  |—m—| 123.-9'7' i | i
 Belle and BaBar: used BW or LASS shapes, Belle (2005) K-t~ BW 5ol 1 i o 50 |
relying on unitary-based arguments in the B 2ositemc v o
charmless S-wave el e e i . S
* LHCb: GLASS allows independent coupling B O S S —————
between the resonant and effective-range IS P T, o
components, relaxing the LASS constraints.
* Resolution: il S S W i
e The smaller 4(1430) contribution Bl Rabhad (R
obtained with GLASS leads to a BF | e [ Tes)

consistent with QCDf, removing the previous
preference for pQCD

* No ( ) required: Improved  S-
wave model describes data with the

established (1370) and (1500)
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New intermediate processes

* Measure significance of each resonance
* Two approaches:
e Fit fraction z-score
e 2D deviation of amplitude coupling from (0,0)
* Ten intermediate processes are observed for the first time

. - rescattering help Isobar achieve better fit quality than K-matrix
Component HFLAV (10%) Branching fraction (107°)
SR PSSR asmsnas s mrE U BT — K3;(1430)°7 56777  3.90 £{0.57|40.31]+0.13
022 30 LHCbpreliminan ' : BT = f(1270) K 1.07+£0.31  2.21 £{0.30|% 0.30|i 0.09
b g <— BT o K*(1410)°77 < 45(90%CL)  9.17 £{2.39|-H2.49/4{1.82
sk 4 “deE BT p3(1690)°K* — 1.00 ={0.26|-H0.37|- 0.06
—04F E oy Bt — K}(1950)°7* —  1.32 4|0.27|140.08|£ 0.36
“0sf- - AEE . Bt — fy(1370)K*t < 11(90%CL)  9.67 +[0.70 +0.23
-08F ¢ Kematix 5 309 Bt — fo(1500)K* —  4.65=£(0:T4 +0.32
e L e Bt — fo(500)K*1 —  1.064[0.22 +0.03
e — Bt — fo(1710)K*t — 041 £[0.34 +0.01
BT — (mm — ) Kt — 3.09 £(1.03 +0.08
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Conclusion

* Anamplitude analysisof © -~ ¥ = " with CP violation has been performed LHCb-PAPER-2025-067

e (P violation LHCb-PAPER-2025-069
« Observedin * - (770)° *and * - ,(1270)° * decays
 Observedin * - ( — ) 7 interference
* Evidence for CPviolationin * - 3(1690)° * decay
* Evidence for CP violation in low-mass  S-wave region
« Evidence for CPviolationin ¥ - ( — ) T interference

* Implications for strong-interaction modelling LHCb-PAPER-2025-068
« T L 5(1430)° * BF now agrees with QCDf, resolving a longstanding puzzle
* No additional (1300) contribution required

* Ten intermediate processes observed for the first time, with improved BF precision

e Outlook
* Larger datasets now available at LHCb, but need reductions of both experimental and model unc.
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