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Unique gate to flavor structure of up-type quarks

adr (D’ — K*K™) — adn(D® — ntm)
= (—0.159 + 0.029)% .

[LHCDb 1903.08726, HFLAV
2411.18639]

The problem: Is it SM?

[CERN]
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Direct CP Violation is an Interference Effect

i ) < MO = PP = AD' - PP
C - —
ADO — NP +1AD - [P

~ 2rCKMrQCD sin POCKM sin 5QCD

f = CP-eigenstate.
The decay amplitude:

A =1+ rexm Focp ¢ ($crm+dac)
@ rciwm : real ratio of CKM matrix elements.

@ ockm : weak phase.

@ rqcp : real ratio of hadronic matrix elements.

@ 0qcp : strong phase.
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Where does the interference come from?

DO —> ot

ViV CD
o S e G g

DO —> ot yo. R — KK~
p° =Y gk
Prediction from SM CKM
Aadt ~ 107 X rqep - U-spin: rqcp = ACU=0/ALU=L,

U-spin c SU(3): Approximate symmetry for the light quarks u, d, s.
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Can we overcome soft QCD in Charm?

Expansion parameters

o In kaon decays we have m/A.

o In B decays we have A /m.

e In charm...?

Need to revisit toolbox / find new strategies.
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Can we tell a loop from a tree?

Addit ~ 1073 X roep ., rocp = ANV AV

Assuming the SM, the data implies rg)éPD o(l).

What is rQCD = |P/T)|?

@ Light Cone Sum Rules (LCSR): ral\c/lD ~0.1.
[Petrov Khodjamirian 1706.07780, Chala Lenz Rusov Scholtz 1903.10490,

Lenz Piscopo Rusov 2312.13245]
o Large non-pert. effects like in charm Al = 1/2 rule: rQCD o(l).
[Grossman Schacht 1903.10952, Brod Kagan Zupan 1111.5000, Schacht Soni 2110.07619]

@ Predictions based on /KK rescattering data:
[ Franco Mishima Silvestrini 1203.3131, Bediaga Frederico Magalhaes 2203.04056,

Pich Solomonidi Vale Silva 2305.11951 |
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A caveat for the interpretation of the data

“The data implies |P/T| = O(1)”
This statement actually relies on an underlying, commonly made assumption:

@ The relative strong phase between P and T is assumed O(1)
(from rescattering).

Reminder: CP violation is an interference effect.

VY,
A= (-ViVu) X T - (%””) X P

Direct CP asymmetry:

AP? - AP P P
“fcp = % = CKM x ‘—‘ X sin(arg(—))
JAI> + A]? r r
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How to determine the strong phase from the data

@ Strong phases can be obtained from measurements of time-dependent CP
ViOlation or quantum—correlated decays. [Xing hep-ph/9606422, Gronau Grossman Rosner
hep-ph/0103110, Bevan Inguglia Meadows 1106.5075, Bevan Meadows 1310.0050, Grossman Kagan Zupan 1204.3557, Xing

1903.09566, Grossman Schacht 1903.10952, Schacht 2207.08539]

t
~ f
Acp(f.1) = dp + AV -
DO
@ Analogous strong phase in multi-body decays can be determined from fit
to CP violating time-integrated Dalitz plot.
[Dery Grossman Schacht Soffer 2101.02560]

e No measurements of phases yet, despite big experimental advances. AY/
have large errors, and sensitivity to phase is subleading.

AYK'K = (203+1.3+0.3)-107%,
AY™™ =(-3.6+24+04)-107%.

[LHCDb combination 2105.09889]
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Acp(f, 1) ~ Cl];P + AY x t/Tpo

Asymmetry [%]

Asymmetry [%]
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Isospin to the rescue: D —

[Gavrilova Grossman Schacht, 2312.10140]

@ Assuming SM, isospin allows determination of strong P/T phase from
direct CP asymmetries and branching ratios only.

@ Also enables extraction of magnitude of P/T without assumptions about
phase.

@ D — & has same group-theory structure as B — 77 [Gronau London 19901,
however, different approximations are used in the two systems.
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Closed-form solution [Gavrilova, Grossman, Schacht 2312.10140]

—sign a
sin arg(P/T)00 = g ) >
\/1 + _smléd (Zﬂ 1+ coséd)
—sign (af;
sinarg(P/T)"™ = gn(acp) =
a® -
\/1 + b (25 4 cosd)
T — \/( 0y, G VB=PW + %, N2BOPH- cos 5,)?
[Im (=2p/2a) | 2B8%0P+- sin? §, ’

i 1 o (a%V2ZBYPT 4 ap VBTPW cos o)
PITI = —————\|(atp) + :
[Im (=24/24)| BP0 5in? §,
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Knowledge of D — n*n~ translates into D — #%7°

[Gavrilova, Grossman, Schacht 2312.10140]

sine™™ _dagp [18+ PO
sin 6% @ 2 P+= o0’ Results

\P/TI*™ =5.51)%7

00 _ +13.3

\P/T|° 1 B+ PO |P/TI™ = 5.27 %
/T~ ~ N2p g0

e Although we have essentially no information about sin 5°° we can obtain
non-trivial information about r%°, due to the correlation to ™~ from
isospin.

@ Overall additional relative systematic uncertainty of O(10%).

@ |P/T)|is large. Future data will significantly reduce errors.
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Extraction of Penguin over tree in three-body decays

[Dery Grossman Schacht Soffer 2101.02560]

AD° - xtp7)y=-aTHY> — vV, RMY
AD® - 7 p*) = -1 - Vo Vb RV

@ Time-integrated CP asym. of 2-body decays give only combinations
IR1"V|sin(dp,v,)  and  [RP2V[sin(Sp,v,),

but not magnitudes and phases separately.

@ Three body decay changes 2 things:

> We have additional kinematic dependences.
> Only in a three-body decay we have interference between
D = 1t (p~ = 7% and D° — 7~ (p* — 7 70).

B Extraction of all parameters from time-integrated CP meas.
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Local a®(D° — n*n~z°) in overlap region of p*

[Dery Grossman Schacht Soffer 2101.02560]
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Numerical example:
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m2o . [ GeV?]
RP'> = exp(in/2), RPVi =
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Beyond AAcp: A U-spin anomaly?

@ Separate measurement of both CP asymmetries allows for first time test
of the U-spin expansion in CKM-suppressed amplitudes.

U-spin limit sum rule: Broken at 2.7¢0 [LHCb, 2209.03179]

U-spin
= 0

Yaln = aft (D —» K*K) + a%n(D° — ntn7)
a (D’ —» K*K™) = (71.7+5.7)-107*
a (D’ - ntn7) = (23.2+6.1)-107*

@ U-spin breaking is expected: Only approximate symmetry.

@ Amount goes beyond generic expectations of ~ 30%.
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Model-Independent Predictions

@ Large U-spin breaking indicates large AU = 1 operator(s).
o It follows O(1) breaking of U-spin limit sum rule:

rD° — K*K) _ ar (D’ — mta”)

k 1
F(DO —>7r+7r‘) dlr(DO = K+K-) broken at O(1),

o Connected to wider class of decays via SU(3)-flavor symmetry.

I(D* > KsK* alr (D} — Ksr)
Expect (D" — KsK) =- > also broken at O(1).
I'(D{ - Kgn*) dlr r(D* — KsK*)

@ Improved versions of these sum rules: [Miiller Nierste Schacht 1506.04121]
p
dir ;120 + dir /120 - dir /10 0_0
acp(D” — K'K™), dgp(D” = n'n”), agp(D” — n'n), and
alr(D* — KsK*), afin(Df — Ken*),adin(Df — K*n°).

These should also be broken at O(1).

Stefan Schacht Charm CP Violation Durham, October 2025 16/22



But is U-spin actually a good symmetry?

Spectroscopy: Eightfold way. [Gell-Mann, Ne’eman 1961]

@ SU(3)r limit agrees with baryon octet mass splitting to ~ 10%
[Greiner Miiller 1989]

Does it work for rates, too?
o Estimate for breaking on amplitude level: fx /f — 1 ~ 0.2.
e Two often-cited examples of seemingly O(1) U-spin breaking:

BD® - K*K") ; BD° - KsKy) R
BD = 1 77) |y ’ BDY = KK |y o
o Strict SU(3)f limit (including phase space):
BD® - K*K") 4 B(D° - KsKy) _
BDY - wtr) ’ BDY — K+*K~) ’
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Yes. (But we keep testing it at every opportunity.)

[detailed review in Schacht 2207.08539]

A closer look

o Amplitude-level SU(3)r breaking of & ~ 30% suffices in order to explain
the data. [Savage 1991]

(1+¢)? N
(1-¢)?

o Amplitude-level SU(3)r -breaking in D° - K¢Kg:

0.26,

, \/ B - KK)  [2B(D° — KKs)
g ~ = ~
BDY > Kk-)  \ B = K*K)

@ Observations agree with global fits.
[Hiller Jung Schacht 1211.3734, Miiller Nierste Schacht 1503.06759]

Stefan Schacht Charm CP Violation Durham, October 2025 18/22



The picture holds at higher order, too.

[Brod Grossman Kagan Zupan 1203.6659]
Ratio of branching ratios:

JAD® = KYK7)/(VesVus)| + AD® = 777) [ (VeaVid)|
|ﬂ(DO = K*n7)[(VeaVus)| + |~ﬂ(DO = K= 1%)/(VesVia)l

Rppp =

U-spin prediction
Rppp = O%).

Data

Ry b» = 0.046 £ 0.008,

@ If U-spin breaking were O(1), we would have Rg(}gp =0().
e Instead, perfectly consistent with O(?).
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More opportunities: Uncharted Territory

CP Asymmetry | HFLAV avg. Experiments
[https://hflav.web.cern.ch/]
DY — =0y’ — —
D’ — — —
DY - oty (0.40 + 0.20)% | LHCb’23, Belle’11, CLEO’10
D} - K*n/ 6.0+ 18.9)% CLEO’10

@ Formalism and branching ratio fit:
Slight tension in B(D} — K*n’) and B(D* — K*n).
[Bolognani, Nierste, Schacht, Vos, 2410.08138]

o CP asymmetry predictions: Stay tuned.
[Bolognani, Nierste, Schacht, Vos, in preparation]
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Hot off the press:

News on Charmed Baryon CP Violation

=4

Belle Il Preprint
KEK Proprin

Belle I

Search for CP violation in £ — X*h*h~ and
A} — phth™ at Belle II

M. Abumusabbi@] 1. AdachiS) H. Abmcd®] Y. Alnfe] H. Aiharsi®] N. Akopov(e] S. Alghamd
M. Alhakami®] N. Altbubiti®] K. Amos®] N. Auh Ky®] D. M. Asner, H. Atmacan®) . Ayad@] V. Babn
N. K. Baghel§) S. Balinipati) P. Baunbadc®) Sw. Bancrjoc®] M. Bart1} J. Baudot) A. Benubien
e J. Becker(e] J. V. Bennett5] V. Bertacehi®] M. Bertemes®) E. Bertholet[o] S. Bettarini] V. Bhardwa
ol D. Biswasi®, A. Bobrovi®) D. Bodrovi®) G. Bonvicini} J. Borah{®) A. Boschetti®] M. Brackof8] P. Branchinif
S R A Brierd®) T. E. Browder®) A. Budano®) S. Bussing] Q. Campagnaf®) M. Campajolaf6] G. Casarosa
a C. Cecchie] P P. Clicemi8) L. Cheni] B. G. Chieon] C. Cheshta] H. Chetri9] K. Chilikin
S ,3,CnS] K. Climmipinol Cho 5.3, Cho®) S.K. Choi®] S. Choudinry®) 5. Chutia
Rk Colrado Crcedol Cui®) 5. Dasi) 5. A. Do L Mottf®, G. Do Nordo
b G. De Pietr s A Di Cantof©) 2. Dolezall5 1. Dominguer Jiméne;
= 1 y P. Ecker'®] D. Epifanovic] J. Eppe Farla
' P, Feictinger®] T. Ferber/®| T. Fillneer8, G. Finocehiaro®! F. Forti®l B. G. Fubom| A. Gabriell
(The Belle II Collaboration) U-Spin Sum Rules for CP Asymmetries of
We report decay-rate CP. of the singly-Cabibbo-suppressed decays =/ — — s - e
Sh*h-and A — ph*h™, with h = K, 7, measured using 428 b~ of e*e~ collisions collected by Three-Body Charmed Baryon Decays
the Belle IT experiment at the SuperKEKB collider. The results,
Yuval Grossmaif] and Stefan Schachl]
FKT) = (37 6.6+0.6)%,
Department of Physics, LEPP, Cornell University, Ithaca, NY 14853, USA
Acp(ZF = ZhrtaT) = (95 £68+05)%,
Acp(A} = pK*K™) = (394 1.7+ 0.1)%, Abstract
Acp(AF = prteT) = (03 1.0£0.2)%, o Trigered by a recent LHCh measurement and prospects for Belle 11, we derive U-spin symmetry
where the first uncertainties are statistical and the second systematic, agree with CP symmetry. bS] relations between integrated CP asymumetries of three-body A7 and =¢ decays. The sum rules
From these results we derive the sums . read Acp(AF = pK-K*) + Acp( Acp(AE = pr=a*) + Acp(EF
Acp(EF = Statn7) 4 Acp(Al 5 pKTK™) = (134+£7.0£0.9)%, z K 0, and Acp(A} = £ %) = 0. No such U-spin sum rule
Acp(Z8 = STKYKT) + Ace(Al = prta) = (4.0£6.6£0.7)%, ~ exists between Acp(AF — pK~K*+) All of these sum rules are associated
a
which are consistent with the U-spin symmetry prediction of zero. These are the first measurements . with a complete interchange of d and s quarks. Furthermore, there are no U-spin CP asymmetry
of CP asymmetries for individual hadronic three-body charmed-baryon decays = sum ol which hold to fist order U-spin breaking

[Belle II: 2509.25765, Grossman Schacht: 1811.11188]
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Conclusions

@ Charm is a unique gate to flavor structure of up-type quarks.

o This is just the beginning of the exploration of charm CPV.

> Is the sum rule alin (D} — Ksn*) = —a®h(D* — KgK*) broken at O(1),
like the one between D° — 7=, K*K~ ?

» How large is P/T in D° — pr ?
Many more opportunities in multi-body decays.

» Basically uncharted territory:
Acp(D’ - %), Acp(D® - m),  Acp(DY = K'1p').

» Baryon CP violation, and much more!
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BACK-UP




The three AI = 1/2 rules for P — n

@ Relevant ratio of strong isospin matrix elements:

AI=1/2 _ A AI=1/2 j AAI=3/2
rocp =A /2JAM=3/2 | Kaon | Charm | Beauty
Data 22 2.5 1.5
“No QCD” limit V2 V2 V2
Enhancement o(10) | O(1) | O(ay)

[D: Franco Mishima Silvestrini 1203.3131, B: Grinstein Pirtskhalava Stone Uttayarat 1402.1164]

@ Rescattering most important in K decays, less important but still
significant in D decays, and small in B decays.
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