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CP Violation in the Standard Model

An artist’s view . .
A physicist’s view
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Unique gate to flavor structure of up-type quarks

alt (D’ — K*K™) — aln(D® — n*n")
= (=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
CP - |
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.

® ¢ckMm : weak phase.

@ rqcp : real ratio of hadronic matrix elements.

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

DO —> ot
1297 QCD
D’ 2S5 KK, . St
QCD _

DO—>7r+7r,... KK

DY el kg

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.

Edinburgh, February 2026

ED

Stefan Schacht

Theory of Charm CP Violation



Weak and strong factors

AD — nr — KK)
AD — KK)

— (rCKMelSOCKM) (FQCDeKSQCD)

@ rocp: ratio of hadronic amplitudes.
° 6QCD = O(l)' strong phase.
ud/( us)|

® ycm ~ 6-1074: deviation from 2 X 2 unltarlty.

Prediction

Aadlr R 10_3 X rQcp

o U-spin decomposition: rocp = A*V=0/ALV=L,
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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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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 2012, B: Grinstein Pirtskhalava Stone Uttayarat 2014]

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

@ 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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e Beyond AAcp: A U-spin anomaly?
e Flavor Symmetry at any Order
e NLO Rate Sum Rules

e Next Steps@LHCb: A Theorist’s View
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Beyond AAcp

Beyond AAcp: A U-spin anomaly?
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Beyond AAcp

Beyond AAcp: A U-spin anomaly?

& A T T ]
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0004 0002 0 0002 0004
al ..
KK
U-spin limit sum rule: Broken at 2.70
U-
Sadly = ali(D° - K*K7) +alip(D° — n*n) V2" 0
alt (D’ - K*K™) = (7.7+5.7)-107*

alinD® - rtr7) = (232 6.1)-107*
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Beyond AAcp

CKM-subleading U-spin breaking: (173f§2) %

[Schacht 2207.08539]
3
— Dependence on adciL
2 30% U-spin breaking
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@ Separate measurement of CP asymmetries allows for the first time test of
U-spin expansion in CKM-suppressed amplitudes.
o Large central value ~ 20" from O(30%).
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Beyond AAcp

Model-Independent Predictions

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

r(D° — K*K~ af (D’ — ')
i ) broken at O(1),
F(DO — tr) d1r (DO KtK- )
@ Connected to wider class of decays via SU(3)-flavor symmetry.
[(D* — KsK*) _ agp(Dy — Ksn*)
Expect ( — = KsK) =- also broken at O(1).
I'(Dy — Kgnt) d1r (D+ — K¢K+)

o Improved versions of these sum rules:
[Miiller Nierste Schacht PRL 115 (2015) 25, 251802]

alp(D’ —» KK, a0’ > '), aln(® - 2°2%, and
atg}r;(D+ N KSK+), a%l]};(D: N KS7T+) adlr(D+ N K+ O)

These should also be broken at O(1).

Stefan Schacht Theory of Charm CP Violation Edinburgh, February 2026 14 /39



Beyond AAcp

Explanations beyond the SM: “AU = 1 models”

@ NP models with AU = 1 operators can explain breaking of
U-spin limit sum rules.  [Hiller Jung Schacht 1211.3734]

@ Additional operators with flavor content 3ciis and/or dciid with
non-universal coefficients.

e Example: Z’ models where fermion charges depend on generation.
[Bause Gisbert Golz Hiller 2004.01206],

[Bause Gisbert Hiller Hohne Litim Steudtner 2210.16330]
L7 D (gL uLy"cLZ + gx uRy”cRZ +hc)
+ ngL’y’ldLZ + &g dRy“dRZ’
+ g1SLY!'sLZ, + gR3RY"SRZ,
+ngL’yylLZ + gRlR)/ lRZ;,
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Beyond AAcp

" model predictions

[Bause Gisbert Hiller Hohne Litim Steudtner 2210.16330]

b === U-spin limit
) m— BM [
B m— BM 11
2 m— BM III, IV
AAE':—,\CWLQ

LHCb 2022

Acp (7‘(‘ ™ ) 103
@ Viable models with leptophobic Z’ below O(20 GeV).
@ Pattern of CP violation in D — 7, including ad” p(D" — nt%) # 0.
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Beyond AAcp

But is U-spin actually a good symmetry?
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Beyond AAcp

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~) ’

Stefan Schacht Theory of Charm CP Violation Edinburgh, February 2026
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Beyond AAcp

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]
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Flavor Symmetry at any Order




Flavor Symmetry at any Order

SU(3)-flavor

o SU(3): Approximate symmetry for the light quarks u, d, s.
@ Very useful, but O(30%) breaking from corrections.

@ Going to higher order: complicated.

(15 ® (8) = (42) @ 24) ® (15) @ (152) ® (15") @ (6) @ (3)
6)®(8) = 24) & (15)® (6) & (3)

3 3 3 3 6 6 15
Decay d ‘ B ‘ B ‘ By ‘ By ‘ By ‘ By ‘ By ‘
0 T - T T T T T — 1 —_ 7
D - KK 4410 8 10V2 45 10 10V2 10V122
D St T T T 1 T T —_ 11
=0 4@ 81 101«5 4?@ 10 10V2 10«/9122
D' — KK ~ 410 ~8 5vV2 245 0 0 5122
DY > 7970 D SN RS E RS E IR E R B 1 T
85 8V2 20 410 10V2 20 20 V61
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Flavor Symmetry at any Order

Solving the Problem of Higher Order U-spin

[Gavrilova Grossman Schacht: 2205.12975, Gavrilova Schacht: 2409.03830]

Theorems enabling calculations to arbitrary order.

@ We are able to determine a priori up to which order sum rules exist.
@ We do not need explicit Clebsches. Big complexity reduction.
@ Hope: Opens the door for precision in hadronic decays.

@ Close a gap between theory and experiment, especially regarding
multi-body decays.

Take advantage of precision data on nonleptonic decays.
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Flavor Symmetry at any Order

Systematics of U-spin breaking

@ U-spin breaking from mass difference of strange and down quarks:

mg —mg

0.3.

E =
Aqcp

o Parametrized by triplet-operator H,:
Hoir = ) fum (Hy @ HE) HY =H,® - ®H, .
i ——
m,b b

@ Any system can be constructed from tensor products of doublets.
@ Moving irreps (“crossing sym.”) does not affect structure of sum rules.

@ Without loss of generality, consider doublet-only system with

®n
0— (5) and singlet Hamiltonian.
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Flavor Symmetry at any Order

Properties of U-spin pairs

[Gavrilova Grossman Schacht, 2205.12975]
o Amplitude:

Aj=(—,—,+,—,+,...,+):ZCJC,XQ.
a

n

@ U-spin conjugated amplitude (complete interchange s < d):

= (h o) = (- 1)PZ< 1 CiaXer

n

@ Notation: Abbreviate m-quantum number: +1/2 — +.
X,: Reduced matrix element. Cj,: Clebsches.

@ Define (anti-)symmetric combinations of U-spin pairs:

CleAj—(—l)PZ', SjEAj+(—1)ij .
— —
odd in b even in b
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Flavor Symmetry at any Order

Results: Sum Rules at any order of U-spin breaking

[Gavrilova Grossman Schacht, 2205.12975]

All sum rules at any order b can be written as:

Zja]‘ =0, Zij =0.

Example: n = 6 doublets. Lattice dimensiond = n/2 — 1 = 2.

@ Each node & U-spin pair. . (ooooo)

@ Each node (points): :
a-type sum rule valid to b = 0. 2 (' ® O C ')

@ Sums of nodes in lines: 3 (. e O o .)
s-type sum rules valid to b = 1. 5

@ Sum of all nodes in plane: '
a-type sum rule valid up to b = 2. 5(e o o e o):

What next? Generalization to SU(3)r, implications for observables.
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NLO Rate Sum Rules

NLO Rate Sum Rules




One Sum To Rule Them All

[Gavrilova, Grossman, Papiri, Schacht: 2602.soon]

Any system of weak charm decays related by U-spin satisfies:

(sum of CF and DCS CKM-free rates)
(sum of SCS CKM-free rates) -

1 +0().

Definition CKM-free rate
I'G—-f)

=

Classification of charm decays:

fcr = |VcsVud|2 =1,
fCKM = fSCS = |VcsVus|2 = |Vchud|2 ~ 22 s

2. 4
pes = |VeaViusl® = A7
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NLO Rate Sum Rules
Example: D — PP

[Grossman, Robinson: 1211.3361, Gavrilova, Grossman, Papiri, Schacht: 2602.soon ]

LO Sum Rules

Ag e B0 K
Mzz‘glio.%’ M:l.Zli0.0Z.
(D0 — nt77) I'(D° - K~7)

NLO Sum Rule

£ 0 -+ 0 = Ar
W > KD+ > K1) _eq 001,
[(D° - K-K*) +T(D° — n~n*)

@ Second-order rate sum rule is satisfied more accurately than the two
symmetry-limit relations.
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NLO Rate Sum Rules
Example: D — PV

[Gavrilova, Grossman, Papiri, Schacht: 2602.soon ]

LO Sum Rules
['(D° - Kt O — et
IO 7 K™) 214045, 1O KK
['(D° - K-p*) (DY — n=p™*)

=0.46+£0.03 .

NLO Sum Rule
[(D° - K~ p*) +T(D° - n~K**)
[(DY - K-K**) + (DY — n=p™*)

=0.89+£0.18.
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NLO Rate Sum Rules

Example: D — PPP

[Gavrilova, Grossman, Papiri, Schacht: 2602.soon |

LO Sum Rules

LD~ - atK (D~ - K*K K~ IO~ - Ktn
D" 2> KT _s3706 "2 2K KKD _hosin S22 KT o1
I'(Dy — K*K~n7) I'(D;y - ntnn7) [(D; —» ntK-K-)
(D~ - K*K ™ I'(D; - K*K K~
YO 2 KK _ 75419y "2 KEKD 137013,
I'(Dy - ntnK™) I'(D~ -» atnn7)

v

NLO Sum Rule
&~ _ - +o— =\ L TN~ + ==\ o T( D~ + - -
ZCF’DCSI“_I“(DS S rta )+ 0D - KK K) + (D] —» 7K K)
+I(D” > Kt n)+T(D; - KT K)+ (D™ - ntKn7),

Satna).

ZSCS ['=0(D; > rta K7)+ (D™ > K*K n7) +T(D; > K*K K™) + (D™

I
Zcrpes T 1.050 + 0.015 .

A -

2scs I |

EVED

Theory of Charm CP Violation
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NLO Rate Sum Rules

Overview: Status of NLO Sum Rules

[Gavrilova, Grossman, Papiri, Schacht: 2602.soon |

BD°-»P P) BD'-P V) BD -P P P)

10¢
: —— exp status: NLO sum rule 4
5r —— exp status: LO sumrules -
e symmetry limit ]
=

0.5} 3 1

0.1 1 1 1
8D~ P P) BD'-P V)  BD-P P P
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NLO Rate Sum Rules

NLO Predictions: Unmeasured Rates

[Gavrilova, Grossman, Papiri, Schacht: 2602.soon ]

@ Measurements allow to test more NLO sum rules in order to obtain a
better understanding of U-spin breaking in charm.

BMD° - p K*) =(2.08 £0.19)-107*

"= pr )+ BEY - pKKY) + BEN - T KT) = (1.19 +£0.48) - 1073

BE!
BE? - 1) BE? - T K*
E o2 BE XKD 51377107
fscs Jfocs
B(El->pK) B(E->I7) B(E - pr
( ) N ( ) - ( ) = (3.74+0.83)- 107
fer Jpcs fscs
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Next Steps@LHCb: A Theorist’s View




Next Steps@LHCb: A Theorist’s View

Your next grant, WP1: U-spin breaking in charged D decays

© Increase precision of aln(D} — Kgn*) and afr(D* — KsK*).

© Probe U-spin sum rule
adn (D} — Ken*) + afn (D' — KgK*) =

@ Measure also ad‘r (D} — K*n°) to probe improved sum rule.
[Miiller Nierste Schacht PRL 115 (2015) 25, 251802]

CP Asymmetry | HFLAV avg. /107 ihups/fiav.veb cem ch]
aZr (D} — Ksn*) 16+18

agp(D+ — KgK™) -1+7
d”(D* — K*n%) 200 + 300

o Sum rule broken like af"(D° — 7¥77) + ain(D® - K*K™) =0 ?
o Is ad“ p(Dy — Ksn™) enhanced, like DY > atn 2
o Is ad” (D" — KsK™) suppressed, like D —» K*K~ ?

Stefan Schacht Theory of Charm CP Violation Edinburgh, February 2026 34/39



Next Steps@LHCb: A Theorist’s View

Your next grant, WP2: P/T from D — Pn’

[Bolognani Nierste Schacht Vos 2410.08138 and 2511.20585]

CP Asymmetry | HFLAV avg. Experiments

[https://hflav.web.cern.ch/]

DY — % —
D° — my —
D* - nty (0.40 £ 0.20)% | LHCb’23, Belle’11, CLEO’10
DY - Kty (6.0 £18.9)% CLEO’10

0.60% 0.60%
0.40% 0.40%
= 020% o~ 020%
+ <
v 0.00% < 0.00%
1 T
~0.20% o -020%
+ 0 S
S 2 o
ta
E1e] ©
© -osox Theory fit 060% Theory fit
_080%{ —— SU(3)F —lim sum rule _080%{ —— SU(3)F —lim sum rule
—— Modified SU(3)r — lim sum rule —— Modified SU(3)¢ — lim sum rule
~1.00% ~1.00%

100% ~0.75% 0 50% ~025% 0.00% 035% 0.50% 075% 100% L00% ~0.75% 0 50% 025% 0.00% 035% 0.50% 075% 100%
dir, + + dir(p0 0
agg(D* -»n*n) acp(D°—n°n’)




Next Steps@LHCb: A Theorist’s View

Measure CP asymmetry and read P/T from plot

1.00%

0.75%

0.50%

0.25%

0.00%

-0.25%

adi(D® - n°n)

-0.50%

~0.75%

~1.00%

1.00%

0.75%

0.50%

0.25%

0.00%

~0.25%

adsD* »ntn)

~0.50%

-0.75%

-1.00%

[Bolognani Nierste Schacht Vos 2410.08138 and 2511.20585]

wess Theory fit

13 23 1 43 5 2 3 83 3

73
|Crerfel

—— Measurement
wess Theory fit

s 23 1 43 53 2 73 83
|C1o/T16]
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-0.50%

-0.75%
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1.00%
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ads (D} »K* 1)
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-1.00%

wess Theory fit

13 23 1 43 53 2 73 83
[Crarfel

wsss Theory fit

3 23 1 43 53 2 I3 83
[C1o/T1el
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Next Steps@LHCb: A Theorist’s View

Your next grant, WP3: P/T in multi-body D decays

[Dery Grossman Schacht Soffer 2101.02560]

AD° - xtp7)y=-aTHV> — ViV, PP
AD® —» 7 p*) = -1 - Vo Vb phYi

@ 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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Next Steps@LHCb: A Theorist’s View

Local a®(D° — n*n~z°) in overlap region of p*

[Dery Grossman Schacht Soffer 2101.02560]

1.0[ 1
0.8+
0.0014
S 0.0012
= o6l
O 0.0010
= 0.0008
y 0.0006
ak 041
S 0.0004
0.0002
02t .
00t . . oo
0.0 0.2 0.4 0.6 0.8 1.0

m2o . [ GeV?]

Numerical example: RPYV2 = exp(m/2) RP2V1 = %exp(in/ 3)
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Conclusions
Conclusions

This is just the beginning of the exploration of charm CP violation.
Will a consistent picture emerge?

@ Is the sum rule
dlr(D+ N KS7T+) + adlr(D+ N KSK+) —

broken at O(1), like a?r(D° — n*n™) + ais(D® - K*K™) =072
Basically uncharted territory:

Acp(D® — 7%7),  Acp(D® — i), Acp(D} — K*1f).

Probe P/T in multi-body decays, e.g. D* — a2 at p*.

Probe anatomy of U-spin breaking with NLO sum rules.

And much more!
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