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Overview

Hadronic charm decays

The SU(3), symmetry of QCD
Treatment of 7 — 1" mixing in SU(3), analyses of heavy flavour decays

Branching ratio analysis of D — Pr’decays with linear SU(3) z-breaking

JHEP 05 (2025) 148

CPV analysis of D — Pr’ decays

arXiv:2511.20585

CB, Ulrich Nierste, Stefan Schacht, Keri Vos
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Wiay lhacdronic charm decays?

Access to up-type quark sector

Cabibbo sub-matrix = small CP violation

1 —5A%—gAt ) AX3(p — i)
Veu = [ =2+ A1 =2 +ip] - 1 =327 = £2%(1 +447) Az |+ 009
A3 = p — iif) —AN+ AL =20 +ip] 1 —A%

Not so heavy quark mass = unreliable expansion parameter?

Nocep Noep

~ 0.3 ~ 0.1

ni. ny,

a,(m,.) ~ 0.35 a,(my) ~ 0.22

Without first principle calculations we can still use symmetries!
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nadromnic charm decays?
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Winat hadroniec charm decays?
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nadromnic charm decays?

-----------------------------------
4 N

Winat
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i 5 ¥V~ 2
Vcs ud = @(1) VZ‘XZ*VMS ~ Vd ud = @(/1) Vch”S @(/1 )
Cabibbo-favoured singly Cabibbo-suppressed doubly-Cabibbo-suppressed
Addltlonal penguin topologies due to gg pair ”»
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Row? The SU(3)r symmaetry of QCD]

Approximately m, = m, = m,

Pseudoscalars by combining three quarks as gg pairs: 3 ® 3 =8 @ 1

© ©
©

SU(3) symmetry connects amplitudes involving different pseudoscalars

Verify compatibility of D — PP data with SM assumptions and predict more!
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What has been cone

Global SU(3), analyses of D — PP branching fractions done for decades
= SU(3), breaking can be included!

M. Gronau, O. F. Hernandez, D. London, J. L. Rosner, Phys. Rev. D 52 (1995) 6356
Y. Grossman, D. J. Robinson, JHEP 04 (2013) 067
S. Muller, U. Nierste, S. Schacht, Phys. Rev. D 92 (2015) 014004
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What has been cone

Global SU(3), analyses of D — PP branching fractions done for decades
= SU(3), breaking can be included!

M. Gronau, O. F. Hernandez, D. London, J. L. Rosner, Phys. Rev. D 52 (1995) 6356
Y. Grossman, D. J. Robinson, JHEP 04 (2013) 067
S. Muller, U. Nierste, S. Schacht, Phys. Rev. D 92 (2015) 014004

Unphysical states 773 and 17, = n — 1" mixing neglected or inconsistent!

|ng > = |np>cos@+|n">sinf
|7y > =—|n>sinf+ |n > cosb

Universal mixing angle treatment
inconsistent and gives poor
description of data !
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SU(3)r and the unphysical states
O

Mixing due to similar quantum numbers and the breaking of SU(3 )

0 is an SU(3)-breaking parameter not

70> =—1|n>sinf + [y > cos? related to any observable!
Other effects at play...

Mass differences not related to SU(3)y

= /(1) axial anomaly — contributions to singlet mass

E. Witten, Nucl. Phys. B149 (1979) 285
G. Veneziano, Nucl. Phys. B 59 (1979) 213

Appropriate description of 7 — 1" mixing requires more parameters!
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SU(B)r decouples unphysical states

Definition of states understood under SU(3)

> = >+ 0
6’:@(5):}8Nf—ﬂ—lfv2()—3()% ‘7] ‘778 (5)

Jx (7" > = |ny >+ O(e)

Not the matrix elements!

< Pn|H|D > —cos«9<P;78\H\D>—sm6’<P;70\H\D>
< Pn'|H|D > —sm6’<P;78\H\D> +COS«9<P;70\H\D>

Different!
< Pny|H|D >"# < Pny|H|D > Differences are O(1) i.e. not SU(3) -breaking

= SU(3), decouples D — Pr’ from octet only final states! <

CB, UN, SS, KV, JHEP 05 (2025) 148
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The amplitudes

CKM-leading and subleading contributions to SCS decays

A
A = Asa sq — Ebﬂb

A=A

2

/lsd

A
Re— ~ 1074
;tsd

Branching ratios sensitive only to CKM-leading in SCS = &#°® ~ 1 .,

Global analysis!

ACF(d) = ngudégi(d)é

A(d) = A, Eﬂ(d)i Common parameters!
APS(d) = VEV, . (d):

cd US:

CB, UN, SS, KV, JHEP 05 (2025) 148
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Topological parametrisation
d(d)= ) c'T,

E P

d - C 8 ' u
C u/d u/d
/d :gd i/d ) 6/d

T A C
u d
4 C u/d % ;
C d C

Account for SU(3)-breaking corrections (m, — m)ss to the diagrams

T(l) C S — C d _
1
CB, UN, SS, KV, JHEP 05 (2025) 148
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Remarks on topological parametrisation

[ 1
. . . . | A
Difterentiate which quark contributes to the 7, singlet v 8

Hairpin diagrams — OZI suppression not imposed
naturally get contributions only to singlets
accommodates possible glueball components

« Octet component in #" and singlet component in 7
are SU(3) -breaking 38

CB, UN, SS, KV, JHEP 05 (2025) 148
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CKM-leading amplitudes in SU(3)r limnmit

| i >
Decay ampl. A(d) [ s _Ais 4w An . Cn _Bw _Bw By . © Neutraland charged modes

: SCS } '~ separated

AD° =x%) [0 0o 0 0 Lt L L \/g

AD = m) |+ 0 0 0 0 H—% -7~ “‘5‘5

AD* »nty) -7 - - —\/5:: 0 0 0 0 .

A(D} = K*) |1 L L L V3io0 0 0 0
: CF ¥ :
1 T i c o _ o

AD°—»Kw) 1o 0o o o0 g - V3. . Redefinitions respect 1/N,

+ o 1 1 1 ! : .

ADi—om) 05 s s V30 0 ° 0 counting
: DCS T :

AD°—>K%) [v0 0o 0 o0 o £ L3

ADY 5K [T L L B0 0 0 0 - Tis =Tig + A1g + Ag1 + 3Ag
. charged i  neutral E Cs1 =Cs1 + Ei1g + Eg1 + 3EH

CB, UN, SS, KV, JHEP 05 (2025) 148
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M=leae ItW

X

Ing ampl

d@s sum rut

€5

Linear dependencies are absorbed
into redefined parameters

= Keep power counting!

Sum rules

Decay ampl. A(d) Tis Tl(é)l Tl(;)z ng(;) ég)1 Cs1 é&)l éég)z éégéla)
SCS
AD’—»x%) [ 0o 0o 0o 0 2 = 0 2 0 2 ~ 75
1 1
+ + o _ 1 1 1 —,/3
AD* s aty) | -L 0 0 Lo 0 0 0 /3
+ + .,/ 1 1 1 /2 1 /3
AD; —K*) | Bk —f 0 0 0 -3
CF
0 77U 4 1 1 1
A(D° — K'7') 0 0 0 0 o X L o v
A(D} — nty') % % 0 —/35 O 0 0 0 0
DCS
0 0,/ 1 1 1
A I S
!/
AD*—»K*+) | & 0o = 0 0 0 0 0
AD' = Kty) = ADF = ) = A(DF —» KTnf) = —ADT = nry)
2
AD® = K1) = A(D° - K'n) = V2A(D° — %) = — gA(DO — ')

SU(3), limit!
SU(3)-breaking

D

Carolina Bolognani

---------------------------------------------------------------------

ADY = K™Y+ A(Df = nt9) — ADF - K™Y+ A(DT = 7)) =0
0 0,./

V2
CB, UN, SS, KV, JHEP 05 (2025) 148
12/25
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— Pr’



Fit to Bramching Ratio data

Redefinitions — cannot constrain individual SU(3)-breaking topologies

Constrain total SU(3) z-breaking effect at the amplitude level

AM(D — Pn’)
Asu(3)-1im (D — P1’)

<e€

Complex topologies — 17 fit parameters , 8 measurements, 8 constraints

)(2 minimisation with excess of parameters?

CB, UN, SS, KV, JHEP 05 (2025) 148
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Fit to Bramching Ratio data

Redefinitions — cannot constrain individual SU(3)-breaking topologies

Constrain total SU(3) z-breaking effect at the amplitude level

ASLL(—S)'(D — Pn’)
Asu(3)-1im (D — P1’)

<eg¢

Complex topologies — 17 fit parameters , 8 measurements, 8 constraints

)(2 minimisation with excess of parameters!

0

= |Interpretation with respect to perfect reproduction of data )(2

CB, UN, SS, KV, JHEP 05 (2025) 148
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Test of SU(3)k from Branching Retio data

30- = SU(3)p limit ruled out > S0

25 -

= Perfect fit for e > 50 % : violates
assumption of linear SU(3)~

20 -

> 15 -

-breaking
N = Nominal result at € = 30 %
.- » Slight tension of 2.5¢

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

CB, UN, SS, KV, JHEP 05 (2025) 148
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Branclhing kRatio predictions rrom Uit

Redefinitions limit interpretation of underlying physical parameters : ?oijj‘f;j;‘}eb”;ak 207 SHES) break
« e 0 0. ./ B(D° > n°n’) - —~+
Uncertainties > 10% for D¥ — 7°'n
and DO —> }’]7], B0~ ) - —
oo : B(D* ~m*n) - +
Predictions differ by ~ 1o for
+ +,,/ F oK) - ¢
D — K B(Ds" »K*n') ¢
(5) {
B(D° ~Ksn') 1 ——
B(D° - K.n') =
B(DS -»n*n') ¢ o
BID* -K*n') - ¢ @
Oi8 oi9 1j0 1j1 1j2
B/ Bmeasure d

CB, UN, SS, KV, JHEP 05 (2025) 148
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Branclhing kRatio predictions rrom Uit

Redefinitions limit interpretation of underlying physical parameters

Uncertainties > 10% for D° — ﬂoif]’
and D' — np'...

Predictions differ by ~ 1o for
— K™’

D

_I_
(5)

New result in-line with our predictions

Carolina Bolognani

BESIII, JHEP 10 (2025) 178

D — Py’

4 measurement
® 30% SU(3) break

50% SU(3) break

B(D° - nn’) 1 -+
B(D° - nn’) - —4
B(D + 5 n+ n/) _ ‘
B(DS -»K*n') A ¢
B(D% - Ksn') 1 ¢+
B(D° - K, n') ~%
B(DS+ _)n+nl)_ . .
B(D + - K+ n/) _ ‘ @
Sz
0.8 0.9 1.0 1.1
B/Bm eeeeee d

CB, UN, SS, KV, JHEP 05 (2025) 148
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@

Experimental result ----------

. Deviations in D(Jg) — K™n’' from
experimental results show pull
towards SU(3) limit

le—4

425 450 475 5.00 5.25 5.50 2.75
B(D tont n/) le-3

Carolina Bolognani

B(D} »K*n')

S

B(D

narged modes BR correlations from it

SU(3) symmetry limit

4.25 450 4.75 5.00 5.25 5.50 5.75 3.0 3.5 4.0 4.5 5.0
/3(D ot r’/) le-3 B(D; -t f)') le-2
le—3
3.5 1
3.0 -
2.5 7
2.0 1
1.00
1.5 ' ' : ' '
3.0 3.5 4.0 4.5 5.0 1.5 2.0 2.5 3.0 3.5
B(DS+ -t n/) le—-2 B(D; K+ I')') le—3

CB, UN, SS, KV, JHEP 05 (2025) 148
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Neutral modes

Experimental result ----------

» Strong theory correlation for
physical K ; modes

le—3

4 ¥ 1 2 T Y
0.80 0.85 0.90 0.95 1.00 1.05
B(DO - Ksni) le=2

Carolina Bolognani

3R correlations from rit

SU(3)r symmetry limit ———

» SCS neutral modes responsible
for deviation from SU(3) limit

}e—3

r v r v
0.6 0.8 1.0 1.2 1.4

CB, UN, SS, KV, JHEP 05 (2025) 148
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Wihat about CPWV?

CKM-leading and subleading interference = CPV in SCS decays!

- adIN(DO 5 KK*) = (7.7 £5.7) - 107*
. LHCDb Collaboration,
Phys. Rev. Lett. 131 (2023) 9, 091802

A charming puzzile! 4 :
aSND - 7t = (23.2£6.1) - 107

= Perturbative QCD estimates |,/ ;| ~ 0.1 5. 00 Gor oas 00
= Experimental results imply |,/ ;| ~ O(1)
= Experimental results imply 2.76 deviation from SUQ3)

CB, UN, SS, KV, arXiv:2511.20585
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CKXM-subleading amplitudes

Topologies not included in CKM-leading amplitudes

penguins
Redefinitions respect power counting and 1/N.

Pig + Fg1 + 3Py

Cig = Cig - 5

Carolina Bolognani D — Py’

1
3
V3

(AdPrd+ AsPH s+ M\ Pry)

1

Msd(Prs — PH.d)

3

_ (1) Ab
_ﬁ ()‘SdPH,break o ?PH> ‘

CB, UN, SS, KV, arXiv:2511.20585
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CPV sum rules

Subleading amp. written in terms of leading amp. parameters and new

Decay ampl. 4y(d)|AsilCis Ca1 [C15) Clgly Cf Cf)) BY
Ay(d) = ¢y Asg(d) + AA(d) D at [ 1h/3-3l0 0 0 0 -2
0 / 1 [ vV2 V2 2 1 1
:cfdAsd(d)+Zc§i7§, 11_”7:3, O (2) v DN
Dif - Kty |1|% 0|0 2 /3 0 2
Sum rules only in SU(3) symmetry limit
neutrals o35 (DY — 70%) SU(3) p-lim. = -3 a5 (D% — 7777’)|SU(3)F I
l\‘ Cha rged a%@}}(D"F — 7T+77,) SU(3)p-lim. — a((i;if;(D? — K+77,)|SU(3)F-lim. .
Modified: factor out SU(3) -breaking in CKM-leading part
odit (DO _y 0,7 P(DO — 907y | B(DO / adL,(Dt — 7)) _ _\/P(D+—>7T+77') \/B(DQL%KJ“??')
C%;(Doi 777772)) B _3\/ P((DO: 77777)) \/B((DO : :gzy’))’ agp(Ds — Kty P(Ds — K+n') | B(D* — ntr)

CB, UN, SS, KV, arXiv:2511.20585
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Limitations from CPV measurements

Measurements available only for charged modes

agp(D”

N — (0.4 T 0.2)% accl};)(D;_ — K+77,)

N 7T+77,) — (6.0 - - 18.9)%

HFLAV

CB, UN, SS, KV, arXiv:2511.20585
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Limitations from CPV measurements

Measurements available only for charged modes

L 2

4
’ ' ' 4 o
AL (DT _y T (0.4 + 0.2\ o dir + t o/
Wy p\ L / A /) ) \ U ) \J o 4 /| I a % ,,7
' | / / ! J \ o L — - o bud J J \
i i / Y AX 7 | ' 1 CP S
‘ LAY |}

g W W E ENI I N N N N S EESSEEDSEDSDEDEDSDEEEDSEEDESEEEEEEEEEEEEEEEE & m
N5

v
...............................................

= Single CLEO 2010 measurement based on ~50 events

= No constraining power

= Large central value incompatible with D

—> T

1’ measurement

- DT — K™’ shares same topologies + 1 SU(3) -breaking

= Would artificially influence global minimum

Not included in the analysis!

Carolina Bolognani D — Py’

CB, UN, SS, KV, arXiv:2511.20585
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Limitations from CPV measurements

Measurements available only for charged modes

—----------------------------------------—--..
C J

N
-----------------------------------------------

= Dominated by LHCb 2023 measurement
= Single data point: cannot constrain all parameters!
> In SUQ3) limit:
Ratio subleading to leading amplitudes
C:'18
1138

sin (arg C1s — (D™ — n'n')) = —0.78 £ 0.39

Unknown phase

CB, UN, SS, KV, arXiv:2511.20585
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Ratio of subleaading o leading amplitue

€S

. . 3.5
Full analysis compared to BR only with - —— Theory fit
_ Asur(D — Pr') | \|C /T =03 = Ay =245
e=30% > Ap.sU(3)—1im (D — Pn’) =¢ 27 A g
2.0 -
. . P

Scan shows increased tension for small <15 - :

Valuesl 10- ‘CIS/TIS‘ — 10 :}’ A)( — 095
0.5

No tension for values > 2 N R S

CB, UN, SS, KV, arXiv:2511.20585
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O O O O
Ratio of subleading to leading amplituces
Full analysis compared to BR only with 3'5”  Theornfit
B Ap,susy(D — Pn') ) 3'0—
e =30% > Ab.sU(3)—1im (D — Pn’) = 227
Scan shows increased tension for small < s
values! 1.0
No tension for values > 2 O:O -

Plateau due to single data point limitation

Predictions will be dependent on allowed range for | Clg/Tlg |

CB, UN, SS, KV, arXiv:2511.20585
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Predictions ror upper-vound on ratio

- Conservative assumption on technical bound | C,o/T}4| <3

Observable Theory fit Experiment
agi;(DO — ') [-0.66,0.66]% —
adL (D% — nn')  [-0.29,0.29]% —

a@p (Dt = 7ty)  (0.407550)%  (0.40 £0.20)%
adin,(DF — K*y')  [-0.62,0.36]% -

0.60% A 0.60% -
0.40% A 0.40% A
= 020% . 0.20%
+ -
Y 0.00% A C  0.00% -
1 T
—0.20% A © —0.20% A
+ o T
9/ —0.40% A =0Q. —0.40%
a A
-0 ©
© ~0.60%1 s Theory fit —0:60% 7 mmssm Theory fit
_080%4 —— SU(3)g—1lim sum rule —080%4 —— SU(3)g—Ilim sum rule
—— Modified SU(3)r = Ilim sum rule —— Modified SU(3)r = lim sum rule
—-1.00% A —-1.00% A
-1.00% —0.75% —-0.50% —-0.25% 0.00% 0.25% 0.50% 0.75% 1.00% -1.00% —=0.75% —-0.50% —-0.25% 0.00% 0.25% 0.50% 0.75% 1.00%
dir + + dir(no0 0,4/
acp(D™ »n™n’) acp(D” —»m-n’)

CB, UN, SS, KV, arXiv:2511.20585
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he ratio

Depencdance of predictions on t

1.00% 1.00%
0.75% - 0.75% A
__ 0.50% 0.50% -
S, 0.25%- S 0.25%-
1 T
o  0.00% o  0.00%
Q Q
S~ 0o/, — — o/,
s 0.25% £ —0.25%
© ©
—0.50% - —0.50% A
—0.75% - _ —0.75% - _
wwmm Theory fit wmm Theory fit
—~1.00% . : . . : : . . . ~-1.00% : : ; : : : . .
O 1/3 2/3 1 43 53 2 73 83 3 O 1/3 2/3 1 43 53 2 73 83 3
|C18/T1s] |C18/T1s]
1.00% 1.00%
0.75% - 0.75% A
—~ 0.50% - ~ 0.50%-
< -
+|: 0.25% - L 0.25% -
T 0.00% T 0.00%
+ ta
Q _0.25%- Q _0.25%1
= =a
0 ©T0O
T —0.50% - T —0.50% -
_0.75% | == Measure.ment _0.75%- |
wwsn Theory fit wwmm Theory fit
_1.00% T T T T T _1_00% T T T T T T T T 1
1/3 2/3 1 4/3 5/3 O 13 23 1 43 53 2 73 83 3
|C18/T 16l |C16/T1s]

- New measurements will allow for extraction of | 518/T18 |

CB, UN, SS, KV, arXiv:2511.20585
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Conclusions

SU(3)y. limit does not accommodate these decays = due to DY — 7%’and D — uy’
30% SU(3)g-breaking can describe data = small tension of 2.5¢

Important to get updated BR measurements on DY — 7", D° — nn’, D — K™n'to
confront SU(3)r symmetry

Lack of CPV measurements in these channels

Charged D" — K5’ would constrain fit!

We can constrain | Cq/T<| with new measurements and probe 1/N, expectation

CB, UN, SS, KV, JHEP 05 (2025) 148 CB, UN, SS, KV, arXiv:2511.20585
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