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The Challenge of Flavor Physics




Number of theory parameters < number of observables
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Ways to approach the challenge:

* Calculate the parameters (ex.: lattice, analytic approaches)

* Use symmetries to reduce the number of parameters !

> derive Sum Rules




Sum Rules: basic idea

- Consider a set of two observables O, and O, which can be expressed in terms of two
theory parameters ¢,and ¢, that encode strong interaction and two parameters «; and a, that
encode weak physics

Ol = (it theory parameters

observables . _
Os |= gty (strong interaction)

!
weak physics (CKM)
Symmetry of strong interaction: t1 = o sum rule: g7 — a0y = 0




Sum Rules: basic idea

- Consider a set of two observables O, and O, which can be expressed in terms of two
theory parameters ¢,and ¢, that encode strong interaction and two parameters «; and a, that
encode weak physics

O1 = ity theory parameters

observables . _
02 — Oégtg (strong interaction)

I
weak physics (CKM)
Symmetry of strong interaction: t1 = 19 sum rule: OzQOl — 02 = ()

and observables of interest are decay

rl\gf;rﬁo?;nffrm ?(;J”rgvl\r/tﬁrlgsfg;?n E aiOz‘ = 0 rates. For example, we ask if we can relate
p (DY - zt77), I(DY - ztK7), ...




Flavor symmetry
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- SU(3) flavor is an approximate symmetry of light quarks u, d, s

« We focus on U-spin: SU(2) subgroup relating (d, s)

Amplitudes of the processes related by

flavor symmetry must be related! symmetry

sum rules
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Image adapted from arXiv:1502.07089
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- SU(3) flavor is an approximate symmetry of light quarks u, d, s

» We focus on U-spin: SU(2) subgroup relating (d, s) U-spin \(d) /‘ V-spin
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Amplitudes of the processes related by ;
flavor symmetry must be related! Symmetry sum rules i
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Systematic expansion in the symmetry-breaking spurion allows us to

derive sum rules that hold to higher orders in €. This is the goal.
Image adapted from arXiv:1502.07089




The long history of flavor sum rules

 Since the 1950s-60s: symmetry-limit amplitude and rate sum rules are well understood
[Shmushkevich 1955; Dushin & Shmushkevich 1956; MacFarlane, Mukunda & Sudarshan 1964; Pinski, MacFarlane &
Sudarshan 1965; ...]

 Since 1980s: SU(3), isospin, and U-spin symmetry-limit relations became standard tools in weak
phenomenology [Zeppenfeld 1981; Savage & Wise 1989; Gronau & London 1990; Lipkin, Rosner, ...]

» 2013-15: “accidental” second-order rate sum rules were discovered in specific charm systems
[Grossman & Robinson 2013; Gronau 2014, 2015]

» 2022-2024: systematic framework for higher-order U-spin amplitude sum rules: all sum rules, to
all orders in symmetry breaking, for arbitrary systems [MG, Grossman & Schacht 2022; MG & Schacht 2024]

» 2026: first general results for higher-order rate sum rules; universal second-order charm master
sum rule [MG, Grossman, Papiri & Schacht 2026]
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Exa_mp]_e: DO —) P +P T fundamental doublets under U-spin

U-spin set of processes:
D> z*k~, D= K*z~, D°-atn-, D°- K'K”

Initial and final states:

o L[k [ ] [+ e [ldm] [11/2,+172)
DP=lemy =100}, P _[ +]_[—|uc7>]_[|1/2,—1/2)’ =g = |Sﬁ>]_[|1/2,—1/2>]

T
Hamiltonian:
U—spin limit __ 1 1 1
K =fiHy +hoHy +fi o H

_ (@s)(5¢) — (ad)(dc)

H! = (as)dc),  H] ,  H'y=—(id)(5c)

2
2 Vzksvus - Vz’kdvud
Jra= devus ~ A7 fio= \/5 ~ A, ha==ViVa~—1
(DCS) (SCS) (CF)
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Example : D O — P +P o fundamental doublets under U-spin

U-spin set of processes:
D> z*k~, D= K*z~, D°-atn-, D°- K'K”
(CF) (DCS) (SCS) (SCS)

Initial and final states:

DO = [ci) = [0.0), P* = [K:] _ [_llu%] _ [|1/2,+ 2yl [ﬂ_] _ [ldm] _ [|1/2,+ 1/2>]

|1/2,—1/2) ’ K~ | sit) |1/2, —1/2)
Hamiltonian:
U—spin limit __ 1 1 1 "] This is universal Hamiltonian
%eff _fl’lHl +f170H0 +fl’—1H—1 for hadronic charm decays.
(ii5)(5¢) (_d)(a? ) Therefore all weak hadronic
1 _ (- 7 p_ \uS)se) —u ¢ 1 _ (A~ = charm decay systems have the
Hl N (MS)(dC)’ HO N \/5 ’ H—l a (ud)(sc) L group-theoretical structure:
* _ U
Jii = ViV ~ A%, fio= YerVur~ Vot'ud ~ A, hoa==-VEV,,~—1 L@ @By Ip=1
’ C ’ \/5 )
11
(DCS) (SCS) (CF) ] Here, we have: —® - ® |




Trivial Rate Sum Rules at O(¢)

Amplitudes related to each other by the U-spin conjugation (d <> s) are equal to each other:

Aa = Aﬁ Gronau, arXiv: hep-ph/0008292

Ex. D® > P*P~: up to corrections of O(e)

AD® - ztK7) = AD° - K*n0), AD® > 7zt7n7) = AD° - KTK")
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Trivial Rate Sum Rules at O(¢)

Amplitudes related to each other by the U-spin conjugation (d <> s) are equal to each other:

Aa = Aﬁ Gronau, arXiv: hep-ph/0008292
Then in the symmetry limit | o
) ) Note that in the synimetry limit
Faz dnlAal ’ F(7= dnlA(Yl dlIl = dIl

A,=A_ |Aa|2=|Aa|2 r =T

Ex. D® > P*P~: up to corrections of O(e)

0 — 0 -
['(D” — 7n7K") =1+ 6(e), [(D” - z'77) =1+ 0(e) Symmetry-limit U-spin
F(DO R K+JZ'_) F(DO N K"‘K‘) sum rules
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one O(&“) sum rule all hadronic

/ / charm decays
One Sum to Rule Them All

- For every irrep I; > 1/2 in the system, there exist at least one O(e?) rate sum rule.

 All weak hadronic charm decay systems have the group-theoretical structure
L@ QL Iy=1

- For hadronic charm decays, applying this result to the weak-Hamiltonian triplet, I;; = 1, gives

sum of CF and DCS CKM-free rates [+ 0(e)
= €
sum of SCS CKM-free rates
Ex. DY —> P*P~ [P’ - aKH+TD° > Kz _ o

I'DY - K-Kt) +T'(D° - z—xt)

MG, Y. Grossman, S. Schacht, arXiv:2602.22320




Testing the Sum Rules

* symmetry-limit test

I'Gi—f)

=14 O(¢e)
I'i - f)
e second-order test
2 I’
Ry (U — spin system) = chbes 1 + O(e?)
Z:scsr




Fully measured systems

DY — p—pt

DY - pyt

D~ — P*P~P-

Decay BR CKM | Conjugate decay BR CKM
D —» =7t (1.4534£0.024)-107% SCS | D’ -+ K K+t (4.08 +£0.06) - 1072  SCS
DY - =Kt (1.36240.025)-10* DCS |D° — K—rn™ (3.945 £ 0.030)% CF
Decay BR CKM | Conjugate decay BR CKM
DY — K—p* (11.2+0.71% CF | D°—n-K*t 3x (1.28+047)-1074T DCS
D - K-K*t 3x(1.55+£0.10)-1073 (§=13)T SCS | D° — 7= p*t (1.01 £ 0.05)% SCS
Decay BR CKM | Conjugate decay BR CKM
D™ —watK-nm~ (491£0.09)-100%* DCS | D; - Ktn K~ (5.45 £ 0.08) - 102 CF
D~ - KTK-K~ (6.144+0.11)-10> DCS | D; s ntna 7~ (1.090 £ 0.014) - 10°2  CF
D~ Ktr—n—  (9.38+0.16)-1072 CF | D; »ntK-K~-  (1.293+0.027)-10* DCS
D~ - KtK—n~ (9.684+0.18)-103% SCS |D; - ntn K~ (6.23+0.10)- 103  SCS
D™ s atr~n~  (3.271+£0.09)-103 SCS | D; - KTK K~ (2.18 £0.20)-10=*  SCS




Fully measured systems

D% - P~ P* D% > P~V D~ > P"P P
10+ ' ' ' <10
[ exp status: NLO sum rule ]
5r exp status: LO sum rules =45
e symmetry limit |
[ i A | S S — 1
x
0.5 — ) i 05
L)
0.1+ , , , 10.1
D% - P~ P* D’ - P~ V* D™ > P*P~ P~
Grossman & Robinson (2013) MG, Y. Grossman, S. Schacht, arXiv:2602.22320




Systems with missing data

DO _ v-p+ D% — K*rt 3x (1.824£0.30)% (S =22) T CF | D°—p KT < (3.06+£0.16)-107**  DCS
- DY 5 K* K+ 3x (5.54+£0.37)-1074 T SCS | D% — p=rn™ (5.15 £ 0.26) - 1073 SCS

Second-order master sum rule allows to derive prediction for the missing BR: | B(D® — p~K*) = (2.08 + 0.30) x 10~

Decay BR CKM | Conjugate decay BR CKM
AY - StK-K+  (3.6+04)-1073 CF |Ef sprrnt ? DCS
Af =St ot (4.54 +0.20)% CF |Ef ->pK K™ 7 DCS
C+ s [+ptp- A -t~ Kt (204+£0.26)-10% SCS |E=f = pK nt (6.24+3.0)-10=2  SCS
b b A} = pK—7t (6.35 4 0.25)% CF |Ef ->Xtn K+ ? DCS
AF - pK~Kt  (1.08+0.05)-1073 SCS |Ef > Xta g™t (1.4 +0.8)% SCS
AY = pr—nTt (4.67+0.24)-103 SCS |=f - 2tK-K*  (43£25)-10% SCS
A - pr~ KT (1.13+£0.17)-107* DCS |Zf - STKrn* (2.7 £1.2)% CF




Systems with missing data

Decay BR CKM | Conjugate decay BR CKM
2 5=t (1.434+0.27)% CF |25 X KT ? DCS
=0 5 ¥ nt ? SCS |2 ="Kt (3.94+1.1)-107* SCS
=20 — pK~ ? SCS | EY —» utn- ? SCS
= 5 Y$tK~- (1.8404)-10% CF | Z)— pr~ ? DCS
P 20 5 A—nt ? DCS |2 - Q" Kt ? CF
5 ® 5 ®1 |20 5 s qt ? SCS |2 5= KT ? SCS
20 - =¥t ? CF |25y K*t ? DCS

Two irreps > 1/2 — two O(&?) sum rules!




Takeaway

sum of CF and DCS CKM-free rates

=1+ O(e?
_ sum of SCS CKM-free rates €%
e Second-order master sum rule in charm follows
from a few simple, general observations o Do Do Prv? DoPPR
. . i exp status: NLO sum rule
* These ideas can be applied beyond charm, S csatos Losummes 3
beyond U-spin, beyond weak decays . symmetry limit
* |n data second-order sum rules can work | i I =
strikingly well, even when symmetry-limit 1 LU
relations appear badly broken i I e
[
0.1 I | \ 0.1
D% » P~ Pt D% > P~ V* D~ > PP P~




Outlook

e Accumulate more second-order sum rules
— study patterns in symmetry breaking

* Learn from data
— possible probes of underlying dynamics, perhaps even new physics

» Crucial open question: what do O(¢), O(e?) actually mean?
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What do O(¢), O(¢?) mean?

At the fundamental level, U-spin breaking comes from quark-mass difference

Am
Am =m,—my, €= ~ 30 %
(some energy scale)
Then, typically, one assumes
O(e) ~30%, O(e?) ~ 10%
In this talk, however,
O(e) x Am O(e?) x Am?>




What do O(¢), O(¢?) mean?

At the fundamental level, U-spin breaking comes from quark-mass difference

Am

(some energy scale)

~ 30 %

Am=m,—my, €

Then, typically, one assumes

Precise meaning can depend

Oe)~30% BeS~10%——  on the process and specific

observable considered!

In this talk, however,

O(e) x Am O(e?) x Am?>




