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The Standard Model and beyond
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@ The Standard Model is incomplete!

e May require new particles/symmetry
Baryon-asymmetry problem
— CP Violation + other criteria
Sakharov, 1967
@ Direct searches @ energy frontier
— new particles/interactions
@ Puzzles/Anomalies
— SM prediction # Expt.
Intensity frontier < Energy frontier
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https://inspirehep.net/literature/51345

Why hadronic B decays?

Semileptonic decays of mesons = measure magnitude of CKM elements

To study CKM phases = need interference of weak-decay amplitudes

Example: vin B — DK and B — DK or a in B — 77

Challenges: non-perturbative effects in QCD, amplitudes not necessarily factorizable

@ Goal: eliminate the necessity for theory input; identify inconsistencies
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CKM Unitarity and the angle v/¢3

d s b e Empirically close to diagonal
u (Vua Vus Vup — smaller elements farther from diagonal
e o VViziu  LIVP=1
- o= ° ViaVip + VeaVap + ViaVip = 0
. ‘ o Taken from PDG: P

0,0) (1.0)
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https://pdg.lbl.gov/2020/reviews/rpp2020-rev-ckm-matrix.pdf

Measuring the CKM matrix

Phase measurement tricky: need CPV
CPV from amplitude interference

Strong phases from quark rescattering

Non-factorizable effects important

@ Decay rate oc  |Viq|?

@ Factorizable current: hadron vs lepton
o QCD effects hidden in form factors
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A typical hadronic decay amplitude

o Consider the decay BY — 77n—: A(BY — ntn™) = VAV, JA, + ViV, ;Ar = —Te" — Py,

u
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How can we extract information? What information can we extract?

B Bhattacharya (LTU) Hadronic B decays March 24, 2026 7/33



A typical hadronic decay amplitude

o Consider the decay BY — 777 —: A(BY — ntn™) = VAV, JA, + ViV, At =~ —Te? — Py,
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+ X -
& x
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A typical hadronic decay amplitude

o Consider the decay B — n7n—: A(BY — ntn) = VAV A+ ViV, A ~ —Te" — Py,
—
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B Bhattacharya (LTU)
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Extracting information

0 ABB = f)=la| + p|e®e® — T o |AP?
AB = f) =la|+ b|eP e — T o |A]?
— 4 parameters: 2 magnitudes (|al, |b]), 1 strong phase (), 1 weak phase (¢)
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Extracting information

o ABB— f)=la| +|b|e®e® — T o|A>
AB = f)=la| +ble?e ™ — T o |A?
— 4 parameters: 2 magnitudes (|al, |b]), 1 strong phase (), 1 weak phase (¢)

®
®70

o f#f Only 2 observables

@ Measure T and T; or

r+T r-r
B = a dA = —
CP 5 n CP I+T

Hadronic B decays March 24, 2026 8/33

B Bhattacharya (LTU)



Extracting information

o ABB— f)=la| +|b|e®e® — T o|A>
AB = f)=la| +ble?e ™ — T o |A?
— 4 parameters: 2 magnitudes (|al, |b]), 1 strong phase (), 1 weak phase (¢)

. —»@ »I—l’\r\@)
® —"© F

o f£F Only 2 observables o f = f: same 2 observables

@ Measure T and T; or
r+T r-r

Bep = and Acp = ——
cp 5 and Acp a7
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Extracting information

o ABB— f)=la| +|b|e®e® — T o|A>
AB = f)=la| +ble?e ™ — T o |A?
— 4 parameters: 2 magnitudes (|al, |b]), 1 strong phase (), 1 weak phase (¢)

)
._"@ a6
.—"@) r®

o f£F Only 2 observables o f = f: same 2 observables

o Measure T and T or e Additional observable(s) from B-B mixing

r+T r-T L(t) —T()

B = d A = — o SCP from P E————

o g AP T LT L(t) +T(t)
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Measuring a CKM phase

o Consider B~ — DK~ and B~ — D"K~ with D° — f
@ Anti-decays are BT — DK~ and B* — D°K*:  No CP Violation in D decays
e Total number of observables in the B decays: I',T for each decay — 4

n b “e
ﬁ_d._l/ ¢
s i
b
- Y
Ve, Vus " Wo €S _ﬁs
3T >R

Only tree-level contributions in the SM
Highly-suppressed Loop (box diagrams)
Brod and Zupan (2013)
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Measuring a CKM phase

o Consider B~ — DK~ and B~ — D"K~ with D° — f
@ Anti-decays are BT — DK~ and B* — D°K*:  No CP Violation in D decays
e Total number of observables in the B decays: I',T for each decay — 4

u —

W c GLW method (fop such as 7t 77)

¢
W 3 theory parameters: |rg|,d,
b

o
[

Extract v from a fit
ADS method (f such as K*7™)
GGSZ method (f such as Kgnmr)
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Vch Vs

%
A [7aY
Pl =
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3T >R
Only tree-level contributions in the SM

Highly-suppressed Loop (box diagrams)
Brod and Zupan (2013)
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Measuring a CKM phase

o Consider B~ — DK~ and B~ — D"K~ with D° — f
@ Anti-decays are BT — DK~ and B* — D°K*:  No CP Violation in D decays
e Total number of observables in the B decays: I',T for each decay — 4

% b te o GLW method (fcp such as 77 ™)
/" < = @ 3 theory parameters: |rpg|,d,
b . e Extract 7y from a fit
Vg, Vus 0 Vi Vs _ﬁs o ADS method (f such as K7 ™)
g K B> K o GGSZ method (f such as Kgmm)
@ Recent work in B — DK shows:

Only tree-level contributions in the SM ~+ large deviation from SU(3) hypothesis

Highly-suppressed Loop (box diagrams) — ~ 30% SY{3} accounts for deviation
Brod and Zupan (2013) Schacht et al., 2403.04878
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The utility of flavor symmetries
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Flavor-SU(3) symmetry: SU(3)r

o 3 light quarks, u,d, s, much lighter than b quark

e u,d,s = SU(3)p triplet; State — |irrep, Y, I, I3)
1

§ %7_% s |S> = |3a_%7070>

° [u) =13,5,3:3) |
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Flavor-SU(3) symmetry: SU(3)r

o 3 light quarks, u,d, s, much lighter than b quark

e u,d,s = SU(3)p triplet; State — |irrep, Y, I, I3)

37%7%7_% s |S> = |3a_%7070>

° u)=13,3,3.5), ld) =

° |J> — |3*’ _%’ %, %> Y = hypercharge, I = lsospin
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Flavor-SU(3) symmetry: SU(3)r

@ 3 light quarks, u,d, s, much lighter than b quark

u,d,s = SU(3)p triplet; State — lirrep, Y, I, I3)
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= hypercharge, I = Isospin

°
w
X
w
*
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8: These are the 3 pions, 4 kaons, 1,7

|u@ |I8,0,1,1);  Similarly other pions and kaons are also octets

Apply to two-body final states: Identical bosons — symmetrize

|PP), = (8 x 8)ym=1+8+27=236

sym
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The Hamiltonian under QCD

3—6
e H=), (0101 +CQOQ) — M ZCiO'
—— -

tree,(V—A)x (V—A) !

—

penguins

= = = E DA
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https://arxiv.org/pdf/hep-ph/9512380

The Hamiltonian under QCD

3—6
o H=X, (c101+05) — X > ciO;
~——— -
tree,(V—A)x (V—A) NI
penguins
o O = (BU)V—A(QQ)V—A, Oy = (l;q)V_A(ﬂu)V_A V =~#, A= ’y“’y5
1
o Ougy = Bav—a{ B0y u+ @Dy a+ Gy ) O
fo fa fa fa
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The Hamiltonian under QCD

3—6

o H=X, (c101+05) — X > ciO;

—— -

tree,(V—A)x (V—A) NI

penguins
o O = (BU)V—A(QQ)V—A, Oy = (bq)y—_aluu)y—a V =~#, A= 7“75
1

® Osts) = (Eg)VA{(mf)V@)A * (J?)VG)A * (Ef)"@“} oot Qo)

f2 fa fa fa

Sizes of WCs (u=my):  ¢1=1.139 ¢ =-0.307 ¢3=0.013
BBL, hep-ph/9512380 ¢4 = —0.030 5 = 0.009 g = —0.038
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The Hamiltonian under QCD and QED

3—6

o H=X, (101 +c20:) — N\ < E ciOi+ 707+ 308 + 909 + 1001
~—_—— - S——— ————
tree,(V—A)x (V—A) ——— EWP,(V-A)x(V+A) EWP,(V-A)x(V-A)

penguins
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https://arxiv.org/pdf/hep-ph/9512380

The Hamiltonian under QCD and QED

3—6

o H=X\, (c101+02) — X\ (Zcioi + 07 +c80g + 9Oy + 10019
— - — —
tree,(V—A)x (V—A) ——— EWP,(V-A)x(V+A) EWP,(V-A)x(V-A)

penguins

° Oyr) = (bil)VA{eu(U;j)v(;)A + ea( ?)V(I)A + eS(Si)V(I)A} f2:<—>>f4 Os(10)

f2 4 4 4
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The Hamiltonian under QCD and QED

3—6

o H=X, (101 +x0) — N\ (Zci@ + «O7+c0s + 0y + 1901
— - — —
tree,(V—A)x(V—A) ——— EWP,(V-A)x(V+A) EWP,(V-A)x(V-A)

penguins

° 09(7) = (bil)VA{eu( %LL)V(-HA +e d(dil)V(:)A + es(sf)V@)A} fjf4 08(10)

f2 fa fa f4

o Fortunately, e, = —2e4 = —2e;!

Sizes of WCs (u=my): ¢ =1.144 ¢ =—-0.308 ¢3=0.014
BBL, hep-ph/9512380 ¢4 = —0.030 ¢5 =0.009 ¢ = —0.038
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The Hamiltonian under QCD and QED

3—6

o H=X, (101 +x0) — N\ <Zci(9¢ + @O7+0g + O+ 1001
— - — —_—
tree,(V—A)x(V—=A) ——— EWP,(V-A)x(V+A) EWP,(V-A)x(V-A)

penguins

° 09(7) = (bil)VA{eu( ?)V(HA +e d(dil)V(:)A + es(Sf)V@)A} fjf4 OS(IO)

2 fa fa fa

o Fortunately, e, = —2e4 = —2e;!

Sizes of WCs (u=my): ¢ =1.144 ¢ =—-0.308 ¢3=0.014
BBL, hep-ph/9512380 ¢4 = —0.030 ¢5 =0.009 ¢ = —0.038

o EWPWGCs: ¢;=0045a ¢cg=0048 a c9g=-1.280ca ci190=0.328 «
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Counting parameters in group theory
e How to find independent RMEs in the decay amplitude = (B| H |PP)?
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https://arxiv.org/abs/hep-ph/9810482
https://arxiv.org/abs/hep-ph/9404283

Counting parameters in group theory
e How to find independent RMEs in the decay amplitude = (B| H |PP)?
o H=0(b— uuq)+ 00 —ttq) (¢=d,s):
A =VAV,, — (3*x3x39)=3"+6+15% AV =VviV, — 3
(EWP-tree relations, GPY, hep-ph/9810482)

o Final state: |[PP)_ = |1)+|8) + |27)

sym
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Counting parameters in group theory
e How to find independent RMEs in the decay amplitude = (B| H |PP)?
o H=0(b— uuq)+ 00 —ttq) (¢=d,s):
A =VAV,, — (3*x3x39)=3"+6+15% AV =VviV, — 3
(EWP-tree relations, GPY, hep-ph/9810482)

(B|H = (3|3* + 6 + 15*
— (1] + (835 + (8] + (1036 + (8] + (10°] + (2735
Final state: [PP), . = [1)+ [8) +[27)
Decay amplitude = (B| H |[PP) = C; (3|3*,6,15%|36), (GHLR, hep-ph/9404283)

C; contains SU(2) Clebsch-Gordan Coefficients and SU(3) isoscalar factors
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Counting parameters in group theory
e How to find independent RMEs in the decay amplitude = (B| H |PP)?
o H=0(b— uuq)+ 00 —ttq) (¢=d,s):
A =VAV,, — (3*x3x39)=3"+6+15% AV =VviV, — 3
(EWP-tree relations, GPY, hep-ph/9810482)

(B|H = (3|3* + 6 + 15*
— (1] + (835 + (8] + (1036 + (8] + (10°] + (2735
Final state: [PP), . = [1)+ [8) +[27)
Decay amplitude = (B| H |[PP) = C; (3|3*,6,15%|36), (GHLR, hep-ph/9404283)

C; contains SU(2) Clebsch-Gordan Coefficients and SU(3) isoscalar factors
o Independent RMEs: V3V, — 5, ViV, — 2
@ Each RME is a complex number: 7 independent RMEs = 13 real parameters
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EWP-Tree relations of GPY (see D. London’s talk)

3—6

e H=X, (c101+c202) — X\ ( E ciOi+ 707 +c308  + 9Oy + 10010
e e e - S—— N—————
tree,(V—A)x (V—A) e EWP,(V-A)X(V+A)  EWP,(V-A)x(V-A)

penguins
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https://arxiv.org/abs/hep-ph/0206312

EWP-Tree relations of GPY (see D. London’s talk)

3—6

e H=X, (c101+c209) — N\ (ZCZ‘OZ‘ + rO7+c808  + 90y + 10019
e e e - S—— N—————
tree,(V—A)x(V—A) —— EWP,(V-A)X(V+A) EWP,(V-A)x(V-A)

penguins

o O = (BU)V—A(QQ)V—A V =A#, A= ’y””y5

0 Oy = (bu)v_a(uq)y—a+ (bd)v—a(dg)v—a + (bs)v—a(5¢)v—a

o 010 =3 [3(bu)v_altiq)v—a — 5(bd)v_a(dg)v—a — 5(bs)v_a(5q)v—_4]
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https://arxiv.org/abs/hep-ph/0206312

EWP-Tree relations of GPY (see D. London’s talk)

3—6

e H=X, (c101+c02) — N\ <ZCZ‘OZ‘ + ¢O7+c80s + 909 + 10019
e e e - S—— N—————
tree,(V—A)x (V—A) —— EWP,(V-A)X(V+A) EWP,(V-A)x(V-A)

penguins

o O = (BU)V—A(QQ)V—A V =A#, A= ’y””y5

0 Oy = (bu)v_a(uq)y—a+ (bd)v—a(dg)v—a + (bs)v—a(5¢)v—a

o 010 =3 [3(bu)v_altiq)v—a — 5(bd)v_a(dg)v—a — 5(bs)v_a(5q)v—_4]

2010 =301 — 04 If (O4) =0, then 2(0yp) = 3(O)
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EWP-Tree relations of GPY (see D. London’s talk)

3—6

e H=X, (c101+c02) — N\ <Zci0¢ + 707 +cg08  + 9Oy + 10010
— - —_— —
tree,(V—A)x(V—A) —— EWP,(V-A)x(V+A) EWP,(V-A)x(V-A)

penguins

e O = (BU)V—A(QQ)V—A V =A#, A= ’y“’y5

0 Oy = (bu)v_a(uq)v—a+ (bd)v_a(dg)v—a+ (bs)y_a(5q)v—a

o 010 =3 [3(bu)v_altiq)v—a — 5(bd)v_a(dg)v—a — 5(bs)v_a(5q)v—_4]

2010 =301 — 04 If (O4) =0, then 2(0yp) = 3(O)

Similarly, one finds: 209 = 305 — O3 If (O3) =0, then 2(Oy) = 3(0,)

o EWP RMEs are not independent of Tree RMEs! G. Paz, hep-ph/0206312
March 24, 2026 15/33
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Implementing EWP-Tree relations

3—6

e H=X, (c101+c02) — N\ <Zci0¢ + 07+ cg0s + 909+ 10010
S— - — —
tree,(V—A)x(V—A) ——— EWP,(V-A)X(V+A) EWP,(V-A)x(V-A)
penguins
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https://arxiv.org/abs/hep-ph/9512380
https://link.springer.com/article/10.1007/BF01429835

Implementing EWP-Tree relations

3—6
o H=), (6101 + 6202) — M (ZCZOZ + 707 +cg0s  + c9Og + c10010
N - —_—— S —
tree,(V—A)x (V—A) <G EWP,(V-A)x(VH+A) EWP,(V-A)x(V-A)
penguins

o EWP W(Cs are « suppressed = much smaller than other WCs
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Implementing EWP-Tree relations

3—6

e H=X, (c101+c02) — N\ <Zci0i + 707 +cg08 + 9Oy + 10010
S— - — —
tree,(V—A)x(V—A) ——— EWP,(V-A)X(V+A)  EWP,(V-A)x(V-A)

penguins

o EWP W(Cs are « suppressed = much smaller than other WCs
@ c7,cg order of magnitude smaller than cg, c19 (BBL, hep-ph/9512380)
= lgnore O, Os; 034,56 have 3*: these do not lead to relations

o Identical RMEs from 6 and 15* in O; 2 and Og 19
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Implementing EWP-Tree relations

3—6

e H=X, (c101+c02) — N\ < g ciOi+ crO7+ g0+ c9Og + 10010
—_— - — —
tree,(V—A)x (V—A) < EWP,(V-A)x(V+A) EWP,(V-A)x(V-A)

penguins

o EWP W(Cs are « suppressed = much smaller than other WCs
@ c7,cg order of magnitude smaller than cg, c19 (BBL, hep-ph/9512380)
= Ignore O7, Og; 034,56 have 3*: these do not lead to relations
o Identical RMEs from 6 and 15* in O; 2 and Og 19
e RMEs: 3* — A,6 — R,15* — P: A}, AL Rl PJ. Pj. (¢ =d,s) (Zeppenfeld, 1981)

o EWP-tree relations: R} < RY, P! o PY, Pl o< P} < RME relations

Diagram relations — Prw ~ kT, PSy ~ xC, with k~ 1.4%
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https://arxiv.org/abs/hep-ph/9512380
https://link.springer.com/article/10.1007/BF01429835

B — PP decay amplitudes in SU(3)

/\‘(:') A£")
Decays c1, 02 C3, €4, C5, Cs, Co, €10 Co, C10

Ay | As | Rs ‘ Fs | Py B,y Bs Rs | Ps | Py

+ 0 + 3 1 33 23 3 3 93 63
BY = KK 0 =2 | -7 | 5 | % 0 - = |
BY = =%t | o 0 0 0 V6 0 0 0 0 | 3v6
B et | 0 | 2 | o2 |am|ag | o0 | 2 |_vE|_ags| o
0 -0 70 1 1 1 33 3 1 1 3 9+/3 3v3
B = KK \—sxz-7s|~w |5 | W ||z ~vE v il T
BY gt | L | L | L | _¥3| V3 1 1 = 3v3 | 2143
0 23 V15 N :_ 13/_ PIVE] V15 Vi :/_ lf:/_
r— + 1 2 23 3 1 2 643 33
AS=0B" = KKT o | -um| O 5| T || ave i CO e e v
s GRS U S (N G N W (N S €1V | N G G NN W 1V
26 V30 | V10 52 1042 26 V30 V10| 542 1042

B orms | 0 | || 1| o0 0 % = I
0 1 1 1l | _ WAl _aval||_ 1 1 3 |(_3v3|_ 9v3
Bn — Nsils 246 30 0| 5wz 10432 26 50 0 52 | 10y2
+ - 3 1 3 44/3 3 3 3v3 12v3

B, »a' K 0 \/5‘ Ve T\/ 3 0 7\; NE 5‘/ ‘z,/
0 0 70 3 1 3 36 3 3 343 96
By =7 K U v 0|~ 5v2 :/_ 0 —V10 _VF 52 T‘/_
0 -0 1 1 342 3 3 92
e 0 |-vsl v | —5A] s 0 VST v vl B
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B — PP decay amplitudes in SU(3)

A[uq.?
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All available B — PP data by transition

17 b — d (AS = 0) decays

17 b — s (AS = 1) decays

Decay

Bop

Cc

P

Scp

Decay

Bop

Ccp

Scp

Bt - KtK"
Bt —» ntx0

BT - 7t KO
Bt - 7K+

BY >t~

BY — 7970

BY —y KOR
B - KtK~—

ANSRNENENEN

BY > 7 K+t
BY — 70K0

BY - KtK~

ANENENENEN

BY - KK’

BY — K~
BY — K’

NSNS NSNS

\

BY — ntn—
BY — 7070

Bt — ntp)
BY — 70()

BO — iy
BY — 7077(’)

AN

/() ///

BT — Ktn)
BY — K%
BY — 790
B — np®)

AN NANANANANANA B

4

//

//

7 decays involve singlets

B Bhattacharya (LTU) Hadronic B decays
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B — PP data excluding n,n/
o AS =0: b — d transitions

e AS =1: b — 5 transitions
@ 15 measurements available @ 15 measurements available
@ 7 RMEs — 13 hadronic parameters °

o x2,,/dof =1.1/2; p ~ 0.6 good fit

7 RMEs — 13 hadronic parameters

o x2,,/dof =1.6/2; p ~ 0.4 good fit

Decay Bep | Cep | Scp Decay Bep | Cop | Scp
Bt KK | v v BY 5K | v /

Bt wntn® | v | / Bt Kt | v | v
BSKK | v | v | v BOSrKY | /| /
BOsate | v | v | v/ B K | v | v | /

B0 — 7070 ol v |7 BISK'K | 7 | 7/ | 7/

BY 5 KtK— v/ ? ? Bg—)KOFU % 7 7

B — 7 K- v v BY — ntn— v ? ?

B) - 'K’ ? ? ? BY — 7070 v ? ?

dof = #(observables) — #(real parameters)

B Bhattacharya (LTU) Hadronic B decays
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Combined B — PP data: the anomaly  (see Alex Jean's talk)

@ In 2311.18011 (PRL): fit the entire set of B — PP data
@ 30 observables, 26 parameters: fit gives |1/T,| =12+ 4

@ SU(3) hypothesis: 30 observables, 13 parameters: fit gives 2. /dof ~ 43/17 (3.50)

Fit with QCDf-inspired constraint |C'/T'| = 0.2

— AS =1 fit: x2,,/dof ~7/3, p~0.07
— AS =0 fit: x2,,/dof ~19/3, p~ 3 x 10~* or 3.60 away from SM SU(3) -

— Combined fit: x2,;,/dof ~ 56/18, p ~ 9 x 107° or 4.4 away from SM SU(3) r
@ Both fits find deviations in BY — KK~ observables
o Deviations also in BT — 70K+, BO = 7~ K+, 70K0, KOK"
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https://arxiv.org/abs/2311.18011

The anomaly using RMEs

x3/dof. =1.1/2 | ¥3/d.of. =1.6/2 | x?/d.o.f. =43/17

RMEs AS =0 AS=1 Full fit

Ayl 6.3+0.7 7249 5.1+0.6

|As| 4.65 + 0.25 44 + 4 2.7140.20

|Rs | 2.631+0.25 2.50£0.24 2.83 £0.14
|Ps | 1.00 £0.23 1.06 = 0.07 1.528 £ 0.010
|P,| 33+05 64 + 4 3.89 4 0.34
|B1| 0.65 1+ 0.26 0.8+3.3 0.60 +=0.23
|Bs| 2.62 £ 0.06 1.2+04 2.61 +£0.06

A factor of 10 breaking in parameters: |By|,|A1], |As|, | P27

(Table courtesy: Marianne Bouchard (UdeM))
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The anomaly including n, 7/

@ In 2505.11492 (PRD): also include 1,7’ final states
e Final state: |Pg) contains (3 7s, 4 K's, and ng) + |P1) (singlet part of 7s)

@ More measurables but also additional RMEs: (B| H |PsP1) (4 new), (B| H |P1Py) (2 new)

Independent RMEs: V3, V,, — 5+4=9, VgV, — 2+2=4

e Each RME is a complex number: 13 independent RMEs = 25 real parameters
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Include 1,7 in the final state

e AS =0: b — d transitions AS = 1: b — § transitions

o
@ 15 + 6 measurements available @ 15 4+ 8 measurements available
o

@ 11 RMEs — 21 hadronic parameters 11 RMEs — 21 hadronic parameters

® Xihin = 1.1 o x2. /dof = 1.5/2; p ~ 0.5 good fit
Decay Bep | Cep | Scp Decay Becp | Cop | Scp
BT — 1ty v v BT S5 KTy v/ /
BT waty | / v Bt S Kt | v/ v/
BY— 'y |/ B> K% | /
B =% | v BO5KY | v | v | v
BY — 7077 BY — 7%
Bg — KOHI Bg — 71'017’
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Include 1,7 in the final state

e AS =0: b — d transitions

@ 15 4+ 6 measurements available

@ 11 RMEs — 21 hadronic parameters

° X12nin =1.1

Decay

Ccp

Scp

BT — 7ty
Bt —

v
v

B — 70y
B — 70/

SRS ENRN
av]

BY — Fon
BY — Fon’

o Other data: Bgp in BY — nn, n'n/
e 4+ 2 data; + 2 RMEs; anin =1.1

AS = 1: b — 5 transitions

o

@ 15 + 8 measurements available

@ 11 RMEs — 21 hadronic parameters
o \2. /dof =1.5/2; p ~ 0.5 good fit
Decay Bcp | Cop | Scp

BT —-K™np | / v

BT K™ | / v

BY — K v

B - K% | v v v

BY — '

BY — 70y

o Other data: Bcp in BY — nn, ', n'n’
o + 3 data; + 2 RMEs; x2, /dof =2.4/1
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Joint AS =0 and AS =1 fit results

9 :
® Xi,, values from fits

Xmin/dof (p-value)

Type AS =0 AS=1 Combined
Without 7, 7/ 1.1/2 (0.6) | 1.5/2 (0.5) | 43/17 (5x10~%)
One nor 1/ 1.1 1.5/2 (0.5) | 56/23 (1 x 107%)
Including n and ' | 1.1 2.4/1(0.1) | 61/24 (5x107°)
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Joint AS =0 and AS =1 fit results

9 :
® Xi,, values from fits

Xonin/dof (p-value)
Type AS =0 AS=1 Combined
Without 7, 7/ 1.1/2 (0.6) | 1.5/2 (0.5) | 43/17 (5x10~%)
One nor 1/ 1.1 1.5/2 (0.5) | 56/23 (1 x 107%)
Including n and ' | 1.1 2.4/1(0.1) | 61/24 (5x107°)

@ Ratios of AS =1 and AS = 0 diagrams |D’/D|

Type IT7/T| T [C"/C| | full fit [C/T)|
Without 7, 7/ 1312 | 942 0.9+0.2 ||g,//€)’| _01'2i: Xspljg;d
Onenorn/ 13+£2 912 0.9+0.2 \D//D|_— 2 — 1000/F
Including n and 7/ | 1342 | 942 0.84+0.2 N '

SU(3) breaking
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Joint AS =0 and AS =1 fit results

9 :
® Xi,, values from fits

Xonin/dof (p-value)
Type AS =0 AS=1 Combined
Without 7, 7/ 1.1/2 (0.6) | 1.5/2 (0.5) | 43/17 (5x10~%)
One nor 1/ 1.1 1.5/2 (0.5) | 56/23 (1 x 107%)
Including n and ' | 1.1 2.4/1(0.1) | 61/24 (5x107°)

@ Ratios of AS =1 and AS = 0 diagrams |D’/D|

Type IT7/T| T [C"/C| | full fit [C/T)|
Without 7, 7/ 1312 | 942 0.9+0.2 ||g,//€)’| _01'2i: Xspljg;d
Onenorn/ 13+£2 912 0.9+0.2 \D//D|_— 2 — 1000/F
Including n and 7/ | 1342 | 942 0.84+0.2 N '

SU(3) breaking
@ ~ 1000% SU(3) breaking observed
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Effect of the EWP-tree relations

@ SU(3) is broken, but not a 1000% breaking (Burgos Marcos et al., 2025)
o EWP-tree relations reduce the number of parameters

@ 7 complex parameters with 3 EWP-tree relations

o Without EWP-tree relations there are 3 additional complex parameters

e Fits including additional parameters: x2,. ~ 32/15(p =6 x 1073)
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Effect of the EWP-tree relations

@ SU(3) is broken, but not a 1000% breaking (Burgos Marcos et al., 2025)
o EWP-tree relations reduce the number of parameters
@ 7 complex parameters with 3 EWP-tree relations
o Without EWP-tree relations there are 3 additional complex parameters
e Fits including additional parameters: x2, ~ 32/15(p =6 x 1073)
e Compare with fits including additional EWPs:

\Pgw‘ﬁt \Pgw|ﬁt ‘PEAW|ﬁt

fit values 2.33£0.02 2.37£0.02 2.20+0.12
expected values 0.0674+0.004 0.059+0.005 0.00040.001

o EWPs are too large when floated
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Origin of the EWP-tree relations

o Tree operators and EWP operators are related: O o(tree),O3_s(penguin),Og_10(EWP)
Og = (3/2)02 — (1/2)03  O19 = (3/2)01 — (1/2)O4

o Tree and EWP RMEs are related if penguins don’t contribute to an RME

@ SU(3) — Tree and EWP have 3*,6,15%, Penguins have 3*

@ So Tree and EWP RMEs for 6 and 15* are related
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Origin of the EWP-tree relations

o Tree operators and EWP operators are related: O o(tree),O3_s(penguin),Og_10(EWP)
Og = (3/2)02 — (1/2)03  O19 = (3/2)01 — (1/2)O4

o Tree and EWP RMEs are related if penguins don’t contribute to an RME

@ SU(3) — Tree and EWP have 3*,6,15%, Penguins have 3*

So Tree and EWP RMEs for 6 and 15* are related

Apply this to isospin: 2510.13969

o b— aiud and b — wus are different under isospin
~ ~
2X2x2 2x2x1

So expect different isospin EWP-tree relations!
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Application to the B — 7 isospin triangle & the CKM angle «

o b— tud transforms as 2 x2x2=2+2+4 (21 =1/2and 4 — [ = 3/2)
o 3 decays: V2A(Bt — nt71%) = A(B® — 7t717) + v2A(B? — 7970)

® 2 RMEs: A3y = (2| O3/ |1/2) and Ay /5 = (0] 012 |1/2)

@ 6 observables depend on 3 diagrams (5 parameters) + a (Gronau & London, 1990)

EWPs are suppressed, so no direct CP Asymmetry in Bt — 770
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Application to the B — 7 isospin triangle & the CKM angle «

o b— tud transforms as 2 x2x2=2+2+4 (21 =1/2and 4 — [ = 3/2)
3 decays: V2A(BT — 1770 = A(B® — nt17) + V2A(B° — 707Y)
2 RMEs: A3/2 = <2| 03/2 |1/2> and A1/2 = <0| 01/2 |1/2>

6 observables depend on 3 diagrams (5 parameters) + a (Gronau & London, 1990)

EWPs are suppressed, so no direct CP Asymmetry in Bt — 770

No contributions to A3/, from penguins = AQ/Q x Ag/Q

— EWP-tree relation (Neubert & Rosner, 1998)
o A(BT = ntn?) oc ViV, gAY 5 + VigViyAyy  — d(strong phase) = 0
@ Even in the presence of EWPs, under isospin, no direct CP-asymmetry in Bt — 770

e 7 isospin analysis works even when EWPs are included due to isospin EWP-tree relations
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The B — K system

o b— wus transforms as2x2=1+3 (1 —-I=0and 3 > [ =1)
o 4 decays: Bt — K%, Bt — Kt7% BY - K+n—, B = K%9; 1 isospin quadrangle
® 3RMEs: A5 =(1/2|00[1/2), A11/2 = (1/2]O1[1/2), A1 3,2 = (3/2[ O1|1/2)

@ 9 observables (4 xB, 4 x Acp, Scp in T°KY); 6 complex = 11 real parameters
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The B — K system

o b— wus transforms as2x2=1+3 (1 —-I=0and 3 > [ =1)

o 4 decays: Bt — K%, Bt — Kt7% BY - K+n—, B = K%9; 1 isospin quadrangle
® 3RMEs: A5 =(1/2|00[1/2), A11/2 = (1/2]O1[1/2), A1 3,2 = (3/2[ O1|1/2)

@ 9 observables (4 xB, 4 x Acp, Scp in T°KY); 6 complex = 11 real parameters

@ 2 EWP-tree relations from SU(3): Ppyy o< T, Pgw oc C' = 7 independent parameters

e Many fits in the literature: |C/T| large, new physics? B — K puzzle
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The B — K system

o b— wus transforms as2x2=1+3 (1 —-I=0and 3 > [ =1)

o 4 decays: Bt — K%, Bt — Kt7% BY - K+n—, B = K%9; 1 isospin quadrangle
® 3 RMEs: Ag /s = (1/2[ O [1/2), A1 12 = (1/2[O1[1/2) , Ay 3/ = (3/2] O1[1/2)

@ 9 observables (4 xB, 4 x Acp, Scp in T°KY); 6 complex = 11 real parameters

@ 2 EWP-tree relations from SU(3): Ppyy o< T, Pgw o (' = 7 independent parameters

e Many fits in the literature: |C/T| large, new physics? B — K puzzle

Relationship connecting observables: Gronau, 2005

Br—ALfs; B0+ AYL  2BT04%0 2300 400
onk = —— + s — T T oo II = phase space

o Sri o< Im [(Ppw + P&y )" (T + C) + (PhyC — PET)] =~ 0
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Applying isospin EWP-tree relations to B — K7

@ Diagrams in SU(3) contain information about all B — PP decays

@ SU(3) EWP-tree relations are derived using information beyond B — 7w, 7K
o SU(3) gives: Ppw + P&y, o< T + C (Neubert & Rosner, 1998)

@ lIsospin symmetry: penguins contribute only to Or—g

= 2 EWP-tree relations: A§73/2 0% Aqf73/2 and Atl’l/2 x A"f/z1

Neubert & Rosner new

@ Combine the EWP-tree relations: Pgy o< C' and PgW xT
o Consequence: d,x = 0 is exact in Isospin
Sxrc o Im [(Pew + Py )" (T + C) + (P C — Py T)]
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The effect of isospin EWP-tree relations on B — K fits

SU(3)r EWP-tree relations | B — 7K SU(2); EWP-tree relations
X2 /d.o.f. = 0.98/2 X2 /dotf =2.9/2

p-value = 0.61 p-value = .24

Parameter Best-fit value Best-fit value
|T| 59 £5 33+£13
|C| 62+£5 40 £ 10
| Pocl 65.1 + 1.0 38E5

| P, | 0.66 + 0.08 0.80 + 0.04

dc (182.7 £ 1.5)° (180.5 £ 1.2)°

op,. (182.43 + 0.19)° (175.6 £ 1.6)°

op,. (182.4 £ 0.6)° (356.3 + 2.0)°
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The effect of isospin EWP-tree relations on B — K fits

SU(3)p EWP-tree relations | B — wK SU(2); EWP-tree relations
X /dof. = 15.6/3 X2y /doof = 29.2/3
p-value = 1.3 x 1073 p-value = 2.0 x 1076
Parameter Best-fit value Best-fit value
|T| 10.0£1.1 34+5
| Pycl 2.2+2.9 2.1+25
| Py | 1.232 +£0.027 1.037 £ 0.023
oc (256.1 £ 17)° (36 +6)°
op,, (395 + 18)° (183 £ 12)°
op,. (346.1 + 3.4)° (185.2+0.9)°

We have assumed: |C/T'| = 0.2; Isospin fit is much worse
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Application to B — V'V

e Time dependent decay amplitudes for B — V'V can be written in terms of K, (t)

1
K(t) = 56_” [a,, cosh (AT'/2)t + b, sinh (AT'/2)t + ¢, cos Amt + d,, sin Amit]

e Each K,,(t) multiplies a specific angular function (see 1306.1911)

@ For certain angular modes one finds:

n K, (t) an cn

1 [Ao(t)[* [Aof* + [ Ao [Ao]* — [Ao[*

2 |4 (t)1* [Ay[> + |4y [Ay[* = A4y

3 AL [AL?+ AL [AL? AL
4 Re[4) (1) A5(0)] Rel A5 + 4 4] RelA; 45 — 4 Af]
5 Im[A (t)A5(t)] Tm[A; A — A, A Tm[A| Af + A, Aj)
6 Im[AL(t)A‘*‘(t)} Im[AiA‘*‘ — ALAH] Im[ALAﬁ + ALA‘*‘]

° Im[ALA"" - ALAH] is a CP-odd observable

e Compare across all SU(3)-related B — V'V decays — work in progress
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Summary and Outlook

e Hadronic B — PP decays appear to significantly deviate from SU(3) symmetry
e AS =0 and DeltaS =1 fit parameters largely disagree

@ EWP-tree relations in SU(3) play a key role

@ lIsospin must be applied to subsets of decays related by isospin

@ New isospin EWP-tree relation found in B — Km

@ Observable relationship in B — K exact under isospin

@ Isospin fits demonstrate increased tension

o Next steps: SU(3) breaking — Work in progress

o Challenges with application of Wigner-Eckart and large number of RMEs

o Future data on additional modes will pave the way
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Faculty: D. London (UdeM)

Support: US National Science Foundation (PHY-2310627)
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CP Violation in the SM: The CKM paradigm

The Cabibbo-Kobayashi-Maskawa matrix

(1/2 Physics Nobel 2008)

W
U W
7
VueL dy
N“’
c S
7
Ve a“
X
N W
7
VbL &y

B Bhattacharya (LTU)

Hadronic B decays

March 24, 2026

35/33


https://www.nobelprize.org/prizes/physics/2008/summary/

CP Violation in the SM: The CKM paradigm

The Cabibbo-Kobayashi-Maskawa matrix <M s Of — ul g o
(1/2 Physics Nobel 2008) o SMquarks & =g, ) Ro VR
. . . 1 =1,2,3 represent 3 generations
W W W
= = = wi (@ A# Vi, di
7 7 7 o W, \up 7" Vij ag
VueL ay Vus Sy Vub by
‘l\l* N'\- v\r\'
C CL Cy
7
Ve a“
X
N W
7
VbL Ay
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CP Violation in the SM: The CKM paradigm

The Cabibbo-Kobayashi-Maskawa matrix s O ut ; ;
(1/2 Physics Nobel 2008) ° SMquarks: @y = { g’ | » Ik Vg

1 =1,2,3 represent 3 generations
N-\-
W
7
VueL dy

w, W 7
V7 Vcs 5
w  \§ v

o Wi (WL YV d;)

‘ Vud Vus Vub dL

[~ (UL Cr, tL) V;d chs ‘/(:b SL
Via Vis Vi br

.
W t
7 7
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CP Violation in the SM: The CKM paradigm

The Cabibbo-Kobayashi-Maskawa matrix
(1/2 Physics Nobel 2008)

W
W
7
VueL dy
Wy N*
- 7 —
! Vs \s i’
us  \S, % W\,

.
W t
7 7

B Bhattacharya (LTU) Hadronic B decays

i
ur,

SM quarks: i: (dZ);)’ d’é, u%

1 =1,2,3 represent 3 generations

WJ (ULL v Vi d]L)

Vud Vus Vub
(ur cr tr) | Vea Ves Vi
Via Vis Vi

Unitary matrix: VIV =1

3% 3 unitary matrix: 4 parameters
3 real angles
1 complex phase (CPV)
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Measuring the CKM matrix

@ Decay rate o< |Viq|?

@ Factorizable current: hadron vs lepton
o QCD effects hidden in form factors
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Measuring the CKM matrix

@ Phase measurement tricky: need CPV

@ Decay rate o< |Viq|?

@ Factorizable current: hadron vs lepton
o QCD effects hidden in form factors
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Measuring the CKM matrix

Phase measurement tricky: need CPV
CPV from amplitude interference

Strong phases from quark rescattering

Non-factorizable effects important

@ Decay rate o< |Viq|?

@ Factorizable current: hadron vs lepton
o QCD effects hidden in form factors
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B — K Isospin vs SU(3)

o 4 decays: Bt — K%+, Bt - K*t7Y, BY - K+7n—, B — K%79;

Isospin quadrangle relationship: A% 4+ /2410 = A=+ 4 /2490

Isospin relation holds either way (isospin or SU(3)) = 3 independent RMEs

Isospin Hamiltonian: b — wus — I=0and I =1/2

K final state: 1/2x1=1/2+3/2

. t t t
3 (x2) isospin RMEs: Ag,l/w A11L,1/2’ A11L,3/2

@ Penguin operators are iso-singlets = I = 1 RMEs get EWP-Tree relations:

t — t _ . .
A1,1/2 - A11L71/2’ A173/2 = Aqf73/2- 2 re|at|ons

@ 4 remaining RMEs = 7 real parameters
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B — K Isospin vs SU(3)
o 4 decays: BT — K7+, BT - K*t7% B® » K+n—, B® - K%Y,
Isospin quadrangle relationship: A% 4+ /2410 = A=+ 4 /249
Isospin relation holds either way (isospin or SU(3)) = 3 independent RMEs
SU(3) Hamiltonian: b — wus  — 3i(4), 35(A), 6(R), 15*(P)
K final state: (8x8)sym = ++ 8 + 27
4 (x2) SU(3) RMEs: AY', Ry', P, Pyt
Penguin operators are SU(3) triplets = R, P RMEs get EWP-Tree relations:

t t_ t _ pu. :
Ry =Ry, F=PF, Py =P 3 relations

5 remaining RMEs = 9 real parameters = make approximations to go down to 7
Note: 15%(P) has both I =0 and I =1 components!
o Note: EWP-tree relations in SU(3) include effects of additional B — PP decays
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Data on AS = 0 decays

Decay Bep (x1079) Ccp Scp

Bt - KTK'| 1314014 | 0.0440.141

Bt - ntq0 5.5940.31 0.0084-0.035

B - KK’ 1.21+0.161 0.06+0.26 —1.08+0.49
BY — gtn— 5.154+0.19 | 0.311+ 0.030 | —0.666+ 0.029
BO — 7970 1.55+ 0.16 0.30+0.20

B - K*K~ | 0.080+0.015

B) — K~ 5.90708T | 0.22540.012

BY - K’

T data from the PDG
other data from HFLAV

B Bhattacharya (LTU) Hadronic B decays
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https://dx.doi.org/10.1093/ptep/ptac097
https://arxiv.org/abs/2206.07501

Data on AS =1 decays

Decay Bep (x1079) Ccp Scp
Bt - ntK? | 23.5240.72 —0.016+0.015
Bt - 'K+ 13.2040.46 0.02940.012
B 5 7 K+t 19.46+0.46 | —0.08364-0.0032

BY — K0 10.064-0.43 —0.0140.10 0.5740.17
B - KTK~ 26.613:2 —0.174£0.03 | 0.14-+0.03
BY - K'K° 17.443.1
BY — ntn 0.7201
BY — 7079 2.8+2.8*

* data from Belle
other data from HFLAV
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https://arxiv.org/abs/2301.08587
https://arxiv.org/abs/2206.07501

Fit results

7] C| X |A]
Fit 4.04+0.5 6.6 +0.7 34+4 6+5
AS=0 |PAuc| ‘Rﬁc| ’PAtC|
0.7+ 0.8 0.84+0.4 0.24+04
7] Ied || 4|
Fit 48 + 14 41 4+ 14 48 + 15 81 £+ 28
AS=1| [|PA,] P, |PA,|
7T+ 4 0.78 +0.16 0.24 4+ 0.04
7| C| Pl 4]
Fit 4.7+ 0.5 5.8+ 0.6 2.1+0.5 4.24+0.7
SU3)r |P Ay | Py |P Al
0.70+0.09 | 1.154+0.04 | 0.2144+0.018
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Electro-weak penguin operators

e EWP operators oc V3V

@ Operators of the type 3* x 8 = 3* + 6 + 15*

@ Reminder: tree operators also have 3* + 6 + 15*

o Resulting RMEs in (B| H |PP) of the type:
(3*|68),(3*|15*|8), and (3*| 15* |27)
Identical in trees and EWPs

@ This is the source of EWP-Tree relations

o Breaking EWP-Tree relations is effectively SU(3) breaking
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Weak-phase information from B decays with tree + loop
o A(B— f) = |a| + |ble’?e?® — T o |AJ?
AB — f)=|a| + [ble"*e?® — T oc|A?
— 4 parameters: 2 magnitudes (|al, |b]), 1 rel. strong phase (§), 1 rel. weak phase (¢)

r+T r-r .
Cep = —— (direct CP asymmetr
P =T ( y y)

@ 2 Observables: Bop =

2’
e For B — f with f = f additional observable Scp (indirect CP asymmetry)
_ A 2Im[A
B-mixing: |B),, .« =P |B) + q|B) with A = gA =Sy = mA

pA T T T IH R
o Information about ¢/p comes from B — B mixing (independent source)

o For B,, additional observable AT = ff)\[r;] (since AT is sizable)
1— AP - 2 AT\2
e Ccp = TTE = Identity: (Ccp)? + (Scp)? + (421)2 =1 (LHCb)
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Motivation: Study Weak Interactions

@ Direct measurement of ~y
- GLW, ADS, GGSZ methods

@ Theoretically clean, but statistics limited

o Theoretically clean =
» more observables than parameters

» obtain v from fits

» no theory input for hadronic parameters

o Limited experimental precision

» Current Ay ~ 7° (LHCb-CONF-2022-003)

» Long term LHCb target Ay ~ 1 —2°

«w

L =
K;‘
-

* [
Vch Vus

BT B> K
Only tree diagrams interfere in the SM
Highly-suppressed loop (box diagrams)
Brod and Zupan (2013)
@ Unitarity triangle: y=nm—a — 0
o Additional methods? Include loops

@ Crosschecks of the CKM paradigm
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https://arxiv.org/abs/1308.5663

Weak-phase info using U-spin

@ R. Fleischer, hep-ph/9903456 (Phys. Lett. B 459 (1999) 306)

@ 4 observables in B, -+ KTK~ and By — 777~ : Ckk,Ski,Crr, Srn

lg/p| =~ 1 for Bé”s (can check from semileptonic B decays);
arg(qs/ps) ~ 20s — from By — J/U¢

e Hadronic parameters same for both decays: (|b/a|,d) < 2 parameters

Weak decay parameters: v, 84 < Up to 2 parameters

Crr, Cx ki, Sk sufficient to determine v 4+ 2 hadronic parameters

Use S to also get 54

o Data unavailable at the time

The strategies proposed in this paper are very interesting for “second-generation” B-
physics experiments performed at hadron machines, for example LHCh, where the very
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Recent LHCb measurement and theory progress

o LHCb measurement of CP Asymmetriesin Byy) — KK~ (n"7~): 1805.06759, 2012.05319
@ Theory investigation of U-spin: Nir, Savoray, and Viernik, 2201.03573

o Ok =0.172£0.031, Skx =0.139£0.032, Crr = —0.32£0.04, Srr = —0.644+0.04

Use B4 (Bq — J/\IIKs)v Bs (Bs — ']/\I“b): v (B — DK)

@ Find hadronic parameters for both decays = test U-spin
b . . 10+
bs/as| = 1.07, |as/aq| = 1.26  ~ 30% U-spin breaking =
|ba/adl

O(ms/Aqcp) ~ 30%, fr/fr — 1 ~ 20%

Result: NP + different orders of breaking at play L e e . ——. ]
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Is that it for U-Spin?

@ What about other U-spin related decays? BB with others, 2211.06994

e Consider U-spin SU(2) subgroup of flavor SU(3)
— quark doublet: (d, s); — antiquark doublet: (5, —d)
— meson doublets: (77, K~), (K*,7T), (BY,BY)

o Initial state: B doublet; Final state: DoubletxDoublet = Singlet(0) + Triplet(1)
@ 6 decays possible: 3 decays each AS =0(b — d),1(b — s); 4 U-spin RMEs

Decay Representation Bcp Ccp  Scp
BY) = rtr M+ My ~100 v v
BY = KtK~ M?—-M/? ~10% 7 7
BY K~ oM ~107° v
BY = KtK— MP+M)” ~107° v v
BY — ntn— Mlls/2 — Més/Q ~ 1077 7 ?
BY — K+t~ 2 MIP ~1070 v

e Each M;,}f has two parts

1/2 * *
o My)? = VAV, T% + ViV, Pr
@ 12 measurements

@ 4 yet to be measured

@ 2 amplitude triangles:
atn” + KTK™ =71K
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Hints of U-spin breaking

e AS=0=q=d, AS=1=qg=s
— 7 hadronic parameters < T/, P/ with z = 0,1
— 6 measurements available X

— 2 future measurements = ~ can be extracted with 3, from independent source

@ Apply U-spin! = 8 parameters (v + 7 hadronic for both AS =0, 1); 12 measurements v/
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Hints of U-spin breaking

e AS=0=¢q=d, AS=1=qg=s

— 7 hadronic parameters < T/, P/ with z = 0,1

— 6 measurements available X

— 2 future measurements = ~ can be extracted with 3, from independent source

@ Apply U-spin! = 8 parameters (v + 7 hadronic for both AS =0, 1); 12 measurements v/

o Bad Fit! 2, =17.8 for 4 dof. v = (67.6 & 3.4)° close to YVdirect

| CepBipFis _
CEpBLpFis

o ABBY - ntn )~ ABY = 7T K™)

o ABB - KTK™) =~ A(BY — n~KT)

@ U-spin relation(s):

B Bhattacharya (LTU) Hadronic B decays

AS =0 AS =1 Relation
BY —»ntr~ | Bl - KTK~ | 2.90+£0.69 | v/
B 5 7tK~ | B —»n Kt | 1.21£0.25 | /
BY - atK~ [ BY - KTK~ [ 3.43+£091 | X
BY —7rtn~ | B =7 KT | 1.0640.42 | X
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