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The Standard Model and beyond

The Standard Model is incomplete!

Dark Matter/Dark energy
Baryon-asymmetry problem
May require new particles/symmetry

New physics may be beyond energy
frontier reach

Puzzles/Anomalies
→ SM prediction ̸= Expt.
Intensity frontier ⇔ Energy frontier
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Puzzles in Hadronic B decays

U-spin puzzle

B → Kπ puzzle

B → Kππ puzzle?
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Status of direct measurement of γ
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Weak-phase information from tree-level B decays
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Weak-phase information from B decays with tree + loop

A(B → f) = |a|+ |b|eiϕeiδ → Γ ∝ |A|2

Ā(B̄ → f̄) = |a|+ |b|e−iϕeiδ → Γ̄ ∝ |Ā|2

� 4 parameters: 2 magnitudes (|a|, |b|), 1 rel. strong phase (δ), 1 rel. weak phase (ϕ)

2 Observables: BCP =
Γ + Γ̄

2ΓB
, CCP =

Γ− Γ̄

Γ + Γ̄
(direct CP asymmetry)

For B0 → f with f = f̄ additional observable SCP (indirect CP asymmetry)

B-mixing: |B⟩mass = p |B⟩+ q
∣∣B̄〉

with λ =
q

p

Ā
A ⇒ Sf =

2Im[λ]

1 + |λ|2
Information about q/p comes from B − B̄ mixing (independent source)

For Bs, additional observable A∆Γ =
−2Re[λ]
1 + |λ|2 (since ∆Γs is sizable)

CCP =
1− |λ|2
1 + |λ|2 ⇒ Identity: (CCP)

2 + (SCP)
2 + (A∆Γ)2 = 1 (LHCb:0.85±0.16)
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Ā
A ⇒ Sf =

2Im[λ]

1 + |λ|2
Information about q/p comes from B − B̄ mixing (independent source)

For Bs, additional observable A∆Γ =
−2Re[λ]
1 + |λ|2 (since ∆Γs is sizable)

CCP =
1− |λ|2
1 + |λ|2 ⇒ Identity: (CCP)

2 + (SCP)
2 + (A∆Γ)2 = 1 (LHCb:0.85±0.16)

B Bhattacharya (LTU) Select puzzles from B decays April 20, 2023 6 / 43



U-spin in hadronic B decays

B0
d → π+π− B0

s → K+K−
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Weak-phase info using U-spin

R. Fleischer, hep-ph/9903456: Compare Bs → K+K− with Bd → π+π−

4 observables: CKK , SKK , Cππ, Sππ

|q/p| ≈ 1 for B0
d,s (can check from semileptonic B decays);

arg(qs/ps) ≈ 2βs → from Bs → J/Ψϕ

Hadronic parameters same for both decays: (|b/a|, δ) ← 2 parameters

Weak decay parameters: γ, βd ← Up to 2 parameters

Cππ, CKK , SKK su�cient to determine γ + 2 hadronic parameters

Use Sππ to also get βd

Data unavailable at the time
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Measurement from LHCb and theory progress

LHCb measurement of CP Asymmetries inBs(d) → K+K−(π+π−): 1805.06759, 2012.05319

Theory investigation of U-spin: Nir, Savoray, and Viernik, 2201.03573

CKK = 0.172± 0.031, SKK = 0.139± 0.032, Cππ = −0.32± 0.04, Sππ = −0.64± 0.04

Use βd (Bd → J/ΨKs), βs (Bs → J/Psiϕ)

γ (B → DK)

Find hadronic parameters for both decays

→ test U-spin

|bs/as|
|bd/ad|

= 1.07, |as/ad| = 1.26

→ (0 - 30%) U-spin breaking

(O(ms/ΛQCD) ∼ 30%, fK/fπ − 1 ∼ 20%)

Result: NP + di�erent orders of breaking at play
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Other U-spin related decays

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

Consider U-spin SU(2) subgroup of �avor SU(3)

→ quark doublet: (d, s); → antiquark doublet: (s̄,−d̄);
→ meson doublets: (π−,K−), (K+, π+), (B0

d , B
0
s )

Initial state: B doublet; Final state: Doublet×Doublet = Singlet(0) + Triplet(1)

6 decays possible: 3 decays each ∆S = 0(b→ d), 1(b→ s); 4 U-spin RMEs

Decay Representation BCP CCP SCP

B0
d → π+π− M

1/2
1d +M

1/2
0d ∼ 10−6 ✓ ✓

B0
d → K+K− M

1/2
1d −M

1/2
0d ∼ 10−8 ? ?

B0
s → π+K− 2 M

1/2
1d ∼ 10−6 ✓

B0
s → K+K− M

1/2
1s +M

1/2
0s ∼ 10−5 ✓ ✓

B0
s → π+π− M

1/2
1s −M

1/2
0s ∼ 10−7 ? ?

B0
d → K+π− 2 M

1/2
1s ∼ 10−5 ✓

Each M
1/2
xq has two parts

M
1/2
xq = V ∗

ubVuqT
x
q + V ∗

cbVcqP
x
q

12 measurements

4 yet to be measured

2 amplitude triangles:
π+π− +K+K− = πK
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Hints of U-spin breaking

∆S = 0⇒ q = d, ∆S = 1⇒ q = s

→ 7 hadronic parameters ← T xq , P
x
q with x = 0, 1

→ 6 measurements available ✗

→ 2 future measurements ⇒ γ can be extracted with βq from independent source

Apply U-spin! ⇒ 8 parameters (γ + 7 hadronic for both ∆S = 0, 1); 12 measurements ✓

Bad Fit! χ2
min = 17.8 for 4 dof. γ = (67.6± 3.4)◦ close to γdirect

U-spin relation(s): −Cs
CPBsCPΓs

Cd
CPBdCPΓd

= 1

A(B0
d → π+π−) ≈ A(B0

s → π+K−)

A(B0
s → K+K−) ≈ A(B0

d → π−K+)
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B0
d → π+π− B0
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B0
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The U-spin puzzle
A(B0

d → π+π−) ≲ A(B0
s → π+K−): δA ∼ (5± 8)%, δĀ ∼ (15± 9)%

A(B0
s → K+K−) ≲ A(B0

d → π−K+): δA ∼ (11± 6)%, δĀ ∼ (19± 5)%

Next-step: include U-spin breaking → Y x
s /Y

x
d = 1 + |yx| eiδyx , Y = T, P, x = 0, 1

U-spin triangle: A1 +A2 = (1 +X)A3 ← 23 + 1 = 9 additional parameters!✗

Situation: 12 observables available, enforce γ ≈ γtree

⇒ 7 hadronic parameters at U-spin limit ✓

Can solve for up to 5 additional parameters: ∞ combinations � try a large sample ✓

Also test hypothesis γ1 in ∆S = 1 is di�erent from γ in ∆S = 0

Results: |t0| ∼ O(100%), δt0 ̸= 0 needed; Other |yx| and |X| small

γ1 ̸= γ preferred when γ1 is included in �ts

|t0| eiδt0 =
T 0
s

T 0
d

− 1 M
1/2
0q = V ∗

ubVuqT
0
q + V ∗

cbVcqP
0
q ← U-spin puzzle
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Summary and other contemporary puzzles

Reasonably sized U-spin breaking + NP ↔ B0
d → π+π−, B0

s → K+K−

Sizable U-spin breaking needed to explain 6 U-spin related B0
d,s → DD (D = Doublet)

Puzzles seem to involve B0
s → K+K− → need unusually large T 0

s /T
0
d

Comparable with U-spin breaking in D decays ∼ 173% Schacht, 2207.08539

Rss
KK =

Γ(Bs → K0K̄0)

Γ(Bs → K+K−)
∼ 66% expected≳ 1 Amhis et al., 2212.03874
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B → Kπ: The puzzle in short

* Amplitudes: A = A1 +A2 e
iϕ eiδ and Ā = A1 +A2 e

−iϕ eiδ

⇒ CP Asymmetry: ACP =
|Ā|2 − |A|2
|Ā|2 + |A|2 ∝ sin(ϕ) sin(δ)

* Consider processes:

B+ → π0K+ A0+ = − T ′ eiγ + P ′
tc − P ′

EW (P ′
EW ∝ T ′)

B0
d → π−K+ A−+ = − T ′ eiγ + P ′

tc

⇒ ACP(B
+ → π0K+) = ACP(B

0
d → π−K+) in Theory!

* Experiment:

A0+
CP = 0.025± 0.016 2012.12789

A−+
CP = −0.084± 0.004 1805.06759 ∼ 6.5σ discrepancy!
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B → Kπ: The puzzle

4 B → Kπ processes with 9 observables

Decay BR ACP SCP

B+ → π+K0 ✓ ✓
B+ → π0K+ ✓ ✓
B0
d → π−K+ ✓ ✓

B0
d → π0K0 ✓ ✓ ✓

Fit with several theory parameters (usually) results in a bad �t.
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The B → Kπ puzzle: A solution (2104.03947)!

* Consider an ALP (2104.03947):

L ⊃ − i
∑

f=u,d,l

ηf
mf

fa
f̄γ5fa+ . . .

→ ma ≃ mπ0 and ALP promptly decays to γγ

→ Mixes with the π0: |a⟩ = sin θ
∣∣π0

〉
phys

+ cos θ |a⟩phys
→ B → Kπ0 processes get new contribution: A = |A|eiπ/2√

2A0+ = . . .+A;
√
2A00 = . . .+A

→ Leads to a good �t with |A| ∼ P ′
EW

→ Constraint from B → Ka (B → K + invis):
B ∼ 10−5 ⇒ sin θ ∼ 0.1 � 0.2

* Work in progress: How to detect an ALP with mass close to mπ0 in other �avor processes.
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3-body B Decays: Fully-symmetric state
A result

γ from three-body decays

3-body final state under SU(3) : B → Kππ,KKK

→ 6 final state symmetries : permutations of 3 particles

Fully-symmetric state (Rey-Le Lorier, London, 1109.0881)

→ More observables than unknowns ⇒ γ can be extracted

→ BB, Imbeault, London, 1303.0846

0 50 100 150 200 250 300 350
0

20

40

60

80

100

Γ Hin degreesL

-
2
D

ln
L → SM-like : 77◦

→ 32◦, 259◦, 315◦

Kππ −KKK puzzle ?

David London’s talk in this session!

Group theory analysis : I-spin, U-spin, SU(3) relations

→ BB, Gronau, Imbeault, London, Rosner, 1402.2909

Bhubanjyoti Bhattacharya (UdeM) Multi-body decays & flavor symmetries July 30, 2015 2 / 13

BB with others, 1303.0846

Updated: Bertholet et al.,
1812.06194

N Dalitz points
⇒ 8N hadronic parameters + γ

11N observables
⇒ γ can be extracted
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3-body B Decays: Fully-antisymmetric state
* Work in progress with undergraduate student

✓ Find �avor-SU(3) representations of ⟨B|H |PPP ⟩FA
B → (P1P2P3)FA with |P1P2P3⟩ = − |P2P1P3⟩.

→ Find reduced set of SU(3) amplitudes

→ Establish γ extraction method

→ γFS ̸= γFA

→ B → Kππ puzzle?
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Hadronic B puzzles: Summary

Emerging cracks in the fabric of �avor symmetries

Is it simply a lack of understanding of QCD?

Is it new physics?

Era of precision physics � lots of data from Belle II and LHCb

Time will tell if SM can stand its ground

Future is bright with many areas to explore
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Puzzles in Semileptonic B decays

RK(∗)

RD(∗)

∆AFB and other angular observables
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Semileptonic B decays in the Standard Model

Decay amplitudes may factorize into hadronic and leptonic parts

Mediated by EW gauge bosons � W±, Z0, γ

Charged current

b

u, c

ℓ-

ν

Tree level; Eg. B → D(∗)ℓ−ν̄

CKM suppressed (λ ∼ 0.2)
∝ Vcb ∼ λ2

∝ Vub ∼ λ3

Neutral current

b

s, d

ℓ-

ℓ+

Loop level; Eg. B → K(∗)ℓ−ℓ+

GIM + CKM Suppression
∝ V ∗

tbVts ∼ λ2

Enhancement from top-quark in loop

Ideal for measuring SM parameters (CKM elements)

Deviations may lead to New Physics discoveries

B Bhattacharya (LTU) Select puzzles from B decays April 20, 2023 21 / 43



Lepton-�avor Universality and Violation

ν = νe, νμ, ντ

ℓ- = e-, μ-, τ-

W- ∝ L

ℓ+ = e+, μ+, τ+

ℓ- = e-, μ-, τ-

Z0/γ0 ∝ 

ν = νe, νμ, ντ

ν = νe, νμ, ντ

Z0 ∝ ν

ℓ

ℓ

s ∝ mℓ

W±, Z0, γ couplings are same for e, µ, τ

SM Gauge couplings are lepton-�avor universal (LFU)

Departure from LFU can be a signature of new physics
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Signatures of LFUV and New Physics

Experimental measurement

B(B → K(∗)ℓ−ℓ+)exp = BLeading Order
SM (1 + O(αs) )

Leading order result in the Standard Model

Hadronic corrections

∆B = Bexp − BSM; Non-zero value could be due to QCD e�ects

Hadronic uncertainties cancel in ratio between lepton �avors

B(B → Kµ−µ+)

B(B → Ke−e+)

∣∣∣∣
exp

=
B(B → Kµ−µ+)

B(B → Ke−e+)

∣∣∣∣
SM ��

���
��(1 +O(αs))

(1 +O(αs))

Rexp
K RSM

K ∼ 1 Hadronic uncertainties cancel
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Ratio anomalies I: RK

0.5 1 1.5
KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

-1LHCb 5 fb
4c/2 < 6.0 GeV2q1.1 < 

-1LHCb 3 fb
4c/2 < 6.0 GeV2q1.0 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 

RK =

q2max∫
q2min

B(B → Kµ−µ+)

dq2
dq2

q2max∫
q2min

B(B → Ke−e+)

dq2
dq2

q2 = (pµ+ + pµ−)
2

Results from 2103.11769(LHCb) (Nature Physics)

SM result R
[1−6]GeV2

K = 1± 0.01 � clean! (Bordone et al., 1605.07633)
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Ratio anomalies I: RK(∗)

RK low-q2 RK central-q2 RK∗ low-q2 RK∗ central-q2

0.6

0.8

1.0

1.2

1.4

R
K
,K
∗

χ2 = 1.6, p = 0.812, σ = 0.2

RK low-q2 = 0.994+0.094
−0.087

RK central-q2 = 0.949+0.048
−0.047

RK∗ low-q2 = 0.927+0.099
−0.093

RK∗ central-q2 = 1.027+0.077
−0.073

LHCb

9 fb-1

Data
SM

Latest results from 2212.09153(LHCb)

Same dataset � systematic shift due to im-
proved understanding of background

low-q2: [0.1�1.1] GeV2

central-q2: [1.1�6.0] GeV2
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Many more observables

−5 −4 −3 −2 −1 0 1 2 3 4 5
Pull in σ

P ′5 [2.5, 4]

P ′5 [4, 6]

B(B+ → K+µ+µ−) [1.1, 6]

B(B+ → K+e+e−) [1.1, 6]

B(B0
s → φµ+µ−) [1.1, 6]

B(B0
s → µ+µ−)

B(B0 → µ+µ−)

Muon g − 2

RK [0.1, 1.1]

RK [1.1, 6.0]

RK0
S

[1.1, 6.0]

RK∗0 [0.1, 1.1]

RK∗0 [1.1, 6.0]

RK∗+ [0.045, 6.0]

RpK [0.1, 6]

R(D)

R(D∗)

R(J/ψ)

R(Λ+
c )

B(B+ → τ+ν)

patrick.koppenburg@cern.ch 2023-03-22

From Flavor Anomalies blog
by P. Koppenburg (LHCb)

δ2expt. + δ2th normalized to 1

SM in Orange shifted so central value is 0

Expt. in Blue shows number of σ from SM

2023 APS April Meeting talk by B. Kiburg
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Ratio anomalies II: RD

0.2 0.4
R(D)

BaBar 2012, had. tag
 0.042± 0.058 ±0.440 

Belle 2015, had. tag
 0.026± 0.064 ±0.375 

Belle 2019, sl. tag
 0.016± 0.037 ±0.307 

LHCb 2022
 0.066± 0.060 ±0.441 

Average 
 0.029±0.356 

SM Average 
 0.004±0.298 

PRD 94 (2016) 094008 
 0.003±0.299 

PRD 95 (2017) 115008 
 0.003±0.299 

JHEP 1712 (2017) 060 
 0.004±0.299 

EPJC 80 (2020) 2, 74  
 0.003±0.297 

PRD 105 (2022) 034503  
 0.008±0.296 

FNAL/MILC (2015) 
 0.011±0.299 

HPQCD (2015) 
 0.008±0.300 HFLAV

Prelim. 2023

RD =
B(B → Dτ−ν̄)

B(B → Dℓ−ν̄)

SM Value: 0.298±0.004
Heavy Flavor Averaging Group

World Average measurement: 0.356±0.029
Roughly 2.0σ deviation
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Ratio anomalies III: RD∗

0.2 0.3
R(D*)

BaBar 2012, had. tag
 0.018± 0.024 ±0.332 

Belle 2015, had. tag
 0.015± 0.038 ±0.293 

Belle 2017, (hadronic tau)
 0.027± 0.035 ±0.270 

LHCb 2023, (hadronic tau)
 0.018± 0.012 ±0.257 

Belle 2019, sl.tag
 0.014± 0.018 ±0.283 

LHCb 2022 
 0.024± 0.018 ±0.281 

Average 
 0.013±0.284 

SM Average 
 0.005±0.254 

PRD 95 (2017) 115008 
 0.003±0.257 

JHEP 1712 (2017) 060 
 0.005±0.257 

PLB 795 (2019) 386 
 0.007±0.254 

PRL 123 (2019) 9,091801 
 0.005±0.253 

EPJC 80 (2020) 2, 74 
 0.006±0.247 

EPJC 82(2022) 12,1141 
 0.013±0.265 HFLAV

Prelim. 2023

RD∗ =
B(B → D∗τ−ν̄)

B(B → D∗ℓ−ν̄)

SM Value: 0.254±0.005
Heavy Flavor Averaging Group

World Average measurement: 0.284±0.013
Roughly 2.2σ deviation
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RD and RD∗ combined

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
R(D)

0.2

0.25

0.3

0.35

0.4

R
(D

*)

HFLAV SM Prediction
 0.004±R(D) = 0.298 
 0.005±R(D*) = 0.254 

 = 1.0 contours2χ∆

World Average
total 0.029±R(D) = 0.356 

total 0.013±R(D*) = 0.284 
 = -0.37ρ

) = 25%2χP(

HFLAV

PRELIMINARY

σ3

LHCb22LHCb23

Belle17

Belle19

Belle15
BaBar12

Average

PRD 94 (2016) 094008
PRD 95 (2017) 115008
JHEP 1712 (2017) 060
PLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 2, 74
PRD 105 (2022) 034503

HFLAV

2021

HFLAV
Prelim. 2023

Heavy Flavor Averaging Group
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New anomaly: ∆AFB

∆AFB(B → D∗ℓ−ν̄) = AFB(B → D∗µ−ν̄)−AFB(B → D∗e−ν̄)

-0.02

0.00

0.02

0.04

Bobeth et al. 2104.02094 ∼ 4σ > SM

Data from 1809.03210 (Belle 0.71 ab−1)

AµFB = 0.198± 0.012
AeFB = 0.204± 0.012

ForwardBackward

-1.0 -0.5 0.0 0.5 1.0
0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

π

π

2 0

Cos(θ)

dℬ
dC
os

(θ
)

θ

SM e-

SM μ-

AFB =
NF −NB

NF +NB

q2 cuts to remove threshold e�ects

∆AFB ∼ (3.5± 0.9)%
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New-physics models

TeV-scale new physics should respect electro-weak symmetry

Relatively small couplings to �rst and second generation fermions

→ No new particle seen in direct processes at colliders

New vector bosons (Z ′)

Q3

Q3

V

L3

L3

Couples to quarks and leptons

Dimension-4 couplings

(Q̄γµQ+ L̄γµL)Vµ

Quite constrained (BB with others, 1609.09078)

Leptoquarks

Q3

Q3

LQ L3

L3

Six types: Lorentz Scalar/Vector
SU(2) Singlet/Doublet/Triplet

Fermion number conserving/violating

Possible to embed in uni�cation models
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E�ective �eld theory approach

Consider all possible dimension d = 6 four-fermion operators

Heff = − 4GF√
2

fEW
∑
i

Ci Oi

b→ sℓ+ℓ−, Neutral Current

Eg. C9 → (s̄Lγ
µbL)(ℓ̄γµℓ)

SM: C7 ∼ −0.3, C9 = −C10 ∼ 4

Several NP WC's: C ′
7, C

′
9, C

′
10, C

(′)
S , . . .

A NP solution: δCµ
9 = −δCµ

10 ∼ −0.4
(Altmannshofer and Stangl, 2103.13370)

LFU NP scenario favored since RK ∼ 1

For O(1) couplings ΛNP ∼ 50 TeV

b→ cℓ−ν̄, Charged Current

Eg. gL → (ḡLγ
µbL)(ℓ̄LγµνL)

SM: gL = 1 only non-zero WC

NP solution: gµL, g
µ
R ∼ 0.1 for ∆AFB

(BB with others, 2206.11283)

For O(1) couplings ΛNP ∼ 3 TeV

RD(∗) anomalies require similar gτL
(Murgui et al., 1904.09311)

Simultaneous explanation possible with TeV scale NP � BB with others, 1412.7164
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Beyond ratio anomalies

θ*

θℓ

χ

B
ν
-

ℓ-

D

π

x

y

z

Multiple measurements + corroborating
information to pinpoint NP

B → Dℓν phase space has two kinematic

parameters � q2 , θℓ (Be£irevi¢ et al.)

B → D∗ℓν phase space has four kinematic

parameters � q2, θ∗, θℓ, χ

B → D∗τν, τ → πν phase space
has four measurable kinematic parameters:
q2, θ∗, θπ, χπ � BB with others, 2005.03032

B Bhattacharya (LTU) Select puzzles from B decays April 20, 2023 33 / 43

https://arxiv.org/abs/1602.03030
https://arxiv.org/abs/2005.03032


Beyond ratio anomalies

θ*

B D

x
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Event distribution as a function of q2: B → Dτ−ν̄

2 4 6 8 10 12
0.00

0.05

0.10

0.15

0.20

q2 (GeV)

dℬ
/d
q2

P
D
F

SM

VL

VR

S

T

B → Dτ−ν̄ di�erential decay rate vs. q2

Relevant NP couplings:

VL (c̄Lγ
µbL)(ℓ̄LγµνL)

VR (c̄Rγ
µbR)(ℓ̄LγµνL)

S (c̄LbR + c̄RbL)(ℓ̄RνL)
T (c̄Rσ

µνbL)(ℓ̄RσµννL)

gNP
i = 1 in �gure

exaggerated for visibility

Form factors and errors from

Sakaki et al. 1309.0301

gNP
i = 0.1

Tough to distinguish
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Event distribution as a function of q2: B → Dτ−ν̄

2 4 6 8 10 12
0.00

0.05

0.10

0.15

0.20

q2 (GeV)

dℬ
/d
q2

P
D
F

SM

VL

VR

S

T

B → Dτ−ν̄ di�erential decay rate vs. q2

Relevant NP couplings:

VL (c̄Lγ
µbL)(ℓ̄LγµνL)

VR (c̄Rγ
µbR)(ℓ̄LγµνL)

S (c̄LbR + c̄RbL)(ℓ̄RνL)
T (c̄Rσ

µνbL)(ℓ̄RσµννL)

gNP
i = 1 in �gure

exaggerated for visibility

Form factors and errors from

Sakaki et al. 1309.0301

gNP
i = 0.1

Tough to distinguish

B Bhattacharya (LTU) Select puzzles from B decays April 20, 2023 34 / 43

https://arxiv.org/abs/1309.0301


Event distribution as a function of q2: B → Dτ−ν̄

2 4 6 8 10 12
0.00

0.05

0.10

0.15

0.20

q2 (GeV)

dℬ
/d
q2

P
D
F

SM

VL

VR

S

T

B → Dτ−ν̄ di�erential decay rate vs. q2

Relevant NP couplings:

VL (c̄Lγ
µbL)(ℓ̄LγµνL)

VR (c̄Rγ
µbR)(ℓ̄LγµνL)

S (c̄LbR + c̄RbL)(ℓ̄RνL)
T (c̄Rσ

µνbL)(ℓ̄RσµννL)

gNP
i = 1 in �gure

exaggerated for visibility

Form factors and errors from

Sakaki et al. 1309.0301

gNP
i = 0.1

Tough to distinguish

B Bhattacharya (LTU) Select puzzles from B decays April 20, 2023 34 / 43

https://arxiv.org/abs/1309.0301


Event distribution as a function of q2: B → D∗τ−ν̄
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Other distributions for B → D∗µ−ν̄
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2206.11283, BB with T. Browder, Q. Campagna, A. Datta, S. Dubey, L. Mukherjee, and A. Sibidanov
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Back to forward-backward asymmetry

CLN HQET (3/2/1) HQET (2/1/0) BGL
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For q2 > 1 GeV2, ∆AFB < 0 in SM ∼ %

In NP scenarios, ∆AFB > 0 possible

Possible to detect NP over FF e�ects
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Additional observables with MC Tools
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Signi�cance and correlations

q2 integrated observables

● δΔAFB ◼� δΔS3 ◆ δΔS5 ▲ δS7
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Observables are correlated � multiprong approach for NP searches
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Similarities with B → K∗ℓ+ℓ−
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LHCb results on B → K∗µ+ µ− and plots from 2003.04831

SM results for AFB from DHMV, 1407.8526

SM results for P ′
5 from ASZB, 1411.3161, 1503.05534

Ongoing e�orts using AI to categorize NP � see 2023 APS April Meeting talk by S. Dubey)
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Semileptonic anomalies: Summary

Anomalies in Semileptonic B decays persist

Ratio anomalies present clean signal for NP

Precision measurement from LHCb, Belle II may help

Necessary to go beyond overall ratio anomalies

With more data, angular observables will become accessible

∆ observables + correlated deviations → path to NP

Lots more data coming � bright future!
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What does AI say about the anomalies?

Chat GPT Outlook:

The Future is Bright!
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Back-up Slides
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CKM Unitarity Triangle
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CP Violation in the angular distribution

Consider n̂X as normal unit vector for plane of X decay

Triple-product (TP) asymmetries ∝ sinχ = (n̂D∗ × n̂ℓν̄) · p̂D∗

See for example Gronau & Rosner, 1107.1232S

Not all triple-products have to be CP odd!

Example CP odd (true) TP: X = Im(AaA
∗
b − ĀaĀ

∗
b)

→ Ā represents CP conjugate of A

→ X̄ = −X ⇒ X is CP-odd

In order to observe CP violation

⇒ measure a non-zero CP-odd TP; X appears in untagged (Γ + Γ̄) distribution

Details in work done with Datta, Kamali, and London

→ 1903.02567
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Leptoquark couplings

Type Fermion number

Lorentz SU(2) Conserving Lagrangian

scalar singlet ✗ (gij1LQ̄
c
iLiσ2LjL + gij1Rū

c
iRℓjR)S1

scalar doublet ✓ (hij2LūiRLjL + hij2RQ̄iLiσ2ℓjR)R2

scalar triplet ✗ (gij3LQ̄
c
iLiσ2σ⃗LjL) · S⃗3

vector singlet ✓ (hij1LQ̄iLγ
µLjL + hij1Rd̄iRγ

µℓjR)U1µ

vector doublet ✗ (gij2Ld̄
c
iRγµLjL + gij2RQ̄

c
iLγµℓjR)V

µ
2

vector triplet ✓ hij3LQ̄iLσ⃗γ
µLjL · U⃗3µ
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Angular observables in B → K∗µ+µ−

P ′
5 =

S5√
FL(1− FL)

2003.04831
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Angular observables in B → D∗ℓ−ν̄

2206.11283
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Other anomalies

Observable SM Prediction Measurement Source

R
τ/µ
J/ψ 0.283± 0.048 0.71± 0.17± 0.18 Watanabe

R
µ/e
D∗ ∼ 1.0 1.04± 0.05± 0.01 Belle

B → Kνν̄ 4.20± 0.36 Buras et al.
(×106) 30± 16 Belle

Constrain NP couplings in SU(2) invariant models BB with others

B → K(∗)νν̄ → independent path to NP w/o hadronic uncertainties � Browder et al.

Belle II 250 ab−1 →∼ 4% error

B Bhattacharya (LTU) Select puzzles from B decays April 20, 2023 50 / 43

https://arxiv.org/abs/1709.08644
https://arxiv.org/abs/1702.01521
https://arxiv.org/abs/1409.4557
https://arxiv.org/abs/1303.3719
https://arxiv.org/abs/1412.7164
https://arxiv.org/abs/2107.01080

