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. . . and Beyond: Searching for New Physics

The LHC: Two Complementary Strategies

Direct Observation (Energy Frontier)

Search for new particles

Primary Focus:

▸ Higgs measurements

▸ Supersymmetry searches

▸ . . .

Indirect Evidence (Precision Frontier)

Study quantum loop effects

Primary Focus:

▸ Flavour physics

▸ Rare Decays

▸ CP Violation
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Three Years of LHC Data: Some Highlights

Discovered a Higgs particle
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•  Interest for the future will be measuring the ratio B(Bd
0!µ+µ")/B

(Bs
0!µ+µ") 

–  In SM, given by |Vtd/Vts|2  ! 5% theory precision 
–  Major issue double decay in flight with Bd

0!!+!" decays 
–  With LHCb upgrade (50fb-1) could measure ratio to ~35%  
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

q̃q̃, q̃→qχ̃0
1 0 2-6 jets Yes 20.3 m(χ̃0

1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

q̃q̃γ, q̃→qχ̃0
1 (compressed) 1 γ 0-1 jet Yes 20.3 m(q̃)-m(χ̃0

1 ) = m(c) 1411.1559250 GeVq̃

g̃g̃, g̃→qq̄χ̃0
1 0 2-6 jets Yes 20.3 m(χ̃0

1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃±1→qqW±χ̃0
1 1 e, µ 3-6 jets Yes 20 m(χ̃0

1)<300 GeV, m(χ̃±)=0.5(m(χ̃0
1)+m(g̃)) 1501.035551.2 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃0
1 2 e, µ 0-3 jets - 20 m(χ̃0

1)=0 GeV 1501.035551.32 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃
GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃0

1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃
GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃0

1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃
GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃0

1)>220 GeV 1211.1167900 GeVg̃
GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518865 GeVF1/2 scale

g̃→bb̄χ̃0
1 0 3 b Yes 20.1 m(χ̃0

1)<400 GeV 1407.06001.25 TeVg̃

g̃→tt̄χ̃0
1 0 7-10 jets Yes 20.3 m(χ̃0

1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃0
1 0-1 e, µ 3 b Yes 20.1 m(χ̃0

1)<400 GeV 1407.06001.34 TeVg̃

g̃→bt̄χ̃+1 0-1 e, µ 3 b Yes 20.1 m(χ̃0
1)<300 GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1→bχ̃0
1 0 2 b Yes 20.1 m(χ̃0

1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃±1 2 e, µ (SS) 0-3 b Yes 20.3 m(χ̃±1 )=2 m(χ̃0
1) 1404.2500275-440 GeVb̃1

t̃1 t̃1, t̃1→bχ̃±1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃±1 ) = 2m(χ̃0
1), m(χ̃0

1)=55 GeV 1209.2102, 1407.0583110-167 GeVt̃1 230-460 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃0
1 or tχ̃0

1 2 e, µ 0-2 jets Yes 20.3 m(χ̃0
1)=1 GeV 1403.4853, 1412.474290-191 GeVt̃1 215-530 GeVt̃1

t̃1 t̃1, t̃1→tχ̃0
1 0-1 e, µ 1-2 b Yes 20 m(χ̃0

1)=1 GeV 1407.0583,1406.1122210-640 GeVt̃1

t̃1 t̃1, t̃1→cχ̃0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃0

1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃0
1 2 e, µ 0 Yes 20.3 m(χ̃0

1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+1 χ̃
−
1 , χ̃+1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃0

1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃±1 )+m(χ̃0
1)) 1403.5294140-465 GeVχ̃±

1
χ̃+1 χ̃

−
1 , χ̃+1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃0

1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃±1 )+m(χ̃0
1)) 1407.0350100-350 GeVχ̃±

1
χ̃±1 χ̃

0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃±1 )=m(χ̃0

2), m(χ̃0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃±1 )+m(χ̃0

1)) 1402.7029700 GeVχ̃±
1 , χ̃

0
2

χ̃±1 χ̃
0
2→Wχ̃0

1Zχ̃0
1 2-3 e, µ 0-2 jets Yes 20.3 m(χ̃±1 )=m(χ̃0

2), m(χ̃0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→Wχ̃0

1h χ̃0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃±1 )=m(χ̃0

2), m(χ̃0
1)=0, sleptons decoupled 1501.07110250 GeVχ̃±

1 , χ̃
0
2

χ̃0
2χ̃

0
3, χ̃0

2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃0
2)=m(χ̃0

3), m(χ̃0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃0

2)+m(χ̃0
1)) 1405.5086620 GeVχ̃0

2,3

Direct χ̃+1 χ̃
−
1 prod., long-lived χ̃±1 Disapp. trk 1 jet Yes 20.3 m(χ̃±1 )-m(χ̃0

1)=160 MeV, τ(χ̃±1 )=0.2 ns 1310.3675270 GeVχ̃±
1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

Stable g̃ R-hadron trk - - 19.1 1411.67951.27 TeVg̃

GMSB, stable τ̃, χ̃0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ̃0

1

GMSB, χ̃0
1→γG̃, long-lived χ̃0

1 2 γ - Yes 20.3 2<τ(χ̃0
1)<3 ns, SPS8 model 1409.5542435 GeVχ̃0

1

q̃q̃, χ̃0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃0

1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ

LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃
χ̃+1 χ̃

−
1 , χ̃+1→Wχ̃0

1, χ̃
0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃0

1)>0.2×m(χ̃±1 ), λ121,0 1405.5086750 GeVχ̃±
1

χ̃+1 χ̃
−
1 , χ̃+1→Wχ̃0

1, χ̃
0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃0

1)>0.2×m(χ̃±1 ), λ133,0 1405.5086450 GeVχ̃±
1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃
g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

Scalar charm, c̃→cχ̃0
1 0 2 c Yes 20.3 m(χ̃0

1)<200 GeV 1501.01325490 GeVc̃

Mass scale [TeV]10−1 1
√

s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV

full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: Feb 2015

ATLAS Preliminary√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.

Searched for Supersymmetry
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Searching for New Physics 2: Search Harder

Conclusion:

New physics contributions, if present, will be small
⇓

Finding it will require much more effort, both on experimental and theoretical side!

Because: Rely on interplay between
⇙ ⇘

High precision measurements
⇔

Accurate Standard Model
predictions

For Flavour Physics:

▸ Primary objective for the LHCb
and Belle II programmes

▸ Further input from theory side is
needed

Kristof De Bruyn (Nikhef) Hunting Penguins CPPM (16-03-2015) 5 / 53
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Towards High Precision Measurements of φd and φs

▸ The decay channels B0
→ J/ψK 0

S and B0
s → J/ψφ are

key modes to measure the complex phases “φd” and “φs”

▸ Current precision: O(2○)

▸ Entering a new era of precision physics: aim to improve to O(0.5○)

▸ Need to have a critical look at assumptions underlying these measurements

▸ What about subleading contributions?

∣A(B → J/ψX)∣
2
=

RRRRRRRRRRRRRRRRRRRRRRRRRRRR

+ ε

RRRRRRRRRRRRRRRRRRRRRRRRRRRR

2

▸ Controlling contributions from penguin topologies becomes mandatory!

Kristof De Bruyn (Nikhef) Hunting Penguins CPPM (16-03-2015) 6 / 53
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Flavour Physics
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Charge–Parity Symmetry

An Illustration:

[Escher, Day and Night]
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Origin of CP Violation in the Standard Model

Yukawa Couplings:
▸ Quark masses in the Standard Model:

LYukawa ≡ ∑

i,j

Y ij
u (QL,i ⋅ iσ2H

∗
)uR,j +∑

i,j

Y ij
d (QL,i ⋅H)dR,j + h.c. (1)

×
×
×
×
Ö

Spontaneous symmetry breaking

Lmass = ∑

i,j

mij
uuL,iuR,j +∑

i,j

mij
ddL,idR,j + h.c. (2)

▸ But in general mu and md are not diagonal . . .

Diagonalise the Mass Matrix:
▸ Flavour Changing Charged Current:

i
gEW
√

2
W +
µ uLγ

µdL + h.c. → i
gEW
√

2
W +
µ u

m
L VCKMγ

µdm
L + h.c. (3)

▸ Basis of Weak interaction is rotated compared to that of Strong and EM:

⎛

⎜

⎝

d
s
b

⎞

⎟

⎠

= VCKM

⎛

⎜

⎝

dm

sm

bm

⎞

⎟

⎠

(4)
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Introduction Flavour Physics Framework Bq → J/ψP B0
s → J/ψK0

S B0
q → J/ψV Roadmap

The Cabibbo–Kobayashi–Maskawa Quark Mixing

Standard Parametrisation:

VCKM =

⎛

⎜

⎝

∣Vud ∣ ∣Vus ∣ ∣Vub ∣e
−iγ

∣Vcd ∣ ∣Vcs ∣ ∣Vcb ∣

∣Vtd ∣e
−iβ

∣Vts ∣e
−iβs

∣Vtb ∣

⎞

⎟

⎠

(5)

▸ Expanding [Wolfenstein] the CKM matrix as

∣Vus ∣ ≡ λ , ∣Vcb ∣ ≡ Aλ2 , Vub ≡ Aλ3
(ρ − iη) (6)

VCKM =

⎛

⎜

⎝

1 − 1
2
λ2 λ Aλ3

(ρ − iη)
−λ 1 − 1

2
λ2 Aλ2

Aλ3
(1 − ρ − iη) −Aλ2 1

⎞

⎟

⎠

+O(λ4
) (7)
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The Unitarity Triangle: Visualizing CP Violation

▸ VCKM is a unitary matrix: leads to constraints like

VudV
∗
ub +VcdV

∗
cb +VtdV

∗
tb = 0 (8)

▸ These form triangles in the complex plane.
▸ Excellent test for Standard Model & target to search for New Physics

Kristof De Bruyn (Nikhef) Hunting Penguins CPPM (16-03-2015) 11 / 53
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The “B0
q–B0

q Mixing Phases”

Neutral Meson Mixing

B0
q B0

q

W

Wq

qb

b

u, c, t u, c, t B0
q B0

qW W

q

qb

bu, c, t

u, c, t

▸ Complex phase associated with mixing process

φq ≡ 2 arg(V ∗
tqVtb) (9)

▸ In the Standard Model

φSM
d = 2β , φSM

s = 2βs = −2λ2η = −[0.0364 ± 0.0016] rad (10)

▸ Measured in B0
→ J/ψK 0

S and B0
s → J/ψφ, respectively

[
Disclaimer: These quantities are convention dependent,

but their associated observables are, of course, not.
]

Kristof De Bruyn (Nikhef) Hunting Penguins CPPM (16-03-2015) 12 / 53
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Measuring CP Violation: Interfering Paths

Necessary Conditions:

▸ Two interfering amplitudes

A(P → f ) = A +B e+iφWe+iφS CP
←→ A(P̄ → f̄ ) = Ā + B̄ e−iφWe+iφS (11)

▸ One relative weak phase (CP odd) + one relative strong phase (CP even)

φW

φS

Ā

A + B
B̄

φW
φS

A

A + B
B

CP

▸ “Direct CP Violation”

∣A +B ∣ ≠ ∣A +B ∣

Kristof De Bruyn (Nikhef) Hunting Penguins CPPM (16-03-2015) 13 / 53
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Sources of CP Violation

Direct CP Violation: Prob(B → f ) /= Prob(B → f̄ )

▸ Interference between multiple decay paths (for example: Tree + Penguin diagrams)

▸ Key Measurements: B0
q → h+h−; γ from B±

→ D0h± where h ∈ {π,K}

CP Violation in Mixing: Prob(B0
q → B0

q) /= Prob(B0
q → B0

q)

▸ Interference through Virtual (loops) and Real (intermediate decay) contributions

▸ Key Measurements: Semi-leptonic asymmetries assl & adsl from B0
q → D−

q µ
+ν

Kristof De Bruyn (Nikhef) Hunting Penguins CPPM (16-03-2015) 14 / 53
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Sources of CP Violation

Mixing Decay

B0
q

B0
q

f

Mixing-Induced CP Violation: Prob(B0
q → f ) /= Prob(B0

q → B0
q → f )

▸ Interference between direct decay and decay after mixing

▸ Key Measurements: β from B0
→ J/ψK 0

S ; φs from B0
s → J/ψh+h−

Kristof De Bruyn (Nikhef) Hunting Penguins CPPM (16-03-2015) 15 / 53
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Time-Dependent CP Violation

Decay Time Evolution:

▸ For the decay into CP final state B → f

∣A(B0
q(t) → f )∣2 = ∣N ∣

2e−t/τq [ cosh(∆Γqt) +A∆Γ sinh(∆Γqt)

+A
dir
CP cos(∆mqt)+A

mix
CP sin(∆mqt)] (12)

∣A(B0
q(t) → f )∣2 = ∣N ∣

2e−t/τq [ cosh(∆Γqt) +A∆Γ sinh(∆Γqt)

−A
dir
CP cos(∆mqt)−A

mix
CP sin(∆mqt)] (13)

▸ where ∆mq ≡ mH −mL, ∆Γq ≡ ΓL − ΓH and

▸ Thus ∣A(B0
q(t) → f )∣2 /= ∣A(B0

q(t) → f )∣2

CP Asymmetry:

aCP(t) ≡
∣A(B0

q(t) → f )∣2 − ∣A(B0
q(t) → f )∣2

∣A(B0
q(t) → f )∣2 + ∣A(B0

q(t) → f )∣2
=
A

dir
CP cos(∆mqt) +A

mix
CP sin(∆mqt)

cosh(∆Γqt/2) +A∆Γ sinh(∆Γqt/2)
(14)

[Conversion rules for the HFAG convention: Adir
CP = Cf and Amix

CP = −Sf .]
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Contributions from Penguin Topologies
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The Famous sin 2β Measurement

B-Factory Precision:

▸ The mode B0
→ J/ψK 0

S :

∣A(B0
→ J/ψK 0

S)∣
2
=

RRRRRRRRRRRRRRRRRRRRRRRRRRRR

+ ε

RRRRRRRRRRRRRRRRRRRRRRRRRRRR

2

▸ Achievable precision justifies the approximation:

A
dir
CP ≈ 0

aCP(t) ≈ ηA
mix
CP ⋅ sin(∆md t) = sin(2β) sin(∆md t)

▸ detector effects dampen the oscillation

[BaBar, arXiv 0808.1903]
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Entering a New Era for Precision Measurements

Subleading Effects:

▸ Current precision: φd(B
0
→ J/ψK 0

S) = (42.1 ± 1.6)○

▸ Goal for LHCb upgrade + Belle II: σφd
(B0

→ J/ψK 0
S) = O(0.5○)

▸ Need to have a critical look at assumptions underlying these measurements

▸ Experimentally measure an effective mixing phase

φeff
d (B0

→ J/ψK 0
S) = φd +∆φd

▸ ∆φd = O(1○) is a shift due to penguin topologies

▸ Controlling these higher order hadronic effects becomes mandatory!
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Introducing Trees & Penguins

Tree Topology

Bq

J/ψ

X

W

b

q

q

c

c

q′

Penguin Topology

Bq

J/ψ

XW

b

q q

q′

c

c

u, c, t

Colour Singlet
Exchange

Decay Amplitude:

A(B0
q → f ) = Nf [1 − bf e

ρf e+iγ] (15)

A(B0
q → f ) = ηfNf [1 − bf e

ρf e−iγ] (16)

▸ Nf represents the tree topology, bf the relative contribution from the penguins,
ρf the associated strong phase difference and γ the relative weak phase difference.
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Observables

Penguin Shift:

sin ∆φf
q =

−2bf cosρf sinγ + b2
f sin 2γ

(1 − 2bf cosρf cosγ + b2
f )

√

1 − (A
dir
CP (B → f ))

2
(17)

cos ∆φf
q =

1 − 2bf cosρf cosγ + b2
f cos 2γ

(1 − 2bf cosρf cosγ + b2
f )

√

1 − (A
dir
CP (B → f ))

2
(18)

CP Asymmetries:

A
dir
CP (Bq → f ) =

2bf sinρf sinγ

1 − 2bf cosρf cosγ + b2
f

(19)

A
mix
CP (Bq → f ) = ηf [

sinφq − 2bf cosρf sin(φq + γ) + b2
f sin(φq + 2γ)

1 − 2bf cosρf cosγ + b2
f

] (20)

A∆Γ(Bq → f ) = −ηf [
cosφq − 2bf cosρf cos(φq + γ) + b2

f cos(φq + 2γ)

1 − 2bf cosρf cosγ + b2
f

] (21)

▸ Not all independent

[A
dir
CP ]

2
+ [A

mix
CP ]

2
+ [A∆Γ]

2
= 1 (22)
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Controlling Penguin Effects

Strategy:

1 Measure the CP observables

⇓

2 Determine b and ρ from the CP observables

⇓

3 Calculate the shift ∆φ(b, ρ) with b and ρ

▸ Now we only need a decay that is sensitive to b and ρ
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From Topologies to Penguin Parameters: Hadronic Amplitudes

Tree Topology

B0
d(s)

J/ψ

K0
S

W

b

d(s)

d(s)

c

c

s(d)

Penguin Topology

B0
d(s)

J/ψ

K0
SW

b

d(s) d(s)

s(d)

c

c

u, c, t

Colour Singlet
Exchange

Filling in the Details:

A(B0
→ J/ψK 0

S) = VcsV
∗
cb (Ac

tree +Ac
pen) +VusV

∗
ub Au

pen +VtsV
∗
tb At

pen (23)

▸ Which can be rewritten as

A(B0
→ J/ψK 0

S) = (1 −
1

2
λ2

)A
′
[1 + ε a′ e iθ

′

e iγ]

A
′
≡ λ2A(Ac

tree +Ac
pen −At

pen) , ε =
λ2

1 − λ2
≈ 0.053 (24)

a′ e iθ
′

= Rb (1 −
λ2

2
)(

Au
pen −At

pen

Ac
tree +Ac

pen −At
pen

) (25)
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Controlling Penguin Effects

B0
→ J/ψK 0

S Again:

A(B0
→ J/ψK 0

S) = (1 −
1

2
λ2

)A
′
[1 + ε a′ e iθ

′

e iγ]

▸ Not sensitive to a′ and θ′ (Penguin contribution are suppressed)

The Little Brother: B0
s → J/ψK 0

S :

A(B0
s → J/ψK 0

S) = −λA[1 − a e iθe iγ]

▸ Sensitive to a and θ (No suppression of penguin contribution)

Symmetry Relation:

▸ Decays are related via U-spin symmetry: interchange all s ↔ d quarks

▸ 1-to-1 correspondance between all decay topologies

a′ = a & θ′ = θ
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How Good is U-Spin Symmetry?

Factorisation Framework:

▸ U-spin breaking comes in two flavours:
factorisable effects and non-factorisable effects

▸ Non-factorisable effects are suppressed

▸ Factorisable effects can affect the amplitudes Atree and Apen

Amplitudes:

A
(′)

≡ λ2A(Ac
tree +Ac

pen −At
pen) ∝ f +Bd/s→K(q

2
=M2

J/ψ) (26)

▸ Affected by factorisable U-spin breaking: f +B→K /f
+
Bs→K = 1.16 ± 0.18

Penguin Parameters:

a e iθ ≡ Rb (1 −
λ2

2
)(

Au
pen −At

pen

Ac
tree +Ac

pen −At
pen

) (27)

▸ Factorisable effects drop out in the ratio
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Strategies based on SU(3) Symmetry Relations: Part I

Strategies for B0
→ J/ψK 0

S :

1 B0
s → J/ψK 0

S : R. Fleischer, arXiv:hep-ph/9903455.
▸ Theoretically cleanest option
▸ Only possible for the LHCb Upgrade

2 B0
→ J/ψπ0: S. Faller et al, arXiv:0809.0842 [hep-ph]

3 Global fit to B0
→ J/ψK 0

S , B+
→ J/ψK+, B+

→ J/ψπ+ and B0
→ J/ψπ0

▸ Largest theoretical uncertainty
▸ Smallest statistical uncertainty
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Strategy 3: Global Fit for ∆φ
J/ψK0

S

d
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Global Fit to the Bq → J/ψP Data

Group I: Cabibbo-Allowed Penguins:

▸ B+
→ J/ψπ+: B, Adir

CP

▸ B0
→J/ψπ0: B, Adir

CP , Amix
CP

▸ B0
s → J/ψK 0

S : B

A(B → J/ψ f ) = −λA[1 − a e iθe iγ]

N → −λA , b e iρ → −a e iθ

Group II: Cabibbo-Suppressed Penguins:

▸ B+
→ J/ψK+: B, Adir

CP

▸ B0
→ J/ψK 0

S : B, Adir
CP , Amix

CP

A(B → J/ψ f ) = (1 − 1
2
λ2

)A[1 + εa e iθe iγ]

N → (1 − 1
2
λ2

)A , b e iρ → εa e iθ

Assumptions:

▸ Ignore non-factorisable SU(3) breaking: There is one universal a and θ variable

▸ Exchange & (Penguin-)Annihilation contributions are small and can be ignored

▸ We have control channels to cross-check this assumption:
B0

s → J/ψπ0 and B0
s → J/ψρ0
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Consistency Tests of the Data: SU(3) Limit

Ratio Test:

▸ Define

Ξ(Bq → J/ψX ,Bq′ → J/ψY ) ≡

PhSp (Bq′ → J/ψY )

PhSp (Bq → J/ψX)

τBq′

τBq

B (Bq → J/ψX)theo

B (Bq′ → J/ψY )
theo

, (28)

▸ In SU(3) limit and neglecting additional topologies:
Phase-space corrected branching ratios of similar decay modes should be identical

0.8 0.9 1.0 1.1 1.2

Ξ
(
B± → J/ψK±, Bd → J/ψK0

)

Ξ(Bd → J/ψπ0, B± → J/ψπ±)

Ξ(B± → J/ψπ±, Bs → J/ψK0
S)

Ξ(Bd → J/ψπ0, Bs → J/ψK0
S)

Is
os

p
in

S
U

(3
)

1.03± 0.05

0.98± 0.09

1.03± 0.12

1.01± 0.14

▸ Picture supported by the data
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Consistency Tests of the Data: H Observable

One More Observable:

▸ Decay rate information can be included in the fit via

H ≡
1

ε
∣
A
′

A

∣

2 PhSp (Bd → J/ψK 0
S)

PhSp (Bs → J/ψK 0
S)

τB0

τB0
s

B (Bs → J/ψK 0
S)theo

B (Bd → J/ψK 0
S)theo

, (29)

▸ Within the assumptions made: H observable should be universal

0.0 0.5 1.0 1.5 2.0

H(Bs → J/ψK0
S, Bd → J/ψK0

S)
∣∣
Rat

H(B(u/d) → J/ψπ,B(u/d) → J/ψK)
∣∣
Av

H(Bd → J/ψπ0, Bd → J/ψK0)
∣∣
Dir

H(Bd → J/ψπ0, B± → J/ψK±)
∣∣
Dir

H(B± → J/ψπ±, Bd → J/ψK0)
∣∣
Dir

H(B± → J/ψπ±, B± → J/ψK±)
∣∣
Rat

H(B± → J/ψπ±, B± → J/ψK±)
∣∣
Dir

E
xclu

d
ed

0.93± 0.10 (stat.)± 0.29 (FF)

1.22± 0.04 (stat.)± 0.34 (FF)

1.23± 0.11 (stat.)± 0.34 (FF)

1.19± 0.11 (stat.)± 0.33 (FF)

1.16± 0.21 (stat.)± 0.32 (FF)

1.22± 0.04 (stat.)± 0.34 (FF)

1.13± 0.20 (stat.)± 0.31 (FF)

Within current precision, there are no indications of large non-fact. SU(3) breaking
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Grand Fit: Contours

90 110 130 150 170 190 210 230 250 270

θ [deg]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

a

Adir
CP(Bd → J/ψπ0)

Amix
CP (Bd → J/ψπ0)

H(B(u/d) → J/ψ(π/K))

a = 0.27+0.21
−0.15

θ = (198.5+23.8
−20.2)◦

φd = (43.5+2.0
−1.8)◦

39 % C.L.

68 % C.L.

90 % C.L.
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Grand Fit: Contours

90 110 130 150 170 190 210 230 250 270

θ [deg]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

a

Adir
CP(Bd → J/ψπ0)

Amix
CP (Bd → J/ψπ0)

H(B(u/d) → J/ψ(π/K))

Adir
CP(B± → J/ψπ±)

a = 0.25+0.21
−0.15

θ = (180.7± 3.6)◦

φd = (43.5+2.0
−1.8)◦

39 % C.L.

68 % C.L.

90 % C.L.
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Grand Fit: Contours

90 110 130 150 170 190 210 230 250 270

θ [deg]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

a

Adir
CP(Bd → J/ψπ0)

Amix
CP (Bd → J/ψπ0)

H(B(u/d) → J/ψ(π/K))

Adir
CP(B± → J/ψπ±)

Adir
CP(Bd → J/ψK0)

a = 0.25+0.21
−0.15

θ = (180.8+3.6
−3.5)◦

φd = (43.5+2.0
−1.8)◦

39 % C.L.

68 % C.L.

90 % C.L.
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Grand Fit: Contours

90 110 130 150 170 190 210 230 250 270

θ [deg]
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0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

a

Adir
CP(Bd → J/ψπ0)

Amix
CP (Bd → J/ψπ0)

H(B(u/d) → J/ψ(π/K))

Adir
CP(B± → J/ψπ±)

Adir
CP(Bd → J/ψK0)

Adir
CP(B± → J/ψK±)

a = 0.25+0.21
−0.15

θ = (179.5+3.2
−3.1)◦

φd = (43.5+2.0
−1.8)◦

39 % C.L.

68 % C.L.

90 % C.L.
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Grand Fit: Contours

90 110 130 150 170 190 210 230 250 270

θ [deg]
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0.9

1.0

a

Adir
CP(Bd → J/ψπ0)

Amix
CP (Bd → J/ψπ0)

H(B(u/d) → J/ψ(π/K))

Adir
CP(B± → J/ψπ±)

Adir
CP(Bd → J/ψK0)

Adir
CP(B± → J/ψK±)

H(B(s/d) → J/ψK0
S)

a = 0.19+0.15
−0.12

θ = (179.5± 4.0)◦

φd = (43.2± 1.8)◦

39 % C.L.

68 % C.L.

90 % C.L.
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Grand Fit: Setup & Results

Inputs:

▸ CP asymmetries & branching ratios listed previously

▸ Gaussian constraint: γ = (70.0+7.7
−9.0)

○

Caveats:

▸ A
mix
CP (B0

→ J/ψπ0
) and Amix

CP (B0
→ J/ψK 0

S) depend on φd

▸ Directly determined in the fit by explicitly including ∆φd(a, θ, γ)

▸ Time-integrated B0
s → J/ψK 0

S branching ratio is converted to the theoretical one

Fit Results:

a = 0.19+0.15
−0.12 , θ = (179.5 ± 4.0)○ ,

φd = (43.2+1.8
−1.7)

○
, γ = (70.9+7.6

−8.5)
○
,

▸ with χ2
min = 2.6 for 4 degrees of freedom

▸ This corresponds to

∆φ
J/ψK0

S
d = −(1.10+0.70

−0.85)
○
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Strategy 1: A Benchmark Scenario of B0
s → J/ψK 0

S

Kristof De Bruyn (Nikhef) Hunting Penguins CPPM (16-03-2015) 37 / 53



Introduction Flavour Physics Framework Bq → J/ψP B0
s → J/ψK0

S B0
q → J/ψV Roadmap

Benchmark for the LHCb Upgrade: Penguin Parameters

Hypothetical Scenario for End of LHCb Upgrade:

A
dir
CP (Bs → J/ψK 0

S) = 0.00 ± 0.05 , γ = (70 ± 1)○ (30)

A
mix
CP (Bs → J/ψK 0

S) = −0.29 ± 0.05 , φs = −(2.1 ± 0.5∣exp ± 0.3∣theo)
○ (31)

Penguin Parameters:

90 110 130 150 170 190 210 230 250 270

θ [deg]

0.0

0.1

0.2

0.3

0.4

0.5

a

Adir
CP(Bs → J/ψK0

S)

Amix
CP (Bs → J/ψK0

S)

a = 0.189± 0.034

θ = (179.5± 9.4)◦

39 % C.L.

68 % C.L.

90 % C.L.

a = 0.189 ± 0.034

θ = (179.5 ± 9.4)○
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Benchmark for the LHCb Upgrade: Penguin Shift

Including SU(3)-Breaking Corrections:

a′ = ξ ⋅ a , θ′ = θ + δ (32)

90 110 130 150 170 190 210 230 250 270

θ′ = θ + δ [deg]

−2.5

−2.0

−1.5

−1.0

−0.5

0.0
∆
φ
ψ
K

0 S

d
[d

eg
]

Adir
CP(Bs → J/ψK0

S)

Amix
CP (Bs → J/ψK0

S)

a′ = 0.189± 0.034 +0.042
−0.034

θ′ = (179.5± 9.4± 20.2)◦

∆φ
ψK0

S

d = −(1.09± 0.20 +0.20
−0.24)◦

39 % C.L.

68 % C.L.

90 % C.L.

∆φ
J/ψK0

S
d = −(1.09 ± 0.20 (stat)+0.20

−0.24 (U-spin))
○
, (33)
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Benchmark for the LHCb Upgrade: Hadronic Parameters

Constraining Hadronic Amplitudes:

▸ The penguin parameters predict

H(a,θ) = 1.172 ± 0.037 (a, θ) ± 0.0016 (ξ, δ) (34)

▸ Compare with branching ratio information

∣
A
′

A

∣ =

¿

Á
ÁÀεH(a,θ)

PhSp (Bs → J/ψK 0
S)

PhSp (Bd → J/ψK 0
S)

τBs

τBd

B (Bd → J/ψK 0
S)theo

B (Bs → J/ψK 0
S)theo

(35)

▸ This leads to

∣
A
′

A

∣

exp

= 1.160 ± 0.035 (36)

▸ LCSR calculations give

∣
A
′

A

∣

fact

= 1.16 ± 0.18 (37)
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B Decays Into Two Vector Mesons

Kristof De Bruyn (Nikhef) Hunting Penguins CPPM (16-03-2015) 41 / 53



Introduction Flavour Physics Framework Bq → J/ψP B0
s → J/ψK0

S B0
q → J/ψV Roadmap

Strategies based on SU(3) Symmetry Relations: Part II

Strategies for B0
s → J/ψφ:

1 B0
→ J/ψρ0: R. Fleischer, arXiv:hep-ph/9903540
▸ Theoretically cleanest option

2 B0
s → J/ψK∗0: R. Fleischer, arXiv:0810.4248 [hep-ph]
▸ Requires decay rate information

3 Combined fit of B0
→ J/ψρ0 and B0

s → J/ψK∗0:
▸ Does not require input from QCD calculations (Form factors, factorisation assumption, . . . )
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Strategy 1: Analysis of B0
→ J/ψρ0

PRL 114 (2015), arXiv:1411.3104
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Nominal Setup:

B0
→ J/ψρ0

∶ bf e
iρf
→ ake

iθk , Nf → −
λ
√

2
Ak , with k ∈ {0,∥,⊥} (38)

▸ Expect in general a0 ≠ a∥ ≠ a⊥, because of

▸ Polarisation-dependent hadronisation dynamics and non-factorisable effects

Simplified Setup:

▸ No polarisation dependence seen in current data

▸ Assume universal set of penguin parameters: a0 = a∥ = a⊥ = aJ/ψρ
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Polarisation-Independent Fit for B0
→ J/ψρ0
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1.0

a
J
/ψ
ρ

Adir
CP(Bd → J/ψρ0)

Amix
CP (Bd → J/ψρ0)

Adir
CP(Bs → J/ψφ)

aJ/ψρ = 0.04+0.10
−0.04

θJ/ψρ = −(67+181
−141)◦

39 % C.L.

68 % C.L.

90 % C.L.

Results from χ2 fit:

aJ/ψρ = 0.037+0.097
−0.037 , θJ/ψρ = −(67+181

−141)
○
, ∆φJ/ψρ

d = −(1.5+12
−10)

○
,

corresponding to a shift

∆φJ/ψφ
s = (0.08+0.56

−0.72 (stat.)+0.15
−0.13 (SU(3)))

○
.
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Polarisation-Dependent Fit for B0
→ J/ψρ0

Longitudinal
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Amix,0
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Adir,0
CP (Bs → J/ψφ)

a0 = 0.05+0.14
−0.04

θ0 = −(98+115
−157)◦

39 % C.L.

68 % C.L.

90 % C.L.

Parallel
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Amix,‖
CP (Bd → J/ψρ0)

Adir,‖
CP (Bs → J/ψφ)

a‖ = 0.06+0.12
−0.06

θ‖ = −(89+145
−102)◦

39 % C.L.

68 % C.L.

90 % C.L.

Perpendicular
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⊥
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CP (Bd → J/ψρ0)

Amix,⊥
CP (Bd → J/ψρ0)

Adir,⊥
CP (Bs → J/ψφ)

a⊥ = 0.03+0.12
−0.03

θ⊥ = (35+223
−252)◦

39 % C.L.

68 % C.L.

90 % C.L.

Results from χ2 fit:

a0 = 0.051+0.140
−0.041 , θ0 = −(98+115

−157)
○
, ∆φ

(J/ψφ)0
s = −(0.04+0.60

−0.81 (stat.)+0.15
−0.18 (SU(3)))

○
,

a∥ = 0.065+0.116
−0.064 , θ∥ = −(89+145

−102)
○
, ∆φ

(J/ψφ)
∥

s = (0.00+0.67
−0.95 (stat.)+0.19

−0.21 (SU(3)))
○
,

a⊥ = 0.031+0.118
−0.031 , θ⊥ = (35+223

−252)
○
, ∆φ

(J/ψφ)⊥
s = (0.14+0.68

−0.94 (stat.)+0.17
−0.14 (SU(3)))

○
.
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Strategy 1: Analysis of B0
→ J/ψρ0

Additional Opportunities:

▸ Penguin fit of B0
→ J/ψρ0 does not use decay rate information

▸ Get experimental access to ratio of hadronic amplitudes

∣
A
′
i

Ai
∣ =

¿

Á
ÁÀεH(a,θ)

PhSp (Bq → J/ψX)

PhSp (Bs → J/ψφ)

τBq

τBs

B (Bs → J/ψφ)theo

B (Bq → J/ψX)theo

f ′i
fi
. (39)

▸ where fi is the polarisation fraction

Results: P. Ball and R. Zwicky, arXiv:hep-ph/0412079

∣

A
′

0(Bs → J/ψφ)

A0(Bd → J/ψρ0
)

∣

exp

= 1.06 ± 0.07 (stat.) ± 0.04 (a0, θ0) ,

RRRRRRRRRRR

A
′

∥
(Bs → J/ψφ)

A∥(Bd → J/ψρ0
)

RRRRRRRRRRRexp

= 1.08 ± 0.08 (stat.) ± 0.05 (a∥, θ∥) ,

∣

A
′

⊥
(Bs → J/ψφ)

A⊥(Bd → J/ψρ0
)

∣

exp

= 1.24 ± 0.15 (stat.) ± 0.06 (a⊥, θ⊥) .

∣

A
′

0(Bs → J/ψφ)

A0(Bd → J/ψρ0
)

∣

fact

= 1.43 ± 0.42

RRRRRRRRRRR

A
′

∥
(Bs → J/ψφ)

A∥(Bd → J/ψρ0
)

RRRRRRRRRRRfact

= 1.37 ± 0.20

∣

A
′

⊥
(Bs → J/ψφ)

A⊥(Bd → J/ψρ0
)

∣

fact

= 1.25 ± 0.15 .

▸ This is already competitive!
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Strategy 2: Analysis of B0
s → J/ψK∗0

Inputs:

▸ Flavour-specific final state

▸ Only direct CP violation in this decay [Not yet measured]

⇒ Interesting new constraint

▸ Need to complement this with decay rate information

Hi ≡
1

ε
∣
A
′
f

Af
∣

2
PhSp (Bs → J/ψφ)

PhSp(Bs → J/ψK∗0
)

B(Bs → J/ψK∗0
)theo

B(Bs → J/ψφ)theo

fi
f ′i

(40)

Challenge:

1 Requires theory input for ∣A
′
/A∣

⇒ Currently form factors only poorly known from LCSR (or Lattice)

2 Affected by factorisable & non-factorisable effects

⇒ Theoretically not a clean observable

Given the performance of B0
→ J/ψρ0, what extra insights can B0

s → J/ψK∗0 provide?
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Strategy 3: B0
q → J/ψV Fit Strategy

Adir
CP,f (Bd → J/ψρ0)

Amix
CP,f (Bd → J/ψρ0)

Adir
CP,f (Bs → J/ψφ)

Amix
CP,f (Bs → J/ψφ)

B(Bd → J/ψρ0) B(Bs → J/ψK∗0) Adir
CP,f (Bs → J/ψK∗0)

QCD Calculations

af , θf

|A′
f/Af | |A′

f/Ãf |

φs

New Link

∆φ
(J/ψφ)f
s

Minimal Fit

Test

Extended Fit

Old Input
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Strategy 3: B0
q → J/ψV Fit

Hadronic Amplitudes:

▸ Combined fit assumes

∣
A
′
i(B

0
s → J/ψφ)

Ai(B
0
→ J/ψρ0

)

∣ = ∣
A
′
i(B

0
s → J/ψφ)

Ai(B
0
s → J/ψK∗0

)

∣ (41)

▸ No input from QCD calculations necessary

Results from Current Data:

∣
A
′
0

A0
∣ = 1.073+0.094

−0.073 , a0 = 0.05+0.14
−0.04 , θ0 = −(98+115

−157)
○
,

∣

A
′
∣∣

A∥

∣ = 1.088+0.114
−0.085 , a∣∣ = 0.06+0.12

−0.06 , θ∣∣ = −(89+145
−102)

○
,

∣
A
′
⊥

A⊥

∣ = 1.21+0.18
−0.13 , a⊥ = 0.03+0.12

−0.03 , θ⊥ = (35+223
−252)

○
.
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Roadmap for LHCb Upgrade
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Connecting φd and φs

High Precision Constraints:

▸ ∆φd from B0
s → J/ψK 0

S

▸ ∆φs from B0
→ J/ψρ0

Subtle Interplay:

B0
d → J/ψK0

S

B0
d → J/ψρ0

B0
s → J/ψφ

B0
s → J/ψK0

S

∆φd φd

∆φsφs

▸ Could benefit from one complex fit . . .
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Connecting φd and φs

Hunting New Physics:

▸ We need both φd and φs to pin down new physics
▸ Rb will be the show stopper

Current

35 40 45 50 55
φd [deg]

−5

−4

−3

−2

−1

0

1

2

3

4

5

φ
s

[d
eg

]

φNP = 6◦

φNP = 5◦

φNP = 4◦

φNP = 3◦

φNP = 2◦

φNP = 1◦

φNP = 0◦

φNP = −1◦

φNP = −2◦

R
b

=
0.390

R
b

=
0.359

R
b

=
0.421

non−MFV

Standard Model

Current Data

LHCb Upgrade/Belle II

35 40 45 50 55
φd [deg]

−5

−4

−3

−2

−1

0

1

2

3

4

5

φ
s

[d
eg

]

φNP = 6◦

φNP = 5◦

φNP = 4◦

φNP = 3◦

φNP = 2◦

φNP = 1◦

φNP = 0◦

φNP = −1◦

φNP = −2◦

R
b

=
0.390

R
b

=
0.376

R
b

=
0.404

non−MFV

Standard Model

LHCb Upgrade/

Belle II Era

▸ Illustration for flavour-universal CP-violating new physics (non-MFV models)

φNP
s = φNP

d ≡ φNP, (42)

▸ leading to

φs = φd + (φSM
s − φSM

d ) , (43)
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Conclusion

▸ Controlling higher order corrections to φd and φs becomes mandatory

▸ Illustrated strategies to get these corrections directly from data
based on SU(3) flavour symmetry

▸ Key players: B0
s → J/ψK 0

S , B0
→ J/ψρ0, B0

s → J/ψK∗0

▸ Highlighted new possibilities to get insights into ratio of hadronic amplitudes ∣A
′
/A∣

Credit: David and Sarah Cousens
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