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“New Physics” in Quantum-Loops
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Standard Model „New Physics“

NPSM AA +

• Clean Standard  Model predictions 
• Precise measurements (high statistics, incl. control channels)

We know by now: New Physics contributions are small.

Probes physics 
at >>TeV-scale
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Standard Model withstands Challenges 

Bs mixing phase φs BR( Bs → µ µ )
PRL 111 (2013) 101805

Theo. uncertainty: ±6%
Exp. error (best):   ±24% 

Theo. uncertainty: ±0.0016 rad   
Exp. error (best):   ±0.07 rad

Theoretical precision not reached → Highest intensities!
Remember: CPV in Kaon decays only at ~10-3. 

P.
 Ř
ez
ni
če
k,

 B
ea

ut
y 

20
14

3



B-Physics at the Intensity Frontier
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LHC @  14 (13) TeV SuperKEKB & Belle II

𝜎𝜎𝑏𝑏𝑏𝑏(14 𝑇𝑇𝑇𝑇𝑇𝑇) ≈ 500 𝜇𝜇𝜇𝜇

→ 1010 𝜇𝜇�𝜇𝜇 events/fb−1
𝜎𝜎𝐵𝐵𝐵𝐵 ≈ 1 𝑛𝑛𝜇𝜇

→ 109 𝐵𝐵 �𝐵𝐵 events/ab−1

LHC era High-lumi LHC era
2010-2012 2015-2018 2020-2022 2025-2028 2030+

ATLAS & CMS 25 fb-1 100 fb-1 300 fb-1 → 3000 fb-1

LHCb 3 fb-1 8 fb-1 23 fb-1 46 fb-1 100 fb-1

Belle II 0.5 ab-1 25 ab-1 50 ab-1 -
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Upgrade-Project
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• Increase levelled luminosity up to 2×1033 cm-2s-1 (pile-up ~8): 
• Fully flexible & efficient software trigger up to 40 MHz input
• Record 20 – 100 kHz
• Upgrade VELO and Tracker (adapt to higher occupancy and radiation load)

LHCb Upgrade:

Tracking System

VELO
40 MHz readout for RICHs, 
Calo, Muon System

CERN-LHCC-2012-007

See also talk by Wander Baldini
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Trigger-Upgrade

1 MHz readout = 
bottleneck for 

hadronic channels

Efficient and selective software trigger: 
Increase luminosity and signal yields!
e.g.: purely hadronic Bs →φφ

Upgrade

Run 1

LHCb-Pub-2014-031

CERN-LHCC-2014-016
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Upgrades relevant for B-Physics 

LS1

LS2

LS3

IBL pixel layer at R=32 - 38mm:
More robust track reconstruction
Better impact parameter resolution

Increase trigger robustness for high lumi:
New small muon wheel (muon trigger) 
Fast track-trigger (tracks before L2) 
→ topological selections at HW level
→ Offline like selection in L2 / evt filter

New Inner Tracker for high-lumi :
cope with higher occupancy and 
radiation damage (pile-up ~ 200)
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P. Řezniček, Beauty 2014 
See also talk by Marco Bomben

Muon trigger efficiency crucial
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Upgrades relevant for B-Physics

LS1

LS2

LS3

New pixel detector (3 → 4 layers):
• closer to beam pipe, less material
• improves resolution for low-pt tracks 

(important for B physics)

Upgraded tracker:
• Less material, better pt resolution
• Special pt modules used in L1 trigger

→ high efficiency at reduced fake rate
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CERN-LHCC-2012-016
See also talk by Franco Simonetto

Muon trigger efficiency crucial
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Slide by 
A.Schwartz

Nano-beams 
by P. Raimondi
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Belle II at SuperKEKB Slide by 
A.Schwartz
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Timeline of heavy flavor experiments

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

LHC Run 2: 13-14 TeV LS 2 Run 3: 14 TeV LS 3 Run 4+5

LHCb
Upgrade

ATLAS & CMS  ~100 fb-1 Phase 1 
Upgrade

Phase 2               
HL - Upgrade

SuperKEKb & Belle II

>8 fb-1

>23 fb-1

~300 fb-1 ~3000 fb-1

2035

50 ab-1

>50 fb-1

BES III
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Hadron Collider versus B-Factory

• Coherent B0B0 production  → tagging
• High efficiency for neutrals γ, π0, Ks,KL

• Full reconstruction of B → B beam:    
ν reconstruction in semi-lept decays 

• Copious production of all b-hadrons,           
in particular Bs and b-baryons 

• Large boost: 
- excellent time-resolution
- good non-B backgr. suppression
- High efficiency for multi-particle FS

p →← p e+ →← e-

BR(B+→τ+ν)
SM:  1.1×10-4

HFAG: ±0.22×10-4

Belle2: ±0.05×10-4

experimental differences  → physics complementarity
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B0→Kπ
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Physics Complementarity*)

LHCb

Belle II

ATLAS & CMS• Rare decays: Bd,s → µµ
• Bs system
• b-baryons
• Spectroscopy
• CKM phases (β, γ)
• Gluonic penguins
• EW penguins 
• Charm physics
• Semileptonics: Mixing, ASL
• Semileptonics: Vxb
• B→τν, Dτµ, 
• B→K*νν
• τ-physics

On-going

*) Caveat: I am probably missing “your” favored channel/field

Some only LHCb, 
some only Belle II
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Rare decays: Bs,d → µµ
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BR(Bs→µµ) BR(Bd→µµ) / 
BR(Bs→µµ)

Theory ±6% ±5%

Today*) ±24% --
LHCb (50 fb-1) ±6% ±40%
CMS (300 fb-1) ±12% ±47%
CMS (3000 fb-1) ±12% ±21%

Phase II upgrade of CMS tracker

300 fb-1

3000 fb-1

Highly suppressed:

BR(Bs →μ+μ-)= (3.65 ± 0.23)x10-9

BR(Bd →μ+μ-)= (1.1 ± 0.1)x10-10

*) Average CMS and LHCb

CMS PAS FTR-13-022
LHCb-Pub-2013-015

Bobeth et al., 2014

14



Bs-mixing:  φs and CPV in mixing 

si
mixmix eAA φ=

CPfsB

sB
sφ

Measurements by ATLAS, CMS and LHCb:
LHCb (50 fb-1):   δφs ≈ ± 0.009 (SM -0.036 ±0.003)

Mixing phase φs using Bs→J/ψφ:

CPV in mixing:  P(Bs→ Bs) ≠  P(Bs→ Bs)
LHCb (50 fb-1): δ ASL(Bs) ≈ ±0.5×10-3  (SM:10-4)
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LHCb (Run 1 expect.): ≈ ±3×10-3 
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CKM Angle γ

Tree decays:    (LHCb & Belle II)
Measurement of direct CPV in B → DK  decays
Ultimate precision reached from many channels. 
Challenging LHC: many tracks, low-pT, 

hadronic triggers, PID.

Tree + box:   (LHCb)
Time-dependent measurement of direct CPV in Bs → DsK decays.  

LHCb1)

Run1        50fb-1
Belle II2)

Belle I        50ab-1

γ (tree) 7° 1.1° 15° 1 - 1.5°
γ(Bs→DsK) 17° 2.4°

2) Phys. Rev. D 81, 112002 (2010)
arXiv:1311.1076 (Snowmass report)

1) LHCb-Conf-2013-006
LHCb-Pub-2013-015

B− fD K−
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CKM Metrology

WA LHCb
(50 fb-1)

Belle II 
(50 ab-1)

α 4° -- 1°
β 0.8° 0.31° 0.2°

|Vub| determination: 

A.Schwartz, FPCP 2014

experimental error

excl. 2.1%

Belle II:  Measures inclusive / exclusive  |Vub| 

2025++

LHCb-Pub-2013-015
arXiv:1311.1076 

(Vub theory 
progress) 
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b →s Gluonic Penguins

LHCb1) Belle II2)

φ𝑠𝑠eff(Bs→φφ) 0.026

φ𝑠𝑠eff(Bs→K*K*) 0.029

2βeff(B→φKs) 0.04 0.04

2βeff(B→η′Ks) 0.03

1) LHCb-PUB-2013-015
2) arXiv:1311.1076 (Snowmass report)

LHCb 50 fb-1

Belle II 50 ab-1

Bs → φφ, K*K*
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δφs (φφ) ≈ ±0.15 (LHCb 3fb-1)
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Electroweak Penguins: B0→K*µµ

( )
BF

BF
FB NN

NNqA
+
−

=2

Error Theory LHCb 50 fb-1 Belle II 50 ab-1

q0
2 (AFB)  ±7% 1.9% 5%

Zero crossing:
q0

2 = 4.9 ±0.9 GeV2 ±18%

LHCb-Pub-2013-015,   arXiv:1311.1076 
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Full angular analysis exploits the data much better

LHCb S3 :  ±0.04 (Run 1) → ±0.007 (50 fb-1 )

arXiv:1304.6325

arXiv:1304.6325

Results by ATLAS & CMS.



More Electroweak Penguins

BelleB → h(*) νν

Belle II (50 ab-1): δBR(B→Kνν) ≈ ±1.0×10-6

arXiv:1303.3719

• Inclusive B→Xd,s γ (Belle II)
• Exclusive B → K*γ, ρ γ (Belle II, LHCb), 

Bs → φγ (LHCb) 
LHCb-PAPER-2014-001

b → s γ

Test of CPV: δACP (K*γ) < ±1% (Belle II) 

Recent LHCb measurement of 
photon polarization in B+ → K+ ππγ

• Photon polarization  (Belle II, LHCb)
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Constrains on charged Higgs from B→τν

B factories
BR(B→τν)=
1.14±0.22×10-4

Belle 50 ab-1

δBR(B→τν) < 5%

S. Yashchenko, SM@LHC 2014
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CP Violation in Charm
CP asymmetry from eff. lifetime differ.

f = KK, ππ

CP asymmetry from decay rates

ACP experimentally challenging →

courtesy
M: Gersabeck

LHCb
arXiv:1405.2797

ACP(KK) = -0.06 ± 0.18 
ACP(ππ) =  -0.20 ± 0.22 → future! 22



Conclusion

• We have reached already an impressive 
precisions in many B measurements.

• LHC has been proven to be a high-intensity        
B factory able to provide precision results: LHCb, 
ATLAS&CMS (muon channels)

• With the LHC upgrades (in particular for LHCb) 
and Belle II we enter a new era of B physics      
→ Different experimental approaches guarantee 
complementarity! 

From Phillip Urquijo’s talk: 
We will test scales up to 20 (2) TeV trees (loops). 

• The future is bright and we can expect surprises!
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Backup
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A lesson from the past

L.B. Okun, Spacetime and vacuum as seen from 
Moscow, Int. J. Mod. Phys. A 17S1 (2005) 105. 
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LHCb Upgrade: Key Measurements 
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Key Measurement of Belle II
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Sergey Yashchenko
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Timeline 
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LHC - Pileup
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