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Flavor Constrains BSM Physics

Operator Bounds on Λ in TeV (cNP = 1) Bounds on cNP (Λ = 1 TeV) Observables
Re Im Re Im

(s̄Lγ
μdL)

2 9.8× 102 1.6× 104 9.0× 10−7 3.4× 10−9

ΔmK ; εK
(s̄R dL)(s̄LdR) 1.8× 104 3.2× 105 6.9× 10−9 2.6× 10−11

(c̄Lγ
μuL)

2 1.2× 103 2.9× 103 5.6× 10−7 1.0× 10−7

ΔmD; |q/p|D, φD
(c̄R uL)(c̄LuR) 6.2× 103 1.5× 104 5.7× 10−8 1.1× 10−8

(b̄Lγ
μdL)

2 6.6× 102 9.3× 102 2.3× 10−6 1.1× 10−6

ΔmBd ; sin(2β) from Bd → ψK
(b̄R dL)(b̄LdR) 2.5× 103 3.6× 103 3.9× 10−7 1.9× 10−7

(b̄Lγ
μsL)

2 1.4× 102 2.5× 102 5.0× 10−5 1.7× 10−5

ΔmBs ; sin(φs) from Bs → ψφ
(b̄R sL)(b̄LsR) 4.8× 102 8.3× 102 8.8× 10−6 2.9× 10−6

Table 1: From [3]. Bounds on representative dimension-six ΔF = 2 operators [4, 5]. The bounds
on Λ are evaluated assuming an effective coupling 1/Λ2 (i.e. setting cNP = 1). Alternatively, the
bounds on the respective cNP are obtained assuming Λ = 1 TeV. In the last column we list the
observables used to set such bounds; the observables related to CPV are separated from the CP
conserving ones with semicolons.

2 Physics Motivation

LHCb was designed to study heavy flavor physics. Its primary goal is to look for evidence of
BSM phyics in CP violation and rare decays of b- and c-hadrons. Although the Standard Model
provides a coherent mathematical description of the strong, weak, and electromagnetic forces, and
describes the ensemble of experimental results extremely well, it is incomplete. The underlying
electroweak symmetry, in which the fundamental fermions and all the gauge bosons are massless,
must be broken. The Higgs mechanism is the simplest electroweak symmetry breaking (EWSB)
mechanism. The quarks, leptons, and weak bosons acquire their masses via their interactions with
the Higgs field. Possible extensions of the SM include multi-Higgs models, supersymmetric models,
varieties of technicolor models, models with extra dimensions, etc. In addition, other models predict
new generations of (heavy) fermions, additional gauge bosons, Majorana neutrinos (which are their
own antiparticles), and other phenomena which sit squarely in the realm of discovery science. Most
BSM scenarios predict new particles at the EWSB mass scale - from somewhat above the W -
and Z-boson masses to the TeV range. ATLAS and CMS discovered the first Higgs-like boson in
2012 [1, 2]. They will determine its exact nature and directly search for additional new, massive
particles in LHC’s Run 2. LHCb will probe even higher mass scales, and a broader spectrum of
flavor couplings, by studying the manifestations of new particles via quantum loops.

Model-independent BSM constraints from measurements of mixing and CP violation can be
derived following the method developed by Isidori, Nir, and Perez [4]. They assume new fields
are heavier than SM fields and construct an effective Lagrangian. Then they “analyze all realistic
extensions of the SM in terms of a limited number of parameters (the coefficients of higher dimen-
sional operators).” They determine bounds on an effective coupling strength Λ of the interaction
in the limit that the dimensionless couplings cij between flavors are unity. Table 1, taken from by
Isidori and Teubert [3], summarizes the the picture today. The critical point is that kaon, Bd, Bs,
and D0 mixing and CPV measurements provide powerful constraints that are complementary to
each other and often more powerful than those from direct searches.

Similarly, the very rare decays Bs → μ+μ− and Bd → μ+μ− probe parameter space in a large
variety of supersymmetry and supergravity models [6] powerfully. Recent evidences of Bs → μ+μ−

reported by LHCb [7] and CMS [8] at the roughly the rate anticipated in the SM have been
combined in a joint analysis to provide a measurement of the branching fraction, B(B0

s → μ+μ−) =
(2.8+0.8

−0.6) × 10−9, consistent with the most recent SM prediction, B(B0
s → μ+μ−) = (3.65 ± 0.23) ×

10−9 [9]. The same analysis finds B(B0
d → μ+μ−) = (3.9+1.6

−1.4) × 10−10 where the SM prediction is

B(B0
d → μ+μ−) = (1.06 ± 0.09) × 10−10. The combination of the B0

s and B0
d results is consistent

with SM predictions in two dimensionis with confidence level near 5%.
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Flavor Structure in the SM and Beyond
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Table above from Isidori and Teubert,
Eur.Phys.J.Plus 129, 40 (2014).
Bounds on representative
dimension-six ∆F = 2 operators.

Image to the left from M. Neubert,
EPS-HEP-2011.
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LHC Detector Acceptances for bb̄ Production
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LHCb is a forward spectrometer, optimized for
accepting both B and B hadrons in an event;

accepts about 10× as many triggers as
ATLAS or CMS;

σ(c c̄) ∼ 20× σ(b b̄);

acceptance in η complements ATLAS and
CMS for many electro-weak studies.
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LHCb Detector [2008 JINST 3 S08005]The LHCb detector

7

[2008 JINST 3 S08005]

Covers 4% of solid angle but 
contains 25% of bb̅ pairs
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Status and Future Plans

Some Selected Results:

Search for Majorana Neutrinos [Syracuse]
Charge Asymmetry in bb̄ Pair Production [MIT]
D0 → Kπ Mixing and CPV Measurements [Cincinnati]
B → Z−K+; Z → ψ′π− [Syracuse]

Not Discussed

Joint CMS/LHCb Observation of Bs → µ+µ− and
Evidence for Bd → µ+µ−, about to be submitted to Nature.

Preparing for Run 2

Emphasis on the split High Level Trigger (HLT)

LHCb in the upgrade era

Emphasis on the Upstream Tracker

also see talks by Nathan Jurik (Th. 3:41 PM) and Matt Kelsey (Fr. 9:56 AM)

Michael D. Sokoloff University of Cincinnati
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Searches for Virtual and Real Majorana Neutrinos - I

W
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Virtual Majorana neutrinos
constrained by upper limit on
B(B− → π+µ−µ−).

Real Majorana neutrinos constrained
as functions of m(π+µ−) for short
decay times (S, τ < 1 ps) and long
decay times (L, τ > 1 ps).
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Invariant mass distributions for (a) the normalization channel J/ψK−,

(b) π+µ−µ− (S), and (c) π+µ−µ− (L).
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Searches for Virtual and Real Majorana Neutrinos - II

B(B− → π+µ−µ−) < 4.0×10−9

valid for τN . 1 ps, independent of mN

PRL 112 (2014) 131802
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New trigger lines in 2015 will enhance
sensitivity for high τN
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Charge Asymmetry in b b̄ Pair Production - I

Measurements in pp̄ collisions at the Tevatron suggest that top (anti-)
quarks are produced along the (anti-) proton beam direction more often
than predicted by the SM. BSM physics can explain this.

The LHC is a pp machine, effectively an asymmetric qq̄ collider. Some
theories proposed to explain the Tevatron results also predict a large
charge assymetry in bb̄ production.

B and B̄ decays are identified using topological and mass criteria
(TOPO), the bb̄ reconstructed jets using the anti-kT algorithm, and B
flavor tagged using muons from semileptonic decay.
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LHCb After B candidates are identified as TOPO
objects, the background contamination is
studied using corrected mass:

Mcorr = (M2 + p2 sin2 θ)1/2 + p sin θ

where M and p are the mass and

momentum of B-decay tracks in a jet.
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Charge Asymmetry in b b̄ Pair Production - II

Abb̄
C ≡

N(∆y > 0)− N(∆y < 0)

N(∆y > 0) + N(∆y < 0)

where ∆y ≡ |yb| − |yb̄|.

Abb̄
C is measured in three regions of

jet-jet mass, Mbb̄

(40− 75) GeV Abb̄
C = (0.4± 0.4± 0.3)%

(75− 105) GeV Abb̄
C = (2.0± 0.9± 0.6)%

> 105 GeV Abb̄
C = (1.6± 1.7± 0.6)%

The data are consistent with

Standard Model predictions.
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[PRL 113 (2014) 082003]
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Time Evolution of D0 → Kπ

10 

Time-Evolution of D0→Kπ Decays 

and δ is the phase difference between DCS and CF decays. 

DCS and mixing amplitudes 
interfere to give a “quadratic”  
WS decay rate (x, y << 1): 

where 

RS = CF WS = DCS 

K+π- 
DCS 

D0 

D0 

mi , Γi ⇔ weak eigenstates ; x ≡ ∆m

〈Γ〉 ; y ≡ ∆m

2 〈Γ〉 ; τ ≡ 1

〈Γ〉
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D0 → Kπ Mixing and CPV Measurements
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B → Z (4430)K+ ; Z (4330)→ ψ′π− ; |dc c̄ū〉
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Confirmation of the Z(4430)±

• LHCb has sample of >25k B0 ⟶ ψ’K⁺π⁻ candidates (x10 Belle/BaBar). 

• Selection: most events come through dimuon trigger (eff~90%) 

• Typical B0 pT ~6GeV, μ⁺ pT ~ 2GeV, K⁺ pT ~1GeV. 

• Use sidebands to build 4D model of combinatorial background. 

• Bkgs from mis-ID physics decays is small - excellent LHCb vertexing, PID!
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[arXiv:1404.1903 accepted by PRL]
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observed by Belle [PRL 100
(2008) 142001]
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Resonant Character of the Z (4430)− State, and More
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18.7σ. [PRL 112 (2014) 222002]

Relative to JP = 1+, the 0−, 1−,
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Preparing for Run 2

8 TeV → 13 TeV

σ(bb̄) and σ(cc̄) increase ≈ 60%.

50 ns bunch length → 25 ns

maintain L, reduce pile-up.

increase output bandwidth, 5 kHz → 12 kHz

record more data.

L0 trigger maintained; improve the HLT

increase S:B and divide output into
“regular data”, “parked data”, and a
“turbo stream”.

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz Rate to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram
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The Split HLT – Working Harder and Smarter
2015 Processing and Deferral Models 

•  The models considered assume  
–  twice the 2012 computing power (53240 processors, 2012 

units) and ~4 PB of disk for deferral 
–  An Hlt1 process which will run in real time and an Hlt2 

process which will run after calibration constants are 
available, nominally an hour later. 
 

•  Four tunable knobs: 

March 29! Michael D Sokoloff! 1!

Hlt1 time/evt 
18 ms in 2012 

Hlt2 time/evt 
200 ms in 2012 

Fraction of events 
sent to Hlt2 
8% in 2012 

Size of events  
sent to Hlt2  

(55 kB in 2012) 

Michael D. Sokoloff University of Cincinnati
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Most Weeks Have 168 Hours
The July – December 2012 Fill Model  

March 29! Michael D Sokoloff! 2!

•  Clock week = 168 hours; 
•  Machine in fill ~ 50 hours/week; 
•  Best week, ~ 90 hours in fill; 
•  Deferral allows us to use all 168 
hours in a week if disk available 

•  Split Hlt increases effective CPU 
power by more than a factor of 2  

Michael D. Sokoloff University of Cincinnati
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The Upgrade

The LHCb Trigger

Introduction

The Run I trigger

Level 0

Buffering

HLT1

HLT2

Performance

Run II

Upgrade

Tracking

Selections

Conclusions

C. Fitzpatrick

05/15/2014

The Upgrade

I From 2018, LHCb will run at L = 2× 1033 cm−2 s−1

250mrad

100mrad

I VELO moves from r , φ strips to pixels: LHCb-TDR-013

I RICH replaces photon detectors, SPD, PRS, M1 removed: LHCb-TDR-014

I Trackers replaced: scintillating fibers + silicon microstrips: LHCb-TDR-015

14 / 23Michael D. Sokoloff University of Cincinnati
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The Upgrade Trigger – Fully Executed in Software
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Focus on the Upstream Tracker (UT)

The LHCb Trigger

Introduction

The Run I trigger

Level 0

Buffering
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HLT2

Performance

Run II

Upgrade

Tracking

Selections

Conclusions

C. Fitzpatrick
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The Upgrade

I From 2018, LHCb will run at L = 2× 1033 cm−2 s−1

250mrad
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I VELO moves from r , φ strips to pixels: LHCb-TDR-013

I RICH replaces photon detectors, SPD, PRS, M1 removed: LHCb-TDR-014

I Trackers replaced: scintillating fibers + silicon microstrips: LHCb-TDR-015
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Motivations and Requirements for the Upstream Tracker

improve HLT tracking
provide fast momentum estimate, will speed up tracking × 3;
critical for fully executing trigger in software.
increase acceptance at low angle and overlap sensors to
eliminate gaps;

Higher luminosity
finer granularity to cope with increased particle density as
ν → 7.6

From 1 to 40 MHz readout
new front-end electronics

Aim to collect 50 fb−1

improve radiation hardness of sensors and electronics

Michael D. Sokoloff University of Cincinnati
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The Upstream Tracker Team

Participating institutes

22 of 22 F. Lionetto - LHCb upgrade: Upstream Tracker - Vertex 2014

Michael D. Sokoloff University of Cincinnati
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Upstream Tracker Geometry
Geometry

66.8 mm 
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98#mm#
190#μm#
512#strips#

98#mm#
95#μm#

1024#strips#

49#mm#
95#μm#

49#mm#
95#μm#

� 4 planes inside light tight box flushed with N2 or dry air

� Single-sided silicon microstrip sensors (strip pitch and length
depending on position)

� Strips vertical on X,
±5◦ on U/V planes

� Circular cut out
around the beampipe

� 68 staves,
staggered 10 mm in z
to provide overlap in x

6 of 22 F. Lionetto - LHCb upgrade: Upstream Tracker - Vertex 2014
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SALT ASIC
SALT ASIC

SALT = Silicon ASIC for LHCb Tracker

� 40 MHz readout

� 128 channels

� TSMC CMOS 130 nm technology

� 73 µm pitch on input pads

16 of 22 F. Lionetto - LHCb upgrade: Upstream Tracker - Vertex 2014

Michael D. Sokoloff University of Cincinnati
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SALT ASIC - analog block
SALT ASIC - analog block

� Peaking time ∼ 25 ns

� Remainder after 2×peaking time ∼ 5% =⇒ minimise pile up, spill over

� Sensor capacitance 5− 15 pF

� Power consumption 1− 2 mW/channel

� Both polarities =⇒ n+-in-p and p+-in-n

16 of 22 F. Lionetto - LHCb upgrade: Upstream Tracker - Vertex 2014
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SALT ASIC - ADC
SALT ASIC - ADC

� SAR, 6 bit resolution

� power consumption < 0.5 mW at 40 MS/s

16 of 22 F. Lionetto - LHCb upgrade: Upstream Tracker - Vertex 2014
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SALT ASIC - digital signal processing block
SALT ASIC - digital signal processing block

� Bad/noisy channel masking

� Pedestal subtraction

� Mean common mode subtraction

� Zero suppression

� Data compression (header and data)

16 of 22 F. Lionetto - LHCb upgrade: Upstream Tracker - Vertex 2014
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SALT ASIC - serialisation
SALT ASIC - serialisation

� Create and transmit data frames to peripheral electronics
� Serial links =⇒ e-links

� 5 e-links per ASIC but 2− 5 active depending on sensor position

� SLVS I/O standard

� 320 MBit/s data rate

16 of 22 F. Lionetto - LHCb upgrade: Upstream Tracker - Vertex 2014
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Stave Protoyping at Syracuse
Stave prototyping

Ti snake pipe

Si

“Si”
(brass)

“ASICs”
(heaters)

1.5 m

� First mechanical/thermal prototype completed
� realistic stave materials (CFRP, foam core)
� snake pipe design
� Ti tube bent and epoxied into the stave
� maximum heat load mimicked by heaters
� successfully cooled down, well below −5◦C on sensors
� measurements ongoing,

including deflection
and thermal contraction

15 of 22 F. Lionetto - LHCb upgrade: Upstream Tracker - Vertex 2014
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UT Testbeam: October 20-26, 2014UT	
  Testbeam:	
  Oct	
  20	
  –	
  26,	
  2014	
  
Timepix3	
  pixel	
  telescope	
  (4+4	
  planes)	
  

UT	
  
DUT	
  

180	
  GeV	
  
p	
  beam	
  
from	
  SPS	
  

q  Primary	
  goal:	
  to	
  validate	
  the	
  performance	
  of	
  the	
  n-­‐in-­‐p	
  and	
  p-­‐in-­‐n	
  sensors	
  up	
  to	
  the	
  	
  
maximum	
  expected	
  radiaAon	
  dose	
  of	
  ~40	
  MRad	
  (n-­‐in-­‐p)	
  and	
  1	
  Mrad	
  (p-­‐in-­‐n)	
  

q  Secondary	
  goals:	
  	
  
q  Signal,	
  noise	
  and	
  S/N	
  characterizaAon	
  
q  ResoluAon	
  –vs-­‐	
  angle,	
  cluster	
  sizes,	
  etc	
  
q  Efficiency	
  across	
  detector	
  

q  Only	
  a	
  couple	
  weeks	
  old,	
  so	
  analysis	
  is	
  ongoing…	
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UT Prototype Sensor Performance
Snapshots	
  of	
  UT	
  prototype	
  sensor	
  performance	
  

q  Full	
  depleKon	
  of	
  n-­‐in-­‐p	
  sensors	
  	
  
up	
  to	
  24	
  MRad	
  

q  Landau	
  distribuKons	
  look	
  roughly	
  
as	
  expected.	
  

q  2-­‐strip	
  resoluKon:	
  σGauss	
  ~8.4	
  um	
  
q  Many	
  studies	
  in	
  progress.	
  

Bon	
  
appeAt	
  

ResoluKon	
  (strip	
  pitch	
  =	
  80	
  µm)	
  

Single	
  event	
   Charge	
  collected	
  in	
  ADC	
  
θ=15o	
  

Cluster	
  Size	
  (#strips)	
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Summary

Flavor physics probes Standard Model and Beyond the Standard
Model physics. It complements the high pT physics program of
ATLAS and CMS.

LHCb ran very well during Run 1. We have published over 200
journal papers.

Run 2 promises about twice as much bb̄ and cc̄ per fb−1, and
L ∼ 5 fb−1 compared to 3 fb−1 in Run 1.

The upgrade era promises another order of magnitude greater data.

US-LHCb is leading the Upstream Tracker construction project.
This is critical to the upgrade. We are making excellent progress.
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