
Some Recent Results from LHCb

Michael D. Sokoloff

University of Cincinnati
on behalf of the LHCb Collaboration

August 24, 2016

Michael D. Sokoloff SLAC Summer Institute Topical Conference University of Cincinnati

Some Recent Results from LHCb 0 / 25



Why Flavor Physics?

Search for manifestations of New Physics at the highest energy scales
by studying rare and forbidden decays and and searching for CP violation

beyond that described by the Kobayashi-Maskawa phase of the CKM

matrix.

CP violation in D0 mixing
CP violation in Bs mixing
direct CP violation in four-body Λb decay

Better understand strong interactions in the Standard Model, especially

its non-perturbative aspects.

study K∗+ → φK+ and X 0 → J/ψφ structures in
B+ → J/ψφK+

study character of Z (4430)− observed in B0 → ψ(2S)K+π−

Use cross-section measurements to probe the structure of the proton

Probe the “hidden sector” searching for rare decays producing low mass
particles with very small couplings to ordinary matter.
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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%.

2

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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No-So-Exotic Hadrons

Gell-Mann’s original discussion of
hadron properties in terms of
quarks also explicitly suggested
tetra-quark states (qqqq) and
penta-quark state (qqqqq) as
well as “ordinary” mesons (qq)
and baryons (qqq).
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LHC Detector Acceptances for bb 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 c) ∼ 20× σ(b b);

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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Neutral Meson Oscillation and CP Violation in Mixing

Some Theory and Expectations

Mixing in a Nutshell

▸ Mixing in Neutral Mesons: mass≠flavor eigenstates

▸ Mass Eigenstates: ∣D1,2⟩ = p∣D0⟩ ± q∣D0⟩,∣p∣2 + ∣q∣2 = 1

x = m2−m1

Γ
, y = Γ2−Γ1

2Γ
, Γ = Γ1+Γ2

2

CP Violation

▸ Direct CPV: ∣AfAf
∣ ≠ 1

Af = ⟨f ∣H∣D⟩,Af = ⟨f ∣H∣D⟩
▸ CPV in Mixing: ∣ q

p
∣ ≠ 1

Weak Phase: φ = arg ( q
p
) ≠ 0

▸ CPV in Interference between Mixing and Decay:

arg ( q
p
AfAf

) ≠ 0

Expectations
▸ Only up-type quark system with mixing

▸ Mixing enters at 1 loop level in SM, GIM
and CKM suppressed

▸ Non-perturbative long-range effects may
dominate short-range interactions,
difficult to calculate

▸ x , y expected to be ≲ 0.5%

▸ CPV expected to be O(10−3) in SM

▸ If enhancement of CPV is seen, could be
caused by New Physics

What and Why How Background Studies Next Steps and Proposal

Theory

u

c

d , s, b d , s, b

c

u

W

W

A. Davis University of Cincinnati

D0 − D̄0 mixing and CPV from B → µD∗X 6 / 16

D0 D
0

⇡+, K+

⇡�, K�

A. Davis

Charm Mixing and CPV at LHCb 11 / 9

Short Range Long Range

A. Davis

Mixing and CP Violation in Charm Decays at LHCb 2 / 13

|P1,2〉 = p|P0〉±q|P0〉 ; p2 +q2 = 1

x ≡ ∆m

Γ
y ≡ ∆Γ

2Γ

|M|2 ∝ 1

2
e−Γt

{
|Aα|2

(
cosh y Γt + cos x Γt

)
+ |Aα|2 |q

p
|2
(

cosh y Γt − cos x Γt

)
+ 2

[
<
((

q

p

)∗
AαA∗α

)
sinh y Γt −=

((
q

p

)∗
AαA∗α

)
sin x Γt

]}
.

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 

for x , y � 1 (valid for D0, not for Bs):
doubly Cabibbo-Suppressed (DCS) ≈ ∝ e−Γt;

pure mixing ∝ e−Γt × (Γt)2

interference ≈ ∝ e−Γt × Γt
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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 Samples: Prompt and Doubly-Tagged (DT)

]2c) [GeV/s
+

π
0

D(M

2.005 2.01 2.015 2.02

)
2

c
C

an
d

id
at

es
/(

0
.1

 M
eV

/

0

0.5

1

1.5

2

2.5

3

6
10×

RS, 2012 data

Fit

Background 
prompt Right Sign

DT WS Mixing/CPV: Method
LHCb-PAPER-2016-033 (in prep.)

▸ Measure time dependent WS/RS ratio of D0 → Kπ

R(t)± = WS(t)±
RS(t)± ≃ R±

D +√
R±
Dy

′± t
τ + x ′±2+y ′±2

4
( t
τ
)2

▸ Use:
B → µ−D∗+X
D∗+ → D0π+S
D0 → Kπ

▸ Doubly Tagged: µ− and π+S tag the D0 production flavor

▸ Extremely clean

▸ Complements previous measurement using “prompt”
D∗+ → D0π+S
PRL 111, 251801 (2013)

▸ Goal: Measure Mixing/CPV parameters with DT only
sample and combination of prompt and DT
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D0 → Kπ Mixing and CPV Measurements
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PRL 111 (2013) 251801; LHCB-PAPER-2016-033
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D0 → Kπ Mixing and CPV Measurements
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Phenomenology of Bs Mixing and CP Violation

In the special case when the Bs decays semi-leptonically (B s → D+
s µ
−X ), there

is no DCS amplitude. Thus, the WS rate results from pure mixing.

|M|2 ∝ 1

2
e−Γt

{
|Aα|2 |q

p
|2
(

cosh y Γt − cos x Γt

)}
The difference in mixing rates for Bs → B s and B s → Bs (as p 6= q) produces
an asymmetry in the rates to these final states:

asl ≡ Γ(B s → f )− Γ(Bs → f )

Γ(B s → f ) + Γ(Bs → f )
≈ ∆Γs

∆ms
tanφ12s ,

Here, xs ≡ ∆ms/Γs � 1 while ys ≡ ∆Γs/2Γs � xs . As a result, the mixing
period is much less than the lifetime. Tagging the flavor of a Bs when it is
produced is not efficient, and measuring the time-integrated asymmetry
introduces only a factor of 2 dilution in sensitivity. Hence, assl is calculated as

assl =
2

1− fbkg
(Araw − Adet − fbkgAbkg) ,

where Adet is the detection asymmetry, fbkg is the fraction of b-hadron
background and Abkg the background asymmetry.
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CP Violation in Bs Mixing
PRL 117 (2016) 061803
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Bs → D±s (→ KKπ)µ∓ X tags flavor at decay;

Ds → KKπ Dalitz plot divided into three signal regions, φπ (900 K
events), K∗K (415 K events), and non-resonant ( 280 K events);

SM ⇒ as
sl ∼ 2× 10−5 [e.g., Lenz and Nierste, JHEP 06 (2007) 072];

result of this analysis: as
sl = (0.39± 0.26± 0.20)%.
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Λ0
b → pπ+π−π−, Λ0

b → pπ−K+K−: Physics & Signals
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Triple Product Asymmetry Math
Example: Λ0

b → pπ+π−π− + cc

Φ

0

p

π-

fast

π-

slow

π+

C
T̂

= ~pp · (~ph−1 × ~ph+
2

) [Λ0
b]

C
T̂

= ~pp · (~ph+
1
× ~ph−2 ) [Λ

0
b ]

AT̂ (CT̂ ) =
N(CT̂ > 0)− N(CT̂ < 0)

N(CT̂ > 0) + N(CT̂ < 0)

AT̂ (C T̂ ) =
N(−C T̂ > 0)− N(−C T̂ < 0)

N(−C T̂ > 0) + N(−C T̂ < 0)

aT̂ -odd
P =

1

2

(
A
T̂

+ A
T̂

)
aT̂ -odd
CP =

1

2

(
A
T̂
− A

T̂

)
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Λ0
b → pπ+π−π− and Λ0

b → pπ−K+K− TPAs

≈ 6000 Λ0
b → pπ+π−π− and ≈ 1000 Λ0

b → pπ−K+K− studied;

Analysis performed blindly. All event selection criteria and all analysis
procedures (including division of phase space into bins, defining statistical
procedure to be employed, etc.) determined prior to examining data;
similarly, all systematic uncertainties were evaluated prior to examining
(unblinded) data.

globally, no significant parity or CP violation observed in either sample;

two binning schemes employed; one separates the data into disjoint
subsamples according to two-body invariant masses and azimuthal angle;
the other separates the data into disjoint samples using only azimuthal
angle.

locally, no significant parity or CP violation in Λ0
b → pπ−K+K−.
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Evidence for parity and CP violation in Λ0
b → pπ+π−π−

LHCb-PAPER-2016-030, in preparation
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The consistency of the data with the CP symmetry hypothesis is found to
be p = 9.8× 10−4 (3.3σ) using a well-established statistical test (R. A.
Fisher, The Design of Experiments 1935), employing pseudoexperiments
based on permuting the real data events to capture correlations.
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Structure in B+ → J/ψφK+
LHCb-PAPER-2016-018 & 2016-019

Dalitz plot distributions are background-subtracted and efficiency-corrected
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Some Fit Projections for B+ → J/ψφK+

LHCb-PAPER-2016-018 & LHCb-PAPER-2016-019
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J/ψ φ Amplitudes in the Default Fit Model
LHCb-PAPER-2016-018 & LHCb-PAPER-2016-019

Contri- sign. Fit results
bution M0 [MeV] Γ0 [MeV] Fit Fractions%

All X (1+) 16±3 + 6
− 2

X (4140) 8.4σ 4146.5±4.5 +4.6
−2.8 83±21 +21

−14 13±3.2 +4.8
−2.0

ave. prior 4143.4±1.9 15.7±6.3

X (4274) 6.0σ 4273.3±8.3 +17.2
− 3.6 56±11 + 8

−11 7.1±2.5 +3.5
−2.4

CDF 4274.4 +8.4
−6.7 ± 1.9 32 +22

−15 ± 8

CMS 4313.8±5.3±7.3 38 +30
−15 ± 16

All X (0+) 28± 5± 7

NR J/ψφ 6.4σ 46±11 +11
−21

X (4500) 6.1σ 4506±11 +12
−15 92±21 +21

−20 6.6±2.4 +3.5
−2.3

X (4700) 5.6σ 4704±10 +14
−24 120±31 +42

−33 12± 5 + 9
− 5

ave. prior see Table 1 in LHCb-PAPER-2016-019

CDF arXiv:1101.6058

CMS Phys. Lett. B734 (2014) 261
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Alternative Model for X 0(4140)
LHCb-PAPER-2016-018 & LHCb-PAPER-2016-019

Our 1++ assignment to X (4140) and its large width rule out an
interpretation as a 0++ or 2++ D∗+

s D∗−s molecule.

A threshold cusp parameterization proposed by Swanson [Int. J. Mod.
Phys. E 25, no. 07, 1642010 (2016)], in which an exponential form factor,
with a momentum scale (β0) characterizes the hadron size, makes the
cusp peak slightly above the sum of masses of the rescattering mesons.
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This model fits the data as well as
the default amplitude model.
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B0 → Z−(4430)K+ ; Z−(4330)→ ψ′π− ; |dc cu〉
PRL 112 (2014) 222002
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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!

19

[arXiv:1404.1903 accepted by PRL]
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B0 → ψ′K+π− ; ψ′ → µ−µ+

Amplitude fits plus
model-independent analysis

Z−(4430)→ ψ′π− first
observed by Belle [PRL 100
(2008) 142001]
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Background-subtracted,
efficiency-corrected m(ψ′π−)
distribution.

Model projections of cos θK∗

moments up to order 4, allows for
J(K∗) ≤ 2, including correlated
uncertainties.
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Resonant Character of the Z−(4430)
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Amplitude fit including JP = 1+

Z−(4430)→ ψ′π− improves
overall χ2 corresponding to
18.7σ. [PRL 112 (2014) 222002]

Relative to JP = 1+, the 0−, 1−,
2+, and 2− hypotheses are
rejected by at least 9.7σ, 15.8σ,
16.1σ, and 14.6σ.

⇒ 4-quark resonant state
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A fit including an additional
JP = 0− ψ′π− amplitude with
m = (4239± 18+45

−10) MeV and

Γ = (220± 47+108
−74 ) MeV

improves overall χ2

corresponding to 6σ.
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Model-Independent Evidence for the Z−(4430) – I
Phys. Rev. D92 (2015) 112009
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“Square Dalitz plots” expose helicity structures of amplitudes.

The K∗(892) band in the left-hand plot has two lobes produced by the
P → VP cosθ amplitude.

The left-hand plot also has an accumulation of events near 1400 MeV
which might be produced by higher mass K∗ amplitudes.

The right-hand plot has an accumulation of events near 4430 MeV. It
might be a reflection of features produced by K∗ amplitudes.
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Model-Independent Evidence for the Z−(4430) – II
Phys. Rev. D92 (2015) 112009
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The cos θ distribution in each m(Kπ)
bin is described in terms of Legendre
polynomials up to order

lmax =

 2 m(Kπ) < 836 MeV
3 836 MeV < m(Kπ) < 1000 MeV
4 m(Kπ) > 1000 MeV .

The cos θ distribution in each m(Kπ)
bin is described in terms of Legendre
polynomials up to order lmax = 30.

Using MC experiments, the mψ(2S)π

projections of the data prefer this
Legendre polynomial weighting at
the 15σ level.
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To Take Away

We are measuring the particle – antiparticle differences in
mixing rates at the ±5% level in the D0 system and at the
±0.35% level in the Bs system. The limits from these
measurements constrain BSM physics reach at high mass
scales that complement those from direct searches.

We have observed evidence for (direct) CP violation in Λb

decays using triple product asymmetries.

More than 50 years after the prediction of tetra-quark and
penta-quark states, we are discovering many of these in the
decays of B-hadrons.

Flavor physics is fun.
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