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• 1st TeV Workshop in Tsinghua Univ. (2005)
• Volunteer to serve in the workshop
• Made THE most important decision in my life

TeVWorkshop and Myself
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• CP violation measurements

• Spectroscopy and exotic studies

• Rare decays and lepton universality test

• Conclusion

Outline on recent highlights
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• Dedicated for flavor physics studies
• Excellent primary and secondary vertex measurements;
• Very good PID performance on K/!/p

• Wonderful performance with the LHCb detector:
• 3 fb-1 pp data at 7 and 8 TeV
• 6 fb-1 data at 13 TeV

LHCb detector and operation status
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Many interesting results from LHCb at the beginning of 2019
Not all are covered here
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CP violation measurements
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Understand matter antimatter asymmetry in Universe

Search for new sources of CPV through precision measurement
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Global fit
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CKMfitter 2018 updates

Tree

SM baseline�! least precise measurement

"#, a probe of new physics

• CPV in SM described by CKM

mechanism

• Precision measurements⇨ global fit
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! in a nutshell
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• Tree-level "�sensitive channels (# → %(∗)ℎ(ℎ) etc.) with small BFs, need to combined
them to achieve best sensitivity

• Theoretical uncertainties small: strong interaction parameters determined directly from

experiment using a global fit

• LHCb dominants current sensitivity
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!" updates
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ATLAS-CONF-2019-009
LHCb-PAPER-2019-013
LHCb-PAPER-2019-003

• B physics now attracts more interests from GPD

• We have three important updates recently: one from ATLAS (#$% → '/) *) and two from

LHCb (#$% → '/) * and #$% → '/)+,+-)

• Interesting to see that ATLAS begins to play very important role in the game

• World average: *$ = −0.054 ± 0.020 rad vs −0.0370 ± 0.0006 rad from prediction
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Observation of CPV in charm decays
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LHCb-PAPER-2019-006

A. Carbone, CERN seminar, March 19, 2019
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What we do
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LHCb-PAPER-2019-006

• Time-integrated CP asymmetry:

• Difference on CP asymmetry between the two channels

• What does it mean

Δ"#$ = &#$'() *+*, − &#$'() .+., (1 + 2
3 45 6#$) +

Δ 2
3 &#$(8'

Δ"#$ = "#$ ** − "#$(..)

"#$ 9 = Γ 45 → 9 − Γ 45 → 9
Γ 45 → 9 + Γ 45 → 9 , 9 = *+*,and 9 = .+.,

Relative difference of proper time
• We use 45, 45 from flavor tagged process 4∗, → 45.,, A → 45B,C

• How many 45 in LHCb

• More than 1 billion 45 reconstructed in LHCb
• 44(.)+9(B) M 45 → ** and 14+3 M 45 →
.+., for 6 fb-1 data

• free of background 

Average of proper time negligible
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CPV measurements in charm decays
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LHCb-PAPER-2019-006

Run 2

Run 1

Combined
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The next CPV
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Nature Physics 13 (2017) 391

• CPV has not yet been found in baryon decays

• We saw first evidence of 3.3! 2 years ago in Λ# → %3' using triple products

• Searches are performed extensively in LHCb, including Λ# → %3', Λ# → %()' (a CPV 
as large as 20% is predicted in arXiv:1412.1899)
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CPV in charmless B decays
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• Interesting CPV pattern seen on Dalitz

plot of ! → ℎ$%ℎ%ℎ&, ℎ = ), *
• Dalitz plot analysis needed to shed

more light on understanding nature of

these CPV

��

• LHCb has published amplitude analyses of !+, → )-*%*& (PRL 120 (2017) 261801)
and !+, → )-)±*∓ (arXiv:1902.07955)

• Soon to come: amplitude analyses of !% → *%*%*& and !% → *%)%)& , with much
larger statistics than previous B-factory analyses and thus more interesting results

PRL 112 (2014) 011081
PRL 111 (2013) 101801
PRD 90 (2014) 112004



Spectroscopy and 
excited state searches
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Understanding QCD at low-energy
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Spectroscopy above !"! threshold (1)

14th workshop on TeV Physics

LHCb-PAPER-2019-005

• Large and pure D samples at LHCb for

spectroscopy studies

#(%&&')
#(%&&')

)*+ 3872 → 1∗313, 1∗3 → 1353/7

• Modeled with a relativistic multi-channel P-
wave BW

• Width Gaussian constrained to PDG value
of 27.2 ± 1.0 MeV

• Mass similar to Shamov and Todyshev
obtained from <=<>data and PDG average, 
but different from PDG fit

#(%&&') ?(%@AB)

?(%@AB)
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Spectroscopy above !"! threshold (2)

14th workshop on TeV Physics

LHCb-PAPER-2019-005

• Mass 2# lower than current 
world average

• Width 2 # higher
• Mass now even closer to 
$ 3915 → */,-, further 
study needed to see if they 
are two different states or 
the same one

.(0123)

.(0123)

563(0708)

563(0708)

.(0123)

• New resonance decaying to both 9:9: and 
9;9<

• Narrow width and mass suggest it to be 
,=(1=9=) with *>? = 3<<

563(0708)

��



Spectroscopy above !"! threshold (3)
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LHCb-PAPER-2019-005

Olsen, Skwarnicki, Zieminska, Rev. Mod. Phys. 90, 015003 (2018); arXiv: 1708.04012

#$%('('))

+(',-%)
.('//))
Possibly mix with 0(22)
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!" excited states
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LHCb-PAPER-2019-007

• #$ excited states below BD threshold can only decay to #$
• Controversy over excited state searches; now clear and consistent picture over 

different % range

PRL 113 (2014) 212004

ATLAS: 6800~6900 MeV, single peak, large width

JHEP 01 (2018) 138

LHCb: nothing for 2 fb-1 data

&&

PRL 112 (2019) 132001
CMS: 6800~6900 MeV, double peaks LHCb: 2 peaks for 8.5 fb-1 data
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Pentaquark states
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PRL 115 (2015) 072001
LHCb-PAPER-2019-014

• Pentaquark states observed in Run 1 data (3 fb-1)

Now we have 6 fb-1 more data
with twice larger cross-section
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New data sample
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PRL 115 (2015) 072001
LHCb-PAPER-2019-014

9X more data with slightly increased background

VS
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A closer look
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PRL 115 (2015) 072001
LHCb-PAPER-2019-014

Run 1 Run 1 + Run 2

1.9 GeV
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Analysis strategy
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PRL 115 (2015) 072001
LHCb-PAPER-2019-014

• Amplitude analysis not needed for discovery since resonances are narrow; a 1D
analysis is used

• But clearly a full amplitude analysis is needed to precisely determine resonant
quantum number

• 1D Analysis not sensitive to broad resonance (i.e. !" 4380 ')
• cos +,- dependent weight applied to increase sensitivity; though signal significant 

without weight

cos +,-
+1 −1

weights
+1~0.1
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Resonant parameter determination
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PRL 115 (2015) 072001
LHCb-PAPER-2019-014

• RBW function convoluted with
resolution (2-3 MeV) to describe signal;

• Different background scenario
considered: polynomial, polynomial +
broad !"# etc

• Large systematic uncertainties from 
with or without interference 

• Relative contribution differ from
amplitude analysis; need a proper
amplitude analysis

All

$%& > (. * GeV

cos./0-weighted
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What do we have now
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PRL 115 (2015) 072001
LHCb-PAPER-2019-014

!" 4440 %: 4440.3 ± 1.3+,.-%,.. MeV
20.6 ± 4.9+.5..%6.- MeV

!" 4457 %: 4457.3 ± 0.6+..-%,.. MeV
6.4 ± 2.0+..9%:.- MeV

!" 4312 %: 4311.9 ± 0.7+5.;%;.6 MeV
9.8 ± 2.7+,.:%=.- MeV

A new resonance

• No JP determined; one could possibly be the missing >? = .
AB, amplitude analysis needed

• Resonant close to Σ"%D5 and Σ"%D∗5 threshold hopefully can give more hints on their nature
• One notable thing: Chinese researchers (J. J Wu, B. S. Zou et al.) predict resonant at similar

location long before the discovery
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Rare decays and lepton
universality test
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Discrepancies indicate new physics

Lamb shift: a QED effect in Quantum mechanism
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!"# → %&%' status

14th workshop on TeV Physics

• Highly suppressed FCNC mode, sensitive to new physics
• Joint discovery from CMS+LHCb Run 1 combination
• First single experiment discovery using 1.4 fb-1 Run 2
data + Run 1 data

• ATLAS updates with Run 1 + 2015-2016 data

PRL 118 (2017) 191801
Nature 522 (2015) 68
arXiv: 1812.03017

arXiv:1903.10434

Naïve
combination
for all LHC
experiment;
~2σ tension
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Tensions in rare sector
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• Tensions with the SM seen in ! → #$%$& and ! → '$(
• Branching fraction of exclusive ! → # )%)& decays
• Angular analysis of *+ → ,∗+)%)&
• Lepton universality tests of ./,/∗,1,1∗

• Exceed all around 2-32, but seems to be consistent in global fits
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RKupdates
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PRL 113 (2014) 151601
LHCb-PAPER-2019-009

!" =
$% &' → "')')*
$% &' → "'+'+*

• We saw 2.6, tension from LHCb previous measurements;

• Now add 2015+2016 data (similar statistic): more precise but significance similar +
central value moves closer to SM
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RK* updates from Belle
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JHEP 08 (2017) 055
arXiv: 1904.02440

!" =
$% &'/) → "∗,),-
$% &'/) → "∗.).-

• LHCb has performed measurements with 3 fb-1 data and saw more than 2/ in both bins

• Belle has performed analysis with both 01 and 0)�consistent with SM with large
uncertainties

Ref: arXiv: 1904.02440

��



!"(∗)updates from Belle
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JHEP 08 (2017) 055
arXiv: 1904.02440

!"(∗) =
'( ) → "(∗)+,-+
'( ) → "(∗)., /-.

3.8σ tension with SM
Slide of G. Caria in Moriond 2019

• Update semileptonic tag mode; compatible with
SM within 1.2σ

• Average of Belle compatible with SM within 2σ
• World average: 3.8σ to 3.1σ
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14th workshop on TeV Physics

• LHCb: a wonderful apparatus and collaboration
• Many excited results at the beginning of 2019 from LHCb, including new
pentaquark states and observation of CPV in charm decays

• One of the key goals of LHCb is to search for New physics through
precision measurements. New physics may appear anywhere, maybe in
flavor sector in year 202x

Conclusion

��

�

�

�

�

�

n

0.319cm-1
(b)

��

�

�

�

�

�

n

0.319cm-1

��

�

�

�

�

�

n

0.319cm-1
(b)

Spectrum of H!
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