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(*)not related to the angle g, see M. Kenzies’ s talk



Physics goals
qMeasurement of the angle g from processes 

mediated by tree level SM diagrams
qOther CP violation studies
qb-hadron lifetimes [see M. Dorigo’s talk]
qSuppressed decays as a probe of new physics
qStudies of exotic physics (e.g. pentaquark…) [see 

G. Cavalleri’s talk)
qConstraints of global symmetries probing new 

physics
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Flavor physics and new physics
qFlavor physics = study of the interactions that 

distinguish the 3 generations of fermions
§ In Standard Model Yukawa couplings

§ New physics manifestations in flavor physics 
= new couplings or new forces

Tree diagram example                  Loop diagram example
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The Cabibbo-Kobayashi-Maskawa matrix 
and the standard unitarity triangle
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Looks like a triumph of the Standard Model, room for new physics at 
10%-15% level



CP violation in !" → $(&)" $(
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tree loop

LHCb-PAPER-2018-007
Run I – L=3fb-1

qLoop level diagram expected to be suppressed
qIsospin symmetry relates )!( → $*$",
)!( → $(+$(, and !" → $"$(



Yields and raw asymmetries
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Yields and raw asymmetry !" → $"$%
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!"# = %&'( − %* − %+
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Detection asymmetry 
source

,-.,/ ,.,/

Tracking asymmetry (0.18±0.07)% (0.18±0.07)%

0± interaction s (-1.04±0.16)% (0. 02±0.01)%

trigger Negligible (below 0.05%)

PID Negligible (below 0.1%)

!# + !, (-1.4±0.5)% (-0.3±0.4)%

Acp (-0.4±0.5±0.5)% (2.3±2.7±0.4)%

%* = −0.5 ± 0.4 % From7. → 9:;. LHCb-PAPER-2016-054



CPV in !",$% → '($)* '($)+
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Mixing induced CPV (angle b) + direct CPV

LHCb-PAPER-2016-37



Isospin relations 
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Sanda and Xing hep-ph/9702297
Xing hep-ph/9907455
Li, Lu, Sanda and Wang hep-ph/09101424

q Branching fractions and CP asymmetries provide 

important constraints to the hadronic matrix elements

q Relationship with !"# → %"&%"' Fleischer EUR. Phys.J c51 

(2007)

q Approach generalized to SU(3) by Jung & Schacht PRD 

91,034027 – small CP asymmetry measured in !' →
%'%# favors SM expectations



!" → $%"&"&' and !" → $%"(
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LHCb-PAPER-2017-032

) → * +,-./0+01. Annihilation diagram 
+) → * +,-./0+01.
At annihilation vertex

Expected to be highly 
suppressed in the Standard 
Model [B(Dsf)~(1-7)x10-7]

Possible enhancements,e.g. SUSY with R 
parity??? CPV enhancement possible too



!" → $%"&"&'

qNormalization channel  !"→ $%"($), ($) → &"&'
qYields corrected on a per-candidate basis
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!(!" → $%"&"&')= 7.1 ± 0.5 ± 0.6 ± 0.7 ×10'4

LHCb-PAPER-2017-032



!" → $%"&
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Signal enriched regions

@95%(90%)CL

LHCb-PAPER-2017-032



BARYON NUMBER VIOLATION
q Matter dominated universe requires 

baryon number violation (Sakharov)
q Heavy baryon oscillations suggested as 

possible mechanism for baryogenesis
[D. McKeen, A. Nelson, 
arXiV:1512.05359,        K. Aitken et al,  
arXiV:1708.01259]

q Proton decay has proven elusive to 
experimental detection, beyond 
expectations from the simplest grand 
unified theories 

q Suggestion that new BNV couplings 
could be flavor diagonal, e.g. 6-fermion 
operator that couples two fermions from 
each generation.
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Perez,Gross, Murgui
arXiV:1804.07831

This 6-quark operator could allow BNV & be consistent with experimental 
limit on proton decay lifetime.



Search for BNV !"#oscillations
qΞ%& = ()* only flavor 

diagonal baryon observed 
to decay weakly

qFlavor tag provided by 
charge of the pion in Ξ%+,

qFormalism the same as 
meson oscillations, need to 
take into account B field  
because of non-zero 
magnetic moment of the 
baryon Δ. = 21⃗ 2 3

q Δ. 4/2 ≤ 10,9

15

Non BV

BV

LHCb-PAPER-2017-023
Run I 3fb-1

Assuming negligible BNV in 
decay  : ∼ <=

>



Results
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w < 0.08ps-1 or tmix> 13 ps, rules out model 
by Kuzmin “Might fast B-violating 
transitions be found soon?...” 
arXiv:hep-ph/9609253

LHCb-PAPER-2017-023



Conclusions
qThe study of open-charm hadronic b-hadron 

decays allows us to elucidate the nature of CPV  
within and beyond the Standard Model

qNew physics manifestations may arise in 
decays suppressed in the Standard Model, 
although no evidence has yet been found

qThe vast array of b-hadrons produced at LHCb
allows for the exploration of many fundamental 
symmetries 

qStay tuned!
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THE END
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Quark Mixing & CKM Matrix

qDescribed by CKM matrix 
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λ=0.225, A=0.8, constraints on ρ & η summarized in the 
standard CKM triangle 
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The charged current couples 
the “up-type quarks” with a 
linear combination of “down-
type” quarks
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