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Relativistic limit: chirality ⟺ polarisation   
Hence  Bs→ɸ𝛾 (b→s) is a good template              

Perfect probes of RHC it were not for “non-perturbative QCD”                
same type of  

corrections as  

responsible for  

angular anomalies  
in b->sll

h��|He↵|Vector|Bsi
h��|He↵|Axial|Bsi

= 1 + non-per-QCD
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Parity doubling of QCD helps to: 1) control uncertainties  
                                                       2) allows experimental assessment                 
⇒ study parity doublers (ratios) 

hf1(1420)�|He↵|Bsi
h�(1020)�|He↵|Bsi

= 1 +O(mq, hq̄qi)
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improved  situation
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Before starting ….

Bs→ɸ𝛾 (b→s) is only a template also hold B→Vll at large recoil            

Anomalies in B-physics are much discussed ..  
Concerning right-handed currents (RHC): interesting LHCb-result 
on time-dependent CP-asymmetry            

HBs→ɸ𝛾   = -0.98(50)(20)  LHCb’16

HBs→ɸ𝛾   = 0.047(25)  Muheim, Xie, RZ’08
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 1.  V-A interaction and Polarisation 

Program of new physics searches with flavour transitions  
decode/test effective Hamiltonian (standard dim 6 operators) 

still need to be 
more specific 

1.The case when there are two helicity amplitudes  
 ok photon  (for B→Vll at low q2),  light-cone regime

       bR→sL𝛾L  ≫  bL→sR𝛾R 

H
eff ⇠ mb(ms)s̄L(R)� · Fb+ . . .
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2. If matrix elements are sufficiently well-known
where parity 

doubling can help 

hV �|HV |Bi
hV �|HA|Bi = 1 + �
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can we predict 
𝛿 with good accuracy?



 How to test hierarchy: need linear effect in ϵR

disentangle?Bs→ɸ𝛾 (b→s) as a template

Γ~1+|ϵR|2

✏R =
A(B̄s ! ��R)

A(B̄s ! ��L)
=

ms

mb
+�Re

i�R + Long-Dist
<latexit sha1_base64="vZ8KCIP9sIVmhZmoyPOOitPW6LU="></latexit><latexit sha1_base64="vZ8KCIP9sIVmhZmoyPOOitPW6LU="></latexit><latexit sha1_base64="vZ8KCIP9sIVmhZmoyPOOitPW6LU="></latexit><latexit sha1_base64="vZ8KCIP9sIVmhZmoyPOOitPW6LU="></latexit>

QCDRHC



 How to test hierarchy: need linear effect in ϵR

disentangle?Bs→ɸ𝛾 (b→s) as a template

Effect linear in mixing: Bs
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… in t-odd quantities 
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 Theoretical Status/activity in RHC-searches

Matias, Lunghi, Hiller, Becirevic, Kou …  
Becirevic, Taganouev , Kou, Gershon

New physics aspects ΔRHC 
More complicated  modes  

Our computations: ΔSK*𝛾|LD = 0.6% 

Indirect argument: ΔSK*𝛾|LD = 6% (or more)  
inclusive-case

Ball, RZ’06  - Gratrex, RZ to appear

Grinstein, Grossman, Ligeti,Pirjol ‘04 

1st Breakdown: NB. 0’s because of FF-relation: T1(0) = T2(0)
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This raises Questions: 

Q2: Can we understand smallness of LD-computation?            
Q1: Can LD-computation be assessed experimentally?            

A2: Think so but intricate …

With parity doubling: 
A1: Usually only by resonance structure etc  
      Here: V-A transmutes into R-amplitude by QCD  
                ⇒ Quantum-number change (parity sensitive!) 
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2) subtract lowest Dirac 
eigenmodes 

SU(Nf)A ⇒  mρ   =  ma1  
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  Use of Parity-doubling : ρ-meson (JPC= 1— ) and a1-meson (JPC= 1++)

QCD parity-invariant ⇒ states definite parity  
& global symmetries ⇒ degeneracies (e.g. isospin,supersymmetry)  

We advocate to study Parity Doubling beyond mass 
e.g. for form factors & long-distance effects 

or chiral symmetry restoration limit: mq, <qq>,… → 0  
 the flavour-symmetry SU(Nf)Vx SU(Nf)A x “U(1)A” is restored      

Practice tricky lattice:  
1) high-T or  

2) subtract lowest Dirac 
eigenmodes 

SU(Nf)A ⇒  mρ   =  ma1  
parity doubling  

(straightforward version)
 Glozman, Lang, Cossu,  

 KEK-collab. 

Afonin’07 (history)  



 Path-Integral Representation of  Correlation Functions

Consider: 3-pt function in Path-integral representation  
                (physical matrix element via LSZ-formalism)       
           

as in lattice QCD 
but here Minkowski space

hTJB(x)JV (y)H(0)i =

Z
DGeiS(G) det( /D + im))
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 Path-Integral Representation of  Correlation Functions

Consider: 3-pt function in Path-integral representation  
                (physical matrix element via LSZ-formalism)       
           

as in lattice QCD 
but here Minkowski space

                      weak vertex can be either:   
            local operator  

 (=SD=FF)

O7

hTJB(x)JV (y)H(0)i =

Z
DGeiS(G) det( /D + im))
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as in lattice QCD 
but here Minkowski space

                      weak vertex can be either:   
            local operator  

 (=SD=FF)

O7

 charm loop

O2

hTJB(x)JV (y)H(0)i =

Z
DGeiS(G) det( /D + im))

<latexit sha1_base64="iMXjqnYp/FvfN+HEs4sFwfagca0=">AAAcSXicnVlLcyO3EabtPBzltU5uUQ5wuFuh4pVCcrfKSbmcsrRcSzKpFVekKJc04hQ4A5JTGsxMZkCtZCx+WP5D/kBOvibXnFI5pYEZDjkAKK+jKolg99cfuoFG46FJEgYZazb/8d77H/zghz/68Yc/2frpz37+i18++uhXoyxepB459+IwTr+e4IyEQUTOWcBC8nWSEkwnIbmY3LyQ+otbkmZBHA3ZfUKuKZ5FwTTwMAOR+2 </latexit><latexit sha1_base64="iMXjqnYp/FvfN+HEs4sFwfagca0=">AAAcSXicnVlLcyO3EabtPBzltU5uUQ5wuFuh4pVCcrfKSbmcsrRcSzKpFVekKJc04hQ4A5JTGsxMZkCtZCx+WP5D/kBOvibXnFI5pYEZDjkAKK+jKolg99cfuoFG46FJEgYZazb/8d77H/zghz/68Yc/2frpz37+i18++uhXoyxepB459+IwTr+e4IyEQUTOWcBC8nWSEkwnIbmY3LyQ+otbkmZBHA3ZfUKuKZ5FwTTwMAOR+2 </latexit><latexit sha1_base64="iMXjqnYp/FvfN+HEs4sFwfagca0=">AAAcSXicnVlLcyO3EabtPBzltU5uUQ5wuFuh4pVCcrfKSbmcsrRcSzKpFVekKJc04hQ4A5JTGsxMZkCtZCx+WP5D/kBOvibXnFI5pYEZDjkAKK+jKolg99cfuoFG46FJEgYZazb/8d77H/zghz/68Yc/2frpz37+i18++uhXoyxepB459+IwTr+e4IyEQUTOWcBC8nWSEkwnIbmY3LyQ+otbkmZBHA3ZfUKuKZ5FwTTwMAOR+2 </latexit><latexit sha1_base64="iMXjqnYp/FvfN+HEs4sFwfagca0=">AAAcSXicnVlLcyO3EabtPBzltU5uUQ5wuFuh4pVCcrfKSbmcsrRcSzKpFVekKJc04hQ4A5JTGsxMZkCtZCx+WP5D/kBOvibXnFI5pYEZDjkAKK+jKolg99cfuoFG46FJEgYZazb/8d77H/zghz/68Yc/2frpz37+i18++uhXoyxepB459+IwTr+e4IyEQUTOWcBC8nWSEkwnIbmY3LyQ+otbkmZBHA3ZfUKuKZ5FwTTwMAOR+2 </latexit>

SG(x, y) = hx| 1
/D
|yi

<latexit sha1_base64="HdRHXIb1G8eYbEgOwBOKrXtzn54="></latexit><latexit sha1_base64="HdRHXIb1G8eYbEgOwBOKrXtzn54="></latexit><latexit sha1_base64="HdRHXIb1G8eYbEgOwBOKrXtzn54="></latexit><latexit sha1_base64="HdRHXIb1G8eYbEgOwBOKrXtzn54="></latexit>



Parity Doubling ➢ (+L,+R)→(-L,+R)  

JB ⇢µ = q̄ta�µq JB (a1)µ = q̄ta�µ�5q

B ! ⇢� B ! a1�

=

L(R) $ (v, a) = (1,±1)
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Ergo (up to irrelevant phase)          
           

HV�A HV+A HV+A�HV�A) --
crucial sign

ĀB̄!⇢�
� (C,C 0) = ĀB̄!a1�

� (�C,C 0)
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  2nd amplitude breakdown

as a consequence of HV±A|ρ ⇒ ±HV±A|a1 relative sign between 
the V-A and V+A structure between doublers!

-+ -+

-+



  Table of “parity doublers” 



Going back to example of Bs→ɸ𝛾  
& beyond symmetry limit (QCD) 
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  Back to Bs→ɸ𝛾 template  

doubler: of ɸ(1020) JPC=1— is the f1(1480) 1++       
           

Hence we can either: … measure LD-charm (doubler-sum)       
           

clean (exact form
 

factor relatio
n)… RHC ΔR with reduced LD-charm (doubler difference)          

work on prediction 

controlled by  

V-meson DA  

work in progress
Ri

A,V ⌘
Re[✏iA,R]

Re[✏iV,R]
= 1 +O(mq, hq̄qi) ' 1.3(1)
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                                         2) provided matrix elements known

From observables of a parity doubler pair extract: 
    1) sum of LD-contribution (accidentally clean form factor relation)  
    2) RHC with reduced LD-contamination  
    3) combination of 1) & 2) data-driven/theory program  
 
   e.g. compute doubler-ratio           to 20%, allows to extract  
          εR to 10% accuracy ⇒ much improved situation!  

ΔSK*𝛾|LD = 6% (skeptic)    
ΔSK*𝛾|LD = 0.6% (computation)  
ΔSK*𝛾|LD = 0.0x% (parity doubling) ‘almost’ O(magnitude) 

SM-Null test 



Elimination of SM LD-effects on RHC: ΔC’7,8,910 ≠0,   
using parity doubling will continue to hold for B→Vll  
(powerful low q2 (large recoil) where nearly null-test) 



Elimination of SM LD-effects on RHC: ΔC’7,8,910 ≠0,   
using parity doubling will continue to hold for B→Vll  
(powerful low q2 (large recoil) where nearly null-test) 

Measuring just one parity doubler provides invaluable info on  
LD-contamination. (Deserves more attention from experiment)  
Also useful to cross-check predictions going into P’5.



Elimination of SM LD-effects on RHC: ΔC’7,8,910 ≠0,   
using parity doubling will continue to hold for B→Vll  
(powerful low q2 (large recoil) where nearly null-test) 

Should be useful elsewhere e.g. D-physics (K-physics less obvious)

Measuring just one parity doubler provides invaluable info on  
LD-contamination. (Deserves more attention from experiment)  
Also useful to cross-check predictions going into P’5.



Elimination of SM LD-effects on RHC: ΔC’7,8,910 ≠0,   
using parity doubling will continue to hold for B→Vll  
(powerful low q2 (large recoil) where nearly null-test) 

Should be useful elsewhere e.g. D-physics (K-physics less obvious)

Thanks for your attention!

Measuring just one parity doubler provides invaluable info on  
LD-contamination. (Deserves more attention from experiment)  
Also useful to cross-check predictions going into P’5.



BACKUP  



So what’s the trouble (besides statistics)?  

Theory:  
 
           

S⇢� =
md

mb
+ LD = 0.2(16)%

H�� =
ms

mb
+ LD = 4.7(25)%

SK⇤� = �ms

mb
sin(2�) + LD = �2.3(16)%

Ball
, J

on
es

, R
Z’06

 Quick summary: experiment & theory numbers

SK*𝛾 and Sρ𝛾 good @ B-factories  
 
SB→K*𝛾 = -0.16(22) 
SB→ρ𝛾   = -0.83(65)(18) 
           

Hɸ𝛾 feasible @ LHCb  
    
HBs→ɸ𝛾   = -0.98(50)(20)         
           

Muheim, Xie, RZ’08

Belle, Babar  
(HFAG-values)

LHCb’16

Experiment: 

show for 
completeness

BelleII@50ab�1 : �SK⇤� = 3% ,�S⇢0� = 6%
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* Parity Doubling:  50 years history Afonin’07 motivated by Regge theory, bootstrap models,..

Anisovich’04Reality-check:

Doubling pattern 
but not exact.  
Need a little help 
from ……
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6-plet

8-plet?
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Intermezzo: test of Symmetry on the Lattice 

Tested on lattice:   T>T𝝌   Rohrhofer, Aoki, Cossu, Fukaya, Glozman, Hashimoto, Lang.  Prelovsek’17 
                                              truncate low Dirac eigenmodes   

Cossu, Aoki, Fukaya, Hashimoto,  Kaneko, Matsufuru, J.-I. Noaki,’131st U(1)A restores T>T𝝌  (8-plet)   

Denissenya, Glozman,Lang ’14'15

2nd Even higher (emergent) symmetry a 15-plet!    

⊂ SU(4)

U(1)A restoration SU(2)Chiral Spin emergence!



⇒  SU(4) ⊃15-plet
More concretely…..

SU(4)SU(2)V

 =

✓
u
d

◆
!
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⇒  SU(4) ⊃15-plet
More concretely…..

SU(4)SU(2)V

Glozman, Pak’15 ….

SU(2)CS generated by  
 
 
CS = chiral spin 
 
 SU(2)CS intact if one neglects 
 
 
 
q̄~� · ~Dq
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simplified picture of  
confinement?

 =

✓
u
d

◆
!
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Weinberg Sum Rules - parity splitting controlled by condensates

combining dispersion relations and group theory    Weinberg’67  
                                                

⇧ab
LR ⇠

8
<

:

R1
0 ds⇢V (s)�⇢A(s)

s�q2�i0

hq̄�µT
a�iqLq̄�µT b�iqRi

q6 + . . .
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Weinberg Sum Rules - parity splitting controlled by condensates

combining dispersion relations and group theory    Weinberg’67  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Assuming perturbation theory to dominate above a1-meson:    
                                  
2-Weinberg sum rules:            

3rd sum rule: 
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