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  transversity  is  very  different  from  helicity
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boosted Nucleon

helicity  
basis

g1  diagonal

h1  non diagonal
 ( “chiral-odd” )

Transversity :  Why   
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  transversity  is  very  different  from  helicity

�=g
1

 

boosted Nucleon

helicity  
basis

g1  diagonal

h1  non diagonal
 ( “chiral-odd” )

no h1 for gluons  
( in Nucleon )

pure non-singlet evolution

Transversity :  Why   

playground for tests of perturbative  and nonperturbative QCD 
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  tensor  “charge” gT     scales with Q2            C-odd  

  1st Mellin moment of transversity  ⇒  tensor “charge”

axial charge gA        conserved           C-even

Tensor  Charge   

�q ⌘ gqT =

Z 1

0
dx

⇥
hq
1(x,Q

2)� hq̄
1(x,Q

2)
⇤

no associated conserved current in LQCD
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  tensor  “charge” gT     scales with Q2            C-odd  

  1st Mellin moment of transversity  ⇒  tensor “charge”

axial charge gA        conserved           C-even

Tensor  Charge   

�q ⌘ gqT =

Z 1

0
dx

⇥
hq
1(x,Q

2)� hq̄
1(x,Q

2)
⇤

no associated conserved current in LQCD

 tensor charge not directly accessible in LSM  
 low-energy footprint of new physics at higher scales ? 
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potential  for  BSM discovery ?  

• Both approaches needed to reconstruct the structure, symmetries,  
and parameters of LBSM  

Two strategies

LHC

LANSCE

ACME

• Both approaches needed to reconstruct the structure, symmetries,  
and parameters of LBSM  

Two strategies

LHC

LANSCE

ACME

search for new physics Beyond Standard Model 

direct access: 
new particles

indirect access:  
virtual effects

MBSM 
high energy

E

Eexp ≪ MBSM    
low energy  

high precision
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The low-energy footprints of LBSM

• The low-energy footprints of heavy new physics: local operators

Familiar example: 
W q2 << MW2

 GF ~ g2/Mw2 

gg

search for new physics Beyond Standard Model 

direct access: 
new particles

indirect access:  
virtual effects

MBSM 
high energy

E

Eexp ≪ MBSM    
low energy  

high precision

 footprint:  
new local 
operators

The low-energy footprints of LBSM

• The low-energy footprints of heavy new physics: local operators

Familiar example: 
W q2 << MW2

 GF ~ g2/Mw2 

gg

The low-energy footprints of LBSM

• The low-energy footprints of heavy new physics: local operators

Familiar example: 
W q2 << MW2

 GF ~ g2/Mw2 

gg

Example: 
weak CC  

interaction
q2 ≪ MW2



Examples of  indirect access 

- nuclear β-decay: effective field theory including operators not 
                               in SM Lagrangian; for example, tensor operator

hadron level : n→p e− νe

CT p̄�µ⌫n ē�µ⌫(1� �5)⌫e

quark level : d→u e− νe

hp| ū�µ⌫ d |ni ✏T ē�µ⌫(1� �5)⌫eCT $ gT ✏T
exp. data ?

gT = �u� �d
isovector tensor charge

✏� g� ⇡ M2
W

M2
BSM

− −

precision of 0.1%  ⇒  BSM scale > [3-5] TeV



Examples of  indirect access 

- neutron EDM: estimate CPV induced by quark chromo-EDM dq

- nuclear β-decay: effective field theory including operators not 
                               in SM Lagrangian; for example, tensor operator

hadron level : n→p e− νe

CT p̄�µ⌫n ē�µ⌫(1� �5)⌫e

quark level : d→u e− νe

hp| ū�µ⌫ d |ni ✏T ē�µ⌫(1� �5)⌫eCT $ gT ✏T
exp. data ?

gT = �u� �d
isovector tensor charge

dn = �u du + �d dd + �s ds

+  tensor charge

✏� g� ⇡ M2
W

M2
BSM

− −

precision of 0.1%  ⇒  BSM scale > [3-5] TeV

LCPV � ie
X

f=u,d,s,e

df f̄ �µ⌫�5 f Fµ⌫ Fµ⌫ = @µA⌫ � @⌫Aµ

exp. bounds

constraints on 
 CP violation

encoded in q EDM
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extraction of transversity 

transversity is chiral-odd → need a chiral-odd partner

- itself :  fully polarized Drell-Yan       ✘

- Collins function :  the Collins effect          
hq TMD framework     

h1 as TMD

- IFF :  the di-hadron mechanism          
h1

h2

q collinear framework     
h1 as PDF

- hadron-in-jet mechanism :          mixed framework   h1 as PDF

1-hadron semi-inclusive production

2-hadrons semi-inclusive production

- lattice “quasi-h1” :  using Ji’s LaMET        Chen et al., N.P. B911 (16) 246
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- Collins function :  the Collins effect          
TMD framework     

h1 as TMD
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2-hadrons semi-inclusive production
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h
q
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why  di-hadron  mechanism ?

A
sin(�R+�S)
SIDIS (x, z,M2

h) ⇠ �
P

q e
2
q h

q
1(x)

|RT |
Mh

H
^
1,q(z,M

2
h)P

q e
2
q f

q
1 (x) D1,q(z,M2

h)

collinear framework

- factorization theorems for all hard processes 
   → universality of  h1 H1<  mechanism

- simple product of PDF and IFF

Ex.:  SIDIS

x-dependence of ASIDIS all in PDF

)
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proton 
deuteron

lepton

positron

π+π− 

π+K− 

K+K−

electron

π+π−

H
^
1

h1 H
^
1

π+π−
e+e−  

SIDIS 

p  p↑   
proton

proton

advantages of  di-hadron mechanism

factorization theorems for all hard processes

hermes

run 2006  
(s=200 GeV2)

Adamczyk et al. (STAR),  
P.R.L. 115 (2015) 242501

Airapetian et al.,  
JHEP 0806 (08) 017

Adolph et al., P.L. B713 (12)
Braun et al., E.P.J. Web Conf. 85 (15) 02018

Vossen et al., P.R.L. 107 (11) 072004

data used in the global fit

f1 ⇥ h1 ⇥ H
^
1

run 2011  
(s=500 GeV2)

Adamczyk et al. (STAR),  
P.L. B780 (18) 332
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the  phase space

hermes

- mostly medium/high x 
- guess low-x behavior (relevant for calculation of tensor charge - see later)
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currently,   only  LO  analysis

u

u

u

d du

X

RT

π+ π−

d

ud du

X

-RT

π+π−
H

^u
1 = �H

^ d
1

H
^ q
1 = �H

^ q
1

D
q
1 = D

q
1

A
sin(�R+�S)
UT (x, z,M2

h) / � |R|
Mh

P
q e

2
q h

q
1(x) H

^q
1 (z,M2

h)P
q e

2
q f

q
1 (x) D

q
1(z,M

2
h) π+π− 

tree level

isospin symmetry

charge conjugation}

access only  q-q = qv , q=u,d
valence flavors in SIDIS AUT

−



theoretical  uncertainties

- quark D1q is well constrained by e+e− → (π+π−) X   (Montecarlo)

we don’t know anything about the gluon D1g

our choice:    set D1g (Q0) =
0
D1u (Q0) / 4
D1u (Q0) {

deteriorates our e+e− fit as  χ2/dof =
1.69 
1.81 
2.96 

1.28 
1.37 
2.01 

background ρ       channels

{

unpolarized Di-hadron Fragmentation Function   D1

- gluon D1g is not constrained by e+e− → (π+π−) X  (currently, LO analysis)

- no data available yet for  p p → (π+π−) X  

~  1-hadron  D1g(Q0) 



choice  of  functional  form

2|hq
1(x,Q

2)|  2 SBq(x,Q2) = |fq
1 (x,Q

2) + gq1(x,Q
2)|

Soffer Bound

MSTW08      DSSV

hqv
1 (x;Q2

0) = F qv (x)
h
SBq(x) + SB

q̄
(x)

i

functional form whose Mellin transform can be computed analytically 
and complying with Soffer Bound at any x and scale Q2

Cebn(x)  Cebyshev polynomial
10 fitting parameters

F qv (x) =
Nqv

maxx[|F qv (x)|] x
Aqv [1 +Bqv Ceb1(x) + Cqv Ceb2(x) +Dqv Ceb3(x)]

Soffer Bound ok at any Q2|Nqv |  1 ) |F qv (x)|  1

constrain parameters



constrain parameters :   low-x trend 

lim
x!0

xSBq(x) / xaq

hq
1(x) ⇡ xAq+aq�1x ! 0

Aq + aq >
1

3

tensor charge �q(Q2) =

Z 1

xmin

dxhq�q̄
1 (x,Q2)

for xmin=10-6   from MSTW08

constrain parameters

Accardi and Bacchetta, P.L. B773 (17) 632

Z 1

0
dx g2(x) /

Z 1

0
dx

h1(x)

x
Aq + aq > 1

�q finite  => Aq + aq > 0

small-x dipole picture
Kovchegov & Sievert, arXiv:1808.10354

at Q0 Aq + aq ⇠ 1

“massive” jet in DIS → h1 at twist 3 
violation of Burkardt-Cottingham s.r.

our choice

x ! 0
hqv
1 (x) ⇡ x1�2

q
↵s(Q2)Nc

2⇡

lim
x!0

F qv (x) / xAq }
low-x behavior important

����
Z xmin

0
dx

���� ⇠ 1% of

����
Z 1

xmin

dx

����

Other choices



statistical  uncertainty

automatically accounts for correlations

the bootstrap method

- shift each exp. point by Gaussian noise within exp. variance 
- create sets of virtual points to be fitted: 50, 100, 200 sets… until average 
   and standard deviation reproduce original exp. points (here, 200x3=600) 
-  exclude largest and smallest 5% => 90% band
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Results
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Radici and Bacchetta, P.R.L. 120 (18) 192001

Our  first  global  fit

first ever extraction of transversity from 
data of SIDIS and proton-proton collisions

18 data points 4 data points

run 2006  
(s=200 GeV2)

10 independent data points

���

���

� �� �� �� ��
�

���

���

���

���

���
χ�

probability density function of 
χ2 distribution for 22 d.o.f.

(for χ2/dof = 1 perfect overlap)
χ2/dof = 1.76 ± 0.11



the extracted transversity

up

down

Soffer 
bound

data

uncertainty band from  
90% of 600 replicas 
= max uncertainty on D1g(Q0)
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Comparison with other extractions

global fit

Torino  

Anselmino et al.,  
P.R. D87 (13) 094019

Radici and Bacchetta,  
P.R.L. 120 (18) 192001

TMD  
Kang et al.,  

P.R. D93 (16) 014009

up down
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sensitivity  to  th.  uncertainty

global fit

0
D1g (Q0) = D1u /4

D1u
{

down
sensitive to 

uncertainty on
gluon D1

Radici & Bacchetta,  
P.R.L. 120 (18) 192001

D1g (Q0) = 0
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up
insensitive to 

uncertainty on
gluon D1



sensitivity  to  th.  uncertainty

global fit

0
D1g (Q0) = D1u /4

D1u
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down
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Radici & Bacchetta,  
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D1g (Q0) = 0
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p−p :  u~d , gluon @LO    but    SIDIS :  u~(8x)d ,  gluon @NLO
need data from target more sensitive to down  (deuteron, 3He)   and

need data from multiplicities in p+p → (ππ)+X
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The  tensor  “charge”  of  the  proton 

  1st Mellin moment of transversity PDF  ⇒  tensor “charge”

�q ⌘ gqT =

Z 1

0
dx

⇥
hq
1(x,Q

2)� hq̄
1(x,Q

2)
⇤

  tensor charge connected to tensor operator

hP, Sp| q̄�µ⌫q |P, Spi = (PµS⌫
p � P ⌫Sµ

p ) �q

= (PµS⌫
p � P ⌫Sµ

p )

Z
dxhq�q̄

1 (x,Q2)

compute on lattice

extract transversity from data with 
transversely polarized protons

lattice δq

pheno δq
  preferably the isovector gT = δu-δd 

(cancellation of “disconnected” diagrams)



Results  for  our global fit 

global fit 
Q2=4

u-d

lattice
Q2=4 GeV2

JAM (Q2=2)

Torino (Q2=1)

TMD  (Q2=10)

isovector tensor charge 1)  “MILC” ’19 

2) PNDME ’18 

3) ETMC ’17 

4) RQCD ‘14 

5) LHPC ‘12 Green et al., P.R. D86 (12)

Bali et al., P.R. D91 (15)

Alexandrou et al., P.R. D95 (17) 114514; 
                       E  P.R. D96 (17) 099906 

Gupta et al., P.R. D98 (18) 034503

Hasan et al., arXiv:1903.06487

Torino, TMD, JAM   from SIDIS data only
� � � � �

���

���

���

���

���

���

���
�� = δ�-δ�

SoLID (Q2=10)

Ye et al., P.L. B767 (17) 91



Results  for  our global fit 

shaded area = 90% C.L.
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lattice
Q2=4 GeV2

u
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isovector tensor charge 1)  “MILC” ’19 

2) PNDME ’18 

3) ETMC ’17 

4) RQCD ‘14 

5) LHPC ‘12 Green et al., P.R. D86 (12)

Bali et al., P.R. D91 (15)

Alexandrou et al., P.R. D95 (17) 114514; 
                       E  P.R. D96 (17) 099906 

Gupta et al., P.R. D98 (18) 034503

Hasan et al., arXiv:1903.06487

global fit 
Q2=4

JAM (Q2=2)

Torino (Q2=1)

TMD  (Q2=10)

Torino, TMD, JAM   from SIDIS data only

Lin et al., P.R.L. 120 (18) 152502

But if we look also 
at δu and δd …

JAM  includes constraint from “lattice gT”
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���
�� = δ�-δ�

SoLID (Q2=10)

Ye et al., P.L. B767 (17) 91
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3)

2)

3)



Results  for  our global fit 

shaded area = 90% C.L.
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no simultaneous compatibility 
between 

“pheno δq” and “lattice δq”

isovector tensor charge 1)  “MILC” ’19 

2) PNDME ’18 

3) ETMC ’17 

4) RQCD ‘14 

5) LHPC ‘12 Green et al., P.R. D86 (12)

Bali et al., P.R. D91 (15)

Alexandrou et al., P.R. D95 (17) 114514; 
                       E  P.R. D96 (17) 099906 

Gupta et al., P.R. D98 (18) 034503

Hasan et al., arXiv:1903.06487

global fit 
Q2=4
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JAM  includes constraint from “lattice gT”

Torino, TMD, JAM   from SIDIS data only

Lin et al., P.R.L. 120 (18) 152502
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pheno  vs.  lattice  tensor charge 

main problem of  “pheno δq” is extrapolating outside data..

�q =

Z xmin

0
dxhq�q̄

1 +

Z xmax

xmin

dxhq�q̄
1 +

Z 1

xmax

dxhq�q̄
1

constraining “pheno gT”  with “lattice gT”  
as JAM Collaboration did ? P.R.L. 120 (18) 152502,  

arXiv:1710.09858

gTlatt = 1.004 ± 0.057
_

are they compatible?
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lattice

Constraining our global fit with “lattice gT” 

constraining global fit with lattice gT

u

d

u-d
JAM

Torino

TMD
global  

fit

confirm  JAM  results: 
constraining “pheno gT” with “lattice gT” 

at the price of 
incompatibility for δu and δd
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Tension  “pheno” - “lattice” 

statistically  very  unlikely ….

if we constrain our global fit with lattice results for all 
components of tensor charge (up, down, isovector) 
the  χ2  clearly deteriorate

χ2/dof = 1.76 ± 0.11 χ2/dof = 2.29 ± 0.25
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gTlatt = 1.004 ± 0.057
_

δulatt = 0.782 ± 0.031
_

δdlatt = -0.218 ± 0.026
_

probability density function of 
χ2 distribution for 22 d.o.f. 25 d.o.f.



truncated  tensor  charge  

up down

truncated 
δq[0.0065,0.35]       Q2 = 10

Radici & Bacchetta,  
P.R.L. 120 (18) 192001

Kang et al.,  P.R. D93 (16) 014009

3) global fit ’17

5) “TMD fit” 

2) global fit + constrain gT

1) global fit + constrain gT , δu , δd
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expect stability 
when integrating  

on x-range of  
exp. data…



Adolph et al., P.L. B713 (12)

Compass pseudo-data
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statistical error  ~  0.6  x  [ error in 2010 proton data ] 
    <A>  =  average value of replicas in previous global fit

pseudodata

add to data of our global fit  
a new set of SIDIS pseudo-data for deuteron target

study impact on precision of previous global fit

arXiv:1812.07281
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Adding  Compass  pseudodata

range  [0.0065,  x  , 0.28]
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u pseudodata

global fit + pseudodata

global fit  

deuteron target 
→ better precision on down
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CLAS12 pseudo-data

pseudodata C12-12-009

add to data of our global fit 
a new set of SIDIS pseudo-data for proton target

study impact on precision 
of published global fit
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Airapetian et al.,  
JHEP 0806 (08) 017
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Figure 27: The projected statistical error for data on a hydrogen target (100 days of
HD-Ice) for the target asymmetry Asin φR sin θ

UT in (z, Mππ, x). The band represent the
spread in predictions for three different models for h1(x) from Fig. 6.

compared to nuclear targets (NH3, ND3) is its superior dilution factor, which is crucial
for studies of transverse momentum dependences.

Analysis of already existing electroproduction data from CLAS with unpolarized
and longitudinally polarized targets has shown that JLab 6 GeV data are consistent
with the PYTHIA MC and proposed measurements are feasible.

Beam Request

We ask the PAC to award 110 days of beam time for a dedicated high
statistics SIDIS experiment with a transversely polarized target.

The measurement of the target SSA in hadron pair production off a transversely
polarized proton would allow precision measurements of flavor contribution of the
underlying transversity PDF.
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Search	for	hidden	charmed	pentaquarks and	study	
of	gluonic structure	of	the	nucleon

Experiment	E12-12-001	measures	J/y production	on	the	proton	near	threshold	– will	verify	existence	of	
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Adding  CLAS12  pseudodata

proposal C12-12-009
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SIDIS

pp collisions

PRELIMINARY

22 data points

run 2006  
(s=200 GeV2)

10 indep.  
data points

probability density function of 
χ2 distribution for 54 d.o.f.

(for χ2/dof = 1 perfect overlap)
χ2/dof = 2.12 ± 0.09

add to data of our global fit 
the set of STAR data at s=500 GeV2 Adamczyk et al. (STAR),  

P.L. B780 (18) 332

run 2011  
(s=500 GeV2)

32 indep.  
data points
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PRELIMINARY

global fit

global fit + STAR s=500 data  

Radici and Bacchetta,  
P.R.L. 120 (18) 192001

Soffer bound

down
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basically not modifiedup

more precise and fully positive 
→  positive δd  
→ smaller gT = δu-δd !
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unexpected opposite trend :
need h1 for sea quarks ?



•

Conclusions 

• adding Compass and CLAS12 SIDIS pseudodata 
increases precision of down and up, respectively

• NO simultaneous compatibility with lattice for tensor charge 
in up, down, and isovector channels                             

• it is possible to force compatibility but 
it is statistically very unlikely

• ultimate resource: EIC

• global fit for h1 is now possible as for f1 & g1                             

• uncertainty on gluon channel in pp collisions 
drives uncertainty on h1down , need data on 
deuteron/3He and on (ππ) multiplicities                  

• adding STAR s=500 data gives puzzling results: 
need sea quarks?
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Examples of  direct access 

- p p → e− ν + Χ    search for W’ → e− ν  with W’ heavy partner of W

 [TeV]W'm
1 2 3 4 5 6

) [
pb

]
νe

→
 B

R(
W

'
×

W
') 

→
(p

p
σ

4−10

3−10

2−10

1−10

1

10

Expected limit

σ 1±Expected 

σ 2±Expected 

Observed limit

SSMW'

ATLAS

ν e→W' 
-1 = 13 TeV, 36.1 fbs

95% CL

(a)

 [TeV]W'm
1 2 3 4 5 6

) [
pb

]
ν
µ

→
 B

R(
W

'
×

W
') 

→
(p

p
σ

4−10

3−10

2−10

1−10

1

10

Expected limit

σ 1±Expected 

σ 2±Expected 

Observed limit

SSMW'

ATLAS

νµ →W' 
-1 = 13 TeV, 36.1 fbs

95% CL

(b)

 [TeV]W'm
1 2 3 4 5 6

) [
pb

]
νl

→
 B

R(
W

'
×

W
') 

→
(p

p
σ

4−10

3−10

2−10

1−10

1

10

Expected limit

σ 1±Expected 

σ 2±Expected 

Observed limit

SSMW'

ATLAS

ν l→W' 
-1 = 13 TeV, 36.1 fbs

95% CL

(c)

Figure 2: Observed (solid black line) and expected (dashed black line) upper limits on cross-section times branch-
ing ratio (� ⇥ BR) as a function of the SSM W 0 boson mass in the (a) electron, (b) muon and (c) combined electron
and muon channels. The 1� (green) and 2� (yellow) expected limit bands are also shown. The predicted � ⇥ BR
for SSM W 0 production is shown as a red solid line. For illustration the uncertainties in � ⇥ BR from the PDF, ↵s
and the renormalisation and factorisation scales are also shown as red-dashed lines.

12

theory data

limits on cross section

MW’ > 5.1−5.2 TeV  at 95% C.L. 

puts contraints on BSM operators 
including  scalar (εS) & tensor (εT) background

—————

constraints reinforced including 
p p → Z’ → e− e+ + X

Aaboud et al. (ATLAS), E.P.J. C78 (18) 401

19

Current β decays
Current LHC

Future β decays
Future LHC

Current pp → eνe 
Current pp → e+e−

FIG. 8. Current and projected 90% C.L. constraints on ✏S and ✏T defined at 2 GeV in the MS scheme. (Left) The beta decays
constraints are obtained from the recent review article Ref. [80]. The current and future LHC bounds are obtained from the
analysis of the pp ! e +MET +X. We have used the ATLAS results [81], at

p
s = 13 TeV and integrated luminosity of 36

fb�1. We find that the strongest bound comes by the cumulative distribution with a cut on the transverse mass at 2 TeV.
The projected future LHC bounds are obtained by assuming that no events are observed at transverse mass greater than 3
TeV with an integrated luminosity of 300 fb�1. (Right) Comparison on current LHC bounds from pp ! e+MET +X versus
pp ! e+e� +X.

keeping up to three excited states in the analysis of data
at multiple values of source-sink separation ⌧ . Together,
these two improvements allow us to demonstrate that the
excited-state contamination in the axial and the tensor
channels has been reduced to the 1�2% level. The high-
statistics analysis of eleven ensembles covering the range
0.15–0.06 fm in the lattice spacing, M⇡ = 135–320 MeV
in the pion mass, and M⇡L = 3.3–5.5 in the lattice size
allowed us to analyze the three systematic uncertainties
due to lattice discretization, dependence on the quark
mass and finite lattice size, by making a simultaneous fit
in the three variables a, M2

⇡
and M⇡L. Data from the

two physical mass ensembles, a09m130 and a06m135, an-
chor the improved chiral fit. Our final estimates for the
isovector charges are given in Eq. (15).

One of the largest sources of uncertainty now is from
the calculation of the renormalization constants for the
quark bilinear operators. These are calculated nonper-
turbatively in the RI-sMOM scheme over a range of val-
ues of the scale Q2. As discussed in Ref. [3], the dominant
systematics in the calculation of the Z’s comes from the
breaking of the rotational symmetry on the lattice and
the 2-loop perturbative matching between the RI-sMOM
and the MS schemes.

Our estimate g
u�d

A
= 1.218(25)(30) is about 1.5�

(about 5%) below the experimental value gA/gV =
1.2766(20). Such low values are typical of most lattice
QCD calculations. The recent calculation by the CalLat
collaboration, also using the 2+1+1-flavor HISQ ensem-
bles, gives gu�d

A
= 1.271(13) [47]. A detailed comparison

between the two calculations is presented in Sec VII. We
show in Table XI that results from seven ensembles, that
have been analyzed by both collaborations, agree within

1� uncertainty. Our analysis indicates that the majority
of the di↵erence comes from the chiral and continuum ex-
trapolations, with 1� di↵erences in individual points get-
ting amplified. Given that CalLat have not analyzed the
fine 0.06 fm ensembles and their data on the two physical
pion mass ensembles, a15m130 and a12m130 have much
larger errors and do not contribute significantly to their
chiral fit, we conclude that our error estimate is more
realistic. Further work is, therefore, required to resolve
the di↵erence between the two results.
Our results for the isovector scalar and tensor charges,

g
u�d

S
= 1.022(80)(60) and g

u�d

T
= 0.989(32)(10), have

achieved the target accuracy of 10% needed to put
bounds on scalar and tensor interactions, ✏S and ✏T , aris-
ing at the TeV scale when combined with experimental
measurements of b and b⌫ parameters in neutron decay
experiments with 10�3 sensitivity [13]. In Sec. VIII, we
update the constraints on ✏S and ✏T from both low en-
ergy experiments combined with our new lattice results
on g

u�d

S
and g

u�d

T
and from Atlas and CMS experiments

at the LHC. We find that the constraints from low energy
experiments combined with matrix elements from lattice
QCD are comparable to those from the LHC.
For the tensor charges, we find that the dependence on

the lattice size, the lattice spacing and the light-quark
mass is small, and the simultaneous fit in these three
variables, keeping just the lowest-order corrections, has
improved over that presented in Ref. [1].
We have also updated our estimates for the connected

parts of the flavor-diagonal charges. For the tensor
charges, the contribution of the disconnected diagram is
consistent with zero [1, 2], so the connected contribution,
g
u

T
= 0.790(27) and g

d

T
= �0.198(10) for the proton, is

Gupta et al. (PNDME),  
P.R. D98 (18) 034503
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 e+e− cross section for (hh) from all hemispheres

D1 (z2) @low z1 ≠ D1 (z2) @high z1

FF18 - Feb 20th, 2018gunar.schnell @ desy.de

energy; the events with a c.m. energy below 99.5% of the
nominal energy are removed. Ideally, one would want to
observe the initial-state radiation directly in the recon-
structed data; however, most photons are in the very
forward and backward regions, outside the Belle accep-
tance. Instead, generated MC data are used to directly
identify ISR photons and remove their energies from the
total c.m. energy. In the MC data, the ISR photons are
identified by having their mother particles be an initial-
state lepton. The fraction of such events depends on the
fractional energies of the two final-state hadrons. If a

large amount of the energy is removed by the photons
from the produced quark-antiquark system, very high
fractional energies with respect to the nominal

ffiffiffi
s

p
are

inaccessible. Therefore the fraction of non-ISR events
(i.e., less than 0.5% c.m. energy loss) increases with
increasing fractional energies. This is indeed the case as
can be seen in Fig. 9 for the any topology hadron pairs
(and similarly for the other two topologies). The events
are then corrected by this fraction to obtain the ISR-free
differential cross sections at the nominal center-of-mass
energy. Since the ISR fraction depends on the fractional

TABLE I. Systematic and statistical uncertainty contributions for the main hadron combinations in the any topology integrated over
the entire ðz1; z2Þ range. The uncertainties due to the luminosity and track reconstruction are additional global uncertainties.

πþ π− πþ πþ πþ K− πþ Kþ Kþ K− Kþ Kþ

Statistical 8.71 × 10−05 1.11 × 10−04 1.56 × 10−04 1.73 × 10−04 1.83 × 10−04 3.31 × 10−04

PID 9.61 × 10−04 4.78 × 10−04 2.09 × 10−03 1.85 × 10−03 2.57 × 10−03 3.06 × 10−03

Smearing 6.31 × 10−05 3.42 × 10−05 3.92 × 10−04 2.07 × 10−05 6.69 × 10−05 2.75 × 10−04

Non-qq̄ 6.07 × 10−04 6.30 × 10−04 1.03 × 10−03 9.98 × 10−04 1.14 × 10−03 1.88 × 10−03

Acceptance 1.16 × 10−03 1.32 × 10−03 2.04 × 10−03 2.14 × 10−03 2.24 × 10−03 3.65 × 10−03

ISR 3.66 × 10−04 4.13 × 10−04 5.97 × 10−04 6.09 × 10−04 7.12 × 10−04 1.03 × 10−03

Combined systematics 1.86 × 10−03 1.71 × 10−03 3.82 × 10−03 4.38 × 10−03 4.21 × 10−03 5.28 × 10−02

Luminosity 1.4 × 10−02

Track reconstruction 0.7 × 10−02
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FIG. 12 (color online). Differential cross sections for πþ π− (black circles), πþ πþ (blue squares), πþ K− (green triangles), πþ Kþ

(purple diamonds), Kþ K− (red crosses) and Kþ Kþ (violet downward triangles) pairs in the any topology as a function of z2 for the
indicated z1 bins. The error boxes represent the systematic uncertainties.

R. SEIDL et al. PHYSICAL REVIEW D 92, 092007 (2015)

092007-14

no hemisphere selection
[Phys. Rev. D92 (2015) 092007]
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energy; the events with a c.m. energy below 99.5% of the
nominal energy are removed. Ideally, one would want to
observe the initial-state radiation directly in the recon-
structed data; however, most photons are in the very
forward and backward regions, outside the Belle accep-
tance. Instead, generated MC data are used to directly
identify ISR photons and remove their energies from the
total c.m. energy. In the MC data, the ISR photons are
identified by having their mother particles be an initial-
state lepton. The fraction of such events depends on the
fractional energies of the two final-state hadrons. If a

large amount of the energy is removed by the photons
from the produced quark-antiquark system, very high
fractional energies with respect to the nominal

ffiffiffi
s

p
are

inaccessible. Therefore the fraction of non-ISR events
(i.e., less than 0.5% c.m. energy loss) increases with
increasing fractional energies. This is indeed the case as
can be seen in Fig. 9 for the any topology hadron pairs
(and similarly for the other two topologies). The events
are then corrected by this fraction to obtain the ISR-free
differential cross sections at the nominal center-of-mass
energy. Since the ISR fraction depends on the fractional
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energy; the events with a c.m. energy below 99.5% of the
nominal energy are removed. Ideally, one would want to
observe the initial-state radiation directly in the recon-
structed data; however, most photons are in the very
forward and backward regions, outside the Belle accep-
tance. Instead, generated MC data are used to directly
identify ISR photons and remove their energies from the
total c.m. energy. In the MC data, the ISR photons are
identified by having their mother particles be an initial-
state lepton. The fraction of such events depends on the
fractional energies of the two final-state hadrons. If a

large amount of the energy is removed by the photons
from the produced quark-antiquark system, very high
fractional energies with respect to the nominal

ffiffiffi
s

p
are

inaccessible. Therefore the fraction of non-ISR events
(i.e., less than 0.5% c.m. energy loss) increases with
increasing fractional energies. This is indeed the case as
can be seen in Fig. 9 for the any topology hadron pairs
(and similarly for the other two topologies). The events
are then corrected by this fraction to obtain the ISR-free
differential cross sections at the nominal center-of-mass
energy. Since the ISR fraction depends on the fractional
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energy; the events with a c.m. energy below 99.5% of the
nominal energy are removed. Ideally, one would want to
observe the initial-state radiation directly in the recon-
structed data; however, most photons are in the very
forward and backward regions, outside the Belle accep-
tance. Instead, generated MC data are used to directly
identify ISR photons and remove their energies from the
total c.m. energy. In the MC data, the ISR photons are
identified by having their mother particles be an initial-
state lepton. The fraction of such events depends on the
fractional energies of the two final-state hadrons. If a

large amount of the energy is removed by the photons
from the produced quark-antiquark system, very high
fractional energies with respect to the nominal

ffiffiffi
s

p
are

inaccessible. Therefore the fraction of non-ISR events
(i.e., less than 0.5% c.m. energy loss) increases with
increasing fractional energies. This is indeed the case as
can be seen in Fig. 9 for the any topology hadron pairs
(and similarly for the other two topologies). The events
are then corrected by this fraction to obtain the ISR-free
differential cross sections at the nominal center-of-mass
energy. Since the ISR fraction depends on the fractional

TABLE I. Systematic and statistical uncertainty contributions for the main hadron combinations in the any topology integrated over
the entire ðz1; z2Þ range. The uncertainties due to the luminosity and track reconstruction are additional global uncertainties.
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ISR 3.66 × 10−04 4.13 × 10−04 5.97 × 10−04 6.09 × 10−04 7.12 × 10−04 1.03 × 10−03

Combined systematics 1.86 × 10−03 1.71 × 10−03 3.82 × 10−03 4.38 × 10−03 4.21 × 10−03 5.28 × 10−02
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energy; the events with a c.m. energy below 99.5% of the
nominal energy are removed. Ideally, one would want to
observe the initial-state radiation directly in the recon-
structed data; however, most photons are in the very
forward and backward regions, outside the Belle accep-
tance. Instead, generated MC data are used to directly
identify ISR photons and remove their energies from the
total c.m. energy. In the MC data, the ISR photons are
identified by having their mother particles be an initial-
state lepton. The fraction of such events depends on the
fractional energies of the two final-state hadrons. If a

large amount of the energy is removed by the photons
from the produced quark-antiquark system, very high
fractional energies with respect to the nominal

ffiffiffi
s

p
are

inaccessible. Therefore the fraction of non-ISR events
(i.e., less than 0.5% c.m. energy loss) increases with
increasing fractional energies. This is indeed the case as
can be seen in Fig. 9 for the any topology hadron pairs
(and similarly for the other two topologies). The events
are then corrected by this fraction to obtain the ISR-free
differential cross sections at the nominal center-of-mass
energy. Since the ISR fraction depends on the fractional

TABLE I. Systematic and statistical uncertainty contributions for the main hadron combinations in the any topology integrated over
the entire ðz1; z2Þ range. The uncertainties due to the luminosity and track reconstruction are additional global uncertainties.
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ISR 3.66 × 10−04 4.13 × 10−04 5.97 × 10−04 6.09 × 10−04 7.12 × 10−04 1.03 × 10−03

Combined systematics 1.86 × 10−03 1.71 × 10−03 3.82 × 10−03 4.38 × 10−03 4.21 × 10−03 5.28 × 10−02

Luminosity 1.4 × 10−02
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(purple diamonds), Kþ K− (red crosses) and Kþ Kþ (violet downward triangles) pairs in the any topology as a function of z2 for the
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energy; the events with a c.m. energy below 99.5% of the
nominal energy are removed. Ideally, one would want to
observe the initial-state radiation directly in the recon-
structed data; however, most photons are in the very
forward and backward regions, outside the Belle accep-
tance. Instead, generated MC data are used to directly
identify ISR photons and remove their energies from the
total c.m. energy. In the MC data, the ISR photons are
identified by having their mother particles be an initial-
state lepton. The fraction of such events depends on the
fractional energies of the two final-state hadrons. If a

large amount of the energy is removed by the photons
from the produced quark-antiquark system, very high
fractional energies with respect to the nominal

ffiffiffi
s

p
are

inaccessible. Therefore the fraction of non-ISR events
(i.e., less than 0.5% c.m. energy loss) increases with
increasing fractional energies. This is indeed the case as
can be seen in Fig. 9 for the any topology hadron pairs
(and similarly for the other two topologies). The events
are then corrected by this fraction to obtain the ISR-free
differential cross sections at the nominal center-of-mass
energy. Since the ISR fraction depends on the fractional

TABLE I. Systematic and statistical uncertainty contributions for the main hadron combinations in the any topology integrated over
the entire ðz1; z2Þ range. The uncertainties due to the luminosity and track reconstruction are additional global uncertainties.
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ISR 3.66 × 10−04 4.13 × 10−04 5.97 × 10−04 6.09 × 10−04 7.12 × 10−04 1.03 × 10−03
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•

 e+e− cross section for (hh) in different hemispheres

DiFF (z1, z2)  ≠  D1 (z1)  D1 (z2)

FF18 - Feb 20th, 2018gunar.schnell @ desy.de

hadron-pairs: topology comparison
any hemisphere vs. opposite- & same-hemisphere pairs

same-hemisphere pairs with kinematic limit at z1=z2=0.5

18

disfavored fragmentation from strange quarks to pions is not
as suppressed. Same-sign kaon pairs, where at least one
strange-quark pair needs to be produced in the fragmenta-
tion, are always suppressed at least one order of magnitude
relative to the opposite-sign pion pairs. This shows that
strangeness produced in fragmentation is indeed strongly

suppressed, as is generally assumed in fragmentation
models such as those included in PYTHIA.

2. Hemisphere decomposition

Figure 15 displays all six relevant hadron combinations
for opposite hemispheres while Fig. 16 shows the cross
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FIG. 17 (color online). Differential cross sections (top panels) and ratios to the same and opposite topology sum (bottom panels)
for the main hadron combinations, stacking same (gray filled areas, including thrust selection T > 0.8) and opposite (blue hatched
areas, including thrust selection T > 0.8) hemisphere data and comparing to those without hemisphere assignment (red curves). For
visibility, only the diagonal ðz1; z2Þ bins and statistical uncertainties are displayed.
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opposite hemisphere 
0 < z1=z2 < 1

same hemisphere 
0 < z1+z2 < 1 

0 < z1=z2 < 0.5



Stratmann & Vogelsang,  
P.R. D64 (01) 114007

to be computed thousands times… usual trick:  use Mellin anti-transform
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up down

break down of Mellin moment

impact of CLAS12 pseudodata at large x (>0.2)
gives ~50% of up tensor charge

relative error  ΔgT/gT  from 82% → 43%
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Z 1
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1 (x,Q2)

xmin
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