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Right-Handed W-Boson

• Electroweak interactions in the Standard model 
violates parity maximally.24

2.2.4 Summary

A comparison of the essential properties of the Standard and Left-Right Symmetric

Models is shown in Table 2.1.

Table 2.1: A comparative summary of the properties of the Standard and Left-Right-
Symmetric models.
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• The W-boson has interactions only with the left-
handed quarks and leptons.

• Left-Right Symmetric Models restore the symmetry between and left and right-handed quarks 
and leptons at high energies beyond the electroweak scale:
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Table 2: The fermion fields of the standard model and their gauge quantum numbers.

which yields

LMatter = iQ̄i
L "DQi

L + iūi
R "Dui

R + id̄i
R "Ddi

R + iL̄i
L "DLi

L + iēi
R "Dei

R . (28)

At this stage, all the fermions are massless. Majorana masses are forbidden by the fact
that all fermions carry hypercharge; in addition, some transform under a complex represen-
tation of SU(3), and some transform under a pseudoreal representation of SU(2)L. Dirac
masses are forbidden by the fact that no fermion transforms under the complex-conjugate
representation of another fermion.

The absence of fermion masses implies that LMatter has a good deal of (accidental) global
symmetry,

Qi
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R .

This symmetry is accidental in the sense that it is not imposed, but rather follows from the
fermion content and gauge symmetries of the standard model. Since there are five indepen-
dent U(3) symmetries, the global flavor symmetry of the matter Lagrangian is [U(3)]5.

These global flavor symmetries are violated by the Yukawa couplings of the fermions to
the Higgs field (see Table 2),

LY ukawa = −Γij
u Q̄i

Lεφ
∗uj

R − Γij
d Q̄i

Lφdj
R − Γij

e L̄i
Lφej

R + h.c. (29)

where Γu, Γd, Γe are 3 × 3 complex matrices in generation space.

Exercise 2.1 - Show that if φ is an SU(2)L doublet, then so is εφ∗ (see Exercise 1.5).
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• Right-handed neutrinos, as evidenced by 
neutrino oscillations, require physics beyond the 
Standard Model

• Left-Right symmetric models predict the existence of new degrees of freedom, including a heavy 
right-handed W-boson and heavy right-handed neutrinos.



3

Figure 2. Measurements of the polarisation asymmetries A± based on a preliminary combination of the H1 
and ZEUS data. The error bars denote the total uncertainty which is dominated by the uncorrelated error 
contributions. The curves describe the theoretical predictions in NLO QCD as obtained in fits to the H1 
inclusive data and to the inclusive and jet ZEUS data, respectively. Both fits have been performed using the 
unpolarised HERA I data.

2.3.  Total CC cross sections and right-handed current

The total CC cross sections have been measured by both H1 and ZEUS using their unpolarised HERA I data 
and polarised data taken in 2003-2005 in slightly different phase space. The H1 [2][9][11] and ZEUS 
[3][4][12] measurements, in a common phase space Q2>400GeV2 and y<0.9,  are compared in Fig. 3 with 
SM expectations from CTEQ6D [6] and MRST [14]. The linear dependence on Pe of the CC cross sections 
within the SM is expected as the W boson interacts only with Le�  and Re� . A straight line fit to these cross 
sections is sensitive to exotic right-handed current additions to the SM lagrangian. Assuming the equal 
coupling strength between the right and left-handed currents and a light right-handed neutrino mass, the 
lower mass limits set on WR at 95% confidence level (CL) are 208 and 186GeV based on H1 e+p [13] and e�p
[2] data  respectively. 

Figure 3. The dependence of the e±p CC cross 
sections on the lepton beam polarisation Pe. The 
inner and outer error bars represent the statistical 
and total errors respectively. The data are compared 
to SM predictions based on the CTEQ6D and 
MRST 2004 parameterisations.

Figure 4. Preliminary result at 68% CL on the weak 
neutral current couplings of u quark to the Z0 boson 
determined in a combined EW-QCD fit. The HERA 
result can be compared with those determined by the 
CDF experiment and from e+e� measurements at the 
Z0 resonance by LEP/SLC.

Right-Handed W-Boson

• The Standard Model W-boson only couples to 
left-handed electrons and right-handed positrons.

• Thus, the Standard Model predicts a linear 
dependence of the charged current (CC) cross-
section on the lepton beam polarization. 

HERA limits on the right-handed W mass:  

• Polarized electron and positron beams can test 
this Standard Model paradigm.

e^+p:  > 208 GeV 
e^-p:  > 186 GeV 

(assuming equal couplings for left and right handed Ws)  

[A.Aktas et.al (H1)]



Right-Handed W-Boson at EIC

• The lower center of mass energy (compared to HERA) at the EIC will lead to smaller charged 
current cross sections.

• However, the higher luminosity and degree of lepton beam polarization at the EIC can lead to 
higher precision on the charged current cross section measurements. 

• Higher precision could lead to stronger mass bounds.



The availability of a polarized positron beam will provide a unique opportunity to significantly improve upon the
current uncertainty in the C3q couplings through a measurement of the charge conjugation asymmetry [6]:
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It will also be the first time that the C3q couplings would be extracted through the use of polarized electron and positron
beams. To a good approximation, the asymmetry for scattering o↵ a proton target is given by [7]:
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where qV ⌘ q � q̄ are the valence quark parton distribution functions and y = ⌫/E with E being the lepton energy and
⌫ the energy transferred to the proton target. For the isoscalar deuteron target, the asymmetry takes the form:
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where RV ⌘ (uV + dV )/(u+ d). The isoscalar deuteron target is preferred over the proton target since it provides access
to the combination 2C3u � C3d and minimizes the uncertainty from the d/u ratio of parton distribution functions.
However, both the proton and deteuron targets can be used in order to extract the C3q couplings. It is estimated that
[8] that this asymmetry can be measured to a 3% statistical precision, allowing for an extraction of the combination
2C3u � C3d to within 3% relative uncertainty. This would be an improvement by a factor of 10 over the current level
of uncertainty and can constrain new physics up to the scale ⇤ ⇠ 6 TeV.

CHARGED CURRENT CROSS SECTIONS

The chiral structure of the electroweak interactions dictates that only the left-handed electrons (e�
L
) and the right-

handed positrons (e+
R
) couple to the W-boson. Consequently, the SM predicts that the cross section for the charged
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where Y± = 1 ± (1 � y)2, the virtuality of the exchanged boson is Q
2 = xys, and x, y denote the standard Bjorken

variables and s is the center of mass energy squared. At the Born level, F
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As seen from Equation 16 and 17, the electron and positron beams couple to di↵erent combinations of the parton
distribution functions thereby providing independent probes of the linear polarization dependence of the charged
current cross section.

The availability of a polarized positron beam will provide a unique opportunity to significantly improve upon the
current uncertainty in the C3q couplings through a measurement of the charge conjugation asymmetry [6]:
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As seen from Equation 16 and 17, the electron and positron beams couple to di↵erent combinations of the parton
distribution functions thereby providing independent probes of the linear polarization dependence of the charged
current cross section.

SM Polarization Dependence of 
Charged Current Cross Section

• The Standard Model W-boson only couples to left-handed electrons and right-handed positrons:

,

• Electron and positron beams act as independent probes of the polarization dependence charged 
current cross section due to the difference in initial state PDFs that contribute:



Polarized electron and positron beams can be used to measured for few di↵erent values of the beam polarization
Pe to obtain a straight-line fit. The straight-line fit can be extrapolated to Pe = ⌥1 and compared to the SM prediction
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±

p

SM (Pe = ⌥1) = 0. Any observed deviation could indicated the presence of new physics that couples to couples to
right-handed electrons and left-handed positrons. A non-zero value for �e

±
p(Pe = ⌥1) can arise from a right-handed

W-boson (WR) of mass MR. Such a WR-boson arises in Left-Right Symmetric models that restore the symmetry
between left-handed and right-handed quarks and leptons at higher energies such that the SM electroweak sector
arises from the spontaneous symmetry breaking S U(2)L ⌦ S U(2)R ⌦ U(1)B�L ! S U(2)L ⌦ U(1)Y . In the presence of
a WR-boson and a light right-handed neutrino, the polarization dependence of the charged current cross section takes
the form:
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where the second term above arises from WR exchange and is the same as the SM result except for the replacement
MW ! MR, assuming equal coupling strengths between the left-handed and right-handed currents. The second term
now allows for a non-zero value for �e

±
p(Pe = ⌥1) which depends on the WR-boson mass MR as:
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From the extrapolation of the straight-line fit of �e
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p(Pe) to the points Pe = ±1, one can obtain a 95% CL upper
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Although the EIC will have smaller cross sections compared to HERA due to its lower center of mass energy, its
higher luminosity and degree of lepton beam polarization can allow for a more precise extraction of �e

±
p

upper bound(Pe =

⌥1) which can allow for stronger limits. Preliminary results simulating such an analysis, using HERWIG 6.5 [9, 10],
are shown in Figure 1. The simulation assumed a relative uncertainty on the lepton beam polarization of �Pe/Pe ⇠
1%, a systematic uncertainty ⇠ 3% in the measured cross-section in addition to the statistical uncertainty, and an
integrated luminosity ofL = 100 fb�1. For the case of a 10 GeV positron beam colliding with a 100 GeV proton beam
(
p

s = 63.25 GeV) with cut of Q
2 > 100 GeV2, a 95% CL upper bound of �e

+
p(Pe = �1) < 0.0207pb is obtained

giving the limit of MR & 270 GeV. For the case of a 10 GeV positron beam colliding with a 300 GeV proton beam
(
p

s = 109.5 GeV) with cut of Q
2 > 100 GeV2, a 95% CL upper bound of �e

+
p(Pe = �1) < 0.0776pb is obtained

giving the limit of MR & 285 GeV. Although more detailed studies are required, these preliminary results indicate that
the EIC can compete and improve upon the HERA limits [11] which require MR > 208 GeV.

The availability of a polarized positron beam will provide a unique opportunity to significantly improve upon the
current uncertainty in the C3q couplings through a measurement of the charge conjugation asymmetry [6]:

A
e
�
L
�e
+
R =

d�(e�
L

N) � d�(e+
R

N)
d�(e�

L
N) + d�(e+

R
N)
. (10)

It will also be the first time that the C3q couplings would be extracted through the use of polarized electron and positron
beams. To a good approximation, the asymmetry for scattering o↵ a proton target is given by [7]:
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where qV ⌘ q � q̄ are the valence quark parton distribution functions and y = ⌫/E with E being the lepton energy and
⌫ the energy transferred to the proton target. For the isoscalar deuteron target, the asymmetry takes the form:
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where RV ⌘ (uV + dV )/(u+ d). The isoscalar deuteron target is preferred over the proton target since it provides access
to the combination 2C3u � C3d and minimizes the uncertainty from the d/u ratio of parton distribution functions.
However, both the proton and deteuron targets can be used in order to extract the C3q couplings. It is estimated that
[8] that this asymmetry can be measured to a 3% statistical precision, allowing for an extraction of the combination
2C3u � C3d to within 3% relative uncertainty. This would be an improvement by a factor of 10 over the current level
of uncertainty and can constrain new physics up to the scale ⇤ ⇠ 6 TeV.

CHARGED CURRENT CROSS SECTIONS

The chiral structure of the electroweak interactions dictates that only the left-handed electrons (e�
L
) and the right-

handed positrons (e+
R
) couple to the W-boson. Consequently, the SM predicts that the cross section for the charged

current processes e
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+ + p! ⌫̄e+X will have a linear dependence on the lepton beam polarization:
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where Pe denotes the lepton beam polarization:

Pe =
NR � NL

NR + NL

, (14)

and NR and NL denote the number of right-handed and left-handed leptons (electrons or positrons) respectively. In
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where Y± = 1 ± (1 � y)2, the virtuality of the exchanged boson is Q
2 = xys, and x, y denote the standard Bjorken

variables and s is the center of mass energy squared. At the Born level, F
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= 0 and the the structure functions F
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As seen from Equation 16 and 17, the electron and positron beams couple to di↵erent combinations of the parton
distribution functions thereby providing independent probes of the linear polarization dependence of the charged
current cross section.

BSM Polarization Dependence of 
Charged Current Cross Section

• SM polarization dependence:

• Polarization dependence in the presence of a right-handed W boson (with SM coupling strength):

The availability of a polarized positron beam will provide a unique opportunity to significantly improve upon the
current uncertainty in the C3q couplings through a measurement of the charge conjugation asymmetry [6]:
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It will also be the first time that the C3q couplings would be extracted through the use of polarized electron and positron
beams. To a good approximation, the asymmetry for scattering o↵ a proton target is given by [7]:
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where qV ⌘ q � q̄ are the valence quark parton distribution functions and y = ⌫/E with E being the lepton energy and
⌫ the energy transferred to the proton target. For the isoscalar deuteron target, the asymmetry takes the form:
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where RV ⌘ (uV + dV )/(u+ d). The isoscalar deuteron target is preferred over the proton target since it provides access
to the combination 2C3u � C3d and minimizes the uncertainty from the d/u ratio of parton distribution functions.
However, both the proton and deteuron targets can be used in order to extract the C3q couplings. It is estimated that
[8] that this asymmetry can be measured to a 3% statistical precision, allowing for an extraction of the combination
2C3u � C3d to within 3% relative uncertainty. This would be an improvement by a factor of 10 over the current level
of uncertainty and can constrain new physics up to the scale ⇤ ⇠ 6 TeV.
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current processes e
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where Y± = 1 ± (1 � y)2, the virtuality of the exchanged boson is Q
2 = xys, and x, y denote the standard Bjorken

variables and s is the center of mass energy squared. At the Born level, F
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As seen from Equation 16 and 17, the electron and positron beams couple to di↵erent combinations of the parton
distribution functions thereby providing independent probes of the linear polarization dependence of the charged
current cross section.

Polarized electron and positron beams can be used to measured for few di↵erent values of the beam polarization
Pe to obtain a straight-line fit. The straight-line fit can be extrapolated to Pe = ⌥1 and compared to the SM prediction
�e
±

p

SM (Pe = ⌥1) = 0. Any observed deviation could indicated the presence of new physics that couples to couples to
right-handed electrons and left-handed positrons. A non-zero value for �e

±
p(Pe = ⌥1) can arise from a right-handed

W-boson (WR) of mass MR. Such a WR-boson arises in Left-Right Symmetric models that restore the symmetry
between left-handed and right-handed quarks and leptons at higher energies such that the SM electroweak sector
arises from the spontaneous symmetry breaking S U(2)L ⌦ S U(2)R ⌦ U(1)B�L ! S U(2)L ⌦ U(1)Y . In the presence of
a WR-boson and a light right-handed neutrino, the polarization dependence of the charged current cross section takes
the form:
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where the second term above arises from WR exchange and is the same as the SM result except for the replacement
MW ! MR, assuming equal coupling strengths between the left-handed and right-handed currents. The second term
now allows for a non-zero value for �e

±
p(Pe = ⌥1) which depends on the WR-boson mass MR as:
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From the extrapolation of the straight-line fit of �e
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Although the EIC will have smaller cross sections compared to HERA due to its lower center of mass energy, its
higher luminosity and degree of lepton beam polarization can allow for a more precise extraction of �e

±
p

upper bound(Pe =

⌥1) which can allow for stronger limits. Preliminary results simulating such an analysis, using HERWIG 6.5 [9, 10],
are shown in Figure 1. The simulation assumed a relative uncertainty on the lepton beam polarization of �Pe/Pe ⇠
1%, a systematic uncertainty ⇠ 3% in the measured cross-section in addition to the statistical uncertainty, and an
integrated luminosity ofL = 100 fb�1. For the case of a 10 GeV positron beam colliding with a 100 GeV proton beam
(
p

s = 63.25 GeV) with cut of Q
2 > 100 GeV2, a 95% CL upper bound of �e

+
p(Pe = �1) < 0.0207pb is obtained

giving the limit of MR & 270 GeV. For the case of a 10 GeV positron beam colliding with a 300 GeV proton beam
(
p

s = 109.5 GeV) with cut of Q
2 > 100 GeV2, a 95% CL upper bound of �e

+
p(Pe = �1) < 0.0776pb is obtained

giving the limit of MR & 285 GeV. Although more detailed studies are required, these preliminary results indicate that
the EIC can compete and improve upon the HERA limits [11] which require MR > 208 GeV.



Polarized electron and positron beams can be used to measured for few di↵erent values of the beam polarization
Pe to obtain a straight-line fit. The straight-line fit can be extrapolated to Pe = ⌥1 and compared to the SM prediction
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W-boson (WR) of mass MR. Such a WR-boson arises in Left-Right Symmetric models that restore the symmetry
between left-handed and right-handed quarks and leptons at higher energies such that the SM electroweak sector
arises from the spontaneous symmetry breaking S U(2)L ⌦ S U(2)R ⌦ U(1)B�L ! S U(2)L ⌦ U(1)Y . In the presence of
a WR-boson and a light right-handed neutrino, the polarization dependence of the charged current cross section takes
the form:
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where the second term above arises from WR exchange and is the same as the SM result except for the replacement
MW ! MR, assuming equal coupling strengths between the left-handed and right-handed currents. The second term
now allows for a non-zero value for �e
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Although the EIC will have smaller cross sections compared to HERA due to its lower center of mass energy, its
higher luminosity and degree of lepton beam polarization can allow for a more precise extraction of �e
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⌥1) which can allow for stronger limits. Preliminary results simulating such an analysis, using HERWIG 6.5 [9, 10],
are shown in Figure 1. The simulation assumed a relative uncertainty on the lepton beam polarization of �Pe/Pe ⇠
1%, a systematic uncertainty ⇠ 3% in the measured cross-section in addition to the statistical uncertainty, and an
integrated luminosity ofL = 100 fb�1. For the case of a 10 GeV positron beam colliding with a 100 GeV proton beam
(
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s = 63.25 GeV) with cut of Q
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s = 109.5 GeV) with cut of Q
2 > 100 GeV2, a 95% CL upper bound of �e
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giving the limit of MR & 285 GeV. Although more detailed studies are required, these preliminary results indicate that
the EIC can compete and improve upon the HERA limits [11] which require MR > 208 GeV.

Polarized electron and positron beams can be used to measured for few di↵erent values of the beam polarization
Pe to obtain a straight-line fit. The straight-line fit can be extrapolated to Pe = ⌥1 and compared to the SM prediction
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arises from the spontaneous symmetry breaking S U(2)L ⌦ S U(2)R ⌦ U(1)B�L ! S U(2)L ⌦ U(1)Y . In the presence of
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Although the EIC will have smaller cross sections compared to HERA due to its lower center of mass energy, its
higher luminosity and degree of lepton beam polarization can allow for a more precise extraction of �e
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upper bound(Pe =

⌥1) which can allow for stronger limits. Preliminary results simulating such an analysis, using HERWIG 6.5 [9, 10],
are shown in Figure 1. The simulation assumed a relative uncertainty on the lepton beam polarization of �Pe/Pe ⇠
1%, a systematic uncertainty ⇠ 3% in the measured cross-section in addition to the statistical uncertainty, and an
integrated luminosity ofL = 100 fb�1. For the case of a 10 GeV positron beam colliding with a 100 GeV proton beam
(
p

s = 63.25 GeV) with cut of Q
2 > 100 GeV2, a 95% CL upper bound of �e
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p(Pe = �1) < 0.0207pb is obtained
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2 > 100 GeV2, a 95% CL upper bound of �e
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giving the limit of MR & 285 GeV. Although more detailed studies are required, these preliminary results indicate that
the EIC can compete and improve upon the HERA limits [11] which require MR > 208 GeV.
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III. CROSS-SECTION EXPRESSIONS

From the paper 1008.3493 (and explicitly putting in the Pe dependence), we have:
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Polarized electron and positron beams can be used to measured for few di↵erent values of the beam polarization
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⌥1) which can allow for stronger limits. Preliminary results simulating such an analysis, using HERWIG 6.5 [9, 10],
are shown in Figure 1. The simulation assumed a relative uncertainty on the lepton beam polarization of �Pe/Pe ⇠
1%, a systematic uncertainty ⇠ 3% in the measured cross-section in addition to the statistical uncertainty, and an
integrated luminosity ofL = 100 fb�1. For the case of a 10 GeV positron beam colliding with a 100 GeV proton beam
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s = 63.25 GeV) with cut of Q
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p(Pe = �1) < 0.0776pb is obtained

giving the limit of MR & 285 GeV. Although more detailed studies are required, these preliminary results indicate that
the EIC can compete and improve upon the HERA limits [11] which require MR > 208 GeV.
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Although the EIC will have smaller cross sections compared to HERA due to its lower center of mass energy, its
higher luminosity and degree of lepton beam polarization can allow for a more precise extraction of �e
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1%, a systematic uncertainty ⇠ 3% in the measured cross-section in addition to the statistical uncertainty, and an
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(
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2 > 100 GeV2, a 95% CL upper bound of �e
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s = 109.5 GeV) with cut of Q
2 > 100 GeV2, a 95% CL upper bound of �e

+
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the EIC can compete and improve upon the HERA limits [11] which require MR > 208 GeV.
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Although the EIC will have smaller cross sections compared to HERA due to its lower center of mass energy, its
higher luminosity and degree of lepton beam polarization can allow for a more precise extraction of �e
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upper bound(Pe =

⌥1) which can allow for stronger limits. Preliminary results simulating such an analysis, using HERWIG 6.5 [9, 10],
are shown in Figure 1. The simulation assumed a relative uncertainty on the lepton beam polarization of
�Pe/Pe ⇠ 1%, a systematic uncertainty ⇠ 3% in the measured cross-section in addition to the statistical uncertainty,
and an integrated luminosity of L = 100 fb�1. For the case of a 10 GeV positron beam colliding with a 100 GeV
proton beam (
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s = 63.25 GeV) with cut of Q
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is obtained giving the limit of MR & 270 GeV. For the case of a 10 GeV positron beam colliding with a 300 GeV
proton beam (
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s = 109.5 GeV) with cut of Q

2 > 100 GeV2, a 95% CL upper bound of �e
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is obtained giving the limit of MR & 285 GeV. Although more detailed studies are required, these preliminary results
indicate that the EIC can compete and improve upon the HERA limits [11] which require MR > 208 GeV.
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now allows for a non-zero value for �e

±
p(Pe = ⌥1) which depends on the WR-boson mass MR as:

�e
±

p(Pe = ⌥1) = 2 �e
±

p

SM (Pe = 0,MW ! MR). (19)

From the extrapolation of the straight-line fit of �e
±

p(Pe) to the points Pe = ±1, one can obtain a 95% CL upper
bound, �e

±
p

upper bound(Pe = ⌥1), which can be converted into a WR-boson mass limit by requiring:

�e
±

p

SM (Pe = 0,MW ! MR) <
�e
±

p

upper bound(Pe = ⌥1)

2
. (20)

FIGURE 1. To format a figure caption use the LATEXtemplate style: Figure Caption. The text “FIGURE 1,” which labels the caption,
should be bold and in upper case. If figures have more than one part, each part should be labeled (a), (b), etc. Using a table, as in
the above example, helps you control the layout.

Although the EIC will have smaller cross sections compared to HERA due to its lower center of mass energy, its
higher luminosity and degree of lepton beam polarization can allow for a more precise extraction of �e

±
p

upper bound(Pe =

⌥1) which can allow for stronger limits. Preliminary results simulating such an analysis, using HERWIG 6.5 [9, 10],
are shown in Figure 1. The simulation assumed a relative uncertainty on the lepton beam polarization of
�Pe/Pe ⇠ 1%, a systematic uncertainty ⇠ 3% in the measured cross-section in addition to the statistical uncertainty,
and an integrated luminosity of L = 100 fb�1. For the case of a 10 GeV positron beam colliding with a 100 GeV
proton beam (

p
s = 63.25 GeV) with cut of Q

2 > 100 GeV2, a 95% CL upper bound of �e
+

p(Pe = �1) < 0.0207pb
is obtained giving the limit of MR & 270 GeV. For the case of a 10 GeV positron beam colliding with a 300 GeV
proton beam (

p
s = 109.5 GeV) with cut of Q

2 > 100 GeV2, a 95% CL upper bound of �e
+

p(Pe = �1) < 0.0776pb
is obtained giving the limit of MR & 285 GeV. Although more detailed studies are required, these preliminary results
indicate that the EIC can compete and improve upon the HERA limits [11] which require MR > 208 GeV.

[Y. Furletova, S. Mantry]
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Next Steps

• Write C++ code to get CC cross section as a function of  MR .

• Use this code to determine lowest allowed value of  to saturates allowed cross section 
bound.

MR

• Include PDF error? Can generate total charge current cross section using different PDF 
sets to extract PDF error and include it in the analysis.


