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Sub-Z precision measurementsSub-Z precision measurements

•• neutral current scatteringneutral current scattering

•• hheavy quark physicseavy quark physics

•• CP violation, EDMCP violation, EDM

•• RRare Kare K--decay, CKM decay, CKM unitarityunitarity

•• mmuonuon gg--22

•• llepton flavor violationepton flavor violation

……

• polarized ee scattering (SLAC  E158) 
• polarized ep scattering (JLab  Qweak)
• neutrino-nucleus scattering (NuTeV)

A. Kurylov, M. Ramsey-Musolf, SS
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OutlineOutline

•• motivationmotivation

•• parityparity--violating electron scattering experiments violating electron scattering experiments 

•• radiativeradiative corrections to corrections to weak charge weak charge QQWW

•• analysis of SUSY contributions to analysis of SUSY contributions to QQWW

–– MSSM contributionsMSSM contributions

–– RPV analysisRPV analysis

–– distinguish various new physics / SUSYdistinguish various new physics / SUSY

•• NuTeVNuTeV experimentexperiment
–– MSSM contributions  MSSM contributions  

–– RPV analysisRPV analysis

•• conclusionconclusion
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MotivationMotivation

•• high precisionhigh precision low energy experiment availablelow energy experiment available

-- muonmuon gg--2: M=m2: M=mµµµµµµµµ , , δδδδδδδδnew new ∼∼∼∼∼∼∼∼ 2x102x10--99,, δδδδδδδδexpexp << 1010--9    9    

–– ββββββββ--decay, decay, ππππππππ--decay: M=decay: M=mmWW , , δδδδδδδδnew new ∼∼∼∼∼∼∼∼ 1010--33, , δδδδδδδδexpexp ∼∼∼∼∼∼∼∼ 1010--33

–– parityparity--violating electron scattering: violating electron scattering: M=M=mmWW , , δδδδδδδδnew new ∼∼∼∼∼∼∼∼ 1010--33,,

� 1/Qe,p
W ≈10 more sensitive to new physics

� need δexp ∼ 10-2 “easier” experiment

•• indirect+direct:  complementary information indirect+direct:  complementary information 
–– consistency test of theory at loop levelconsistency test of theory at loop level

QQee,,pp
WW ∼∼∼∼∼∼∼∼ 11--4 sin4 sin22θθθθθθθθWW ∼∼∼∼∼∼∼∼ 0.10.1

•• probe new physics probe new physics offoff the Zthe Z--resonanceresonance
-- sensitive to new physics not mix with Zsensitive to new physics not mix with Z

size of loop effects from new physics: (size of loop effects from new physics: (αααααααα//ππππππππ)(M/M)(M/Mnewnew))22
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Test of sin2θW running Test of sin2θW running 

•• sinsin22θθθθθθθθWW(0) (0) -- sinsin22θθθθθθθθWW(m(mZZ
22) = +0.007) = +0.007

–– QQCsCs
ww: agree : agree QQ22=0 =0 

–– NuTeVNuTeV: +3: +3σσσσσσσσ QQ22=20 (GeV)=20 (GeV)22

•• parityparity--violating electron violating electron 

  scattering (PVES)scattering (PVES)

  eeee MollerMoller scattering (SLAC) scattering (SLAC) QQee
WW

  epep elastic scattering (Jelastic scattering (J--lab)lab) QQpp
WW

--

�� clean environment: clean environment: Hydrogen targetHydrogen target
�� theoretically clean:theoretically clean: small small hadronichadronic uncertainties uncertainties 
�� tree level tree level ∼∼∼∼∼∼∼∼ 0.1 0.1 ⇒⇒⇒⇒⇒⇒⇒⇒ sensitivesensitive to new physicsto new physics

--
δδδδδδδδ sinsin22θθθθθθθθW W ∼∼∼∼∼∼∼∼ 0.00070.0007 at Qat Q22=0.03 (GeV)=0.03 (GeV)22
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GoalGoal

•• minimal minimal SupersymmetricSupersymmetric extension of SM (MSSM)extension of SM (MSSM)

SUSY: most promising candidate for new physicsSUSY: most promising candidate for new physics

– solution to Hierarchy problem

– gauge coupling unification

– provide a natural electroweak symmetry breaking

– dark matter candidate ? (PVES)

�� with Rwith R--parity : loop correctionsparity : loop corrections

�� without Rwithout R--parity: treeparity: tree--level contributionlevel contribution

•• lowlow--energy precision measurementsenergy precision measurements

–– PVES: PVES: weak charge weak charge QQee
WW , , QQpp

WW , ( , ( QQCsCs
WW )  )  -- NuTeVNuTeV: : RRνννννννν((νννννννν))

Develop consistency checks for theories of new physicsDevelop consistency checks for theories of new physics
using the low energy precision measurementsusing the low energy precision measurements

--
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Weak charge QWWeak charge QW

NN++--NN--

NN+++N+N--

AALRLR≡≡≡≡≡≡≡≡ ∝∝∝∝∝∝∝∝ QQff
WW

AA

VV
ggeeAA = I= Iee33

epep QQweakweak exp exp QQpp
WW eeee MollerMoller exp exp QQee

WW

QQee,,pp
WW treetree 11--4s4s22 --(1(1--4s4s22))

QQee,,pp
WW looploop 0.07210.0721 --0.04490.0449

exp precisionexp precision 4%4% 8%8%
δδδδδδδδ sinsin22θθθθθθθθWW 0.00070.0007 0.00090.0009
SM runningSM running 10 10 σσσσσσσσ 8 8 σσσσσσσσ

QQCsCs
WW :: δδδδδδδδ sinsin22θθθθθθθθW W = 0.0021= 0.0021 NuTeVNuTeV:: δδδδδδδδ sinsin22θθθθθθθθW W = 0.0016= 0.0016

weak chargeweak charge QQff
WW = 2g= 2gffV V = 2 I= 2 Iff33 --4Q4Qffss2

2
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General structure of radiative corrections to Qf
WGeneral structure of radiative corrections to Qf
W

Including Including radiativeradiative corrections:corrections:

ρρρρρρρρ,, κκκκκκκκ: universal,           : universal,           λλλλλλλλff: depend on : depend on fermionfermion speciesspecies

ρρρρρρρρ = 1+= 1+δρδρδρδρδρδρδρδρSMSM++δρδρδρδρδρδρδρδρSUSYSUSY, , κκκκκκκκ = 1+= 1+δκδκδκδκδκδκδκδκSMSM++δκδκδκδκδκδκδκδκSUSYSUSY, , λλλλλλλλff= = λλλλλλλλffSMSM++λλλλλλλλffSUSYSUSY

ρρρρρρρρ

correction to muon life time 

QQff
WW = = ρρρρρρρρ (2(2IIff33 -- 4 4 κκκκκκκκ QQff ss2

2) + ) + λλλλλλλλff
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Radiative contributionsRadiative contributions

κκκκκκκκ

QQff
WW = = ρρρρρρρρ (2(2IIff33 -- 4 4 κκκκκκκκ QQff ss2

2) + ) + λλλλλλλλff

λλλλλλλλff

correction to α, Gµ and mZ⇒s2
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MSSM particle contentsMSSM particle contents

SM particle                         SM particle                         superpartnersuperpartnerSpin differ by 1/2Spin differ by 1/2

mass parameter  mass parameter  

mmqLqL
22,,∼∼∼∼∼∼∼∼

mmlRlR
22,,∼∼∼∼∼∼∼∼mmlLlL

22,,∼∼∼∼∼∼∼∼

mmqLRqLR
22∼∼∼∼∼∼∼∼mmqRqR

22,,∼∼∼∼∼∼∼∼

mmlLRlLR
22∼∼∼∼∼∼∼∼

 µ µ µ µ µ µ µ µ,    tan,    tanββββββββ=v=vuu//vvdd

MM33
MM22
MM11
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SUSY interactionsSUSY interactions

replace replace twotwo SM particles into SUSY partners  SM particles into SUSY partners  

⇒⇒⇒⇒⇒⇒⇒⇒

⇒⇒⇒⇒⇒⇒⇒⇒

⇒⇒⇒⇒⇒⇒⇒⇒ ∝∝∝∝∝∝∝∝ gauge couplinggauge coupling

∝∝∝∝∝∝∝∝ YukawaYukawa couplingcoupling

∝∝∝∝∝∝∝∝ gauge gauge 
couplingcoupling
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One loop SUSY contributions to PVESOne loop SUSY contributions to PVES

•• gauge boson gauge boson 
  selfself--energies  energies  

•• external leg correctionsexternal leg corrections •• vertex correctionsvertex corrections

•• box diagramsbox diagrams
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Numerical analysisNumerical analysis

•• MSSM parameter range: random scanMSSM parameter range: random scan

∗ hard to impose bounds on certain MSSM parameter

∗ show the possible range of MSSM corrections

–– impose exp search limit on SUSY particlesimpose exp search limit on SUSY particles

–– impose Simpose S--T 95% CL constraintsT 95% CL constraints

–– impose gimpose g--2 constraints (2nd 2 constraints (2nd sleptonslepton LR mixing)LR mixing)

50 50 GeVGeV < < mmqq, m, mll, M, M1,21,2, ,  µ µ µ µ µ µ µ µ < 1000 < 1000 GeVGeV
1.4 < tan1.4 < tanββββββββ < 60     < 60     

~~ ~~

  ModelModel--independent analysisindependent analysis
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Correction to weak chargeCorrection to weak charge

δδδδδδδδ ((QQpp
WW))SUSYSUSY / / ((QQpp

WW))SMSM < 4%, < 4%, δδδδδδδδ ((QQee
WW))SUSYSUSY / / ((QQee

WW))SMSM < 8%< 8%

�� QQee
WW andand QQpp

WW

correlatedcorrelated

QQff
WW = = ρρρρρρρρ (2(2TTff

33 -- 4Q4Qf f κκκκκκκκ ss22) + ) + λλλλλλλλff

dominant : dominant : δκδκδκδκδκδκδκδκ (<0)(<0)
⇒⇒⇒⇒⇒⇒⇒⇒

negativenegative shift in sinshift in sin22θθθθθθθθWW
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Dominant contributionsDominant contributions

QQff
WW = = ρρρρρρρρ (2(2TTff

33 -- 4Q4Qf f κκκκκκκκ ss22) + ) + λλλλλλλλff

•• nonnon--universal corrections  universal corrections  

–– vertex + vertex + wavefunctionwavefunction : cancel: cancel
–– box diagrams numerically   box diagrams numerically   
suppressedsuppressed

•• δρδρδρδρδρδρδρδρ contribution contribution 
suppressed by (1suppressed by (1--4 s4 s22))

•• dominant contribution dominant contribution 
from from δκδκδκδκδκδκδκδκ

δκδκδκδκδκδκδκδκ (<0)(<0) ⇒⇒⇒⇒⇒⇒⇒⇒ negativenegative shift in sinshift in sin22θθθθθθθθWW
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Various contributions to δκVarious contributions to δκ

•• δκδκδκδκδκδκδκδκ <0<0 ((δδδδδδδδ ((QQee,,pp
WW))SUSYSUSY / / ((QQee,,pp

WW))SMSM >0 )>0 )

⇒⇒⇒⇒⇒⇒⇒⇒ reductionreduction in effective sinin effective sin22θθθθθθθθWW

•• within within δκδκδκδκδκδκδκδκ
–– various terms have various terms have 
comparable importance comparable importance 

–– oblique approximation gives oblique approximation gives 
a a poorpoor descriptiondescription

SS

TT



S. Su  LoopFest III Probing SUSY  with Neutral Current Scattering experiments 17

R-parity  R-parity  

•• General MSSM, including General MSSM, including B,LB,L--violatingviolating operatorsoperators

λλλλλλλλijkijk

λλλλλλλλ’’ijkijk

•• dangerous dangerous ⇒⇒⇒⇒⇒⇒⇒⇒ introduce proton decayintroduce proton decay
•• RR--parity parity SM particle:SM particle: eveneven superparticlesuperparticle: : oddodd

–– stable LSP as dark matter candidatestable LSP as dark matter candidate

•• RPV: RPV: only look at Lonly look at L--violating operatorviolating operator

∆∆∆∆∆∆∆∆ L = L = -- 11
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R-parity violating (RPV)  R-parity violating (RPV)  

•• RPV operators contribute to RPV operators contribute to QQee,,pp
WW at tree levelat tree level

  Exp constraintsExp constraints

•• ββββββββ decay:decay: δδδδδδδδ||VudVud| = | = --0.00145 0.00145 ±±±±±±±± 0.00070.0007
•• APV(Cs):APV(Cs): δδδδδδδδ QQWW

CsCs = = --0.0040 0.0040 ±±±±±±±± 0.00660.0066
•• RRe/e/µµµµµµµµ :: δδδδδδδδ RRe/e/µµµµµµµµ = = --0.0042 0.0042 ±±±±±±±± 0.00330.0033
•• GGµµµµµµµµ:: δδδδδδδδ GGµµµµµµµµ = = 0.00025 0.00025 ±±±±±±±± 0.001880.00188

δδδδδδδδQQpp
WW

GGµµµµµµµµ

I) Obtain 95% CL allowed region I) Obtain 95% CL allowed region 
in RPV coefficientsin RPV coefficients

II) Evaluate II) Evaluate δδδδδδδδ QQWW
ee andand δδδδδδδδ QQWW

pp

RPVRPV
95% CL95% CL

MSSMMSSM
looploop

No SUSY dark No SUSY dark 
mattermatter
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Correlation between Qp
W and Q

e
WCorrelation between Qp

W and Q
e
W

•• δδδδδδδδ QQWW (Z,N)=(2Z+N) (Z,N)=(2Z+N) δδδδδδδδ QQuu
WW +(2N+Z) +(2N+Z) δδδδδδδδ QQdd

WW

δδδδδδδδ QQuu
WW >0 >0 

δδδδδδδδ QQdd
WW <0<0

�� SUSY correction to heavy nuclei SUSY correction to heavy nuclei QQWW

•• MSSM: MSSM: 

•• extra Zextra Z’’: : 

•• leptoquarkleptoquark: : 

•• RPV  SUSYRPV  SUSY

δδδδδδδδ QQpp
WW δδδδδδδδ QQee

WW δδδδδδδδ QQCsCs
WW

smallsmall

sizablesizable

⇒⇒⇒⇒⇒⇒⇒⇒ δδδδδδδδ QQWW(Z,N)(Z,N) / / QQWW(Z,N)(Z,N) < 0.2 %  for Cs< 0.2 %  for Cs

�� Distinguish new physicsDistinguish new physics
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sin2θW

µ (GeV)

SLAC E158 SLAC E158 
(ee)(ee)

ee++ee-- LEP, SLDLEP, SLD

νννννννν N deep inelastic N deep inelastic 

DISDIS--Parity, JLabParity, JLab

JLabJLab MollerMoller
((eeee))

DISDIS--Parity, SLACParity, SLAC

Czarnecki, Marciano� Erler et al.

Linear  Collider eLinear  Collider e--ee--

Additional PV electron scattering ideasAdditional PV electron scattering ideas

APVAPV

JLab QJLab Q--Weak Weak 
((epep))
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NuTeV experimentNuTeV experiment

NCNC CCCC

σσσσσσσσ((ννννννννN N →→→→→→→→ ννννννννX)X)

σσσσσσσσ((ννννννννN N →→→→→→→→ ll--(+)(+)X)X)
RRνννννννν((νννννννν)) ≡≡≡≡≡≡≡≡--

((--))

wrongwrong--sign contribution!sign contribution!
Davidson et. al., JHEP 02, 037, 2002  

MSSMMSSM

δδδδδδδδRRνννννννν==--0.0033 0.0033 ±±±±±±±± 0.00150.0015
δδδδδδδδRRνννννννν==--0.0019 0.0019 ±±±±±±±± 0.00260.0026

--
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Gluino contributionGluino contribution

�� large LRlarge LR--mixingmixing
both up/down sectorboth up/down sector

�� inconsistent with current inconsistent with current 
CC dataCC data

�� constraints relaxed if firstconstraints relaxed if first
row CKM row CKM unitarityunitarity confirmedconfirmed

�� could could partiallypartially account for account for 
deviation in sindeviation in sin22θθθθθθθθWW

negativenegative gluinogluino contributioncontribution
CC data constraintsCC data constraints
 Kurylov, Ramsey-Musolf,PRL88,071804,2002

unitarityunitarity deviation decrease by 1/3 deviation decrease by 1/3 σσσσσσσσ
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Deviation of sin2θWDeviation of sin2θW

•• extracted using extracted using PaschosPaschos--WolfensteinWolfenstein relationrelation

•• in practice, modified versionin practice, modified version

ξξξξξξξξ different from rdifferent from r
  ⇒⇒⇒⇒⇒⇒⇒⇒ charm quark masscharm quark mass
  uncertaintiesuncertainties

•• gluinogluino contributions contributions 
∝∝∝∝∝∝∝∝ ξξξξξξξξ -- r r 

--1x101x10--44--1.6x101.6x10--33δδδδδδδδsinsin22θθθθθθθθWW

0.4530.4530.2490.249ξξξξξξξξ

freefreeconstrainedconstrainedmmcc

0C0C1C1C
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R-parity violating (RPV)  R-parity violating (RPV)  

•• RPV operators contribute to RRPV operators contribute to Rνννννννν((νννννννν) ) at tree levelat tree level--

NCNC

CCCC

  either wrong sign or too smalleither wrong sign or too small
  hard to explain hard to explain NuTeVNuTeV deviationdeviation
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ConclusionConclusion

•• ParityParity--violating violating eeee and and epep scattering scattering 
–– could be used to test SM and probe new physicscould be used to test SM and probe new physics
–– MSSM contribution to MSSM contribution to QQee

WW andand QQpp
WW is 8% and 4% is 8% and 4% ≈≈≈≈≈≈≈≈ 1 1 σσσσσσσσexpexp

need higher exp precision to constrain SUSYneed higher exp precision to constrain SUSY
–– correlation between correlation between QQee

WW andand QQpp
W W 

•• distinguish various new physics distinguish various new physics 
•• distinguish various SUSY scenario                 distinguish various SUSY scenario                 
whether dark matter is SUSY particle ?   whether dark matter is SUSY particle ?   

•• SUSY contribution to SUSY contribution to NuTeVNuTeV resultresult
–– MSSM with RMSSM with R--parity: wrong sign /smallparity: wrong sign /small
–– negative negative gluinogluino contribution:contribution:

–– size constrained by other considerationssize constrained by other considerations
–– hard to explain hard to explain NuTeVNuTeV in RPVin RPV

SUSY is not responsible for the SUSY is not responsible for the NuTeVNuTeV deviationdeviation
–– other new physics ? other new physics ? 

–– hadronichadronic effects ?effects ?


