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High-precisionStudyofWeakInteractionwithNeutrons
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Topics
 • Neutronbetadecay– Neutronlifetime–Weak axialvector coupling λ=gA/gV
 • ExperimentwithJ-PARCpulsedneutron–Measurementofneutronlifetime–Measurementof14N(n,p)14Creactioncrosssection
 2
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Neutronlifetime
 3
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Neutronbetadecaylifetime
 4
 p~0.4keV
 ~350keVn
 e-
 n
 Theneutrondecaysintotheproton,theelectron,andtheanti-neutrinoin880sec.Thisisthesimplestnuclearbetadecay.
 Theneutronlifetimeisimportantto• BigBangNucleosynthesis• Reactorneutrinoanomaly• Solarneutrino• CKMunitarily• Protonspin• Goldberger-Treiman/Muoncaputre• Bjorken sumrule• Latticecalculationbenchmark
 Neutronlifetime:τn = 880.3± 1.1 （PDG2014）τn = 880.1± 1.1 （PDG2012）τn = 881.5± 1.5 （PDG2011）τn = 885.7± 0.8 （PDG2010）
 NextgenerationExperimentstoMeasuretheNeutronlifetime
 9th.Nov.2012,SantaFe
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NeutronLifetime
 5
 Neutronlifetime isanimportantparameterforbothofparticlephysicsandcosmology.
 880.3±1.1s(PDG2015)Thereis8.4sec(3.8σ) deviation ofthevalueoflifetimebetweentwomethodsofmeasurement.
 publicationyear
 protontrapping
 UCNstorage8.4sec(3.8σ)
 p
 A.T. Yue et. al., PRL 111, 222501 (2013)
 In-beammethodCountthedead
 StoragemethodCounttheliving
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BigbangnucleosynthesisCMB &He/H&NeutronLifetime
 6
 Planck(2013)
 (Baryon-to-photonratio×10-10 )
 Izotovet.al.(2013)Penibeltet.al.(2007)
 WMAP(2010)
 1. Izotov,Y.I.,G.Stasińska,andN.G.Guseva."Primordial4Heabundance:adeterminationbasedonthelargestsampleofHIIregionswithamethodologytestedonmodelHIIregions."Astronomy&Astrophysics 558(2013):A57.2.Aubourg,Éric,etal."Cosmologicalimplicationsofbaryonacousticoscillationmeasurements.",PhysicalReviewD 92.12(2015):123516.
 CMB+BAOobservation2 IndependentlyresultNeff=3.43± 0.26,whichhas1.7s deviationfrom3.Wemaymissingsomethingintheearlyuniverse.
 N =5
 N=8
 Arecentobservation1isnotconsistentwithstandardcosmology.Neff=3.51± 0.35,1.5s deviationfrom3.
 LightelementsuptoN=7werecreatedin3minuteafterthebigbang(BigBangNucleosynthesis).Abundanceofthemcanbecalculatedbybaryon-to-photonratio,nuclearcrosssections,andtheneutronlifetime.
 He/HobservationofHIIregioningalaxies
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Reactorantineutrinoanomaly
 7
 e- Neutrinocharged-currentinteractionswithprotoniswellusedreactionforneutrinowaterCherenkovdetector.Itistheinversedreactionoftheneutronbetadecay,thusthecrosssectioniscalculatedbytheneutronlifetime.
 p
 n n
 W-
 NeutronbetadecayChargedcurrent
 An, F. P., et al. "Improved Measurement of the Reactor Antineutrino Flux and Spectrum at Daya Bay." arXiv preprint arXiv:1607.05378 (2016).
 Chinese Physics C Vol. XX, No. X (201X) XXXXXX
 the agreement is reasonable in other energy regions. Acomparison to the Huber+Mueller model yields a �2
 /dof
 of 46.6/24 in the full energy range from 0.7 to 12 MeV,corresponding to a 2.9 � discrepancy. The ILL+Vogelmodel shows a similar level of discrepancy from the data.
 Another compatibility test was performed with amodified fitting algorithm. In this method, N(=numberof prompt energy bins) free-floating nuisance parametersare introduced to the oscillation parameter fit to adjustthe normalization for each bin, as described in [65]. Thecompatibility was tested by evaluating
 ��
 2 =�
 2(standard)��
 2(N extra parameters) (29)
 for N degrees of freedom. We obtained ��
 2/N =
 50.1/25, which is consistent with the results obtainedby the first method using Eq. 28.
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 Fig. 23. (A) Comparison of predicted and mea-sured prompt energy spectra. The prediction isbased on the Huber+Mueller model and normal-ized to the number of measured events. The errorbars on the data points represent the statisticaluncertainty. The hatched and red filled bands rep-resent the square-root of diagonal elements of thecovariance matrix (
 p(Vii)) for the reactor related
 and the full systematic uncertainties, respectively.(B) Ratio of the measured prompt energy spec-trum to the predicted spectrum (Huber+Muellermodel). (C) The defined �
 2 distribution (e�i) ofeach bin (black solid curve) and local p-values for1 MeV energy windows (magenta dashed curve).See Eq. 30 and relevant text for the definitions.
 6.3 Quantification of the Local Deviation
 The ratio of the measured to predicted energy spectrais shown in Fig. 23B. The spectral discrepancy around 5
 MeV prompt energy is clearly visible. Two approachesare adopted to evaluate the significance of this discrep-ancy. The first method evaluates the �
 2 contribution ofeach energy bin,
 e�i =N
 obsi �N
 predi
 |Nobsi �N
 predi |
 sX
 j
 �
 2ij ,
 �
 2ij =(Nobs
 i �N
 predi )(V �1)ij(N
 obsj �N
 predj ). (30)
 By definition,P
 ie�2i is equal to the value of �2 defined in
 Eq. 28. As shown in Fig. 23C, an enhanced contributionis visible around 5 MeV.
 In the second approach, the significance of the de-viation is evaluated based on the modified oscillationanalysis similar to Eq. 29. Instead of allowing all theN nuisance parameters to be free floating, only parame-ters within a selected energy window are varied in the fit.The di↵erence between minimum �
 2s before and after in-troducing these nuisance parameters within the selectedenergy window was used to evaluate the p-value of thelocal variation from the predictions. The p-values with1 MeV sliding energy window are shown in Fig. 23C. Thelocal significance for a discrepancy is greater than 4 � atthe highest point around 5 MeV. In addition, the localsignificance for the 2 MeV window between 4 and 6 MeVwere evaluated. We obtained a ��
 2/N value of 37.4/8,
 which corresponds to the p-value of 9.7⇥ 10�6(4.4 �).Comparing with the ILL+Vogel model shows a similarlevel of local discrepancy between 4 and 6 MeV.
 The excess between 4 and 6 MeV was ⇠1.5% of thetotal observed IBD candidates. An excess of events ina same energy range was not observed in the spallation12B beta decay spectrum, ruling out detector e↵ects asan explanation. Adding a simple beta-decay branch or amono-energetic peak cannot reproduce the observed ex-cess, indicating that it cannot be explained by a simplebackground contribution. Contributions from other in-teraction channels (e.g. ⌫̄e+13C) were investigated andwere found to be too small to account for the excess. Theevents in the energy region around 5 MeV are carefullyexamined: the neutron capture time, the delayed energyspectrum, and the distance distribution for the delayedneutron capture signal were found to match IBD eventcharacteristics. The vertex distribution of the promptsignal was found to be uniform and consistent with IBDevents.
 Figure 24 shows the event rate versus time in theenergy window of 4.5-5.5 MeV and other windows.The strong correlation indicates that the excess around5 MeV is proportional to the reactor antineutrino flux.Therefore, it strongly suggests that the deviation is dueto the imperfect modelling of the reactor antineutrinospectrum. A recent ab initio calculation of the antineu-trino spectrum showed a similar deviation from previous
 010201-27
 Recentreactorneutrinomeasurementsobserved 94.3±2.4%.Neutronlifetimeof8seccontribute1%change.
 880.3(1.1)sec
 If888sec,itgoes1%up.
 EnergyspectrumofreactorantineutrinohasBumpat5MeVmorethan4𝜎.Wearesurelymissingsomething!
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Theweak axialvector couplingλ=gA/gV
 8
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FermiandGamow-Tellerdecay
 9
 • Nuclearbetadecayhas2types,FermiandGTdecay.
 e-neutron proton
 𝜈#$
 DS=0DL=0DJ=0
 S=0
 e-neutron proton
 𝜈#$
 DS=1DL=0DJ=1
 S=1
 S:SpinangularmomentumL:orbitalangularmomentumJ:Angularmomentumofnucleus
 Fermi (Vector)decay
 Gamow-Teller (AxialVector)decay
 CouplingconstantgV=GFVud
 CouplingconstantgA=λGFVudλ=gA/gV=1.27…
 Gamow-Tellerhas~27%largercouplingconstantduetoviolationofthechiralsymmetry.Thevaluecalled,λ=gA/gV,isexperimentallydeterminedbymeasuringanasymmetryparameteroftheneutronbetadecay.
 Spinsofe- andν areanti-parallel,spinofprotonandneutronareparallel
 Spinsofe- andν areparallel,spinofprotonandneutronareparallel
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Decayparametersofthepolarizedneutron
 10
 PERKEO IIIexperiment
 detector
 detector
 Polarized neutron beam
 electron tracks
 B=150mTB=90mT
 Mund,D.,etal."Determinationof the Weak AxialVector Coupling λ=g A/g Vfrom aMeasurementof the β-Asymmetry ParameterAinNeutronBetaDecay."Physical review letters 110.17(2013):172502.
 Canbedescribedby𝜆 parameterinstandardmodel.
 Theβ-Asymmetry ParameterAis the mostsensitivefor 𝜆 parameter,whichcanmeasuredbyenergyandangulardistributionofelectronsagainstneutronspins.
 n
 e-𝜃
 PDG2014A=−0.1184±0.0010𝜆 =−1.2723±0.0023
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Nuclearreactioninthesunpp-chain andCNO cycle
 11
 pp-chain CNO
 Adelberger,E.G.,etal."Solarfusioncrosssections.II.TheppchainandCNOcycles."ReviewsofModernPhysics 83.1(2011):195.
 Inthesun,energyof99%isproducedbypp-chain.p+p→d+e++νe isthemostimportant.
 Deuteronppsinglet Deuteronpptriplet
 Fermi decay(gV)Gamow-Teller decay(gA)
 e++νe e++νe
 Forp+p→d+e++νe ,Fermidecayisexcluded.Thus,thisreactionispureGamow-Teller(gA)decay.𝜆 valueisnecessarytocalculatethecrosssection.
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12
 Vud inCKMmatrixismostpreciselydeterminedbynuclear0+ →0+ betadecaylifetimes. UnitarilyofCKMmatrixgivesimportantinformationtothestandardmodel.Vud canbecalculatebyneutronlifetimeandλparameterindependentinnuclearmodels.
 NeutrondecayforVud inCKM-matrix
 d
 s
 b
 u
 c
 t
 ÷÷÷
 ø
 ö
 ççç
 è
 æ
 ÷÷÷
 ø
 ö
 ççç
 è
 æ=
 ÷÷÷
 ø
 ö
 ççç
 è
 æ
 bsd
 VVVVVVVVV
 'b's'd
 tbtstd
 cbcscd
 ubusud
 PDG2014
 W.J.MarcianoandA.Sirlin,Phys.Rev.Lett.96,032002(2006)
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ExperimentwithJ-PARCpulsedneutronCollaboratorsKatsuya Hirota2,Sei Ieki1,TakashiIno3,YoshihisaIwashita4,MasaakiKitaguchi5,Ryunosuke Kitahara6,KenjiMishima3,AyaMorishita7,NaokiNagakura1,HideyukiOide8,HidetoshiOtono9,Yoshichika Seki10,Tatsushi Shima11, Hirohiko M.Shimizu2,Naoyuki Sumi7,Hirochika Sumino12,KaoruTaketani3,TatsuhikoTomita7,Takahito Yamada1,SatoruYamashita13,Mami Yokohashi4,TamakiYoshioka9
 TheUniv.ofTokyo1,NagoyaUniv.2,KEK3,ICR,KyotoUniv.4,KMI,NagoyaUniv.5,KyotoUniv.6,KyushuUniv.7,CERN8,RCAPP,KyushuUniv.9,J-PARCCenter,JapanAtomicEnergyAgency10,RCNP,OsakaUniv.11,GCRC,TheUniv.ofTokyo12,ICEPP,TheUniv.ofTokyo13 13
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Measurementofneutronlifetime
 14
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Principleofourexperiment
 15
 ColdneutronsareinjectedintoaTPC.Theneutronb-decayandthe3He(n,p)3Hreactionaremeasuredsimultaneously.
 NeutronbunchshorterthanTPC
 CounteventsduringtimeofbunchintheTPC
 e
 p
 ν
 3He(n,p)t Neutronbunch
 （Kossakowski,1989）Principle
 Thismethodisfreefromtheuncertaintiesduetoexternalfluxmonitor,wallloss,depolarization,etc.
 :detectionefficiencyof3Hereaction:densityof3He:crosssectionof3Hereaction
 εnρσ
 τnvεe
 :lifetimeofneutron:velocityofneutron:detectionefficiencyofelectron
 σ0=crosssection@v0,v0=2200[m/s]
 b-decay
 3He(n,p)3H
 Ourgoalismeasurementwith1sec uncertainty.
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J-PARC/MLF/BL05
 16
 J-PARCMaterialsandLifeScienceExperimentalFacility(MLF)
 Spallationneutrontarget (designedfor1MW)
 pulsedneutronBeamlineBL05Neutronopticsandphysics(NOP)
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TimeProjectionChamber(TPC)
 17
 MWPC
 Drift cage
 30 cmPEEK frame
 LowbackgroundwithPEEKframeandinner6Li board.S/N~1:1
 Anode wire 29 of W-Au wires(+1720V)Field wire 28 of Be-Cu (0V)Cathode wire 120 of Be-Cu (0V)Drift length 30 cm (-9000V)Gas mixture He:CO2=85kPa:15kPaTPC size(mm) 300,300,970
 Driftdirection
 Beamcatcher
 BeamEntrancen
 MWPC
 HighefficiencyandLowbackgroundTPCisusedbetaand3He(n,p)3Hdetection.
 InsideofTPC
 Triggerefficiencyforbeta>97%for3He(n,p)3H>99.9%
 Windowsforcalibrationby55Fe
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NeutronbunchesinTPC
 18
 SidebandFiducial
 TOFvs.Zposition(3He) NeutrononlyinfiducialoftheTPCareusedforanalysis.
 TOFspectrumandfiducialcut
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19
 Spectrum of beta decay and Beam-induced background
 originofthebackgroundisnearTPCwall
 “DC"DistancefrombeamCenterbackgroundhaslargeDCvalue
 DC=4 wires
 linearscale logscale
 signal region
 DC
 γ
 beam axis βdecay
 BKGn
 DC
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20
 “DriftTime”arrivaltimedifferenceofdriftingelectronsbackgroundhaslongDriftTime
 linearscale logscale
 Spectrum of beta decay and Beam-induced background
 BKGβdecay
 beam axis drift
 direction
 Drift Tim
 e
 Drift Time
 signal region
 originoftrackisnearTPCwall
 Drift Time = 17 us
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21
 correction(％) uncertainty(%)
 Nβ
 statistics ~13He(n,p)3Hleakage 0 <0.34beam-inducedbackground 8.6 beingevaluatedefficiency 6.1 +1.0- 0.3pileup -0.39 0.39backgroundsubtraction -0.43 0.28
 N3He14N(n,p)14Ccontamination -1.45 0.2317O(n,α)14Ccontamination -0.5 0.03
 Nβ,N3He SpinFlipChopperS/N <0.5 <0.5
 ρ
 3Henumberdensity 0.65chamberdeformation(pressure) <0.33 <0.33temperaturenon-uniformity 0.23 0.23
 σ0 3He(n,p)3Hcrosssection 0.13
 List of uncertainties
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Measurementof14N(n,p)14 reactioncrosssection
 22
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14N(n,p)14Cinastrophysics
 23
 Ins-process,neutroncapturereactioniscalledasneutronpoison.14NisamajorproductioninCNOcycle,thus,14N(n,p)14Creactionisimportant.
 https://www.jicfus.jp/jp/promotion/pr/mj/2011-4/
 CNO cycle
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(n,p)reactions• (n,p)reactions,like3He(n,p)3Hand14N(n,p)14Chavesameinitialandfinalstateofinversedreactionofbetadecay.
 14N+n→14C+p+624keV14N+e-←14C+𝜈# - 156keV
 • Theyarenotweakinteractions.ButCANtheyhelptounderstandbetadecayreactions?
 • Wecouldmeasure14N(n,p)14CreactioncrosssectionusingtheTPCwith0.3%.
 24
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14N(n,p)14Ceventinlifetimeexperiment
 25
 3He(n,p)3H × 2or17O(n,α)14C
 3He(n,p)3H764keV
 14N(n,p)14C626keV
 Before14Ncorrection After14Ncorrection
 1720Vforelectrondetection1200Vforelectrondetection
 Anodevoltagereducedto1200Vforiondetection.
 BecausetheTPCisusedinsealedcondition,contaminationof14Nwasobservedinbad vacuum.Lowanodevoltagemeasurementsweredoneforidentificationof14Ntoavoiddistortionbyspacechargeeffect.
 Thecorrectionwassuccessfullydone!Wecoulddeterminedamountof14N.
 →WemeasurethecrosssectionwithcontrolledN2gas!
 Correction-8.6(6)sec
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FabricationofTPCgas
 GasNo3HePartialpressure
 StaticExpansion(V1/V2)3He/14N
 DirectbyBaratron3He/14N
 1 8.1mPa* 2.22(4)×10-7
 2 9Pa 2.356(11)×10-4 2.354(10)×10-4
 3 21Pa 5.211(15)×10-4 5.203(12)×10-4
 V1V2
 100kPa F.S.
 V1V2
 100kPa F.S.
 Release
 Baratron1333PaF.S.
 Baratron1333PaF.S.
 Measured Gasfill,determinedby2method
 ProceduretofabricateTPCgas
 0.MeasureV1/V2ratio.1.Inject3He inMV1.2.Release3HegasinV2(TPC).3.InjectN2,4He inV1 andV2.
 TPC gasN2 : 4He : 3He = 20kPa : 80kPa : ~10Pa
 *3HeofGas#1iscontentofacommercialHebottle,whichwasmeasuredbymassspectroscopy.
 Pressureratiosdeterminedby2methodwereconsistentinuncertainties.
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Energycalibrationforelapsedtime
 The peaks positions were calibrated for each run (300 sec) as 14N(n,p)14C for 626keV.
 ADC channel
 Coun
 t
 Peak
 pos
 ition
 [ch
 ]
 14N(n,p)14C626keV
 3He(n,p)3H764keV
 14N(n,p)14C
 3He(n,p)3H
 27
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Energycalibrationforposition
 Z pos.
 Depo
 sit E
 nerg
 y [k
 eV]
 X pos.
 Center of Energy Z [mm]
 Depo
 sit E
 nerg
 y [k
 eV]
 Depo
 sit E
 nerg
 y [k
 eV]
 Depo
 sit E
 nerg
 y [k
 eV]
 Center of Energy Z [mm]
 Center of Energy X[mm] Center of Energy X[mm]
 Cut region
 Cut region
 28
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Energyspectrumcalibrated
 29
 14N(n,p)14C 3He(n,p)3H
 Gas2
 Pileups
 Forquickanalysis,numberofevenswerecountedfor14Nand3Hein520~700keV and700keV~880keV,respectively.Wearemakingresponsefunctionstoevaluatecountsofthesepeaks.
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ErrorbudgetsGas2 Gas3
 Parameter Effect Correction[%] Uncertainty[%] Correction[%] Uncertainty
 [%]Efficiency eN Escape toXdirection -0.013 0.013 -0.013 0.013
 eN EscapetoYdirection -0.067 0.067 -0.061 0.061
 eN/eHe -0.08 0.08 -0.07 0.07Event rate RN Statistic 0 0.18 0 0.13
 RHe Statistic 0 0.22 0 0.11
 Distinctionof2peaks Being evaluated
 RN/RHe 0.29 0.17Target number Gas pressureandtemperature 0 0.13 0 0.07
 ChemicalpurityofN2 (specification) -0.005 0.005 -0.005 0.005
 Abundanceof14N(Literaturevalues) -0.3663 0.0004 -0.3663 0.0004
 Deformationofthechamber -0.33 0.33 -0.07 0.07
 𝜌N 0.70 0.35 0.44 0.103Hecontentin commarginalHe gas 0 0.00175 0 0.0008
 Purityof3He(specification) -0.05 0.05 -0.05 0.05
 Gas pressureandtemperature 0 0.24 0 0.16
 Thermal transpirationeffectofBaratron -1.74 0.1 -1.08 0.1
 𝜌He 0.27 0.20
 𝜌He/𝜌N 0.44 0.22𝜎3He(n,p)3H σ3He Literaturevalues 0 0.13 0 0.13𝜎14N(n,p)14C 0.55 0.32
 𝜎()* 𝑣, =𝜖/0#𝜖()*
 𝑅()*𝑅/0#
 𝜌/0#𝜌()*
 𝜎/0# 𝑣,
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Presentvalue0.3% accuracy
 Comparisonwithpreviousresults
 31
 Cross section[barn]
 Gas 2 1.871(10)
 Gas 3 1.861(6)
 Average 1.863(5)
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Other(n,p)reactions
 32
 Reaction Q value (keV)
 Cross section Uncertainty Available Gas
 3He(n,p)3H 763.76 5333(7) b1 0.13% He10B(n,p)10Be 225.55 6.8(5) mb2 7.4% BF3
 14N(n,p)14C 625.87 1.83(3) b 1.6% N2
 33S(n,p)33P 533.84 2(1) mb1 50% SF6
 35Cl(n,p)35S 615.02 489(14) mb1 2.9% CCl4
 36Ar (n,p)36Cl 72.82 < 1.5 mb3 1.8% Ar
 1.RichardB.Firestoneeighthedition,“Tableofisotope”,JohnWiley&Sons,Bradford,(1996)2. Lal, D., et al., Nuclear Physics A 468.2 (1987): 189-192. 3. Jiang,S.S.,etal.NIMB 52.3(1990):608-611.
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Other(n,p)reactions
 33
 Reaction Q value (keV)
 Cross section Uncertainty Available Gas
 3He(n,p)3H 763.76 5333(7) b1 0.13% He10B(n,p)10Be 225.55 6.8(5) mb2 7.4% BF3
 14N(n,p)14C 625.87 1.863(5) b4 0.3% N2
 33S(n,p)33P 533.84 2(1) mb1 50% SF6
 35Cl(n,p)35S 615.02 489(14) mb1 2.9% CCl4
 36Ar (n,p)36Cl 72.82 < 1.5 mb3 1.8% Ar
 1.RichardB.Firestoneeighthedition,“Tableofisotope”,JohnWiley&Sons,Bradford,(1996)2. Lal, D., et al., Nuclear Physics A 468.2 (1987): 189-192. 3. Jiang,S.S.,etal.NIMB 52.3(1990):608-611.4. Kitahara et al, JPS meeting (2016) Autumn at Miyazaki
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Summary• Neutrondecayparameters(lifetimeand𝜆)areimportantparameterfor– BigBangNucleosynthesis– Reactorneutrinoanomaly– Solarneutrino– CKMunitarily
 • WearemeasuringtheneutronlifetimeatJ-PARC.– Ourgoalis1secaccuracy.– WeobtainedO(10)secdata.Thefirstdatawillcomingsoon.
 • Wemeasured14N(n,p)14Creactioncrosssectionas1.863(5)barn,0.3%accuracy.– Other(n,p)reactionscanbemeasuredinthesamemanner.
 34
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Other(n,a)reactions
 35
 Reaction Q value (keV)
 Cross section Uncertainty Available Gas
 10B(n,a)10Be 225.55 3837(9) b1 BF3
 33S(n,a)33P 3493.51 0.19(8) b1 SF6
 35Cl(n,a)35S 937.74 0.08 (4) b1 CCl4
 36Ar (n,p)36Cl 2000.72 5.5(1) mb1 Ar
 1.RichardB.Firestoneeighthedition,“Tableofisotope”,JohnWiley&Sons,Bradford,(1996)2. Lal, D., et al., Nuclear Physics A 468.2 (1987): 189-192. 3. Jiang,S.S.,etal.NIMB 52.3(1990):608-611.4. Kitahara et al, JPS meeting (2016) Autumn at Miyazaki
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