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Talking about a slightly di�erent energy regime...
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NuTeV� �-N DIS (hE�i � 120GeV )� FNAL '96-'97 �xed target run� 3:15� 1018 protons on target{ 886,004 �, 255,045 � CC events{ 5163 � and 1380 � Dimuons� Detetor alibration beamthroughout run{ hadron, e, and muon beams� High purity, seletable� and � beams
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sin2 �W and the Strange Asymmetry

� NuTeV measured R� = ��NC���NC��CC���CC� From that sin2 �W was extrated{ Insensitive to sea quark unertanties{ But assumed s(x) = s(x)� 0:22773� 0:00135 (stat) �0:00093 (syst)(Zeller et al: PRL 88 (2002) 091802)� 3 � above world average� R� orretion from asymmetri strange seais proportional to S� � ∫ x [s(x)� s(x)℄dx� Led to muh theoretial speulation =)� S� � 0:0068 required to bring to world ave.
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The Strange Unertainty

� Not well onstrained in global �ts(through struture funtion di�erenes)� Parameterizations (e.g. CTEQ, MRST...)typially assume s = s = 0:2(u + d)� Unert. in pdf sets represent u + derror, not error on strange� Freeing strange in CTEQ6 �t =)� Constraint from data is needed!� (But must be in useful form for �ts)

Standard CTEQ6 40 pdfs:
Freeing strange param:

(F. Olness talk DIS 2005)David A. MasonNuInt '07: June 3, 2007



A Pantheon of Asymmetry Preditions

Cao & Signal (xs � xs) Alwal et al (xs � xs) Wakamatsu (xs � xs)

Catani et al (s � s) Brodsky & Ma (s � s)NuTeV an diretly measure this!David A. MasonNuInt '07: June 3, 2007



Charm Prodution ) Dimuons

� CC �N makes harm�! fragmentation�! semileptoni deay to �� Very lear signature� Diret look at strange sea� With sign seleted beam NuTeV anlook at s(x), s(x) independently� Can also measure harm mass
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The Onion Representation of Dimuons
E     >5 GeVµ2
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Physics convolved with experimental effects is what’s measured
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The Dimuon Cross Setion
E     >5 GeVµ2
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The Forward Dimuon Cross Setion� Measure Dimuon rather than harm rosssetion� Eliminates model dependene from:{ Semileptoni Deay{ Fragmentation{ Order in �s of Cross Setion� Model dependene only from e�ets whih ross \
" boundary� Minimized in high aeptane events (E��harm > 5 GeV)� With model dependene removed, an use simple (LO) model for extration!Forward Dimuon Cross Setion: Cross setion of dimuon events iniron suh that the harm deay muon has energy > 5 GeV.(Gonharov et al:PRD64 (2001) 112006)David A. MasonNuInt '07: June 3, 2007



Good LO Data/MC Agreement: Neutrinos
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Good LO Data/MC Agreement: Antineutrinos
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Forward Dimu Cross Setion Table
cross section vs x, neutrino mode

0

0.2

0.4

0.6

0 0.2 0.4

Enu 88.29
y 0.324

x

0

0.2

0.4

0.6

0.8

0 0.2 0.4

Enu 88.29
y 0.558

x

0

0.25

0.5

0.75

1

0 0.2 0.4

Enu 88.29
y 0.771

x

0

0.5

1

0 0.2 0.4

Enu 174.29
y 0.324

x

0

0.5

1

1.5

0 0.2 0.4

Enu 174.29
y 0.558

x

0

0.5

1

1.5

0 0.2 0.4

Enu 174.29
y 0.771

x

0

0.5

1

1.5

0 0.2 0.4

Enu 247
y 0.324

x

0

0.5

1

1.5

0 0.2 0.4

Enu 247
y 0.558

x

0

0.5

1

1.5

0 0.2 0.4

Enu 247
y 0.771

x

cross section vs x, antineutrino mode
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� Plotting xse vs x, normalized so G2FME� = 1� Table is available in eletroni form for global �ts!David A. MasonNuInt '07: June 3, 2007



With the LO model having served its purpose
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We now move to NLO:
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NLO harm prodution

� 1st order in QCD� NLO of global interest� Substantial gluon pdf� But fragmentation requiresonvolution integral� Dimuon aeptane depends onz , harm p?
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Elements in Dimuon Cross Setion Table Fit

d�harm(E� ; x; y ;m ; s; s)dxdy 
N (A; x;Q2) � B � A�2(E� ; x; y ; �;m) = �t ) d�2�(E� ; x; y)dxdyd�2�(E� ;x;y)dxdy Measured NuTeV dimuon ross setiond�harm(E� ;x;y ;m ;s;s)dxdy Calulated inlusive harm ross setion.depends on m , strange and antistrange seas.N (A; x;Q2) Nulear orretions (iron target, proton pdfs)dependent on nuleus A, x , and Q2, is onvolved with pdfB Semileptoni branhing ratio.A�2(E� ; x; y ; �;m) Aeptane funtion due to the 5 GeV ut on the muonfrom semileptoni harm deay (N (E�2g>5GeV )N (al l) ).David A. MasonNuInt '07: June 3, 2007



Nulear Corretions: N (A; x;Q2)

� Proton based global �t pdf's require nulearorretions (iron target)� N depends on nuleus type, x , and Q2{ And whether valene, sea quarks or glu-ons involved� Past analyses have used simple Q2 indepen-dent parameterization� First time N from global �ts have been used� de Florian et al, NLO orretions =)

Valence

0.8

0.85

0.9

0.95

1

1.05

1.1

10
-2

10
-1

Q2 = 2 GeV2

Q2 = 20 GeV2

Q2 = 100 GeV2

x

R
(A

,x
,Q

2 )

Sea

0.8

0.85

0.9

0.95

1

1.05

1.1

10
-2

10
-1

Q2 = 2 GeV2

Q2 = 20 GeV2

Q2 = 100 GeV2

x

R
(A

,x
,Q

2 )

Gluon

0.8

0.85

0.9

0.95

1

1.05

1.1

10
-2

10
-1

Q2 = 2 GeV2

Q2 = 20 GeV2

Q2 = 100 GeV2

x

R
(A

,x
,Q

2 )

David A. MasonNuInt '07: June 3, 2007



Semi-muoni Branhing Ratio: B

� B is an average semi-� branhingratio over all harm states� Fitting to ross setion table requires tak-ing from external measurements� 2004 PDG value of 0.099 � 0.012 used� B unertainty ) half of unertainty inthis strange asymmetry measurement
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E��harm > 5 GeV Aeptane A�2 {DISCO!

� Fitting table requires E�2 > 5 GeVaeptane orretion� 2� aeptane depends on fragmentation� Also depends on harm p? at NLO� ) need ross setion di�erential in both� I.e. need: d�harmd� dy dz d�where � = 12 log E+pkE�pk(i.e. a true rapidity, not pseudorapidity)(Kretzer, Olness & Mason: Phys.Rev.D65:074010,2002)David A. MasonNuInt '07: June 3, 2007



Aeptane Tables

� Ratio of dimuons whih passE��harm > 5 GeV ut� Aeptanes alulated for eah of90 table points (1 shown) =)� In grid of 12 �, 6 m points{ m dependene is NLO e�etfrom rapidity� In eah table bin, 20 z � 40 � bins� Deay 20,000 dimuons in eah 0.32
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NLO �ts table well!
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� Plotting xse vs x, normalized so G2FME� = 1
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A Progression of Fits...� Performed several �ts, taking harm mass, nonstrange pdfs,branhing ratio from external measurements:1. Treating strange/antistrange seas as modi�ation ofpre-evolved pdfs2. De�ning s, s pdfs at Q0, evolving properly3. Using CTEQ parameterization, evolving properly,satisfying sum rules� Also studied dependene of strange asymmetry on shape

David A. MasonNuInt '07: June 3, 2007



Traditional �t �rst...

s(x;Q2) = �(1� x)� [ u(x;Q2) + d(x; Q2)2 ]

s(x;Q2) = �(1� x)� [ u(x;Q2) + d(x; Q2)2 ]

� Fators applied to already evolved pdfs� S� = 0:0023� 0:0006 (stat)
(S� � ∫ x [s(x)� s(x)℄dx)� But do we get this answer beause ofthe approximate QCD evolution?

Parameter Valuem 1.20 GeV (�xed)� 0.60 (�xed)� 0:596� 0:028� 0:521� 0:026� 1:34� 0:49� 1:54� 0:46B 0.099 (�xed)

David A. MasonNuInt '07: June 3, 2007



To evolve properly...

�2 dd�2�i ;h(x; �2) = ∑j=q;q;G ∫ 1x d�� Pi j (x� ; �s(�2)) �j;h(�; �2)

� pdf must be solution of DGLAP equation (above)� De�ne at an initial sale (�0 = Q0) then numerially solve to�nd pdf ,�j;h(�; �2), at arbitrary sale, �.� Some freedom in pdf de�nitions is required (s 6= s)� Use modi�ed version of EVLCTEQ evolution ode whih allowss 6= s (thanks to Wu-Ki Tung)� Use LHApdf v1.2 pakage as a wrapper� CTEQ6M pdfs, de�ning s; s at Q0 = 1:3 GeVDavid A. MasonNuInt '07: June 3, 2007



Redo �� � �t, evolving properly:Desription � � � � S�Central value 0.415 0.332 0.87 1.09 0.00195Statistial error 0.031 0.030 0.68 0.71 0.00055� �-K (15%) 0.012 0.009 0.38 0.08 0.00041� �-K (21%) 0.006 0.018 0.05 0.14 0.00031Emu� sale (1%) 0.007 0.016 0.19 0.01 0.00002Had energy sale (0.5%) 0.008 0.009 0.15 0.04 0.00010RL (20%) 0.011 0.018 0.06 0.02 0.00005MC statistis 0.014 0.021 0.16 0.06 0.00000Emu2 rangeout 0.013 0.021 0.31 0.06 0.00012Flux norm 0.002 0.006 0.07 0.00 0.00000Total Table Systematis 0.028 0.044 0.58 0.18 0.00054Charm mass 0.015 0.011 0.07 0.14 0.00006Fragmentation � 0.009 0.009 0.25 0.06 0.00023B 0.053 0.055 1.32 0.19 0.00125Total External Measurement 0.056 0.057 1.35 0.24 0.00127Total Systematis 0.063 0.072 1.47 0.30 0.00138
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�� � xs�(x) vs x

� �2 = 36:9 out of 39.8 DoF� xs�(x) vs x, inner band stat.error, outer band total =)� Asymmetry agrees well with ap-proximate evolution �t� But ∫ 10 [s(x)� s(x)℄dx isn't zero.� Tehnially should also satisfysum rules.

xs-(x) vs x
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Further Satisfying QCD requirements� Stepped up ollaboration with phenomenologists(Amundson, Kretzer, Olness, Soper, Tung)� Using a \CTEQ inspired" parameterization (hep-ph/0312323)s+(x; Q0) = �+(1� x)�+ x+ [u(x;Q0) + d(x;Q0)]s�(x; Q0) = s+(x) tanh[��(1� x)�� x� (1� xx0 )]s = s+ + s�2 s = s+ � s�2� Flavor sum rule satis�ed by x0 suh that ∫ s�(x;Q0)dx = 0� Total momentum sum rule satis�ed by resaling gluon to balane anyhange in ∫ xs+ (thanks to Dave Soper){ Gluon sea is large, unertainty is also large{ Strange sea is small{ ) gluon unertainty an handle small perturbation (< 1%)David A. MasonNuInt '07: June 3, 2007



s+; s� �t results:

Parameter Valuem 1.20 GeV (�xed)� 0.60 (�xed)�+ 0:551� 0:126�� (�0:881� 0:567)� 10�2�+ 1:11� 0:69�� 6:31� 4:06+ 0:072� 0:064� �0:102� 0:080B 0.099 (�xed)�s = ∫ 10 xs+(x)dx
∫ 10 [u(x)+d(x)℄dx

�s S� Systemati0.0612 0.00196 entral value0.0011 0.00046 statistis0.0026 0.00034 � �-K model0.0019 0.00025 � �-K model0.0020 0.00004 � spetrometer p sale (1%)0.0014 0.00008 hadron energy sale (0.5%)0.0018 0.00005 RL in table model (20%)0.0026 0.00001 table extration MC statistis0.0030 0.00012 �2 range out energy (2.5%)0.0006 0.00005 �, � relative normalization0.0060 0.00045 total systematis0.0022 0.00002 �m = 0.100.0020 0.00021 ��C�S = 0.30.0101 0.00111 �B = 0.0120.0068 0.00046 CTEQ6 PDF unertainties0.0007 0.00038 Nulear orretions0.0126 0.00128 total external measurement
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s+; s� asymmetry

� �2 = 38:2 out of 37.8 DoF� s� prefers to satisfy sum rule byspiking negative at low x� Crossing point at x0=0.004� gluon sea only needs 0.07%hange� Asymmetry still onsistent withprevious two �ts
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A Reminder of the Pantheon of Asymmetries

Cao & Signal (xs � xs) Alwal et al (xs � xs) Wakamatsu (xs � xs)

Catani et al (s � s) Brodsky & Ma (s � s)David A. MasonNuInt '07: June 3, 2007



So we look at the asymmetry vs. rossing point...
Asymmetry and χ2 versus crossing point
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s�(x;Q0) = s+(x) tanh[��(1� x)�� x� (1� xx0 )]David A. MasonNuInt '07: June 3, 2007



� We have measured the strange asymmetry to be positive{ First omplete NLO analysis for this proess{ Sign seleted beam ensures pure �, � samples{ Multiple �ts, inluding proper evolution, QCD sum rulessatis�ed{ Modern nulear orretions� Found asymmetry diÆult to aomodate with x0 at high x� What might we expet experimentally beyond this measurement?
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Other � s � s measurements?From CERN?� CHORUS & NOMAD:{ Ran in CERN SPS horn foused beam, mostly �, some �{ �� ! �� osillation experiments =) �ne grained detetors.{ Many harm measurements, dimuon results expeted soon

� Future { CNGS? =)
No Near Hall
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NuMI beam? MINOS?

� MINOS near detetor has unpree-dented � CC event sample on tape� =) large dimuon sample� Low energy would make hard toseparate from bakgrounds� Would need pure � sample as wellto measure s � s
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MINER�A?

� Fine grained detetor with good partile ID{ Strange partile tagging will be possible{ Can NC strange partile produtionprovide additional insight into s(x)?{ MINER�A's partile ID should allowharm prodution measurements beyondthe \traditional" dimuon signature(� energy permitting)� To look at s � s would need � and � data
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Possibly further in the future: \CMF"

� An idea for the interim between Collider & ILC� A � DIS experiment to run in the \original" FNAL � beamline� 100x NuTeV statistis with a high energy sign seleted beam� Test beam alibrated CHARMII-like glass detetor� Primary goals inlude preision eletoweak & SF measurements� Statistis oupled with more preise B ould really nail strange sea
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In the meantime, here is what we know:

S�NLO;CTEQ6 = +0:00196� 0:00046� 0:00045� 0:00128(stat) (syst) (external)m = 1:41� 0:10� 0:08� 0:12 GeV/2(stat) (syst) (external)
xs-(x) vs x
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