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1. History and Introduction

1.1 Fermi Theory

1.2 Neutrino discovery

1.3 Parity violation and V-A theory
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1.1 Fermi theory of beta decay (1932)

O Existence of a point-like four fermion interaction (Fermi, 1932):
n (4

n—pte +v,

p vV,
0 Lagrangian of the Interaction:

L(x)= ——[¢ 70,06, (0)7,6, ()]

G¢ = Fermi coupling constant = (1.16637£0.00001)x107> GeV

o Gamow-Teller interaction when final spin different to initial nucleus:
L(x) ———Z[¢ (D', (][0, (T4, () ]+ hc.
Possible mteractlons L=Ly.7, ¥V 0, =S, P,V,AT
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First neutrino cross-section calculation

0 Bethe-Peierls (1934): calculation of first cross-section for inverse beta
reaction V.+p—on+ et or V,+n— p+e using Fermi theory

V, oc=5x10"* cm® for E(7)=2MeV Accurate to factor 2
1@ ‘ Conversion from natural units:  #ic =197.3 MeV - fm
%

Cross-section: multiply by (fic)® = 0.3894x107>' GeV > -cm”

BEFORE : DURING : AFTER :

.\ ® O Mean free path of antineutrino in water:
R W/O Q= 1 ~1.5%10*' cm =1600 light — years
A "o num. free protons N,
@/ \@ " volume ) 27 o
“ Inwater: ,_2 X6x10™ =6.7x10” cm™

o Probability of interaction: 18

P=1- exp(— %) = % =6.7x107" (m water)™

Need very intense source of antineutrinos to detect inverse beta reaction.
Neutrino Interaction Physics 6
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1.2 Neutrino discovery (1956)

0 Reines and Cowan detect V, + p = n+e" in 1953 (Hanford)
(discovery confirmed 1956 in Savannah River):

— Detection of two back-to-back ys from prompt signal e*e- ->yy at t=0.

— Neutron thermalization: neutron capture in Cd, emission of late ys
<t>~ 20 ms

" miﬂll\llmimh

Scintillator

| H,O + CdCl,
I

il

Scintillator

- publication Science 1956:

o= 6 x10** cm? + 25% (within 5% expected)
8 1956: parity violation discovery increases
theory cross-section: 6=(10+1.7)x10-44 cm?
| Reanalysis data in 1960:

2 5= (12+7-4) x1044 cm?
Nobel prize Reines 1995
7
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1.3 Parity violation and V-A

O Parity violation in weak decays postulated by Lee & Yang
in 1950

O Parity violation confirmed through forward-backward
asymmetry of polarized ¢9Co (Wu, 1957).

1 i | | | ] |
1 i 60 60 A7+ * - =

; BT UL, Co—"Ni +e +V
A M EXCHANGE €
:."—J l1'-51 1M
2l e More electrons emitted in
ES k direction opposite to °Co

v i spins, implying maximal parity

violation

omo PR S -
C 2 4 & 6 W w2 4 w W
TEMPS (minutes)

O Helicity operator:

4

7] 7]
Projects spin along direction of motion
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1.3 Parity violation and V-A

0 Goldhaber, Grodzins, Sunyar (1958) measure helicity of
neutrino from K capture of 192 Eu:

152 - 152 g Spin e . —F e
Eu(O )+e = 7"Sm (1")+v, h 1geTu’éiTy -
152 (17 152 : T hpln P ncutrin LH
Sm (1 )% Sm (O )+;/ vel@ﬂy E

pyz_pv — i —_— sp[ns
0-7/='O-V y-forward B4 y . Rl % O PR I £ faan y-backward
H;/=HV a0 praad -‘? valgc“’y i )

Asymmetry of photon spectrum in magnetic field determines helicity of v.:
Hv,)=—1=H({V,)=+1
Neutrinos are “left-handed” | Antineutrinos are “right-handed” {
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1.3 Parity violation and V-A

O Left and right handed projection operators:

1 1
szPLv:E(l—yS)v VR=PRV=5(1+7/5)V

o Chirality operator: y, = iy’ y'y*y°
same as helicity operator for massless neutrinos (E=p).
ysvV, =Hv, =-v, YsVe = HVyp =+Vy
o If only v interact and vg do not interact, then 7; have to
transform as: elI'v — (Pe)l(Pv)=eP.I.Pv

1 1
V:P.yP :Eyﬂﬁ— ) A:P.y"vsP, =—§7“(1— 7s)

O The only possible coupling is V-A, due to maximal parity
violation in weak interactions (Feynman, Gell-Mann, 1958):

Loy ==l 02,007,000, with g, = 12573200025

Neutrino Interaction Physics (determined emﬁ)(l)r'ca"y)
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1.4 Neutral currents

o Two types of weak interaction: charged current (CC) and neutral
current (NC) from electroweak theory of Glashow, Weinberg, Salam.

o First example of NC observed in 1973,
inside the Gargamelle bubble chamber
filled with freon (CF5;Br): no muon!

V,+N->v, +X D

A .

Neutrino Interaction Physics - =
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1.5 Standard Model Neutrino Interactions

0 Lagrangian for electroweak interactions:

L S [](“W” +j, W ]+l[g cosf, j, —g'sinb, j, m]Z“ +

1nt_l\/_

+z[g sin,, j,,” + g'cos QW](M)]A”

o 1stterm: charged current interactions (W*, W- exchange)
o 2" term: neutral current interactions (Z° exchange)
o 3 term:electromagnetic interactions (photon exchange)

o Electron charge: e=gsiné, = g'coség,,
o 3 term: ej," =e(j, +j,")
(neutrinos only couple to W* and Z°)

Neutrino Interaction Physics 12
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S.M. interactions (cont)

0 A) Neutrino electron interaction
8 | .pru Y7 4+ (Z)gp | sem
L =i— [] w +]ﬂ w ]+z Ju L +iej,

J2 o 2005 6, "

o — 1_
o Where: J;(z)z e,L7’ﬂeL:5Ve7’ﬂ(1—75)€

R I_
];(1 ) =€, V.Vl 2567;1(1_7/5)‘/6
O =2(j9 —sin’ , jo) =

=V, V. V., —€. Y€, +2sin’ O ey,e=
1 _ 1_ : _
:—Ve7/ﬂ(1—7/5)1/e 5@ v,(1=y5)e+2sin” 6, ey e

1_ _
:>JIL(¢Z) 2Ve7/,u(1_75)ve+e7/,u(gV_gA75)e

. 1 : 1
o With: gV :___|_281n2 QW gA —_

2 2
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S.M. interactions (cont)

0 B) Quark weak interactions

1nt

NORt 2cos 8,

o Where: J;(:) Ljyﬂ (1-y.)d

S 1—
JL)=—d7ﬂ(1—75)u
J =uy, (A, B75)u+d7/ﬂ(A —~B,y.)d

o With:
Auzl—isinzé’w Bu=l
2 3 2
12 __1
Ad=—5+581n26?W B, = >

Neutrino Interaction Physics
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O

O

O

S.M. interactions (cont)

After introducing Higgs field and spontaneous symmetry breaking:
2 4
Liiggs = _‘Du¢‘ - ﬂzW\ B /IM
Masses: m,, = A2V

2
_gv m,. 2
My =75 L 2g — =c0s° 6
\/ 2_|_ 12 mZO g +g
m, V9’0
2

Vacuum expectation value: v = (x/EGF)_”Z ~ 246 GeV

Effective Hamlltonlan ,

)+ hel+ g [P (2 _
2 2 H
8m, cos” g,
G
[2](”“ D et jOH P
Neutrino Interaction Physics 15
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S.M. interactions (cont)

o The vector boson masses are then predicted:

2 2
Ge __9° _ © __ 4o o =1/137.036

J2 8m,? 8m,’sin’6, 8m,°sin’é,
m,, = 80.450 +0.058 GeV
37.2805)2 m, =91.1876 +0.0021 GeV

siné, sin® 6, =0.22280 +0.00035

0 Masses:
2 —
wo =

O Need radiative corrections:

mo - 37.2805

Y sing, (1-Ar)"?
with  Ar =0.03630x0.0011for m=172.7 GeV m, =117 GeV
yields: m, =80.51£0.11GeV
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2. Neutrino Electron Scattering

2.1 Charged current

2.2 Neutral current

2.3 Interference charged and neutral current
2.4 Mass suppression

2.5 Number of neutrinos
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2.1 Neutrino-electron CC scattering

o Only charged current:  V,+e =V, +U (Inverse Muon Decay)

7~ _
VN/’“ Heff f/;—[vﬂ/ 1_75)/1] [57//1(1_7/5)‘/6]

e s= (pvﬂ +p,)?=2m,E, (in LAB)

e/:\'\t/ t=q"=-Q" = (Pvﬂ — Pﬂ)z Inelasticity variable
e o, =p,) E, —E, (0<y<1)
Total spin J=0 y = P (pV” pﬂ) =% (inLAB)
Pe- Py, Evﬂ
dO'CC(Vﬂe_) G,__z mW4 s F2 m,, 4
aQ dy T (QP+my,) (Q®+m,°)?
Total cross-section (ignoring mass terms): Measurement CHARM-II:

2
Occ(v,€e7) = Gr s = ZGF Me E, (in LAB) o(v,e’)=(1.651£0. 093)><1o—‘”( E Jcmz

" " (CrOSS -section proportlonal to energy!) 1GeV
hc=197.33 MeV - fm

G. =1.16637x107° GeV 2

dQ®

2G;."m,(hc)'E, o E .
= Opc(V,€7) = = o =1.72x10" 1eév cm




2.2 Neutrino-electron NC scattering

(=) (-)

0 Only neutral current: V.+e — v,+e  Elastic scattering
<—\%> G,
V ; Vu Hy = [V;J/ (1= ][97/# gA75)e]
0 _
Z e?’ﬂ(gv gA75)e:gLeyﬂ(l_%)e"'gRe7/ﬂ(1+7/5)e
_ : _ | 1 1
:——+2 20 = — = —— in’
e S e 8y 2 sin“ 6, g, 21(gv T8, =5 Fsin Oy
Couples to e and eg: J=0,1 84 =75 g.=—(g,—g,)=sin’6,
2 1+cos€*

Right handed current suppressed in backward direction: 1-y =

dow(v,€) Gi's m; 1T, .2 i > 2
o = T Q. F+miy ——+sin“g, | +sin"6,(1-y)
max Z |
do.(V,e ° m- 1 ° .
Nij(yﬂ ) _ G;S Q. +Zm 2y (—§+sm2 8, | 1—-y)*+sin* g,
max Z |
Neutrino Interaction Physics 19
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2.2 Neutrino-electron NC scattering

(=) (=)

o Only neutral current (total cross-section): Vute — Vute

LGSl .Y 1, [ E ,
Oy (V €)= ——+sIin“ & +—sin" 8, |=0.16x10 . cm
velVu€) T ( 2 Wj 3 " 1GeV
G311, o E ,
One(V €)= —| ——+sIn“ 4o +sin" 6, |=0.13x10 *— |cm
volV,€) V1 3[ 2 W] " 1GeV
i - _J -
o Can obtain value of sin26,, © v-beam :
from neutrino electron elastic . |
scattering (CHARM ll): U D ovemve |
2 100+ vA—viOA
sin® 6, =0.2324£0.0058£0.00593 [ & wowm _
gV = —0035 i0017 i 80 -u m vl -
g,=-0.503+0.017 40
E®*=2m (1-y) -

0 002 004  0.06
E6? (GeV) E62 (GeV)

0



2.3 Interference CC and NC

o Tree level Feynman diagrams: both neutral and charged currents

V,+te —>V,+e

Me_ Mve
W 2z
e/\/ eN

o Effective Hamiltonian:

H,, =G—;{[W<1—75>e] ey, a-rov J+mr a-rowller.a, - g.7el}

:%{[m“a—%)ve][%(lwv—<1+gA>75>€]}

(through a Fierz transformation)
Neutrino Interaction Physics 21
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2.3 Interference CC and NC

o Rearranging terms in charged and neutral current contributions for:

V,+te —>V,+e
1 1. 1

gL=5(1+gv+1+gA)=—5+sm26’W+1=5+Sin26’W
1 :
gR=§(1+gV—(1+gA))=Slzn26?W :
Then: doWvee ) Gy s (lﬁLSin2 ij +sin* 6, (
dy T 2
G,_-ZS E, 2

= o((v,e )=
T GeV

2
Also:o(V,e )= Gr 8{3(2+sm 0 j +sin4ew}:0.40><1041( E, jcm2

2
1+sin29W +1sin49 =0.96x10" ‘”
2 3 1

T 1GeV

These cross-sections are a consequence of the interference of
the charged and neutral current diagrams.

Neutrino Interaction Physics 29
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2.3 Interference CC and NC

o Neutrino pair production:  e" +e” =V, +V,
Contribution from both W and Z graphs.

e/N’f Caveat: below the Z pole!

2 2
Then: ole’e =V,V,)= T Kl+23in2 ij +l}

1277 |\ 2 4

o Only neutral current contribution to: e +e > V, +17ﬂ

2 2
ole’e v, v,)= G SKL—ZSin2 HW) +l}

127 |\ 2 4

Neutrino Interaction Physics 73
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Neutrino-electron scattering summary

O Summary neutrino electron scattering processes:

Process Total cross-section
_ _ 2
V,te =i +v, Gy s
Z
V,+te —V,te Cr S[(2Sin29W—1)2+isin49W}
4 3
_ _ _ _ 2
V,te =V, +e iF & %(2sin249w+1)2+4sin40w
/4
V,te =V, +e (ZF > (2sin20W—1)2+gsin40W
/4
— - — — —
Vﬂ te %Vﬂ te Grs l(2sin20W—1)2+4sin49W—|
41 13 |
+ - = G s| 1 i
e +te =V, tV, F-|—+2sin’ 6§, +4sin* 6,
127 | 2
e +e =SV +V Gy s l—2s1112¢9 +4sin* 6,
p ' u 127 | 2 v v

s=2m,E, (in the LAB frame)

Neutrino Interaction Physics
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2.4 Mass suppression

o We have not taken into account the effect of initial and final state
masses yet

o Forexample: v, +€& =V, +u

2 2

m- - —m
Threshold s=mS°+2m.E, > mﬂ2 = E, > “2 = =11GeV
o Cross-section modification: Me
Q? 2 4 2 4
. G m G m
O (Ve): . “ dQQZ - v Qrix_Qriin =
T (QPmyP) T Qe+ M )(Qh + msv)( : )
G,_—2 2 2 G/:2 2
z?(omax_amin):7(s_mﬂ )
o Therefore:
Gz2s(, mS m,’
OV, ) =—E2|1——4 | = grassess(y gm) -~
cC cC
# T S : S
Neutrino Interaction Physics 75
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2.5 Number of neutrinos

o Width of the Z-pole resonance: Breit-Wigner distribution
127(Fic)? sT,T,
M, (s—=M,) +sT2/IM,

27he)” Ly 127RO)” g0 oo yB(2® = £ 7

c. . (efe” > f)= =
pea 1) M I’ M,

e+> e Ze+> I e+> e
B A G

o(e’e” — )=

e e
I, =T, +3C., +N,I,, =2490MeV 2 neutrinos o (Z — hadrons)
[ =D+, +T, 4T, +T, =1741 MeV 7~ T
I. =839MeV _ i3 ] # ALEPH E
3 neutrinos —#&- YDELPHT -
I, =167.1MeV mp <=
5 20
— N, =2.984140.0083 -
o Only 3 neutrinos with mass less i3 A
than the Z mass | 'E neutrinoes _
Neutrino Interac 0 .::LJ..-.-.|.-.-.J..I..|.J..J..J....J.J.J..J.._.-.J..-....I.J..J..I..I..I..-.J..J.....I..I.-.J..J..-.I:I.-.J.J_ )
.1 1o Heb ik &l L fd e i 8

e = B (GeV)

NUFACTO8 Sun



3. Neutrino Nucleon Deep-Inelastic Scattering

3.1 Definition and variables

3.2 Charged current

3.3 Quark content of nucleons

3.4 Sum rules

3.5 Neutral current

3.6 A case study: sin?6,, from neutrino interactions
3.7 Charm production in neutrino interactions
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3.1 Definition and Variables

0 Deep inelastic neutrino-nucleon scattering
reactions have large ¢ v,(p)+ N — I"(pH+X
(@ >>m\#,E >>m,):

o Quark-parton model valid due to -

asymptotic freedom of QCD, which makes
quarks behave as free point-like particles.

O Infinite momentum frame: a parton takes a T
fraction x (O<x<1), of momentum when m
struck t;y a nezutrlno. Final ggark state: 2 Bjorken Variables

(XPN‘HI) =m, sz_z if ¢* >> m, (O<x<1, O<y<1):

o Variables in DIS: Py 4 = -q> 0’
s=(p+py) =2ME, =2ME - 2q-py  2Mv
Q" =-¢" =~(p+p)° =4EE'sin" - qapy _V_ O

y — — —
w? =EX2—pX2 =—Q2+2MV+M2Recoil mass p-py E 2MEx
q- Py , Neutrino Interaction Physics 78
V= =E—-E NUFACTO08 Summer School
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3.2 Charged current

o Neutrino proton CC scattering: V,(P)+p — 1 (p)+X
u(x)dx = number of u-quarks in proton between x and x+dx

u(x) =u, () +ug(x)  dx)=d, ()+ds(x) |

Inthe sea: u (x)=u(x) dg(x)=d(x)
For proton (uud): |
jo u, (x)dx = J;) [u(x) —u (x)]dx =2

j; dy (x)dx= [ |d(x)-d (x)ldx =1

o Neutrino-quark/antineutrino-antiquark scattering: ) o

do..(v,q) do..V,q) 2G. mE
dy dy T
0 Neutrino-antiquark/antineutrino-quark scattering:

do.(v,q) do.V,q) 2G.mE )
= = (1-y)
dy dy

Neutrino Interaction Physics
NUFACTO08 Summer School
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3.2 Charged current
0 Scattering off proton:  proton = uud +(ut) +(dd) +(ss) +(cc)

W0ccWul) _ Gy ME ) {1100+ s(0)+ 10 + 0] A= v)’)

dxdy

40 )G WE 1) ol osol)
dxdy

0 Neutron (|sosp|n symmetry neutron = uud + (uu) s
U,(x) =

d (x)=

n

5,() :sp(x) zs(x)

c,(x)=c,(x)=c(x) d/N L/\?’
G-°ME

dGcc(Vﬂn)_ d c - Y)°
d dxdy g 2x{ [u(x)+ s(x)]+ [d(x) + S(x)] (1- y)?]
%ol _ Ge ME 5 { () + ()] (- y)* +[a(0) + 5] }

ax dy T Neutrino Interaction Physics 30
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3.2 Charged current

O Structure functions:

= 2XF(x,Q)+21-y——= |F,(x,Q° )t 2y| 1- < |xF.(x,Q
oxdy  ex {y (%Q) Y5 |Rx@)xey 1-3 xR(x Q)
F. (x,Q?) are the structure functions, which depend on the helicity structure

of g-W interactions. For massless spin-1/2 partons, we have the Callan-
Gross relationship™  2xF,(x) = F,(x)

- 1 Y e w2y 1- L |xF(x,@?) |=
T K( yF (-0 | JRn ) x2y{ 1= e ()

2 .
_G's Assuming massless

T [(1 + (1 - y)z)Fz(Xsaz) T (1 B (1 _y)z)XFs(Xsoz)] target

* Deviations from the Callan-Gross relation are parameterised in terms of the
“longitudinal” cross-section (ie.gluon splittting g—qq):

_o._ KX 1+4Mx2
Coor 2xR(| @

Neutrino Interaction Physics 31
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3.2 Charged current

0o Comparing the y distribution of both cross-sections we can compare the
parton distribution functlons to the proton structure functions:

FP(x) = x|d(x) )+s()+a x)]
xFP(x) = x|d(x) - u(x) + s(x) - ¢(x)]
F3P (x) = X{u(x) +c< X)+d(X) + (X))
XFiP(x) —xlu x) +c(x)— d(x) - §(x)]

o Also, the neutron structure functions:

F2P(x) = X|u(x) + d(x) + s(x) + ()]
XF"(X) = X|u(x) - d(x)+s(x) - &(x)]
F"(x) = x|d(x) + ¢(x) + U(x) +5(x)]

xF;"(x) = x|d(x) + c(x) - U(x) - §(x)]

Neutrino Interaction Physics 39
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3.2 Charged current

O Scattering off isoscalar target (equal number neutrons and protons):

g=u+d+s+c g=u+d+s+c
FN (%) = x|g(x) + g ()] D e i
PN () = xg(0) - g () +2(s(0) —c(0)] .
xF™ () = xlg () =g () = 2(s(x) - c(x))]
doee(v,N) _ G*2ME N ) g b1 ,. j
dXdy 272' iO.dz— E _0.4
- T By e
o6o(VuN) _ Ge'2ME \f vt 2 4G} oo B ﬁ%}i TOEREE meer |1
dxdy 27 B ii?ié%ﬁ%&
O TO’[3.| Crogs_sectlon 0010 | 1|0 | zlo | 3|0I I5|0I . Igliol ||Gle|\1]|5(; . I:zlonoI - I2|5c; - I3|00I - |3E00'0
G:'s 1 /= _
Occ(VuN) == BQ} +§<Q>} =(0.677+0.014)x10™*cm? / GeV x E(GeV)

2
occ(V,N) = GZF; [;<Q>+<Q>1= (0.334+0.008)x10"*cm? / GeV x E(GeV)

eutrino Interaction Physics 33
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3.2 Charged current

O Structure functlons

Fo(x.Q%)

0.1

HuTeV t--e—i
CCFR —8—4
COHSW t--mr--!
MuTeV fit -—----- -

o

x=0.015 (303)

HEH

Laid

Woaee

b

L =]
a

1o

[
f"i‘

T x=075

i T x=0.015 (x40)

- x=0.045 (:12)

2;?_0.08 (x6)

x=0.080 (X1.3)

w8 e

 x=0.125

EIH'

i1 x=065 1

x=0.175
x=0225 1
x=0.273 -
x=035 |

xF _;(Xaoz}

=045 |

=055 | Scaling violations

100

; (GeV ;’cjz

1000
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[= LR =]

NUTEY b--e -1
CCFR 97 —8—

o R k)]

B

g XS
]
H

x=0.125
x=0.175(2) |

=i3)

15 (Ge"v’;c)‘
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3.3 Quark content of nucleons

o Quark content of nucleons from CC cross-sections
. 1
0 Define: U = J;) xu(x)dx , etc.

0 Experimental values from y distribution of cross-sections yields:

Since ,— Ogc(VN) =0.493+0.016 (measured)
oc(VN)

then: Q
0"

(V)

3“1zo.191 —Q=0.405 and Q =0.078
—r

therefore: Qv =Q- 5 ~(0.33 005 =0.16+0.03
L +
[ EM(x)dx=Q+Q =0.48

o Quarks and antiquarks carry 48% of proton momentum, valence
quarks only 33% and sea quarks only 7.8% (u and d sea quarks
carry 6%, s quarks carry 1.3% and c quarks 0.5%).
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3.3 Quark content of nucleons

o Parton distribution functions as a function of x, fitted from structure
functions:

u(x)dx = number of u-quarks in proton between x and x+dx
u(x)=u,(x)+ug(x) dx)=d,(x)+dg(x)

Inthesea:  dy(x)=d(x) ug(x)=u(x)
For proton (uud): <O6F

E u, (x)dx = _E [u(x) —u (x)]dx =2 os b
[, (ax = [ o) -doolix=1 o}/

0.3 k

Q* = 20 GeV?

0.2 [f

0.1 F

N
Tu
co

|||||||||||||||
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3.4 Sum rules

0 Sum rules:
— Gross-Llewellyn Smith:

S 5= j (Fy (x)+ E (x))dx

S, = f(q(x)—q(x))dx:{ it (“j —b(“sj }=2.64i0.06
0 T T T
— Adler:
11

S,=~ [ (B )+ B (0))dx= [ (u, (x)=d, (0)dx =1
290 x 0
— Qottfried:

So= %L%(Fzﬂn (X)+ F* (x))dx = %Ll (u(x) +u(x)—d(x)—d (x))dx = %

S.=0.235+0.026 Maybe isospin asymmetry: 7 (x) # d (x)

— Bjorken: o :
$,= [ (B 0+ B (e =1 - 252
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3.5 Neutral current

o Neutral currents: “ =
: Vu+tp—>Vut+X

doy(v,q) dow(V,q)
dy ~  dy
G- m,E,

2T
doy.(V,q) doy(v,Q9) _

{ (9y +94)°+(9y —94)°(1-y)? +%(g/f —gvz)y}

1 4

dy  dy
G-m.E, m
- S A ga)’+(gy +94)°(1-y) +Fq(g/f ~ gvz)y}

o Coupling constants:

1 4 .
9v 25_53”12 O  Ga=

1 g _
— for g=u,c "
2 1 L 3 %
! for g=d,s _

SR )

1 2
’r . 2 ’r
gy ==5+ 35S Oy Ga=-
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3.5 Neutral current

o Neutral currents off nucleons (neglecting ¢ and s quark contributions):
-) (-)
Vu+ N >V, +X

do,.(v,N) G.2ME o -
(A)I'f(d}f =— X{(QL2+QL [q+q ]"' (9r +gR2)_q+Q(1_Y)2_
doy.(V,N) G °ME , e R
= X + + + + +q(1-
dxdy . 19+ +gila+q0- 1l (9.7 + g")la + att-y)®
0 Defining: R = Oy VIV) R = O e (VN) .= Occ(VN)
" O (W) | " 6, (VN) o, (VN)
2 . R —r R— ) , 0 r(R_
yields: 8L +gL B 8r T8r = 2
R =(g, +g. )+ r( g +8. )= %—sm2 6, +(1+ r)ésin4 6, Lowerrm it
__(gL +gL )-I— (gR +gR )—%—Sln 6, +(1+% 381 8, relationships)
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3.5 Neutral currents

o More relationships from the combination of neutrino and antineutrino
tagged interactions:

doe(v,N) N doyc(vV,N)

. dy dy 1 . 5 10 . 4
R = ———=—-5In"§, +—sin"
do5o(v,N) | dog(V,N) "9 "
dy dy
doyc(v,N) doy(V,N)
_ dy dy R-rR 1 .,
R — — = L4 V. = —— SN 9
dO-Cc(VﬂN ) _ dO-CC(VﬂN ) 1-r 2 (Paschvgs-WoIfenstein
dy dy relationship)

o Paschos-Wolfenstein relation removes the effects of sea quark
differences (especially at low x) since the neutrino and antineutrino
cross-sections are equal. It would also remove error from ¢ quark

0 All of these relationships can be used in neutrino experiments to test the
electroweak theory and measure sin26,,
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3.6 sin%6,,

o Llewellyn-Smith relationship used to measure sin26,, by performing
ratios of charged current to neutral current of neutrino nucleon
scattering.

R = 9ncN) _ 1 _sin? 6, +(1+r)5sin49
1% w
Occ(VN) 2 9 (Llewelyn-Smith
— relationships)
R, = O-’VC(KN) —1—sm 6, +(1+ 1jSSin4 6,
o..(VN) 2 r)9

o CHARM, CDHS and CCFR and NuTeV are all large sampling

calorimeters that can measure large statistics CC and NC data:
Blue Cart CCFR/NuTeV

oy N |
i -:_"-'Ir i

T:n'g-r:t Clof et ey
(et - Scietillated - Drift Chasibse)

FermiLab . 41




3.6 sin%6,,

0 The ratio of NC to CC data from an average of different experiments
(CDHS, CHARM, CCFR, NUTEV) gives a value of sin%6,,

o This on-shell value relates to the W and Z boson masses:

Sin2 gon—shell — _M_ﬁv - CHABM dat'a .
" M [ACCIR
— For example, the CDHS experiment at CERN o
obtained: s LR
R, =0.3072+0.0033 R, =0.382+0.016  “u h |
= sin®6,, = 0.233+0.003 +0.005 3} S
O The world average value is: "0 ar o o w10

0.3 T T ] T = 7=

World average : sin®é,, =0.2227 +0.00037

— Example of data from the CHARM experiment” _"|

(=]
=

0.l
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3.6 sin%6,,

o NuTeV experiment at Fermilab uses Paschos-Wolfenstein
relationship and obtains reduced systematic errors but their result is
>3G away from World average: 68%,907%,95%,997% C.L. Contours, Grid of SM £ 1o mtop, Mg

NUTEV: R,=0.3916+0.0013 R, =0.4050 +0.0027 o
= sin® 6, =0.22773 £0.00135 £0.00095

Cji 800 GeV Tevatron § 005 |
: World average

sin@,, = 0.2227 +0.00037 o

L I 1 1 L
0.388 0.59 0‘.59,2 0.394 0.396

pesy Ppe O CGharged current events had a muon (u from

The SSQT neutrinos and u* from antineutrinos) and
. neutral current events were “short” events.
K 11 . . .
= Shielding ; ~ Sjgn-selected neutrino beam, tags neutrino
detecion

and antineutrino interactions (selected by
decay of n+ and m).

Il o Allows use of Paschos-Wolfenstein formula to
reduce systematics.

Dipoles make sign selection
- Set v/ v type
- Remove v, from K
(Bkgnd in previous exps.) Nu{e\f



3.7 Charm production

o Production of charm can be carried out from deep inelastic neutrino
scattering from d or s quarks:

; y +&) =q° +280-q+ EEMP = p? = m?
(g+&p) =q°+2&p-q p?=m;
Therefore:

. —@F+m F+m QF+m QF+m’ . 1+m§
ey 2p-q 2My 2My Q7 / x o

N

O Slglw rescaling model (LO): effect ofaheavy quark threshold

o Replace: X: 02 £ = ){ ]
QZ

o Cross-section:

d°c”  GiME¢ —
Q%) +d(£Q? +25(£Q°)V, t— P
dédydz  x {[ (5 (5 ” d‘ & ‘ ‘( e 5] (Z?z
1 1
— Fragmentation of charm quark into hadrons: D(2) }( Tz 18_sz

(Petersen function, but there are others)



3.7 Charm production

0 Production of opposite sign dimuon events is signal of charm production

because of semileptonic decay of charm:
Vi M

s,d s NOMAD
o Charm production can probe strange sea,
measure charm mass and V4 B T — L
Al B fg A
i w1 1 o M o1 1 CCFR/NUTEV

i
[

qﬁglm' W (11 e o
LML AERLRNC) I TET o High statistics opposite sign dimuon
' samples were acquired by CDHS,

s e R CCFR, NOMAD, CHORUS, NUTEV
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3.7 Charm production

O Some results from opposite sign dimuons:
Cross-section: between 0.2%-1% depending on energy

Measurement charm mass (average): <mCLO> =1.43+0.10

Strange sea asymmetry
Measurement V_, (average):

V" =0.232+0.010

c

m,"° =1.70+£0.019 (NUTEV)
m,"° =1.58+0.09'3% (NOMAD)

NLO °
V. M° =0.246+0.016 ~ b
12 18 L = T
16 E o
1 CHORUS y . s J
+ + . :_ -
. 0§ 4 ++H+++HH ~ 12 F ° - (b) -
Sol ™ o SRV
506 = C = I 1
b < os it HJFH it =
© 04 :—+ © o5 %—hﬂ
0.2 #+ o _
C B Al di-lepion data 6.z E_ B Al di-lepion data
N R 0 S s e S e 30 Review: G di Lellis et al, Phys. Rep.

E (GeV)

E (GeV) 399, 2004, 227.
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