PHYS 5326 — Lecture #4

Wednesday, Jan. 31, 2007
Dr. Jae Yu

1. QCD Evolution of PDF

2. Measurement of Sin%0,,

3. Formalism of Sin26,, in v-N DIS

4. Improvements in Sin%6,,

5. Interpretation of Sin%0,, and Its Link to Higgs
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0=k-K Partonic hard scatter

e Non-perturbative, infra-red part
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DGLAP QCD Evolution Equations

* The evolution equations by Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi provide mechanism to evolve PDF’s to any
kinematic regime or momentum scale

quS(X’MZ):Zqi_qi:u\/_l_dv J‘dy NS y,M2 (Xj
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P,(x/y): Splitting function which describes the probability for a parton i with momentum y get

resolved as a parton jwith momentum x<y
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Feynman Diagrams for Parton Splitting

LO: O(a.,) NLO: O(a..?)
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Electroweak Theory

» Standard Model unifies Weak and EM to SU(2)xU(1)
gauge theory

— Weak neutral current interaction

— Measured physical parameters related to mixing parameters
for the couplings
g°v2 M,

C8My M,

* Neutrinos in this picture are unique because they only
interact through left-handed weak interactions =» Probe
weak sector only

— Less complication in some measurements, such as proton
structure

g'=9gtand, e=g9gsing, G, = cos b,

Wednesday, Jan. 31, 2007 @) PHYS 5326, Spring 2007 5

Jae Yu




sin%0,, and v-N scattering

In the electroweak sector of the Standard Model, it is not known a priori what
the mixture of electrically neutral electromagnetic and weak mediator is=»
This fractional mixture is given by the mixing angle

Within the on-shell renormalization scheme, sin?6, is:

2
On—Shell |\/|W

1_
sin’é@, M

*Provides independent measurement of M, & information to pin down My ¢ via
higher order loop corrections, in comparable uncertainty to direct measurements
‘Measures light quark couplings =2 Sensitive to other types (anomalous) of
couplings

*In other words, sensitive to physics beyond SM =» New vector bosons,
compositeness,v-oscillations, etc
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EW Higher Order Corrections

» LO GSW requires three parameters: o, G- and M,

* Higher order corrections bring in dependences to

two additional parameters: M-, and M

Top Higgs

V ! V V
W \QLAN/
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How is sin?0,, measured?

v u v v
W Z
C/\l (/\1
coupling oc 1 coupling oc 1) —Q,,, sin* 4,

» Cross section ratios between NC and CC proportional to sin?0,,
* Llewellyn Smith Formula:

V(v) v(v)
Rv) = ne__ 5 (%—sinzew +%sin4ew[1+ Occ n

(V v(v)
Occ Occ
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The Original Experiment

E770: Quad Triplet Beam
and Lab E Detector

Quad Triplet Beam Lead/Steel/Dirt Shield
o (1323CM 3C I [ @m0
Decay Pipe Lab E Detector
— | -
540 m
940 m

«  Conventional neutrino beam from wt/k decays
Focus all signs of w/k for neutrinos and antineutrinos
* Only v, inthe beam (NC events are mixed)
LAEB-FE Detector — Fermilabh E&15 {INuTeV)

GO0 tons: Fe—heint—TH
ideial Volnme: 570 rons

« Very small cross section =» Heavy neutrino target
v, are the killers (CC events look the same as NC events)
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How Can Events be Separated?

< >
—_— “ Event Length  :oooee

Charged
Current
Events

Neutral V-Vi | it PL |
Current Z i 'Nothing'is " . ' Nothing'is
5 ing i 5 \ 1going out!!!

Events a4 | comingintth Tomgm
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Experimental Variable

Define an Experimental Length variable
=» Distinguishes CC from NC experimentally in statistical manner

Event Length (counters, 10cm Steel)

EShDrt/Lcmg Cut 10%E :Short,/lLong Cut

1021

v ,N—> "X

102

1 1 1 1 1 1 1 1 1 1 1 1 P 1 1 | 1 1 1 | 1
20 40 B0 20 40 (518]

Meutrino Mode Anti—Neutrino Mode

Compare experimentally measured ratio

Long L > I'Cut

NShort _ L < LCut NNC Candidates
REx - T —
P N

N CC Candidates

to theoretical prediction of R
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Past Experimental Results
sin“@y " = 1— IRAA—ZV =0.2277+£0.0036

Z

=M, =80.14 £ 0.19GeV/c’

The yellow band represents a correlated uncertainty!!



Improvements on Measurements

» Asses the uncertainties from previous
measurements

» Determine what the sources of largest
theoretical and experimental
uncertainties are

* Provide new methods to reduce large
uncertainties
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sin%0,, Theoretical Uncertainty

» Significant correlated error from CC production of charm quark (m,)

modeled by slow rescaling mechanism
R4 1L L4 LY

W Z
=48 = sd T s
»  Suggestion by Paschos-Wolfenstein by separating v and v beams:
R —Inc = One _ pz(l—sinzewj _R -R
v % 2 1 —r

Occ = Occ
=>»Reduce charm CC production error by subtracting sea quark contributions
=>»Only valence u, d, and s contributes while sea quark contributions cancel out
=>»Massive quark production through Cabbio suppressed d, quarks only
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Improving Experimental Uncertainties
* Electron neutrinos, v,, in the beam fakes NC events from CC
interactions
— If the production cross section is well known, the effect will be
smaller but since majority come from neutral K (K, ) whose x-sec is

known only to 20%, this is a source of large experimental
uncertainty

* Need to come up with a beamline that separates neutrinos from
anti-neutrinos

SSQT Sign selecied Quadrupole Trm

800 GeV protons
I >
s o8ron target
decay region I —_— Wro ng_Sig N TE,K

T
nK I DUMPED

— Protons
DUMPED
— Right-Sign w,K
\ \m ACCEPTED /
NuTeV detec
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Event Contamination and Backgrounds
SN [T

I 'SHORT v, CC's (20% v, 10% V)
ot 1 u exit and rangeout
e *SHORT v, CC’s (5%)

W 1 vNDeX

L T

o™ WHINSHWI

hadron shower
l!IIIIIIIIIIIIIIIIII!!II!II!I!I!I!!I!!!IH“!!I!II!II!III!IIII!I!!III!IIIII!I!I!I!.

punch-through effects
o Eren(0.21) R L L
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Other Detector Effects

= Event Length

. ¢

CCFR Structure Functions

E, .0,
Counter Active Area
Counter Eﬁ::/i;’ri; ;/ e Counter Netse A Y A
S
Sources of experimental uncertainties kept small, through modeling using v and TB data
Effect Size(6sin%0,,) Tools
L et 0.001/inch pru events
Kiert & Yiert 0.001 MC
Counter Noise 0.00035 TB u's
Counter Efficiency 0.0002 v events
Counter active area 0.0025/inch v CC, TB
Hadron shower length 0.0015/cntr TB n’'sand k's
Energy scale 0.001/1% B
Muon Energy Deposit v CC

1 0.004
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Measurements of v, Flux

-)
« Use well known processes (Ked: K* - z°%* v. )

 Shower Shape Analysis can provide direct measurement v, events,
though less precise

] 1 H ﬂ [ttt { Nmeas/NMc Weighted average
used for
B EM ) Hadron 1.05+0.03(v,) 95Rvexpv~eo.0005

___JHUUULILIUUL 1.01i0.04(;e)

o v, from very short events (E,>180 GeV)
* Precise measurement of v, flux in the tail region of flux =» ~35% more
v, In v than predicted e
» Had to require (E,_4<180 GeV) | v
due to ADC saturation

e O i
Results in sin20,, shifts by +0.002 Lo bl

L T T b, ¢ 1] T e
P A TR i A I e 3 AT AR D~ TR O o WD
g el =" T 5 P

L o T e T ot Lo D Wi L e
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MC to Relate R &° to Rvand sin?6,,,

« Parton Distribution Model
— Correct for details of PDF model =» Used CCFR data for PDF

— Model cross over from short v, CC events
Neutrino xsec vs y at 190 GeV  Antineutrino xsec vs y at 190 GeV

oL - _E_ g
[ Ll -5 - - ~ D
P o] gty P e e
EIF e N I i e = B L] N =i 4
- . L1 i — —
A e e: i e L :
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CCFR Data
'edeby

e E w w7 E &
ssa i w1l ELY LIRS E @ j—;_i'“m = o ‘h_.cl-rkl_.‘-
FamOll S astucTH K + GRS ) N
o bt b beoe I ‘ba'ba bo ed i 1' ¢ PS5 GA 6B oW '|J'g 0TS EA CE A
’ z b
E'-‘.‘ —L1T8 3 w228 ga ‘1.+__~-u.-?5 8, «Lh =05
Ll b | B R
e, S S ot S T ol P
o Ny ke 0Ff 0° :-II n nZ oid A CA :..I [ ¢ I 0A 0O of ::I. L G2 CA GO C,a ]
* Neutrino Fluxes o o
— V,Ve V,, Veinthe two running modes o |
— v, CC events always look short 2000 |
] 2 ! : ! I ! I ! : ! I
*  Shower length modeling " NevtrinoMode  E(CeV)
— Correct for short events that look long 20 | X'/dof = 88.9/125
. Detect ition, and ti e | imasane
etector response vs energy, position, ana time 2000 |
— Continuous testbeam running minimizes systematics ~ *% &
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sin“d,, Fitto R ®? and R &

« Thanks to the separate beam =» Measure R"’s separately
* Use MC to simultaneously fit R7® and R® to sin?6,,and m_, and sin%0,,and p

. v(v) v(v)
R"0) = Inc _ 2[%—sinzew +%sin49W£1+—oC° n

v(v) v(v)

O Occ

+  Rv Sensitive to sin20,, while R Visn't, so R is used to extract sin2,,and R ¥ to
control systematics

» Single parameter fit, using SM values for EW parameters (p,=1)
sin’0,, = 0.2277 + 0.0013 (stat) + 0.0009 (syst)

m. = 1.32 + 0.09 (stat) £ 0.06 (syst) wlmc = 1.38 + 0.14 GeVic” as input

() . . 2 .
Two parameter fit for sin“0,,and p,, yields Syst. Error dominated
) :
sSin OW —(0.2265 4; since we cannot take
advantage of sea

P, = 0.9983 +0.040 quark cancellation
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NuTeV sin26,, Uncertainties

Dominant
Statistical ! 0.00135 !/ uncertainty
v, flux 0.00039
Event Length 0.00046
Energy Measurements 0.00018 1-Loop Electroweak Radiative
Total Experimental Systematics 0.00063 Corrections based on Bardin,
CC Charm production, sea quarks 0.00047 Dokuchaeva JINR-E2-86-2 60 (1986)
Higher Twist 0.00014
Non-isoscalar target | 0.00005 Bsin’6"="" — _0,00022 x ( M; —(1 75G92V)2 j
o lo" | 0.00022 (50GeV)
RadiativeCorrection 0.00011 +0.00032><|n( M, j
R | 0.00032 150GeV
Total Physics Model Systmatics 0.00064
Total Systematic U
AM,, (GeVic?)
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NuTeV vs CCFR Uncertainty Comparisons

B B G ey e 7] e B LI SRS 00 B R 0.6 T B
e T R, R, R T, e, T, Y |

MC Statistics |

V- P s L Beamline worked!

Calibrations

u Energy Deposition |

Energy Resolution

3 NuTeV (R°)

Hadron Shower |

Yertex Determination

— ool s e B o (R")
Counter Edge | :

Counter Efficiency/noise |
Charm Prod/Strange Sea | 1

Technique worked!

Charm Sen

Cross Section Diff
Non—isoscalar Target

Higher Twist

Hm §
Radigtive Corrections

2 10 15 20 25
Error on sin*@.(x107")
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Comparison of New sin?0,,

sin?09" "' — 0.2277 + 0.0013 (stat) = 0.0009 (syst)
My,
M;

sin2ee\ln—shell — 1 .

= M, °"°"" =80.14 +0.08 GeV/c”

Comparable precision but value smaller than other measurements
W-Boson Mass [GeV]

pp-colliders 80.454 + 0.059
LEP2 —=—  80.447 + 0.042
Average —O— 80.450 + 0.034
x=DoF: aa s
NuTeV ——A—— 80.136 + 0.084
LEP1/SLD —h— 80.373 + 0.033
LEP1/SLD/m, A 80.380 + 0.023
| BID - BE;I.E o 8[;.4 | BE;I.E |
my, [GeV]
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