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Recent v Scattering Results
from MiniBooNE

Sam Zeller
LANL

BNL seminar
June 18, 2009

* hope to show you a different side to the MiniBooNE experiment

Sam Zeller, BNL seminar, 06/18/09 1
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Most Familiar with v Oscillations at MiniBooNE

Beam Excess
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Most Familiar with v Oscillations at MiniBooNE
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Most Familiar with v Oscillations at MiniBooNE
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» Los Alamos

Most Familiar with v Oscillations at MiniBooNE
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Outline

» heard a talk on recent MiniBooNE v oscillation results
(Chris Polly, BNL seminar, January 2009)

» this talk: MiniBooNE v scattering program

- v cross section results have recently released

- in fact, all were made public last month at Nulnt09

- “hot off the press”

* will point out their utility for v oscillation experiments

» first, a little history on how we got here ...

Sam Zeller, BNL seminar, 06/18/09 8
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» chambers
ERN, FNAL, Serpukhov)

ection measurements
E

v




bubble chambers
(ANL, BNL, CERN, FNAL, Serpukhov)

- 1st v cross section measurements
- typically low E,

1970

Sam Zeller, BNL seminar, 06/18/09

counter experiments
(CDHS, CHARM II, CCFR, NuTeV, NOMAD)

- move to higher E,, higher statistics

- DIS cross section, structure functions
10




neutrino oscillations!

- v oscillation parameters
- back to low E,
- high intensity v beams

bubble chambers
(ANL, BNL, CERN, FNAL, Serpukhov)

- 1st v cross section measurements
- typically low E,

counter experiments
(CDHS, CHARM II, CCFR, NuTeV, NOMAD)

- move to higher E,, higher statistics
1970 - DIS cross section, structure functions
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neutrino oscillations! °..-

- v oscillation parameters
- back to low E,
- high intensity v beams

bubble chambers
(ANL, BNL, CERN, FNAL, Serpukhov)

- 1st v cross section measurements
- typically low E,

counter experiments
(CDHS, CHARM II, CCFR, NuTeV, NOMAD)

- move to higher E,, higher statistics
1970 - DIS cross section, structure functions
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neutrino oscillations! .-
- v oscillation parameters\l

- ﬁ'achk't?t IOW‘tEV ) produced
- nign intensity v oeams renaissance
bubble chambers in low

energy v
interaction
physics

(ANL, BNL, CERN, FNAL, Serpukhov)

- 1st v cross section measurements

- typically low E, 4
'“(4 ( ( ’\A
' NV

uq _

& »k t-
AR

counter experlments
(CDHS, CHARM I, CCFR, NuTeV, NOMAD)

- move to higher E,, higher statistics
1970 - DIS cross section, structure functions
Sam Zeller, BNL seminar, 06/18/09
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» Los Alamos

Neutrino Cross Sections

» future accelerator-based v
oscillation experiments will be
operating in few-GeV E range

- all sitting in this murky
transition region where
multiple processes are
contributing

Sam Zeller, BNL seminar, 06/18/09 14
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elerator-based v
experiments will be
in few-GeV E range

G.P. Zeller
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elerator-based v
experiments will be
in few-GeV E range
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» Los Alamos

Neutrino Cross Sections

» future accelerator-based v
oscillation experiments will be
operating in few-GeV E range

DIS

(need to extrapolate

into low energy region) \ % 0.4

* need to know each of
these processes individually

e each has their own model

Sam Zeller, BNL seminar, 06/18/09 17




» Los Alamos

Neutrino Cross Sections

» future accelerator-based v
oscillation experiments will be
operating in few-GeV E range

 data are 20-30 years old

- 100’s of events, mostly D,
- calcs we use are also old

» situation have been suffering
with for past 30+ years

* luckily has been improving

H
Sam Zeller, BNL seminar, 06/18/09 DUSEL 18




A,

» Los Alamos

Neutrino Cross Sections

» future accelerator-based v
oscillation experiments will be
operating in few-GeV E range

 data are 20-30 years old

- 100’s of events, mostly D,
- calcs we use are also old

» situation have been suffering
with for past 30+ years

* luckily has been improving

€ > Nucle
K2K, MiniBooNE, SciBooNE ar targets)
<€ > '
MINOS, MINERVA

Sam Zeller, BNL seminar, 06/18/09 19
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Antineutrino Cross Sections

* situation is even worse for | .. G.2. Zele
v, data is even more sparse | : .

- measure 2P § by comparing
oscillation probabilities of

v, = Vveandv,K — v,

- would prefer not to rely
on extrapolation of model
predictions where no
existing data

* need to complete program E, (GeV)
in antineutrinos as well MiniBooNE has 15 v data in this

sub-1 GeV energy range
Sam Zeller, BNL seminar, 06/18/09 20
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v Scattering at MiniBooNE

* MiniBooNE has recently gotten into this v scattering business

* primarily driven by our own needs
(ve appearance, v, disappearance in both v and v )

signal
- QE Aguilar-Arevalo et al., PRL 100, 032301 (2008) /
- NC n® Aguilar-Arevalo et al., PLB 664, 41 (2008) ——— background

* have since transitioned to producing more general purpose
0, measurements (recognizing value of our high statistics data samples)

- gap to fill
- data in new regions
- some surprises |

Sam Zeller, BNL seminar, 06/18/09 21




» Los Alamos

MiniBooNE Detector

» 800 tons of mineral oil |
e v interactions on CH2 Aguilar-Arevalo et al.,

¥ NIM A599, 28 (2009)
» Cerenkov detector

Sam Zeller, BNL seminar, 06/18/09 22
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MiniIBooNE Detector

muon in MiniBooNE

800 tons of mineral oll
* v interactions on CH,

. CV)erenkov detector

Sam Zeller, BNL seminar, 06/18/09 23




» Los Alamos

MiniBooNE Flux

* high purity, >99% v, in flavor

 well-suited for low energy
v Cross section studies

<E,>~ 0.8 GeV
(similar to BNL WB v beam)

enjoy small backgrounds from
higher multiplicity v interactions

(perfect for QE + 1m!)

2}
|V r
[ N ¢ 1 1 5 ‘ )k
O U.o oD 2 2.5 3 3.9 4
M A
s (\,(,‘\/>

_ * relevant to future experiments
predicted v, energy spectrum

Sam Zeller, BNL seminar, 06/18/09 24
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v, 30 10°'PoT, 300kT WCh  signal + bkg:
- normal hierarchy — 8.=+45'(918)
sin’ 26, , = 0.04 § 520 (1053)

— 8=-45 (1198)
} background:
W all (515)

Events/0.25 GeY
o
o

(]
o
LA I B B NI B R |

+ % beam v, (227)

i)

25 3
Ev (GeV)

1

NE to DUSEL =——>

3 4 5678910
neutrino energy [GeV]




Flux Predictions

» caliber of data helped greatly
reduce v flux uncertainties

« comprehensive v flux paper

Aguilar-Arevalo et al.,
Phys. Rev. D79, 072002 (2009)

Sam Zeller, BNL seminar, 06/18/09
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* make heavy use of pBe — w*/~

data from HARP experiment
Catanesi et al., Eur. Phys. J. C52, 29 (2007)

- 8.9 GeV/c protons

- exact replica target (5% A)

6 = 30-60 mrad 6 = 60-90 mrad 6 = 90-120 mrad
E p8.9 GeVic)+Be H 9 GeVic)+Be E
> 2%0p > 2% > 2%
7 2 o
e + -] -
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1004 + 1004 . 1004 °
o —— ’.
sop- % — o ——
B 2 3 4 5 6 2 3 4 5 6 1 2 3 4 5 6
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E p8.9 GeVic)eBe » x4+ X E 9 GeVic)+Be E pl8.
> %0 > 2%k S 2%
© o <
e S e
£ “§ £ §+ £ ’“’}
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Flux Predictions

* make heavy use of pBe — w*/~

data from HARP experiment
Catanesi et al., Eur. Phys. J. C52, 29 (2007)

- 8.9 GeV/c protons
- exact replica target (5% A)

P e T
: nith | “E . ‘Q\ﬂ e{“a
. g ] (e\\a e(\\% N\
e caliber of data helped greatly | - \e W0 ye™ L and
reduce v flux uncertainties 5. © ‘5\«\90 I .
] s> Y\\ 80 m_r_ad,( < 0= 181)-210m adx
e comprehensive v flux paper } \N'\“(\O\)\ i } T
Aguilar-Arevalo et al., i 4 o, B
Phys. Rev. D79, 072002 (2009) R e e
(D. Schmitz)

Sam Zeller, BNL seminar, 06/18/09 27
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» Los Alamos

Quasi-Elastic Scattering

. =

'u\/M
W+

.

Why important?

* important for v oscillation experiments
- golden channel

- CC so can tag flavor of incoming v

- even if only the u is visible, can reconstruct E,
- dominant o below ~1 GeV

Sam Zeller, BNL seminar, 06/18/09 30
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» Los Alamos

Quasi-Elastic Scattering
N

Why important?

W
N~ T—p
* important for v oscillation experiments
- golden channel = 2ME -m 2
- CC so can tag flavor of incoming v " 2(M,-E +p cosh,)

- even if only the u is visible, can reconstruct E,
- dominant o below ~1 GeV

Sam Zeller, BNL seminar, 06/18/09 31
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» Los Alamos

Quasi-Elastic Scattering

V'u \/ "
Why important? W
n~— P
* important for v oscillation experiments
- golden channel £ = — 2MICI
- CC so can tag flavor of incoming v " 2(M,-E +p cosh,)
- even if only the u is visible, can reconstruct E,
- dominant o below ~1 GeV
ignal 8PS
* examples: for v OSC\“ams
ime
v, — Ve (v, appearance) eﬁiﬂn of signal)
. of
v, — Vx (v, disappearance) ( in both cases

Sam Zeller, BNL seminar, 06/18/09 32




/\
)
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Quasi-Elastic Scattering

NG
Why important? Q2| wr
1 ¢
* important for v oscillation experiments
- golden channel = 2ME -m 2
- CC so can tag flavor of incoming v " 2(M,-E +p cosh,)
- even if only the u is visible, can reconstruct E,
- dominant o below ~1 GeV
* interesting on its own
- probe nuclear structure (ala electrons, photons)
- measure axial form factor of the nucleon ... F,(Q?)= =
(for the 15t time in >10 years!) (1 T QZ/MAZ)2

Sam Zeller, BNL seminar, 06/18/09 33
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Value of M,

* M, is a parameter that must be determined experimentally

Argonne (1969) .
g'é‘;:”(‘j;fz‘” : « M, determined from
Argonne (1977) . global fits to historical
CERN (1979) ‘ v data (1969-1990)
BNL (1980) . |
BNL (1981) .
Argonne (1982) .
Fermilab (1983) . * because plays such a
BNL (1986) . :
o8 (106 . pru0|al rgle, a lot of
BNL (1990) . interest in this &
Siaie | [ | attempts to re-measure

085 095 105 115 1.25

M, [GeV]

world average: M, = 1.03 = 0.02 GeV

Bernard et al., J. Phys. G28, R1 (2002)
Sam Zeller, BNL seminar, 06/18/09 34
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Sam Zeller, BNL seminar, 06/18/09
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» Los Alamos

How Do You Measure M,?

* varying M, has two effects:

\

>~ (1 M, means | o)

(1) changes normalization

") (2) changes Q? dependence
__ (1 Mymeans harder Q?)
—_—

typically v experiments

measure M, using method (2)
(some experiments did both)

35




» Los Alamos

Kitagaki, PRD 28, 436 (1983)

——— | FNAL, D,

Baker, PRD 23, 2499 (1981) | M,=1.05+0.16 GeV |

——Mp= 1.O7 GeV ' ' ! 362 events
---=M,=0.84 GeV

BNL, D2
M,=1.07 £ 0.06 GeV
1236 events

I
=)
]

Miller, PRD 26, 537 (1982) -

ANL, D2
M,=1.00 £ 0.05 GeV A
1737 events

o~
S
2
e
©
©
o
~
(%]
-
z
w
>
w

Events/(0.05 GeVZ/c2)

L L) ' L) '
24 | N 1.0 1.5
Q2 (GeV?) Q* (GeV?/c?)
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QE Scattering at MiniBooNE

(T. Katori) Vu \/ w-
*g 5000 — « data
g 4500 — total error W"‘
w 40001 shape error n /_,\ p
35005_ ------- M, =1.03 GeV, k=1.000
Ei e —— RFG model after fit
3000 :

* 146,070 v, QE events
(76% purity, 27% ¢)

500, | | | |

11 1 A 1111 | I
0 01 02 03 0.

SR TR TR * shape fit to the data
QG (GeV)

 update of our prior results after improved background estimates
Aguilar-Arevalo et al., PRL 100, 032301 (2008)

M,e"=1.35+ 0.17 GeV ('2C, Fermi Gas model) |
Kk =1.007 £ 0.012

Sam Zeller, BNL seminar, 06/18/09 37
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Antineutrino QE

 first time in history are measuring v QE events at 1 GeV

(J. Grange)

MC v mode fit, k = 1.007, M, = 1.35 With Shape Error

Hydrogen

Wrong Sign
Non-QE Bkg
Data

0 01 02 03 04 05 06 07 08 09 K
Q? (GeV)

(data, MC shape comparison)

Sam Zeller, BNL seminar, 06/18/09

VP 2 utn

* MiniBooNE switched to
v running in 2006

« 27,000 events (more coming)

* parameters from v, fit

also seem to successfully
describe MiniBooNE v,

(nice initial verification of v mode results)

38
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» Los Alamos

QE Shape Fits - K2K SciFi (10, Q2>0.2)

Phys. Rev. D74, 052002 (2006)
M,=1.20 £ 0.12 GeV

« K2K SciBar (2C, Q2>0.2)

* current situation with AIP Conf. Proc. 967, 117 (2007)
modern QE measurements M,=1.14 £ 0.11 GeV
» consistently measuring a y Mi"i_BOONtE (2C, Q2>0)
. . paper in preparation
higher M, from shape fits M,=1.35 = 0.17 GeV/

« MINOS (Fe, Q2>0.3)

Nulnt09, preliminary

M,=1.26 = 0.17 GeV

Sam Zeller, BNL seminar, 06/18/09 39
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QE Shape Fits - K2K SciFi (°0, Q20.2)

Phys. Rev. D74, 052002 (2006)

o M,=1.20 + 0.12 GeV
Argonne (1969) . -
I
Argonne (1973) X ! « K2K SciBar ('2C, Q2>0.2)
i;i:n‘;:;’?) . | | AIP Conf. Proc. 967, 117 (2007)
BNL (1980) . | N
BNL (1981) . I  MiniBooNE ('2C, Q2>0)
Argonne (1982) = : paper in preparation
Fermilab (1983) . l M,=1.35 = 0.17 GeV
BNL (1986) N :
::t ‘::g;’ | . « MINOS (Fe, Q2>0.3)
( ) : Nulnt09, preliminary
Average B &
o W B M,=1.26 = 0.17 GeV
085 085 105 115 125
M, [GeV]

past world average:
M, =1.03 = 0.02 GeV

Sam Zeller, BNL seminar, 06/18/09 40




QE Shape Fits

I
Argonne (1969) . |
Argonne (1973) . :
CERN (1977) o« |
Argonne (1977) . |
CERN (1979) . :
BNL (1980) . I
BNL (1981) . I
Argonne (1982) e | :
Fermilab (1983) of |
BNL (1986) . I
BNL (1987) .«
BNL (1990) | o |
Average I : :

105 1.15

M, [GeV]

085 0.95

1

1

1
1.25

past world average:
M, =1.03 = 0.02 GeV

Sam Zeller, BNL seminar, 06/18/09

)
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« K2K SciFi (%0, Q2>0.2)
Phys. Rev. D74, 052002 (2006)

M,=1.20 + 0.12 GeV

« K2K SciBar (2C, Q2>0.2)
AIP Conf. Proc. 967, 117 (2007)

M,=1.14 £ 0.11 GeV
 MiniBooNE ('2C, Q2>0)

paper in preparation

M,=1.35 = 0.17 GeV
« MINOS (Fe, Q2>0.3)

Nulnt09, preliminary

M,=1.26 = 0.17 GeV

« NOMAD (2C, Q2>0)
arXiv:0812.4543 [hep-ex]

M,=1.07 + 0.07 GeV.

os Alamos

41
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» Los Alamos

QE o Normalization

(T. Katori)
-39
, x10
“’E 16 —— RFG with M,=1.35 GeV
o 14: {, —— RFG with M,=1.03 GeV
Y 12 | —
10;— b ¥— | FF =1 T
6 MiniBooNE with total error
4 = * NOMAD with total error (arXiv:0812.4543)
2 == SciBooNE with preliminary errors
0 = Lol . N S S S S
-1 RFG
10 1 10 E’™ (GeV)

* MiniBooNE 1stmeas on nuclear target at low energy (E, < 2 GeV)
In agreement with preliminary SciBooNE measurement (Nulnt09)

» ~30% higher than NOMAD?! all three on 2C |

Sam Zeller, BNL seminar, 06/18/09 42
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QE o Normalization

(T. Katori)

p( x10-39
“’E 16 —— RFG with M,=1.35 GeV
o 14: H, ‘ —— RFG with M,=1.03 GeV
~ 12 e
b 10 E_ - ' — B o 5 J
6 — MiniBooNE wily total error
4 — * NOMAD with tot] error (arXiv:0812.4543)
2 - SciBooNE with pr{liminary errors
0 — " \ I
- RF
10 1 10\ EI"°(Gev)
consistent story consistent story
QE shape + normalization QE shape + normalization
M,MB = 1.35 GeV ! M,NOMAD = 1 07 GeV

* leaves one in a dilemma if want to predict how many QE events you expect
Sam Zeller, BNL seminar, 06/18/09 43
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—— RFG with M,=1.35 GeV
—  RFG with M,=1.03 GeV
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there is more to come on this!




» Los Alamos

'
w
o

—— RFG with M,=1.35 GeV
—  RFG with M,=1.03 GeV
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QE Scattering at MiniBooNE
Lo (T. Katori) NG "

— I

dT dcos6 "] e MiniBooNE data (5N,=10.8%) W

N~ P

* to make this data useful to people outside MiniBooNE ...

* measured double differential o from this data
* provided most complete information on v QE scattering to date

Sam Zeller, BNL seminar, 06/18/09 46
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QE Scattering at MiniBooNE

Y W™
d?%o (T. Katori) ] \/
dTMdCOSB :I\T/;nlBooNEdata(ﬁNflO.S%) +
0_25_:)< | [ MiniBooNE data with shape erro W
0.15—; — e
0.1
0.05 0‘
A\
gre™ ot
3 X ("\eas (0S° S
cos, "4, S g\ O ettt
\e o cav o)
oV Qe SV e
AOV” e©
W e Wi ®
e to make this data useful tc S .uB00NE ...
 measured double differentiz . IS data

* provided most complete information on v QE scattering to date

Sam Zeller, BNL seminar, 06/18/09
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G.P. Zelle_r
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Los Alamos

Q

Single T Production

X Up in energy and survey the situation there ...

* NC n® production

G.P. Zeller

J'CO
n,p

* CC t* production

'v-u \/ M_
W+ ot
n,p/“<n,p / 0 & ' 10 | ;m?/(‘ "
* have both NC and CC counterpart

« each important for different reasons
Sam Zeller, BNL seminar, 06/18/09 49
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NC n° Production

0 — Yy

Why important? NP T~ np

« important for neutrino oscillation experiments

- important background for experiments looking for v, — v, 645
(final state can mimic a v, interaction, nd — Y ’}5{)

n® can look
like a single e-

Sam Zeller, BNL seminar, 06/18/09 50
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NC n° Production

Why important? NP np

* important for neutrino oscillation experiments

- important background for experiments looking for v, — v, 645
(final state can mimic a v, interaction, nd — Y }}Q

* interesting on their own

- very little historical data (100’s of events), so not well constrained
- interest in «i° prod on nuclei (n° can rescatter in nucleus, alters kinematics)

Sam Zeller, BNL seminar, 06/18/09 51




NC Resonant Single Pion Production
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. m E.A. Howker Gargamelle re—analysis

Krenz, Nuc. Phys. B135, 45 (1978), CsHa+CF,Br

25% uncertainty
NUANCE prediction

PR T ST TR ST T N S S S

5 6
E, (GeV)

n,p

* historically, onl
existing measu
of v, NC =° prox

» together < 500

(this o tells you ho
n® background

» Los Alamos
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Existing Measurements

« this is the data that defines that o Vu Vi
L— 0 —> VY
Jl M T~
« 240 events
« GGM, propane-freon
I Krenz et al., Nucl. Phys. B135, 45 (1978)

1 - this is what oscillation exps
L ﬂ initially knew about their
S Wl Vol B = Tl NC = backgrounds going in
M,, (GeV) (including MiniBooNE)
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NC n® at MiniBooNE

* one of benefits of large open volume Cerenkov detector (4x) is excellent
i’ containment; world’s largest sample of v, NC n° events

—
o))
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Events/(5 Mev/cz)l
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Sam Zeller, BNL seminar, 06/18/09
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21,542 v, NC n? events
(73% purity, 36% ¢)

« 2,305 v_uNC 70 events
(58% purity, 36% ¢)

* this data crucial for our
vV, appearance search
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NC =¥ at MiniBooNE

NC Resonant Single Pion Production

—~ 0.25

o™~

&

© 0.225

2 m E.A. Howker Gargamelle re—analysis

O an Krenz, Nuc. Phys. B135, 45 (19 8) CsHa+CF,Br
~ 0.2

* however, not just an issue
of adding another data point
to this plot

» from MB experience, this
was not good enough ...

AT +irndy
- 257% uncertainty

0.025 / —  NUANCE prediction L don,t Want tO have tO tFUSt
0 , : I
TN TS B e | yeur MC to get the rest right

Sam Zeller, BNL seminar, 06/18/09 55




A

—
» Los Alamos

NC n® at MiniBooNE

« example of why one needs to precisely measure NC x®
production kinematics ... non-trivial nuclear effects

do/dp,, [10°8 cm?/GeV]

2

1.5

05

" wloFSI ----
wFSI —

\ MiniBooNE flux

\ NC, '2c, «°

v~
______

0.2

0.4 0.6 0.8
P [GeV]

Sam Zeller, BNL seminar, 06/18/09

(T. Leitner, integrated over MiniBooNE flux)

S
(@ @24q)
N &‘,0’30\\
\®0®e ™ 1

* intra-nuclear rescattering
effects (FSI) are strong
function of x momentum

* plus want to be able to
constrain xi® bkgs in E,
56
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NC n® at MiniBooNE

« example of one of our data-based constraints on nt® production

0)
% 1400 +++ _________ initial MC
S £ (NUANCE)
1200 1 % .
N . after tuning
#1000 P
: L
7 800 +’;
600 | # i,
: £
400 | ¢ .
* Y
200 | o
N i
0 0.5 1 1.5
0
p(°) GeV/c

(shape comparison)

Sam Zeller, BNL seminar, 06/18/09

Aguilar-Arevalo et al., PLB 664, 41 (2008)

« observed m® momentum
spectrum softer than the
prediction (similar effect seen in K2K)

* intra-nuclear rescattering
can give effects like this
- model isn’t perfect

- probably underestimating
these rescattering effects
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of one of our data-based ~onstrainte on n®

initial MC
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after tuning
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(C. Anderson)

NC =¥ at MiniBooNE
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* differential cross sections
in both 7% mom and angle

« first data in this energy
range for both vand v

- on carbon

 hopefully useful to others
wanting to check their
background estimates
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* differential cr~

dajdp,: (107 em?S°¥) fnucieon)
dajdeosds (10 em?/1/nucleon)

o
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NC v Production

l‘v .
* not only have A+0 — Ngx® b s e {

but also A" — Ny

« small branching fraction (0.56%)

» put particularly ominous background P
(looks like v, QE, v.n — ep)

* process was completely

absent in MC generators

* MiniBooNE: firm prediction
for A—=Ny based on A—Nmn?’

Sam Zeller, BNL seminar, 06/18/09 61
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NC v Production

IV .
* not only have A+0 — Ngx® b s e {

but also A" — Ny

» small branching fraction (0.56%)

» put particularly ominous background P
(looks like v, QE, v.n — ep)

v mode 6.6e20 POT

* may be other sources of single

y production in v interactions?

Hill, arXiv:0905.0291
Jenkins & Goldman, arXiv:0906.0984

Events / MeV
e
T

* need to be aware of this as a

potential bkg to v, searches b ‘ .
(guidance from T2K, MiniBooNE v ) ECE (GeV)

Sam Zeller, BNL seminar, 06/18/09

PRL 102, 101802 (2009)
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V., S ,
* not only have A+0 — Ngx® Wosg Y d
but also A% — Ny Z°
] b
 small branching fraction \ 75%) —
* but particularly ominous bac. future experiments p
vV, appearance
* may be other sources of s need to measure 3
y production in v interac* both NC = and NC y S
Hill, arXiv:0905.0291 S
Jenkins & Goldman, arXiv:0906.09¢ A -
o —
! N
* need to be aware of this as a ( % e
5 ﬁ—_‘_\_'_‘_‘_‘—-—. e ——
pOtentlaI bkg to Ve searches ;'q‘=‘;f4‘ 06 08 1 12 1415 3 g
(guidance from T2K, MiniBooNE v ) EC (GeV)

(0))
w

Sam Zeller, BNL seminar, 06/18/09
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* important for v, disappearance

- at these energies, & re-interaction o
IS large (30-40% of «’s absorbed)

- these events mis-reconstruct
at low E in the oscillation dip!

Sam Zeller, BNL seminar, 06/18/09

(=) TITT T T[T [T [T [IT T [TTIT T T TrTT

(C. Walter, NulntQ7)
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* important for v, disappearance

- at these energies, & re-interaction o
IS large (30-40% of «’s absorbed)

- these events mis-reconstruct
at low E in the oscillation dip!

- future osc exps must know CC =*/QE
ratio to a few % to measure Am2,,, 6,,
(5-10% is quoted goal for T2K)

Sam Zeller, BNL seminar, 06/18/09

(C. Walter, NulntQ7)
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CC n*/QE o ratio

n,p = MiniBooNE
, e K2K (SciBar)
« ANL

know CC n*/QE N

pins of energy

been state of the art

ys. Rev. D25, 1161 (1982), D,
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CC n*/QE o ratio

n  MiniBooNE
e K2K (SciBar)
» ANL

~
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ev. D78, 032003 (2008), 2C

Cross Secti
o
Iml 1

o
[=)]
TTTT

o 9O
5
TTTTT




A
A,
» Los Alamos

CC ¥ at MiniBooNE

Yus Y (S. Linden)

W+ CC n*/QE o ratio

N
N

J.C+
n,p__’_,-—< n,p 2‘ = MiniBooNE
e K2K (SciBar)
1.8/ AN
.21.61
* paper submitted last month S1a0 [
MiniBooNE: arxiv:0904.3159, 2Cc |23 ]
a 1 A [T
0.8/ e
= f 7w | |
3 0L
« extended energy reach 2‘2‘ i
* increased precision of ., il TTEY |

(11% measurement at 800 MeV) v e 2 2'2,(Gevs)

Sam Zeller, BNL seminar, 06/18/09 69
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CC n*/QE o ratio

= MiniBooNE
e K2K (SciBar)
x ANL

I ISOSCALAR TARGET CORRECTED

1.5 2

25 S
E, (GeV)
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T. Kitagaki et al., -
[ PRD 34, 2554 (1986) |
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10 20
QAGeV?)

bble chamber

» Los Alamos
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CC xt* Production

then: NOW:
150 - . F—
- T. Kitagaki et al., ! 9000 CCpip |
«  [[ PRD 34,2554 (1986) 8000 C ~ data
@ / 7000 - le
G 100H _
Lo i 6000} |
S | 5000 !
z | wot T
w o0+ 3000 |— -
> L g .
L 2000 .
‘ 1000 |- -;i'\-__»
R o v V-V of ‘ ' = —— —
O R WU P—— 0 0.2 0.4 0.6 0.8 1 1.2
@) 10 20 30
' 2 2
QAGeVd Q? (GeV?)
* MiniBooNE
« BNL, 7ft bubble chamber !

* 48,000 events, CH,
* Rein-Sehgal model with M,=1.1 GeV
* revealing form factor deficiencies

(larger than what see in QE)
Sam Zeller, BNL seminar, 06/18/09 72

* 1803 events, D,
 Adler model with M,=1.28 GeV
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CC ¥ at MiniBooNE

* have gone a step further with this
(wouldn’t it be nice to reconstruct the *?)

e

‘/’// . ,@ . '\'\:‘;
(@ @ @)
|

» developed a new u + xt* fitter (exploit fact that «’s undergo hadronic ints)

e with kinked track fitter,
e D @ correctly identify u, t*

ntt track

88% of the time

& * first time has been done
in a C detector

Sam Zeller, BNL seminar, 06/18/09 73
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CC ¥ at MiniBooNE

(M. Wilking)
I T
0.8:— i 3!0
@lﬁ 0.6} --_— =
N g _
S = E |z
| ozi =-_. :i —10.06% :u:f:
* measuring nuclear o = ] =
- _— d1 —10.04
effects (not correcting this out) 0.4 = =
0.6 = 1002
T 08 = CH:2 Target —
o O g 50 100 150 200 350 300 350 400 °
( Q--‘\*‘ KE, (MeV)

v—»> éo’a: e
Q‘_’_' nt

* measured 8 different cross sections:
o(E,), do/dQ?, d?c/dT d6,,, do/dT , do/d6,
do/dT,, do/d6_, d20/dT_d6_

Sam Zeller, BNL seminar, 06/18/09 74




CC ¥ at MiniBooNE

* measuring nuclear
effects (not correcting this out)

B

.
o
o
e .
- - o
. .
.
. \
.

/ b
« @ _\
/ ¢ \

v—»> éo’a: e
Q‘_’_' nt

Sam Zeller, BNL seminar, 06/18/09
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(M. Wilking)

N

d(KE )a(cos(t

" l A - ol A "
150 200 250 00

KE. (MeV)

o s0 100

N
o'
= ]
(@]
®
—
Ly
o
S

" l A - l
350 400

* measured 8 different cross sections:
o(E,), do/dQ?, d?c/dT d6,,, do/dT , do/d6,

do/dT., do/de_, d20/dT.d6_
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" @ CERN-WA25, Allasia, Nucl. Phys. B343, 285 (1990), D,I
4 ANL, Borish, Phys. Rev. D19, 2521 (1979), H,, D,
| ¥ ANL, Radecky, Phys. Rev. D25, 1161 (1982), H,, D,

- 0 BNL, Kitegeki, Phys. Rev. D34, 2554 (1986), D,
— O SKAT, Grabosch, Z. Phys. C41, 527 (1989), CF,B8r

[ NUANCE v2 (M,=1.0 GeV)

 can also prod
in CC v interac

e this is what we

" known on this
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CC n® at MiniBooNE

» also working on a 3-ring fitter v
to reconstruct CC =0 events H

x10"* W
“‘2 l4:"'I""I"''l""l'I'_"l'_"'l""— ,,.--—"""'TCO—)
E 4 ++ preliminary ; n—_,
5 Absolute norm .
E l.2j + — data (stat errors) ~
§ L b Twame .
a f + t”uciear;;wf‘f@ 11 +9,000 events in MiniBooNE
i ank n® (29% J . . -
g 08 o(ew 1| *62% purity with basic cuts
g [
® 0.6 . ]
0 measurements in this
04 .
sample coming soon!
0.2
G T3 5o w0 | really trying o get the most
m,, (MeV/c?) out of our data
(B. Nelson)

Sam Zeller, BNL seminar, 06/18/09 77




e /\

I|OS

# events purity MiniBooNE o results
CC n*/QE ratio 193,000 QE  |83% (72%) |observed ratio in E, (& FSl-corr)
S ClIEEGEANIEL, 46,000 CC nt*| 92% (87%) | Q2 studies in CC n* sample
v, CCQE 146,000 716% d2o0/dT db,
(T. Katori) do/dQ?, o(E,)
v, NC EL 94,000 65% do/dQ2
(D. Perevalov) (80% w/ Irreducibles)
+ do/dT, , do/d6 , d?2c/dT. do
v, CCm 48,000 90% do/dT., do/de., d2o/dT d6..
(M. Wilking) do/dQE. ofE.)
v, NC 0 21,000 73% do/dp,
— do/d6
v. NC =® 2,000 58% i
(CM_ Anderson) (vonly) total observed NC 1a° o
v, CC 0 9,000 62% kinematic comparisons
(B. Nelson)
TM CCQE 27,000 54% kinematic comparisons
(J. Grange) ( v-only)

Sam Zeller, BNL seminar, 06/18/09
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# events purity MiniBooNE o results
CC n*/QE ratio 193,000 QE  |83% (72%) |observed ratio in E, (& FSl-corr)
S ClIEEGEANIEL, 46,000 CC nt*| 92% (87%) | Q2 studies in CC n* samr'
v, CCQE 146,000 76% d2o/dT ~~ 68 ot
) 3e
(T. Katori) do/dQ AN
e - 2@
v, NC EL 94,000 65% do/dQ? mo( 55°)
c
(D. Perevalov) (80% w/ Irreducibles) o ma‘\\J
+ dO/dT , do/ .. gy , d20/dT d@
v, COm 48,000 90% doldT., do/de., d2o/dT .d6.
(M. Wilking) do/dGE. ofE.)
A - ,‘.\(S\s\
v, NC & 21,000 73% do/dp, (’(\a(\\J
V. NC x¢ 2,000 58% A07d0, ;
_ otal observed NC 1x° o
(C. Anderson) ( v-only®
g
v, CC a 9,000 62% Pers o ~warisons
(B. Nelson) ’77/'/79 S
— O
v, CCQE 27,000 54% kinematic comparl'c,\,.ol7
(J. Grange) ( v-only)

Sam Zeller, BNL seminar, 06/18/09
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Outlook

e situation is improving (new data is helping), but there is more to do!

* add’l o, meas from other experiments on the horizon ...

* MINERYVA (higher E, coming soon) dedicated

* SciBOONE (lower E, data now) o, experiments
(fine-grained detectors)

* MINOS (higher E, data now) S
* T2K ND280 (lower E, coming soon) [ detectors

* there is certainly more to come on this!

Sam Zeller, BNL seminar, 06/18/09
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Conclusions

» collection of existing measurements of low energy v o’s
IS quite sparse, especially on nuclear targets

- precise measurements crucial for v oscillation experiments
* modern experiments have started going back to look at this
v scattering physics decades later
- there are still things we don’t understand |

* very active field of investigation at MiniBooNE (>900,000 events)
- measurements of use to outside community
- QE, NC =0, CC #*0
- hopefully showed you different side to familiar experiment

* look forward to future results (SciBooNE & MINERVA)
* increasingly relevant for future osc exps (T2K, NOvA, DUSEL, ...)

Sam Zeller, BNL seminar, 06/18/09 81
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QE Scattering at MiniBooNE

 one of the advantages of having high stats (146k) is can
check in 2D (1sttime in history have looked at 2D distributions!)

past world-avg M, & Fermi Gas model:

.1.2

—1.15

before) 1, | «—— ratio of data/MC
'f__. M=103Gev | ke in muon kinematics

2Idf =78/53 (1%) [N (remember T, 6, — E))

M 02 04 06 08 1 12 14 16 18 2
T, (GeV)

Sam Zeller, BNL seminar, 06/18/09 83
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QE Scattering at MiniBooNE

 one of the advantages of having high stats (146k) is can
check in 2D (1sttime in history have looked at 2D distributions!)

past world-avg M, & Fermi Gas model:  after MiniBooNE fit in Q2 (2 pars):

cos0,

.1.2

—1.15

11

(before) N
M,=1.03 GeV | iy oWt M,=1.35GeV, i

e o 1 - x=1.007
x2/df =78/53 (1%) | o TR

1.2 14 16 1.8 2 0.2 04 06 038 1 12 14 16 18 2
T, (GeV) T, (GeV)

"0 02 04 06 08

1

» stunning agreement across entire phase space!

Sam Zeller, BNL seminar, 06/18/09 84
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QE Scattering at MiniBooNE

 one of the advantages of having high stats (146k) is can
check in 2D (1sttime'in history have looked at 2D distributions!)

after MiniBooNE fit in Q2 (2 pars):

important for
MiniBooNE T
oscillation analyses T o

.1.2

—1.15

11

M,=1.35 GeV, | g

B x=1.007
QE is signal channel W ot =a5/53 (77%) [P

SO Want to measure as o 02 04 06 08 1 12 14 16 18 2
accurately as we can T, GeV)

* stunning agreement across entire phase space!

Sam Zeller, BNL seminar, 06/18/09 85




