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RESULTS FROM HARP 
AND T HEIR IM PLICATIONS FOR NEUTRINO PHYSICS 

BORIS A. POPOY 
D:hel.epou Laboratory of Nuclear Proble1118, JJNR, Jotiot,<Jurie 6, !.f-19SIJ, Dubna 

(on behalf of tbt! HARP ColL'lhor:.Uou) 

Recent. m.\llU rrmn t he HARP cxpcrin:1mt. on the n:1Clll.IUf C n:1tt1WS ol ' be doubbdifferental 
production c~tiof1 of pio:>n' in proton intcrMtiof1ll wi$h bcryl!ium, citbon :.nd b nblum 
targ:U :.re p~1ted. T beJC mi.Ju ;11rc rc lcv..n$ Mr .:i dcb.ilM under.star.ding or ncmrino 
Bux in ;ll((dCDitor neutrino experiment$ "flniB~NEJSciBooNB, (,eo :. better prM ict.ion or 
» n:1aspberic iicutrino Ruxos ;!ti v.·cll ;11.s r,,,.. ;iu1 opt bnill:iition of .a fitt.urc iicutthio hctory d~ign. 

1 T·ho HAR.P cxpe1·in1ent 

T he HARP e xperin 1ent. 1•2 at. Lhe CER N PS \\'BS designed to make measurements of hadron 
yields from a large range of nucla&r targets And for incident. particle momenta from l .~ Ge\ 1 /c 
to 15 Ge\1 /c. T he main moLi\·ations am t.he maasuretnent. of pion yields for a quant.ita.Li\'6 d esign 
of t.he proton d ri\·er of a future neulrino factory, a substanlial impro••ement. in the calculation 
of the a.tma;pheric neulrino flux and the measuren1ent. of particle yields as input. for Lhe flux 
calwl.alion of acoo!era.tor neulrino e.-.:periments, such as K2K3•4, t\ liniBooNE?i and SciBooNE6. 

The H;-\ R.P e-xperirnent. makes use of a larg~acceptanoo speclrometer con.sis-Ling of a for 1Aw d 
and large-angle deledion S}'Stem. ;-\ detailed description of the e.-.:perimental apparatus can be 
found in Ref. 2 . T he for lA'ard spectrometer - based on luge area d rift. chambers 1 and a. 
d ipole magnet. complen1ented by a sat of detectors for particle identificalion (Pl:O): A Lirne-of
flight IA'ail 8 (TOF\V), a large Cherenko\' deledor (CRE) and an eledromagnelic calorimeter -
CO\'ers polar angles up to 250 mrad .,.,rhich is 1A•ell malched to the angular range of interest for t.he 
maasumrne:nt. of hadron production to calwl.at.e the properties of COU\'entional neutrino beams. 
T he large-angle spectrometer - based on A Time Project.ion Charnber (TPC) located inside a. 
solenoidal magnet. - has A large a.a:ept.anoo in the morne-nlurn and angular range for the pions 
rele\·ant to Lhe production of the muons in a neutrino factory. It CO\'erS Lhe large majorif?r· of 
the pions accepted in Lhe focusing system of A typical design. The neulrino be-arn of a neulrino 
factory originat.e-s frorn Lhe decay of rnuons 1A•hich am in turn the decay products of pions. 
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2 R.esult s obtained \vith tho HARP for\\'Urd spectro1neter 

The first. H;-\ RP physics publication 9 reported rneasurernents of t.he .,..+ production cros<rsect.ion 
from an aluminum target. at 12.9 Ge\1/c proton mornent.urn. T his corresponds lo the energies 
of t.he KEK PS and t.he target. rn.a.terial used by t.he K2.K experirnent.. The results obtained 
in Ref. 9 .,.,rere subsequently applied lo the final neutrino oocill.a.tion analysis of K2K .t, al!O\\•ing 
a significant. reduct.ion of the dominant systematic error ~ciat.ed "'' ith the calculaLion of t.he 
~called Lv-t~near ratio (see g and .t for a det.ailed discussion) and t.hus an increased K2K 
sensit.i\·i t.y to theoscillaLion signal. 

A detailed description of est.ablished experimental techniques for the data an.al}sis in t.he 
HARP for .,.wd speclrometer can be found in Ref. !l,IO. Our ne.-.:t. goal is to conlribu t.e to the 
underst.anding of the f\.liniBooNE and SciBooNE neutrino fttL-.:es. T hey am both produced by 
the Booster Neutrino Beam al Fermilab .,.,tJiicl1 original.es from protons acce!erat.ed to 8.9 Ge\1 /c 
by Lhe booster before being collided against. a beryllium target .. As \\'&S the case for the K2K 
bearn, a fundarnent.al input. for the calculaLion of the result.ing vµ fflL-.: is the n1easurement of the 
.,..+ crass-sections from a t.hin r.% nuclear interaction length (A1) beryllium target. at 8.9 GeV /c 
proton mornent.urn, .,.,tJiich is pmsant.ed here and in the forlhcoming H;-\RP publication 11 . 

\Vith respect. lo our first published physics paper9, a t1uniber of irnprO\'etl1enls lo the anal
ysis techniques and detect.or sirnulation ha\'e been rn.ade. The most. import.ant irnprO\'en1ents 
inLroduced in this analysis cornp.ved "'' ith the one pmsanloed in R.ef. 9 are: 

• An increase of the track reconstruct.ion efficiency .,.,tf-tid-t is no\\' constant. o\·er a much larger 
kinematic range and a better moment.urn resolution corning from in1prO\'efllents in t.he 
tracking algorithn1; 

• Better understanding of the mon1entum scale and resolution of t.he deledor, based on 
data, "''hich .,.u then used lo tune t.he simulation. This results in smaller systematic 
errors associated .... ~th the unsmearing corrections determined from f\fonle Carlo; 

• Ne"'' particle identification hit selection algorithms both in the TOF\V and in the CKE 
resulting in much reduced background and negligible efficiency lasses; 

• Significant increases in ti. lont.e Carlo production ha\·ealso reduced uncertainties from ti. lont.e 
Carlo statistics and allo"'-ed st.lKiies "''hich ha\'e reduced certain systematics. 

It is important. to point. out. that an analysis incorporating t.hese imprO\'ernents yields results b 
the aluminum data fully consislent .,.,tjth those published in R.ef. 9. 

The absolut.ely normalized double-differential cros:crsection for the process p + Be- ;r +- + X 
can bee.-.:pressed in bins of pion kinernatic \·ariahles in the laboratory frame, (p.K,Oir), as 

Jla"' ,_ q) A I I ¥"'- " ) -'-..10 V'K• lf = -.. --. • A AO •-.,--• J V'K:U•;t t 

"""'"" Jy ;-\Pt upUJ~ Jypot 
(!) 

"''here: 

• ~is the cros:irsection in cm2 /(Ge \ I /c)/srM for each (P·K: Dir) bin CO\'emd in the analysis . 

• ~ is t.he reciprocal of the number density of target. nuclei for Be (1.2349 . 1023 per cm3). 

• t is the thickness of t.he bet')·lliwn target along the beam d irect.ion. The thicknes<:1 is 
n1easured to be 2.046 cm \\•it.h a trlA.-.:imum \Wiation of 0 .002 cm. 

• 8.pand 8..fl am t.he bin sizes in n1oment.um and solid angle, respecti\'ely.4 

"t::.p = Pm- - P-.. ; an = 2if(c:m(BM'ttt) - c:m(S.......)) 
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T .:d>lc 1: Tobi numba- or c:venu in the 8.9 CcV /c bcrylli1.nn !>% ..\1 brgd- »id empty target data~. ~nd the 
number or proton• 0111 targ:t. ~11 cak ,Jatcd fro m t he pr~bl $t iggcr count. 

Data Set 8 .9 G e\ ' /c B e 5% A1 8 .9 G e\ ' /c E1upty Target 
protons on target. 13,074,880 1,990,400 
total e \·ents processed 4,682,911 413,0!X> 
e \·ents .,.,rith aa:epled beam proton 2,277,6&7 200,310 
bearn proton e \'enls .,.,.; th FTP trigger 1,~18,683 91,600 
total good tracks in fiducial \'Olun1e 9':.,S!l7 3,110 

• JVpot. is the number of protons on target. after e\'ent selection cuts. 

• JV1t+('Prf,B'lf) is the yield of positi\·e pions in b ins of true n1omentum and angle in the 
laboratory frarne. 

Eq. 1 can be generali1..ed to gi\·e the inclusi\·e cro~sed:ion (or a particle of t.ype <x 

(2) 

°"'here reconst ructed quantities are marked 'A•ith A prime and J\f ¢~ 'l'a' is the in\·erse of a rnatrix 
°"'hich fully describes the niigrations bet'A'eell bins of true and mc%nsLructed quantities, namely: 
lab frame rnomentum, p , lab frame angle, 0, and particle type, o . 

T here is a background ~a.led 'A•ith bearn protons interacting in mat.erials oLher than 
t he nuclear target (parts of the delector, air , ete.) . These e\·ents are subtracted by using data 
collecled 'Atithout. the nuclear t.arget in place 'A'here one has been careful to norrn.alize the sets 
t o the same nwnber of protons on target. T his procedure is re!Srred to as the ~empt.y target 
subtraction': 

(3) 

T he e \'ent selection is performed in the follo.,.,>ing 'A'B.y: a good e\'ent is required to h.a\'6 

a single, .,.,,ell reconstructed and identified beam particle impinging on the nucloot target. ;-\ 
do'A1nsLmam trigger in the b-'Arartl Lrig;ger plane (FTP) is also required to record Lhe e \'enl., 
neceso;itating an additional set. of unbiased, p~scaled triggers for ~lute normalization of 
t he cr08"i-l90Ction. These pre-scale triggers (1/64 for the 8.9 Ge\1 fc Be data set.) are subject. to 
e.-.:actly Lhe sarne selection cri t.eria for a ~good 1 beam particle as Lhe e\-ent. triggers allo'Aring the 
e fficiencies of the selection to cancel, thus adding no additional S)'Stematic uncertainty to Lhe 
absolute normalization of the result. Secondary track selection criteria h.a\'6 been optimized to 
e nsure the quality of t.he rnomenLum reconstruction as \\'ell as a cle&n tirn~ot=.fl ight. measurement. 
\\•hi!e maint.aining high reconstruction and particle identification efficiencies. The results of the 
e \·ent. and track selection in the beryllium thin target. data set. a re sho'A'tl in 'l'able 1. 

T he double-differential inelastic cross-section for the production of positi\·e pions from col
lisions of 8.9 Ge\1 fc protons 'A' ilh ber:rlliu rn ha\'e bean measured in t.he kinematic range frorn 
0 .7!. GeV /c $ Prf $ 6.!t Ge\1 fc and 0 .030 rad $ (J'lf $ 0.210 rad, subdi\·ided into 13 rnomentum 
and 6 angular bins. S)'StemaLic errors ha\'e bean estimated. A full (13 x 6)2 = 6048 element. 
co\·arianoo matri..-.: has been generated to describe the corml.ation among bins. T he dal.A am 
p resented graphically as a (unction of mornenturn in 30 rnrad bins in Fig . 1. Th characteri7..e the 
uncertainties on this n1easurement. \\'6 sho'A' t.he diagonal elements of the CO't'ariance matrix plot
ted on the data points in Fig. I . ;-\ f?r·pical total unoortaint.y of 9.8% on the double-differential 
croso;~tion \lt.lues and a 4.9% uncertainty on the tot.al integrated crosrsection are obtained. 
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• Pigurc l : HARP mca=F.l fe1r.cnl6 ol $be <btblc.diffcrtt1t ia l production CfQll.5.-.,.;ti()n of pOllit.ivc pion•, Jt o" jJpJfl, 
from 8.9 GcV / c protm1ll on!'.% ..\1 beryllium bl°£d' aJ.:. l\u1ct._,ii ol pion n:1()ir.cnt.um, p, in binll or pio:>n ;iiiiglc, I, 
h1 the ~ry fr:.n1c . T he error b.iim ' ho.-.•n include $bti$$kal crmr.s :md all (dAgoMI) ll)'$IC1n:ltic e rror•. T he 

dotted hitstogr.un• :show the &mford.-\V:.ng p.van1d t i.ll :Uion th.u bffi. fit• t.he HARP <lit;., , 

T.:d.lc 2 : &r.nford.-\V:.ng p-.r;Qr.d.et • ~nd crt<>r.1 obb ined by fitting t he dat:tl'd.. The crt<>r:J refer to t.be 68.?7% 
o:»nrd:nC'.c level for Jle'ICll pat:.mctcr.s (6 ,¥' = 8.18). 

\< . .... llQ.t 10.• .:...If l.tl'l ~t.I 1.1t; 

Sanb-d and \Vang 12 ha\'e de\·e!oped an e rnpirical parameLrizaLion b- describing the prcr 
duction croso;~Lions of mesons in prot.on-nucleus inlerACtions . T his panuneLrization has Lhe 
functional form: 

d"a(p+ A - ,.+ + X) if' p 
--"-'---,~~-'---"-(p, Q) = • •Pi•1 -"1-..--- -'llOi'P-c,Pl.-.m""" O)tp"(l - --), (4) 

dpd!! Pbci:.m Pb~m 

.,.there X denote:o any system of other particles in Lhe 6nal stale, Pbeiun is t.he proton baam 
momentum in GeV /c, pand 0 are the ;r+ mon1entum and angle in units of GeV /cand radians, 
respec:Li»e ly, d"a/(dpdr:?) is expressed in unils of mb/(GeV/c sr), on= 2" d(cm;O), and the 
p arameters CJ, ... , (lJ am obtained from fits to rneson production dal.a. 

The -:r+ production data mported here ha\'a been fi t.led to this e rnpirical formula (Eq. 4). 
In the x'1 rninimiza.tion, Lhe (ult error malri..-.: \\'&& used. T he best-fit \'Alues of the Sanfortl-\Vang 
p arameters a re mported in Table 2, together 'Atith their errors. 

The AliniBooNE neutrino beam is produced from the decay of 1f and K rnesons .,.,rhich are 
produced in collisions of 8.9 GeV /c protons frorn the Ferrnilab Booster on a 71 cm berylliurn 
target.. The neutrino fttL-.: prediction is generated using a fl. lonte Carlo simulation. l.n this 
simulat.ion the prirnary meson production rat.es a re taken from a 6 t. of existing data \\1th a 
Sanb-d-\Vang empir ical parametrization in the rele\·ant region. T he results pmsenl.ed hem, 
being for protons at exactly Lhe boosl.er beam energy, a re then a.critical addition to these global 
fits. 1be kinemat.ic region of the n1easurements pmsant.ed here contains ro.8% of the pions 
contribut.ing to Lhe neutrino flu.-.: in the f\-finiBooNE delect.or . 

. •\ similar a.nalysis has been perforn1ed using the RARP for\\wd spectromel.er for the rnoo.
suren1ent of the doubl~diffemnt.ial product.ion crosrsect.ion of -:r:I: in Lhe collision of 12 GeV /c 
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F igure 2: Meu1.1rcmw1'J of the <bthlc-<lilferwiia l produ<'. tiM1 <:t0$.!l4t'(;ti0ll=' of ;T + (open cir<'.k'll) :.nd ;T - (<'.laicd 
c ir<'.k'll) from l? CcV /<'. prototw on 53..\1 <'.Mbon t.:.tgd ;u ;ii fund.ion of p«i.1 mon1tt1$um, Pi if1 bitw or pion ~11g\e, 
8, in t he bbontory fr,.ir.c. The e rl\'>I' b.:.r' Jhcw.•n include: :st;.i.ti:ltk ;J error' and all (dAgon:J) ,y•t.cm:Uic crro,,. 

protons "'1th a Lhin .:.% A1 carbon target.. The results are sho\\'tl in Fig. 2. These measumments 
are important. for a precise calculation of Lhe atmospheric neulrino ft lL-.: and for a predic tion of 
the de \·etopment. of extended air sho\\'Urs. 

3 Results obtained \vith tho HARP la.-go-a nglo spoctrontoter 

Pirsl results on Lhe measumrnents of the double-differential cross-section b Lhe production 
of charged pions in prolon- tantalurn collisions mtitt.ed at large angles from the incorning bearn 
direction ha.\·e been obtained recently 13. The pious \\'Um produced by proton bearris in a mon1en
tum range from 3 Ge \' /c lo 12 GeV /c hitting a tantalum t.arget. \\•ith a thickness of~% A1. T he 
angular and momentum range CO\'Umd h)· the a.-.:periment. (JOO 'Ate \ ' /c $ p < mo 'AfeV /c and 
0.3.5 rad :S Q < 2. 1~ rad) is of particular importance for the design of a neulrino factory. Track 
recognition, momentum determination and particle identification \\'ere all performed based on the 
measumrnents made \\1th Lhe TPC. Results for the doubl~diffemnlial cross-sections d 2a /dpdfl 
a.L four incident. proton beam mon1enta (3 GeV /c, ~ Ge\ f /c, 8 GeV /c and 12 Ge\' /c) a re shO\\•n 
in Fig . 3. 

Similar a.naly~ are being performed for the Be, C, Cu, Sn and Pb t.argets using the same 
d etect.or, "''hich \\•ill a lto\\' A study of A-dependence of the pion y ields \\1th a reduced systematic 
uncerta inly to be perforrned. 

4 Conclusions 

'Afeasurernents of Lhe doub~diffemnLial production cra;.,rsection of posiLi\·e pions in the collision 
of 8 .9 GeV /c protons "'1th a bet')·llium target h.a\·e been presented. T he data ha\·e ~reported 
in bins of pion mornenlurn and angle in the kinmmticrangefrom 0. 7!) GeV /c $ p f/; :S 6.5 Ge\' /c 
and 0.030 rad :S (/ff :S 0.210 rad. ;-\ systematic error anal)'Sis has been performed yielding an 
A't'~ point.-to-poinL error of 9.8% (statisLical + syst{l:mati~) and an o'turAll normalization error 
of 2%. The daLA ha \'e ~fitted to the mipirical p srameteriz.aLion of Sanford and \Vang and Lhe 
resulting p ara.rnet.ers pro\•ided. T hese production data h.a\·e direct m!e \'ftnoo for Lhe prediction 
of a vµ fttL-.: b f\liniBooNE and SciBooNE experiments. 

Preliminary results for the measurement of the double-differential production cross-section 
of 11':1: in Lhe collision of 12 Ge\1 /c protons "'' iLh a carbon target. h.a\·e been presented. 
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Figure 3: Oouh&o.-dilfcn:nt.bl c~tio'" for ;r+ (teri.) .:md -:T - (right) production in p--T.ll intcractio"' ;iw.:. 
rur.c$ion or m:>fr.cnl.um d i, pbyocl in dilfcrwi .:mgubr b in, (:ii.OY.'fl in mrad in the p:u1el•) . The reiultoll .arc given 
ror .all ii1cidct1i be.in n:1on1cnta ( lllkd tri:.nglctl: 3 GcV / c; opci1 1tAi1glC11: 5 GcV / c; filled mct.:.nglctl: 8 CeV / c; 

opci1 c in:IC11: 12 CeV / c). T he error b.i t• i.:.kc into :.ccount. the corrcbtion• or the '.'r"lttn:ltic unccrt.:.ir.tiel. 

FirsL results on Lhe producLion of pions at. large angles .,.tiLh respect lo the beam direction 
for protons of 3 Ge\! Jc, 5 Ge\! /c, 8 GeV /c and 12 Ge\' /c in1pinging on a Lhin t.ant.alwn t.argeL 
ha \'e been described. These data can be used to make predictions (or Lhe fflL-.:es of p ions to 
enable an opLirni7..ed design of a future neutrino fact.or:•ir. 
A ckno,vledg1nents 

lt is a pleasure lo thank Lhe organizers for the financial support .,.,tf-Uch alto.,.,,ed n1e lo particips.le 
in Lhe conference and lo present. these results on behalf of Lhe HARP Coll.abora.tion. 
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