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e study to incorporate accelerator hadron measurements
into atmospheric neutrino simulation (Honda flux)



atmospheric neutrino (atm. v)

primary cosmic-ray particles (p,He) hit to
alr atoms
— develop hadronic shower
— cascade : 1M -> Vy, U-> Vu Ve

atm. v’s

e £,: O(10) MeV — O(10) TeV
e flight length L : 10 — O(104) km

RS0y

fom SK web page |

— wide L/E

from HK design report

c0s0=-0.8 NH, sin0,,=0.6, sin’0,,=0.025, 5=40°

[\ ®atm. v flux possibly
| depends on &cp in E<1 GeV
| region

\ « for oscillation studly,
we have to know

L “non-oscillated” flux
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Honda flux code (ATMNC)

ATMNC: ATMospheric Muon Neutrino Calculation code

developed by M. Honda (U of Tokyo, ICRR)
[PRD 83, 123001(2011) and references in it]

 full MC simulation for air shower
— provides vy, Vy, Ve, Ve flux at a given detector position

e 3D simulation
 air density model NRLMSISE-00
- geomagnetic model IGRF

e precise primary particle flux based on AMS02 data
e has been used in SK atm. v analysis

— for analysis in HK, we want to improve its accuracy



uncertainty of atm. v flux

uncertainty of ATMNC flux hadron production
(except primary flux err ~5%)

[M. Honda et. al, PRD75, 043006(2007)) - hadronic cross-section
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— dominant!

Relative Uncertainty
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 Hadronic Model
e JAM (E<31GeV)
e dpmdet3 (otherwise )

E . (GeV)

¢ tuned by using atm. y data by Honda-san

5—» P "

had. int. I"

limitation of tuning
e low Ev (<1GeV): E deposit of e high Ev(>10 GeV): K contribution
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uncertainty of atm. v flux

uncertainty of ATMNC flux hadron production
t primary flux err ~5%) P

Honga et. al, PRD7S, 043006(2007)) —_~ hadronic cross-section

A

hadronic interactions in air shower
— dominant!

Relative Uncertainty

 Hadronic Model
e JAM (E<31GeV)
e dpmdet3 (otherwise )

n \'J

had. int. I"

limitation of tuning
e low Ev (<1GeV): E deposit of e high Ev(>10 GeV): K contribution
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activity of Nagoya ISEE CR group

_ . K. Sato (me) H. Menjo Y. ltow
studying to incorporate D N
hadron production data measured

in beam experiments into ATMNC

e several beam measurements are conducted/planned
(mainly for long-baseline v experiment)

HARP BNL E910, NA61/SHINE, EMPHATIC ...
— reflect these measurement results into ATMNC

Maybe the measurement data is insufficient but...

e can reduce uncertainty by combining the muon study
e can reveal which phase space is important for atm. v
production, and feed back to the beam experiment

e common treatment of sys. error between T2K-SK



method to incorporate beam data into ATMNC

What we want to do:
do

dpdS)
— apply the weight ( do )
data

e correct difference of between data and ATMNC

dpdQ

do
dpdS? MC

for each hadron interaction in ATMNC simulation

w =

> : hadron interaction with atmospheric atoms

Y X H Wi detector
P '%? .......... ‘g KWz N X U\‘



method to incorporate beam data into ATMNC

e.g.) p (31GeV) + Air - nmt+ X ( do )
. . . . dpdS)
differential cross-seciton of outgoing m* w=—— data
o
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Beam particle, outgoing particle

What kind of hadron interaction is involved in v production?

breakdown of hadron production
fraction to # of all hadron productions involved in atm. v production

incident particle outgoing particle from p+Air

fraction
fraction

II]]ZI]? p,n + Air -

10k > K0+ X
- p+X
1072 o | X... e, - nr X
- . L BA+X

“others + Air = X...

1073 el Lol TR B W
10—3 Lol | R B 10—1 1 10 102

107 1 10 10°

neutrino momentum py [GeV/c]

neutrino momentum py [GeV/c]

. . § e “p + Air - + X" is dominant
80% are "p + Alr = X * in<1GeV, p,n contribute.
* in>5GeV, K contributes

To explore sub-GeV v, we need beam data of
Pp+A—->2mE+X andp+A-2>2p+X



fraction

beam momentum
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= momentum of protons involved in v production

e for sub-GeV v, peaked at 10 GeV/c
— We need low energy beam data!
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available recent beam data p <= 31 GeV/c

Govi] 3 5 64 8 12 123 175 3

_________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
h '

orpe | HARP | HARP HARP | HARP
T+ + ’ + +
c HARP  HARP HARP | HARP  NA61
+ - + + TR, K:,p
. | HARP | HARP HARP | HARP | |

HARP : 3,5,8,12 GeV, p+ (Be,C,Al,Cu) = i+ + X
(Forward) Phys.Rev.C80, 035208 (2009)
(Large Angle) Eur. Phys. J. C 53, 177-204 (2008)

(Large Angle) Eur. Phys. J. C 54, 37-60 (2008)

. 6.4,12.3, 17.5 GeV, p+ (Be,Cu,Au) = m++ X
(Forward) Phys. Rev. C 77, 015209 (2008)
(Large Angle) Phys. Rev. C 65, 024904 (2002)

NA61/SHINE : 31 GeV,p+C = m,K,p + X

Eur. Phys. J. C 76, 84 (2016)
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theta[rad]

theta[rad]

HARP 3GeV

Beam data

———|[mb

P+Com+X g™
pBeam=3,A=12.0107

, 120 —

uuuuuu U

Mean ix 0.5357 +0.0003385 E

Mean y 0.587 +0.0005017 —

oo [F=100 @©
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....... c
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pOut[GeV]
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pBeam=12.3,A=9.01218
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do
dpdS)
180

[mb]

HARP detector

Drift Chambers

160
140
120
100
80

TPC and RPCs in}
60 solenoidal magnet

40 Dipole magnet y
e FTP and RPCs x\[/ ‘
20 T9 beam
~— _y
iy o
0

for forward
Acc : 0 ~ 0.25 rad

large-angle
Acc: 0.35 ~ 2.5 rad

HARP coverage in p-6 plane:

e forward:

p > 0.5 GeV/c, 6 <0.25 rad
* binning is rough

 large-angle: p < 0.8 GeV/c, 6 > 0.35rad
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m phase space (for 0.3 GeV vy

<pv>~ 031 Gev/c TS phase space of p+A—m=+X in air shower
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T phase space (for 0.69 GeV v,

0, [rad]

, | ] | ]
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m phase space (for 1.4 GeV v,

, | ] | ]
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ohase space (for 0.3 GeV v,

<pv>~ 0.31 GeV/c phase space of p+A—=p,n+X in air shower

p, ~0.308224
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*Both HARP and BNL data are monly = We need proton production datqé



coverage

How much the phase space is covered by beam data

for vy production

O

O]

§ | p +Air -
0

&

< - K+ X
Q.

5 > p+X
0

(@)]

©

o

>

o

©]

107 1 10 10

neutrino momentum py [GeV/c]

® For p+A—=T+X,
90% coverage for >1GeV v
< ~50% for 0.3 GeV v

small coverage in low E!

coverage of p+A—=m+X
(# of p+A—1+X covered by data)

(# of all p+A—=11+X)

for incident protons w/ high energy

o 31 GeV/C < pproton <1 TeV/C .
use NA61 31-GeV data with assuming
perfect Xr scaling

* Pproton > 1 TeV:
ignored ( coverage is calculated as 0)
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0, [rad]

2.2F

1.8F
1.6f
1.40
120

0.8t
0.6/1
0.4]
0.2F

parametenzatlon’?

.l;

7 0.12

0.08

0.06

Sanford & Wang (1967),
Mokhov (1998), Mariani (2011), BMPT(2001)

Badhwar (1977),

0.04

ref:

0.02

0.2 0.4 0.6

p /p

out = beam

e C. Mariani et al.,

« S.R. Blattnig et al.,
« M. Bonesini et al.,

PRD, 62, 094030 (2000)
Fur. Phys. J. C 20 (2001)
PRD, 84, 114021 (2011)

BMPT (2001) (M. Bonesini et al., Eur. Phys. J. C 20 (2001) )

dSO' —B
Ed— =A(l —xr)*(1 + Bzgr)xgy X
p
2
a a Y
1 el 2 —a/xRpT
1+ TP + QdepT]e

* see backup for definitions of
other parameterizations

Ecm
maX{ECM}

TR =

: radial scaling
assume that xg is
independent from Epeam
[F. E. Taylor et al.,

PRD 14, 1217 (1976)]

want to cover this region by parameterization!
e several candidates of parameterization
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fitting (forward and large-angle data)

test a simultaneous fit of forward and large-angle data
* use HARP p+C data « for each beam momentum

e= 3y (M)
d
Y; £4Y; . measured dp% Nj: normalization factor
= fixed to 1 for forward data
fi . parameterization

free for large-angle data

chi2 / NDF of BMPT fit

beam [GeV] 3 5 8 12
_________ chi2/NDF .~ 125/80 181 /97 ~ 3388/129 . 804/135
N1/No 2.05 1.7 1.6 1.6

e we need 1.6~2 normalization factors
absolute value is inconsistent between forward and large-angle data



theta[rad]

e.g.) BMPT fit result @ HARP-8GeV p+C—=m++X

measured data
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fitting (forward data only)

e use data whose beam momenta are close to each other

HARP p+(Be,C,Al) NA61 p+C
| chi2/NDF of p+A = m++ X
peamP[GeV]. 35 5648 812 123 12 31

.................................................................................................................................................................................................................................................

BMPT  114.268/91 490.398/265 820.649 /422 658.817 /327 972.313 /480

| chi2/NDF of p+A—=>m+ X
peamP[GeV]. 35 5648 812 12 175, 31

.................................................................................................................................................................................................................................................

BMPT | 40.8346/82 | 296.486 / 248 580.453/403 528.442/317 | 1470./513

o+A = K+ + X o+A = K-+ X o+A 2> p + X

beam P[GeV] 31 beam P[GeV] 31 beam P[GeV] 31

BMPT  815/88 BMPT 122/80 BMPT = 193/177
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weight tables

* make weight tables for 27 momenta of incident particles
« every 0.5 GeV/c for 3 = pin= 10 GeV/c
e +pn=11,12,14,16 17.5, 20, 25, 31.6, 50, 100, 300 GeV/c
do

@ 3GeV
dpds2 ATMNG weight table
HARP 3-5 GeV fit result (ratio: data-fit / ATMNC)

e.g.) p=3GeV

6 outm",pin::; 0U1I*,pin=3
© 0.6 o) 0.6 ! ' Entries 4774617 outzr*,p, =3
— B © B Meanx  0.7654 it 0.004929 14 0.6p 2.5
o 140~ | meany 050 - oouzase |140 -
(0] 0.5 -og Sid Dev x 0.3605 i+ 0.003485 B
:E C 120 .GC) Std Dev y 0.1638 i+ 0.001583 120 O P
B preer r
- [ e :
C B 1.5
0.3+ . I -
r " — 0.3 r
- 40 - i -
0. - : 0 ] 0.5
R | 20 0.1 |
Qi —— i —— -
’ 1 / : ° 3 ’ % 4 23 0
PoulGeV] P_[GeV]

covered region
by HARP 3 GeV/c forward data
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modification from original

calculate flux by using only regions which covered by weight

tables ratio (red / black - 1)

(\E 4 0.2
= w/o weight : ‘
- 10 - 0.15F
@ w/weight g ”
= 0.1F “
8 | | |
. gassssssils 0.05[ {
cEIJ 1025_ . oeeett? '."'6, - i
X 1 :,=" 'y oF ||
X K -
oF of
~0.15F
\ L rnnn __: L1 ol vl AR ET
0 ; BT 10° "o 1 10 107
p [GeV] p,[GeV]

the tflux change is -10%—-15% = similar to Honda flux uncertainty
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A

ratio to red

flux x E° [GeV?/s/sr/m?]

impact of beam data error

vy flux

— —

o o
n w
I

—
o
TTTT] T T T 11117

| weight + 10
= weight +- 0o
- weight - 10

.......

®
A
o

0.05[~

OF

- i

: IHHHHHHHH

i
H”H”MH”W

1

10 . 102
p,[GeV]

modity the weight by 10 beam data

out*,p =3 out:t,p =3

0.6 - 25 0.61 - I2.5

c 15 . I1.5
0.3: a3 ;}

E B e 1 L Iy
027_ 'f \< SO S 02:_ :!;E‘"'a-

E i ] 05 -
0.1 5 -"-;"':ii-. 0 17_. - S . 0.5

% 1 2 3 0 S e 0

uncertainty of ATMNC flux
[M. Honda et. al, PRD75, 043006(2007)]

©c o9 o
NN W
o u O

Relative Uncertainty
o
o

E. (GeV)

14% at sub-GeV region
— similar to current ATMNC uncertainty
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Summary

To reduce uncertainty of Honda flux simulation in <1 GeV region...
e we need ...

c p+A-> M+ X&Ap+A2p+X

* proton beam momentum : ~10 GeV/c

e phase space coverage of HARP and BNL-E910 data
* only m data are available -> we want low E proton production data
* coverage of phase space : ~ 50% of i production for 0.3 GeV/c
neutrino

* Parameterization to extrapolate the data
* test several parameterizations
* failed to fit the forward and large angle data simultaneously
— precise measurements with low-E beam will help to find proper
parameterization

e test weighting method (preliminary, using forward data only)
* 10 beam data error fluctuates v flux by ~14%
25
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theta[rad]

theta[rad]

pBeam=3,A=12.0107

HARP's data

do

dpd<

2.4

Entri

320426

Meanix  0.5357 +0.0003385

2.2

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

III|IIIIIIIII|]|||||||||IIIIII||\||]|

Mean y 0.587 +0.0005017

24
2.2

1.8
1.6
1.4
1.2

—

0.8
0.6
0.4
0.2

OO

pBeam=8,A=12.0107

pOut[GeV]

RS

Entries

Mean x 1.429
Mean y 0.2865
Std Devx  1.05

Std Devy 0.3554 =

205070

= 0.0006396
= 0.0002165
= 0.0004523

0.0001531

HARP 8GeV

2 4

6

8
pOut[GeV]

120

100

80

60

40

250

200

150

100

0

[mb

—

theta[rad]

theta[rad]

pBeam=5,A=12.0107

Entries

Mean x

249200

0.9055 + 0.0003545

Vean y

0.4124 + 0.0002314
Sta D6 U6A91 E 00002507
5td Devy 0.423

7 +0.0001636

5GeV

3 4
pOut[GeV]
pBeam=12,A=12.0107
2.4 : Entries 164404
- Mean x 2.061: = 0.001146
22 Mean y 0.2338 + 0.0002292
2 Std Dev'x 1.611+0.0008106
1.8 Std Devy 0.3221 i 0.0001621
1.6
1.4
12 e - . | & - N A‘ -y
A HARP 12GeV
0.8
0.6
0.4 i
02 :_t ......................
o- o, e——
0 5 10

pOut[GeV]

I3

do
dpdS)
180

[mb]

160
140
120

100

00
250
200
150
100

50
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O[rad]

O[rad]

uncertainty of HARP data (forward)

p+(C, Be, Al)=» m+ X

0.6r 1085 0.6 108
. Poeam =3 GeV Bz 2 | ppeam =5 GeV [Su:
e 80 “b 80
04: 0 04: 70
60 60

O[rad]

0.3F 50 0.3f 50

error [%]

02f

02l

p[GeV]
0.6p §
.s- Pbeam 3 T
: )
0.4f o~
r Rl
0.3t -
: (o
- e
0.2 -
g o
0.1F
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parameterization functions

ref:
* S.R. Blattnig et al., PRD, 62, 094030 (2000)
M. Bonesini et al., Eur. Phys. J. C 20 (2001)
e C. Mariani et al., PRD, 84, 114021 (2011)

Sanford & Wang (1967)

d2c™
(p,0) = c1p® (1—

P exp | —c3 P — ¢l (p — c7Pbeam cOs™ 0)
dpdS? o

Pbeam beam

Badhwar (1977)

AL S e S O i ==
d’p (1 +4m3/s) 1 +4m3/s = TFT VT J1+4m3 /s
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Mokhov (1998)
. Vi(pr) = (1 — D) exp(—Ep}) + Dexp(—Fp3)
d’o B =
Ed— _ A(l p ) eXp<—CL\/E>V1(pT)Vz(pT) for pr = 0.933 GeV

p p 0.2625
max = — 7 for pr >0.933 GeV
(p7 +0.87)

V,(pr) = 0.7363exp(0.875p;) for pyr = 0.35 GeV
=1 for p;y > 0.35 GeV.

Mariani (2011), (Mariani et al, Phys. Rev. D 84, 114021)

d2 2 dS 2
dpdQ) FEx dp3- Ek

x exp [c3 |zp|™ — c7 |pr X Tp| — copr — c5p7 ]

BMPT (2001) (M. Bonesini et al., Eur. Phys. J. C 20 (2001) )
_ Ecwm

~ E
Zp(; =A(1l —2xr)*(1+ BazR)xéﬁx maxiFo}

E

P : radial scaling
27 —a/z},pT assume that xr is
220 PTI¢ independent from Ebeam
[F. E. Taylor et al.,
PRD 14, 1217 (1976)]

[1+—7pT‘|‘
TR 2T




consistency : forward 2 large-angle

simultaneous fit of HARP p+C forward and large-angle data
chi2 / NDF of BMPT fit

beam [GeV] 3 5 3 12
""""" chi2/NDF 125/80 = 151/97 = 338/129 | 304/135
"""""""""""""""" Ni/No 205 17 16 . 16

i chi2 / NDF of Mariani fit

beam [GeV] | 3 5 5 5 8 | 12
""""" chi2/NDF  faled  132/98  318/129  304/135
"""""""""""""""" NMNo — 17 47 17

chi2 / NDF of Mokhov fit

beam [GeV] 3 | 5 3 | 12
""""" chi2/NDF 153/84.  178/101  363/133  335/139
"""""""""""""""" NMNo 25 16 17 17

e we need 1.6~2 normalization factors
absolute value is inconsistent between forward and large-angle data



phase space coverage of beam data

to estimate the phase space coverage of beam data,
Interpolate phase spaces between neighboring beam momentums.

e.g.) coverage for pin = 4 GeV/c

linearly interpolate phase spaces of
log (peam)  HARP-3GeV and HARP-5GeV data

e for p+A—=1+X
e interpolate 3-5, 5-6.4, 6.4-8,
8-12, 12-17.5, 17.5-31GeV/c

5GeV
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neutrino flux

+ Hyper-K : IceCube
; > s
|| || ||:|I II Y| || It I‘ || [| I| || || II || || ||
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—
o
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—

o
L
N

1047

Astro neutrino

1 0—22

GZK neutrino
10—27

1 0—32
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108 10° 102 10™ 10"® 107
Neutrino Energy (eV)

from Yano-san’s slide
@ lowBG simposium 2019 in Sendai, Japan
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used beam data



theta|rad]

120

o

— o

o N
|

o
o

ppeamf3 GeV/c

Entries 678506
067 00002504
0.1393 + 4.8780-05

theta[rad]

v x  0.2839 £ 0.0001771

v.Y...0.0553.£.3.449e-05...

o
O T

pOut[GeV]

HARP p+C — m + X
Poeam=5 GeV/c

7T

o
[N

L L L

|

926200
""" G L 0.00071748
0.133;

7 +1.602e-05
0.5964

+0.0001236

0.05466.+.1.133e-05.

v b b b

OO

1

Poeam=6.4 GeV/c

° s e
0.4 F s p— ries.

E F Méanx  1.469 + 0.0004556
—_— o

E Méany 01561 + 6.566e:05
O .35 fr S
O Std Dev x 0.7646 + 0.0003293
= Std Devy 0.1078 + 4.643¢;05
- 03 ..........

pOut[GeV]

2

—
N
o

theta[rad]

100

3

4 5
pOut[GeV]

18U

Pbeam

GeV/c

E o Entries | 1046674
g 025 s - 0:00055 "
‘a‘ [ 1.648e-05
..0-5 : +0.0001845
£ 02 —

(RIER L E—

0.1 :_ .........
0.05[

=8.

mertajraq

o
o

o
-
[$))

S S 04

| L L L DL

BNL p+Be =& m+ + X
pbea'm=1 2.3 GeV/C

Entries 698816
Mean x 2.169 + 0.0003118

Meany  0.1207 + 2.294e-05
Std Dev x 1.24 + 0.0002205

‘SId D&V y 009119 "+ 1.6226-05

pOut[GeV]

theta|rad]

v x  1.549 i 0.0003151

v.y.0.05928. +.1.206e--05.

pbeam=1 2 GeV/c

Entries 932990

£ 0.0004458 ™
0.1039 i 1.705e-05

(=]
O

pOut[GeV]

Poeam=17.5 GeV/c

Entries 512464
Mean x  2.329 + (.0002304
Meany 0.1154 + 1;528e-05

Std Dev x 1.31 + G.0001629
Std'Dev y0.08681 % 1.086-05

S0 15
pOut[GeV]

250

200

150

100

o
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pOut[GeV]

300
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150
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theta[rad]

NA61 p+C = 1 + X NA61 p+C = K* + X NA61 p+C - p + X

0.45 E Entdes 535838. o) F Entries 63406 5 F Entries 49994,
Meahx  5.193 £ 000121 © 03 W™ 513" 0001875 70 © C Meahx 1039 +0.00100 500
0.4 Meaiy.....0.07467.4.2.3976-0 1000 ‘a‘ Meany 0.06936 +3.131e-0 '6‘ 0.35(~ Meany 0.06647 < 1.091e-0
Std Dev x  3.975 + 0.0008566 -'6 Std Dev x 3.712 £0.00128: 60 -'q_.; E Std Dev x  5.622 + 0.000709;
Std-Dev y 0.07866 = 1 c 025 Std Dev y0.06403 + 2.214e-0 < 03K S@DeVYUBTI7 ETTITE06 | — 400
— —
800 50 c
0.2 0.25[-
40 E 300
600 0.15 0.2H
' 30 -
400 0.15 200
0.1 C
2 0.1
200 0.05E : 100
10 0.05F
) 0 L 0 E Lo i Lo
30 20 30 % 10 20 30

pOut[GeV] pOut[GeV] pOut[GeV]
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oroton E vs neutrino E

o+ Air =+ X
p(n) + air-> pi + X
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fit result



fit (each)

e summary of p+ A—=>m+ X
* Ppeam >= 17.5 GeV
« SW can't fit with data
* Ppeam <= 12.3 GeV
e generally SW is better than BMPT
* both SW and BMPT are not good for HARP 8 GeV n+,
0+C & p+Be data

GeV/c , A 31onC 450 on Be

..............................................................................................................................................
..............................................................................................................................................

..............................................................................................................................................
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fit x2 / NDF (fit for each beam data)

p+A—’lT"+X * bold : x3/NDF > ~2

BMPT

...............................................................................................................................................................................................................................................................

235119 183.2/5169.6/58

| Sandford-Wang | |
5 64 8 | 12 123 175 31 . 450

..............................................................................................................................................................................................................................................................

..............................................................................................................................................................................................................................................................

..............................................................................................................................................................................................................................................................

17.6/22, 61.0/5252.7/58

40



fit x2 / NDF (fit for each beam data)

p+A—’lT+X * bold : x3/NDF > ~2

Gev 3 5 64 8 12 123 175 31 450

...............................................................................................................................................................................................................................................................
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

..............................................................................................................................................................................................................................................................

p+Al | 0.84/2 6.6/13 58.0/47 75.6/56

| | | Sandford-Wang | | |
Gev 3 5 64 8 12 123 175 31 450

................................................................................................................................................................................................................................................................
...............................................................................................................................................................................................................................................................
................................................................................................................................................................................................................................................................

p+Al | 0.84/2  6.9/15 50.0/49 77.5/58
; : ; i i i 41



simultaneous fit over different beam P

beam oint
X _ Z{N sz (X f(pbeam]7p279)) }

p+Be—>n++X p+Be—>rr+X
GeV | HAPR35812 64 123175 HARP 35812 6.4 7 23175
BI\/IPT284072/141><><>< __________________ 142015/131  x  x  x
BMPT,  614741/315 366.479 /303
"""" SW = 265575/147  x  x x  134605/133 . x @ x  x
"""" Sw  495/246  x  2058/230  x
0+C = m+ + X 0+C = m + X

GeV  HAPR35812  NA6131  GeV = HAPR35812  NA6131

e e e e e e e e e e e e mmm e e e e e e e e e e e e === == e e === === === === === e === === === === === === = e m = = = == === === === ejm == == e e mmamememmemammmmmememmemmmmmmmmmememmemmmmhmmmmmmmemmmmmmememmmmmmmmemememem———————
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fit x2 / NDF (neighboring beam energy)

HARP p+(Be,C,Al) NA61 p+C
o+A = m + X
3,9 D, 8 3,12, 12, , 31

.................................................................................................................................................................................................................................................

'
.................................................................................................................................................................................................................................................

SW  116.595/100 499.225/272 922.322/422 ~ — = —

P+A = m + X
35 | 5648 @ 812 12 175, 31

'
.................................................................................................................................................................................................................................................

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
v

SW | 425501/84 265481/250 524.49/405 ~ — . —

o+A = K+ + X o+A = K-+ X o+A 2> p + X
3 31 3

BMPT | 815/88 BMPT | 122/80 BMPT | 193/177
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normalization factor

normalization factor

4.5k

3.5
2.5F
1.5

0.5-

HARP + BNL (Be)

normalization factor

BMPT

|"1O‘II

20 30
beam P[GeV]

45F

3.5

SW

2.5°

1.5E

0.5F

20 a0
beam P[GeV]

normalization factor

beam point

X* = Z@ 3 (Xi_f(pbe(%m;j,pi’ei)>2}

J

5

4.5°
45
3.5
.
250
b 4
155
f
0.55
O: L L L

HARP + T2K (C)
BMPT

10 20 30
beam P[GeV]

« MTEEDMEMEIEZTDRU,

— EBTRICitT 2 D3 BRED
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check for A-scaling with HARP data



HARP 9

® Dpeam = 3, 5, 8,12 GeVDBe, C, AIDT —4% % fi
BEMN2DULEH DT — 9,\\\7@?@ ]

pBeam=3 05 pBeam=5

wEBEA—— T | B-Poeam & & ICfit

— - - —2.5
0.4¢ 29 - CR i

0.35F - 0.35E - A,

0.3F ; : 0.3F

Pt

0.25} 15 0.25F = —15

C i i - —1

0.15 £ . ’ = . .
. ) Pt 0.5 ° g 0.5
0: L | L T T 0 0‘ N SR N AR B 0

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

p?eam=8 : : 0.5c pBeam=12 3

0.45F - - I

- : e -

0.35f : e 0.35F

0.25F— - =15 0.25F : e ! i 5
. ; - oof

Pt
o
~ ©
a_ o
_—
Pt
|

R e e =
01 | |
0.055_;:-' 12 G 2\ IO5

XF 46



it

X2 _ XFZPMA (O’i — CY(XF,Pt)O'Be(XF,Pt))2 oF) + Aai /‘th data
: Ao;
@ . o5:(Xr. P): X PUC & 3 % Be D Wi
a(zr,pr) = (a +bzr + cz})(d + epF) (nuisance parameters)

a,b,c,d,e: parameters we want * (Xr, PODOEAEDLE S ECoseh D B

T —Y%E>Ta~eZzKD 5,
Poeam . ChI2/NDF ~ a b c d e

...........................................................................................................................................................................................................................................
...........................................................................................................................................................................................................................................

...........................................................................................................................................................................................................................................

8 = 128/115 0. 69+o11? 1.040.7 | 2.8+1.2  10(fed) 0.8+0.4

...........................................................................................................................................................................................................................................

12 68/128 0.82:0.07 -1.0:0.5 -06:09 10(xed) 0.4:0.4
ref:T2K (Pbeam :19.2, 24) 075 | -052 | 023 | 10(ixed)  0.21
* chi2 /NDF%‘E%%BEV) (E 7 — QZEHFEHH‘C%’CL\%

e alLINDINTA—FDEEIL. (FIFTHEU 47



*

difference of target atom

need to consider the difference of target atom
target atom in beam : Be, C, Al
target atom in air shower : N, O ( mean of A = 14.5)
e robust thought :

O2 = 01 X (A2/A1)23

e parameterization as a function of xs and pr is proposed
(M. Bonesini et al., Eur. Phys. J. C 20 (2001) )

EdBJ(Al) B é a(xF,pT) EdBU(AO) (6)
dp> |4 dp® 7 b d
a c e
where: Bonesini e al. [43] 0.74 -0.55 0.26 _ 0.98 _ 0.21
Fit to 7 data 0.75 -0.52 0.23 1.0 (fixed) 0.21

a(zp,pr) = (a+ brp + cx3)(d + ep?). (7) Fit to K data 0.77 -0.32 0.0 1.0 (fixed) 0.25

do do

— A= —
dde( ) dde(

A )a(wF,pT)

Agir = 14.5) (A .

| checked a parameterization with HARP Be, C, Al data (— backup)
* generally, A-scaling effect is smaller than error bars of beam data
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comparison with simple method
check by using HARP Be, C, and Al data

ex) Pbeam = 3GeV €X) Pbeam = 8GeV
c pbeam=3,XF=0.340882,Pt=0.16733,norm[5]=49.0554 pbeam=8,XF=0.283912,Pt=0.391743,norm[30]=49.8197
S . I (X P.) & f
46 100_ \7" X311y ..3 110‘ //
$ - A2/3 > P 2 . //
X 80 // >I< 100: /I
© [ —1 | © - /
g I L7 g 8of
s Lt £ F v
40~ ©  70F
i 60F
20 -/ |
50F
0 15 20 25 —15 20 25
atomic number atomic number

e generally speaking, the difference between A28 and a(Xr,Pt) is
small compared to the error bar.



# entry

# entry

chi2, ditference

chi2 / NDF for each (Xr, Pt)

pbeam=3

* Pbeam = 8GeV

Entries L]

Mean oETZ = 0

Std Daw 05431 £ s

Pbeam = 3GeV

O(XF, Pt)
A2/3

L M| L ol

5@
chi2/NDF

pbeam=8

Enfries. 47

Maan 1458 = 02378

SdDev 163 0882

0{] 2 4 6 8

chi2/NDF

# entry

# entry

pbeam=5
4 Enfries k4l
Msan 0813 201175
35 SdDev 05336 :0.08311
3
25 Pbeam = 5GeV
2
1.5
1
05
% 2 . B
chi2/NDF
pbeam=12
? Enfries. 45
Mean 07086 01208
] mdDew 05455 = OLOSSS2
5
pbeam — 12GeV
4
3
2
1
00 2 4 f; 8

chi2/NDF

# entry

# entry

AF / Afit for each (X, Pt)
Pbeam = 3GeV

pbeam=3 pbeam=5
1k Entges ] ;“ 5 Entriin FY
L= DS3E3 20T GCJ Mz [TEE R
SdDev 05383 101268 3+ SdDe QLAY : A00EIE
0.8H 4
m= 5GeV
0.6 3 pbea
0.4 2
0.2 1 Il
L L 1 M IR B Ll | P EETEErE ET
% 05 1 52 25 % 05 1 52 25
AF [ Afit AF [ Afit
pbeam=8 pbeam=12
Entries a7 Q [ i
Mean  O.Z7E : 005535 5 Mt LT - oot
W Dev 04068 = 004157 3+ Sdbw  QHEE © LH9E

Pbeam = 8GeV Poeam = 12GeV

0.5 1 1.5 2 25
AF /[ Afit

25

I .. L |
2

1 1.5
AF [ Afit

AF = |O-Be;105(XF7 Pt) — UBe;2<A/ABe>2/3|
Afit = (A/ABe)Q/3 x fitting error of ope.o
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differential X-section differential X-section

differential X-section

chi2DOKEW\T —

pbeam=5,XF=0.563056,Pt=0.280518,norm[19]=24.67 pbeam=8,XF=0.185242,Pt=0.0515504,norm[23]=143.181 pbeam=8,XF=0.245238,Pt=0.15293,norm[26]=200.52i c pbeam=8,XF=0.446788, Pt=0.405193,n0rm[44]=25.549%
- C F -
60 5 300_ \..L o 380: r\ \/ Ke] -
. = - = E fa B 100
| 5GeV 2 sbeviy pe 8Gev I "8 Ge
- W ¢ - 1 P 340F U C e
50 = P24 + > E X +
L = < 250 & 320f / = 80
- | = L = E = r
r 1 < C C  300F = L
40 [ L o E / o F /
N O 200 » © 280F / o 60
r = L £ 60f / £ r —
C o L S E © L
30 7 - - [ "
C C 240F 40
P | 150;/ I L
20- | _/ 2005 2()%
L o N S N ABO i e e e I N e
10 15 20 25 10 15 20 25 10 15 20 25 10 15 20 25
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cont.
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fit result (3-5 GeV

pBeam=5,anum=12.0107,6=0.075
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do/dpdQ [mb/GeV/rad]
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fit result (5, 6.4, 8 GeV/c
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do/dpdQ [mb/GeV/rad]
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fit result (12,12.3,17.5 GeV
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