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−→pin =





cos θ cosα
cos θ sinα
sin θ



 and −−→pout =
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cos θ cosβ
cos θ sin β
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R sin β = d + R sin α ⇒ R =
d

sin β − sin α
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α = arctan(
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arcsin(
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)
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Sigma     0.00002± 0.01324 

E_rec/E_beam
0.9 0.92 0.94 0.96 0.98 1 1.02 1.04 1.06 1.08 1.1

10

210

310

410

Entries  292575

Mean   0.9997

RMS    0.01538

 / ndf 2χ   6943 / 97

Constant  43± 1.712e+04 

Mean      0.0000± 0.9998 

Sigma     0.00002± 0.01324 

E_rec/E_beam (M_gam==0)

log10(E_beam-E_rec) = log10(eg_tot)
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2
0

0.005

0.01

0.015

0.02

0.025

0.03  / ndf 2χ  44.44 / 17

p0        6.359e-05± 0.01295 

 / ndf 2χ  44.44 / 17

p0        6.359e-05± 0.01295 

E_rec resolution

980 200 MeV

elecE

log10(E_beam-E_rec) = log10(eg_tot)
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2
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log(Ebeam − EMC
e−

) = log(EMC
γ )
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n��/�l���Q���~��ns}�tfv��+��r~vx�:{]tf}��/r~v@��{Ut&t&�¢�st�n�n��
1000 mm

yz�¨��}���t&}�n��l{]t�v�{Ywzt)ns����t&nstf��nBt&wztf��ns}����~����rYy±��r
r~vc©�t)}�v���y±vQn�tf�2v

∼ 800 MeV
�@vx���lvY¤

³ yz���~}st � �srY�Q�B�bn�rYt\�Yyz��ns}�y|{~��nsyz�������
Erec/Ebeam
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log(Ebeam − EMC
e−

) = log(EMC
γ )
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200 MeV

y±���&���~��n�v��@n=q
vx{U����n

1.3 %
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1/p
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• δα
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�Y}��x¡�tf��nsyz��������ns��nsr~t

z = 0
�Yw±vx�Yt
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• δβ
���@}s}�tf�s�]�@�~��yz�Y�:ns��nsrYt
�~}s��¡�tf��n�y|�@�2�@��n���nsrYt

z = 0
�~wzv��Yt
�x�����Yw|nsyz�Ywzt��s�fvQn�n�t&}�y|�~�����f���Y}�y|�~�:yz�
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• δθ
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z
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p =
0.3Bd

(sin β − sin α) cos θ

⇒ δp =
0.3Bd cosα δα

(sin β − sin α)2 cos θ
⊕

0.3Bd cosβ δβ

(sin β − sin α)2 cos θ
⊕

sin θ δθ

(sin β − sin α) cos2 θ

⇒
δp

p
=

p

0.3Bd
cos θ cosα δα ⊕

p

0.3Bd
cos θ cosβ δβ ⊕

1

0.3Bd
tan θ δθ

¥�rYt�vx�Y�@�Yw±vx}��s�fvxwzt\�¬��}����~w�n�y|�Ywzt����&vQnsnstf}syz�Y��yz�
�

θMS = µ/p (GeV) where µ = 0.0136×
√

x/X0 × (1 + 0.0038 ln(x/X0))

® �Yt�p`y���r~v���{Ut&}�y±�
0.08 cm

��y±��t
vx�~���¬�@}Lp`y
X0 = 9.36 cm

q�w|t=v���yz�Y��ns�
x/X0 ∼ 0.09

v��~�
µ ∼ 10−3
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δα = δβ = δθ = θMS

¤·mB�~� �¬��}
p > 200 MeV
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α ∼ θ ∼ θMS � 1
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δp

p
∼

µ

0.3Bd

(

1 ⊕ cosβ ⊕
µ

p2

)
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(E_beam-E_rec)/eg_tot-1
-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1

Entries  2023
Mean   0.01304
RMS    0.4614

 / ndf 
2χ  36.77 / 37

Constant  2.23± 67.51 
Mean      0.01583± 0.01687 
Sigma     0.0179± 0.5502 

(E_beam-E_rec)/eg_tot-1
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Entries  2023
Mean   0.01304
RMS    0.4614

 / ndf 
2χ  36.77 / 37

Constant  2.23± 67.51 
Mean      0.01583± 0.01687 
Sigma     0.0179± 0.5502 

  20->  24 MeV

(E_beam-E_rec)/eg_tot-1
-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1

Entries  2027
Mean   0.001933
RMS    0.4155

 / ndf 
2χ  69.07 / 37

Constant  2.59± 84.44 
Mean      0.01101± -0.01254 
Sigma     0.0097± 0.4317 

(E_beam-E_rec)/eg_tot-1
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Entries  2027
Mean   0.001933
RMS    0.4155

 / ndf 
2χ  69.07 / 37

Constant  2.59± 84.44 
Mean      0.01101± -0.01254 
Sigma     0.0097± 0.4317 

  24->  29 MeV

(E_beam-E_rec)/eg_tot-1
-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1

Entries  2114

Mean   0.01635
RMS    0.3708

 / ndf 
2χ  33.03 / 37

Constant  3.0± 105.9 
Mean      0.00875± 0.01819 
Sigma     0.0072± 0.3774 

(E_beam-E_rec)/eg_tot-1
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Entries  2114

Mean   0.01635
RMS    0.3708

 / ndf 
2χ  33.03 / 37

Constant  3.0± 105.9 
Mean      0.00875± 0.01819 
Sigma     0.0072± 0.3774 

  29->  35 MeV

(E_beam-E_rec)/eg_tot-1
-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1

Entries  2038

Mean   -0.003764

RMS    0.3264

 / ndf 2χ  45.69 / 37

Constant  3.4± 119.4 

Mean      0.007446± -0.006128 

Sigma     0.0058± 0.3229 

(E_beam-E_rec)/eg_tot-1
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Entries  2038

Mean   -0.003764

RMS    0.3264

 / ndf 2χ  45.69 / 37

Constant  3.4± 119.4 

Mean      0.007446± -0.006128 

Sigma     0.0058± 0.3229 

  35->  42 MeV

(E_beam-E_rec)/eg_tot-1
-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1

Entries  2034

Mean   -0.001648

RMS    0.2881

 / ndf 2χ  59.73 / 37

Constant  4.3± 139.7 

Mean      0.006280± -0.001678 

Sigma     0.006± 0.275 

(E_beam-E_rec)/eg_tot-1
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Entries  2034

Mean   -0.001648

RMS    0.2881

 / ndf 2χ  59.73 / 37

Constant  4.3± 139.7 

Mean      0.006280± -0.001678 

Sigma     0.006± 0.275 

  42->  50 MeV

(E_beam-E_rec)/eg_tot-1
-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1

Entries  2073

Mean   -0.002891

RMS    0.2471

 / ndf 2χ  46.68 / 35

Constant  5.1± 173.8 

Mean      0.005161± -0.003579 

Sigma     0.004± 0.229 

(E_beam-E_rec)/eg_tot-1
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Entries  2073

Mean   -0.002891

RMS    0.2471

 / ndf 2χ  46.68 / 35

Constant  5.1± 173.8 

Mean      0.005161± -0.003579 

Sigma     0.004± 0.229 

  50->  60 MeV

(E_beam-E_rec)/eg_tot-1
-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1

Entries  2060
Mean   0.006436
RMS    0.2015

 / ndf 
2χ  69.32 / 32

Constant  6.6± 217.6 
Mean      0.004068± 0.003869 
Sigma     0.0037± 0.1802 

(E_beam-E_rec)/eg_tot-1
-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1
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50
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Entries  2060
Mean   0.006436
RMS    0.2015

 / ndf 
2χ  69.32 / 32

Constant  6.6± 217.6 
Mean      0.004068± 0.003869 
Sigma     0.0037± 0.1802 

  60->  72 MeV

(E_beam-E_rec)/eg_tot-1
-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1

Entries  2038
Mean   -2.752e-05
RMS    0.1732

 / ndf 
2χ     63 / 31

Constant  7.7±   258 
Mean      0.003424± 0.003407 
Sigma     0.0030± 0.1515 

(E_beam-E_rec)/eg_tot-1
-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1
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Entries  2038
Mean   -2.752e-05
RMS    0.1732

 / ndf 
2χ     63 / 31

Constant  7.7±   258 
Mean      0.003424± 0.003407 
Sigma     0.0030± 0.1515 

  72->  87 MeV

(E_beam-E_rec)/eg_tot-1
-0.5 -0.4 -0.3 -0.2 -0.1 -0 0.1 0.2 0.3 0.4 0.5

Entries  1979

Mean   0.0002134

RMS    0.1241

 / ndf 2χ  79.28 / 33

Constant  5.3± 166.4 

Mean      0.0026222± -0.0006216 

Sigma     0.0025± 0.1122 

(E_beam-E_rec)/eg_tot-1
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Entries  1979

Mean   0.0002134

RMS    0.1241

 / ndf 2χ  79.28 / 33

Constant  5.3± 166.4 

Mean      0.0026222± -0.0006216 

Sigma     0.0025± 0.1122 

  87-> 105 MeV

(E_beam-E_rec)/eg_tot-1
-0.5 -0.4 -0.3 -0.2 -0.1 -0 0.1 0.2 0.3 0.4 0.5

Entries  1942

Mean   -0.003062

RMS    0.1097

 / ndf 2χ   61.7 / 35

Constant  5.8± 186.6 

Mean      0.002309± -0.002338 

Sigma     0.00208± 0.09948 

(E_beam-E_rec)/eg_tot-1
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Entries  1942

Mean   -0.003062

RMS    0.1097

 / ndf 2χ   61.7 / 35

Constant  5.8± 186.6 

Mean      0.002309± -0.002338 

Sigma     0.00208± 0.09948 

 105-> 126 MeV

(E_beam-E_rec)/eg_tot-1
-0.5 -0.4 -0.3 -0.2 -0.1 -0 0.1 0.2 0.3 0.4 0.5

Entries  1932
Mean   0.005604
RMS    0.09045

 / ndf 
2χ  48.44 / 32

Constant  7.1± 232.1 
Mean      0.00186± 0.00399 
Sigma     0.00161± 0.08016 

(E_beam-E_rec)/eg_tot-1
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Entries  1932
Mean   0.005604
RMS    0.09045

 / ndf 
2χ  48.44 / 32

Constant  7.1± 232.1 
Mean      0.00186± 0.00399 
Sigma     0.00161± 0.08016 

 126-> 151 MeV

(E_beam-E_rec)/eg_tot-1
-0.5 -0.4 -0.3 -0.2 -0.1 -0 0.1 0.2 0.3 0.4 0.5

Entries  1922

Mean   0.000759

RMS    0.07475

 / ndf 2χ  50.21 / 30

Constant  8.8± 287.2 

Mean      0.0014989± 0.0006579 

Sigma     0.00129± 0.06465 

(E_beam-E_rec)/eg_tot-1
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Entries  1922

Mean   0.000759

RMS    0.07475

 / ndf 2χ  50.21 / 30

Constant  8.8± 287.2 

Mean      0.0014989± 0.0006579 

Sigma     0.00129± 0.06465 

 151-> 182 MeV

(E_beam-E_rec)/eg_tot-1
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

Entries  1880

Mean   -0.0009338

RMS    0.05858

 / ndf 2χ  56.96 / 33

Constant  6.6± 210.1 

Mean      0.0012308± 0.0004015 

Sigma     0.00106± 0.05163 

(E_beam-E_rec)/eg_tot-1
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Entries  1880

Mean   -0.0009338

RMS    0.05858

 / ndf 2χ  56.96 / 33

Constant  6.6± 210.1 

Mean      0.0012308± 0.0004015 

Sigma     0.00106± 0.05163 

 182-> 219 MeV

(E_beam-E_rec)/eg_tot-1
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

Entries  1723
Mean   0.001889
RMS    0.05071

 / ndf 
2χ  73.38 / 33

Constant  7.7± 237.6 
Mean      0.001024± 0.001318 
Sigma     0.00086± 0.04139 

(E_beam-E_rec)/eg_tot-1
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Entries  1723
Mean   0.001889
RMS    0.05071

 / ndf 
2χ  73.38 / 33

Constant  7.7± 237.6 
Mean      0.001024± 0.001318 
Sigma     0.00086± 0.04139 

 219-> 263 MeV

(E_beam-E_rec)/eg_tot-1
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

Entries  1671
Mean   0.002202
RMS    0.04085

 / ndf 
2χ  53.81 / 27

Constant  9.8± 299.9 
Mean      0.000806± 0.001669 
Sigma     0.00068± 0.03213 

(E_beam-E_rec)/eg_tot-1
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Entries  1671
Mean   0.002202
RMS    0.04085

 / ndf 
2χ  53.81 / 27

Constant  9.8± 299.9 
Mean      0.000806± 0.001669 
Sigma     0.00068± 0.03213 

 263-> 316 MeV

(E_beam-E_rec)/eg_tot-1
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

Entries  1543
Mean   0.001602
RMS    0.02507

 / ndf 
2χ  44.91 / 37

Constant  3.36± 96.41 
Mean      0.000638± 0.001328 
Sigma     0.00056± 0.02414 

(E_beam-E_rec)/eg_tot-1
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Entries  1543
Mean   0.001602
RMS    0.02507

 / ndf 
2χ  44.91 / 37

Constant  3.36± 96.41 
Mean      0.000638± 0.001328 
Sigma     0.00056± 0.02414 

 316-> 380 MeV

(E_beam-E_rec)/eg_tot-1
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

Entries  1435
Mean   0.001111
RMS    0.02107

 / ndf 
2χ  66.06 / 35

Constant  4.4±   116 
Mean      0.000506± 0.001176 
Sigma     0.00048± 0.01858 
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Entries  1435
Mean   0.001111
RMS    0.02107

 / ndf 
2χ  66.06 / 35

Constant  4.4±   116 
Mean      0.000506± 0.001176 
Sigma     0.00048± 0.01858 

 380-> 457 MeV

(E_beam-E_rec)/eg_tot-1
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

Entries  1448
Mean   0.0008376
RMS    0.01578

 / ndf 
2χ  52.73 / 28

Constant  5.6± 158.4 
Mean      0.000379± 0.000538 
Sigma     0.00033± 0.01402 
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Entries  1448
Mean   0.0008376
RMS    0.01578

 / ndf 
2χ  52.73 / 28

Constant  5.6± 158.4 
Mean      0.000379± 0.000538 
Sigma     0.00033± 0.01402 

 457-> 550 MeV

(E_beam-E_rec)/eg_tot-1
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

Entries  1394

Mean   0.0007841

RMS    0.01025

 / ndf 2χ  43.21 / 22

Constant  8.9± 242.1 

Mean      0.0002421± 0.0007911 

Sigma     0.000218± 0.008878 
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Entries  1394

Mean   0.0007841

RMS    0.01025

 / ndf 2χ  43.21 / 22

Constant  8.9± 242.1 

Mean      0.0002421± 0.0007911 

Sigma     0.000218± 0.008878 

 550-> 661 MeV

(E_beam-E_rec)/eg_tot-1
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

Entries  1111

Mean   0.0009088

RMS    0.006688

 / ndf 2χ  37.46 / 17

Constant  13.5± 331.2 

Mean      0.0001578± 0.0007819 

Sigma     0.000140± 0.005168 
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Entries  1111

Mean   0.0009088
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 / ndf 2χ  37.46 / 17

Constant  13.5± 331.2 
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 661-> 794 MeV

��� � � �
	�� �b¥�rYt��Yyz��ns}�y|{~��nsyz�����x�
(Erec

γ /EMC
γ − 1)

�¬��}B�Yy�¦It&}�t&�PnB{Yyz�~��yz�
log(EMC

γ )
¤

p`�)��t��&v��:�st&t�nsr~vxn�n�rYt&}�t/yz���Y�
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δθ
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δp/p ∼ 1 %
q���rYy±��r2y±�/�Y�xn/ns�`�:� vx}/�¬}����

1.3 %
�@{�n�v�y|�Yt=����y|nsr�nsrYt

��yz���Yw±vQn�y|�@��¤
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³ yz���~}st � �srY�Q�B��n�rYtE��y±��ns}�y|{Y�Ynsyz��� �x�
(Erec

γ /EMC
γ − 1)
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log(EMC
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¤ ³ y|�@�Y}st��·�srY�Q�B�
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σPS(Eγ) = σγ(Eγ) = σbeam
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σbeam = 0
q����¨n�rYtl¶Yn:�x��nsrYt2�@vx���lv¨t&�~t&}����K}�tf�s��wz��nsyz���

�¬�Y�~��n�y|�@�E�@y|©@tf�
σe− ∼ 1.3 %

¤ ³ y|�@�Y}st=�
	�vx�~�·´ � ���@}s}�tf�s�U���~��}�tf�s�]t=��nsyz©�tfw|��ns�
σbeam = 1 %

v��~�
2 %

vx�]�ÈqÈv��
t�Ê��]t=��n�tf�Èq�n�rYt)¶YnL��nsyzw|w���yz©�tf�

σe− ∼ 1.3 %
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σCU
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σPS

��y|nsr
σbeam = 1 %

¤l¥�rYtl}�tf£P�Yyz}�t&��t&�Pn
σPS <

0.5 σCU

yz���Ywzy|t=�
Eγ & 300 MeV

¤ ³ yz���Y}�t�´@´@�¬}�yz��rPn�������nsrYt\�sv���tL���@���]vx}�yz�s����{Y��n���y�n�r
σbeam = 2 %
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σbeam = 0 %
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σbeam = 1 %
�¬wzt��¸n��\vx�~�

σbeam = 2 %
�N¹�y|�@rPn���¤

�&v��st�q]nsr~t���vx��t�}�tf£P�Yyz}stf��t&�PnLyz���~w|yztf�
Eγ & 500 MeV

qI��rYy±��rKyz��yz���U�@���sy|{Ywzt���y|nsrEnsrYt�v���n��~vxw��st�ns�~�E��yz�~�&t�nsr~t
��vxÊ�y|�:�Y�+}�tfv@��r~vx{Ywzt\t&�Ytf}s�@�lyz��wz�Q��tf}/nsr~v��

500 MeV
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• δin
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v��~� −→pin(fit)

• δout

��n�rYt�vx�~��wzt�{Ut�n��/t&tf� −−→pout

vx�~� −−→pout(fit)
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Si0
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z
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³ ��}�t=v���r
χ2
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χ2
�¬}stft\�]vx}�vx��t�n�t&}��

σe−

dist2(
−−→
Tfit, P2) p 1.59 %

dist2(
−−→
Tfit, P3) p 1.37 %

dist2(
−−→
Tfit, P2) + dist2(

−−→
Tfit, P3) p 1.42 %

(δout/θMS)2 p 1.28 %

dist2(
−−→
Tfit, P2) + (δout/θMS)2 p 1.34 %

dist2(
−−→
Tfit, P3) + (δout/θMS)2 p 1.32 %

dist2(
−−→
Tfit, P2) + dist2(

−−→
Tfit, P3) + (δout/θMS)2 p 1.36 %

(δin/θMS)2 + (δout/θMS)2 p, δy, δz 1.28 %

dist2(
−−→
Tfit, P2) + dist2(

−−→
Tfit, P3) + (δin/θMS)2 + (δout/θMS)2 p, δy, δz 1.36 %
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χ2 = dist2(Tfit, P3)
�¬}�tf�]��¤
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χ2 = dist2(Tfit, P3)
�¬}�tf�~��¤

p`y|�]��t�nsrYt)t&wztf��ns}�����tf�Yt&}�����}�tf�s��wz��nsyz���2v@��rYyzt&©�t=�l��y|nsr�n�rYt)vx�Y�@�Ywzv�}�yz���¬��}��lvQn�y|�@��yz�
1.28 %

q@n�rYt�¶~}���n������]��wz�~��yz���
yz��n�r~vQnl�Y�@�Yt����Ln�rYt

χ2
��t�¶~�~y�n�y|�@�~����yz©�t=�:vË{]t&n�n�t&}l}�tf�s��wz��nsyz����¤�¥�rYt¨�xnsr~t&}l���@�~��wz�~�sy|�@� yz��n�r~vQn=q�tf©�t&����rYt&�

�~��yz�Y�����Ywz�¨���Yt:�]�@y|�Pn=qÈt&y|nsrYtf}
P2

�@}
P3

q]n�rYt�}st=���@w|��n�y|�@�Ky±�L�Y��n\�:�~��rKw±vx}���tf}Bnsr]vx�
1.28 %

¤)¥�r]vQn)��t=vx�~�Lnsr]vQn
nsrYt2�&��}�}st=���U���]��y|�~���Pvx���lv�tf�Yt&}����E}st=���@w|��n�y|�@�Ë��yzwzw'{]t�vxwz���P��n)n�rYt2��vx��tlvQn�rYyz��r«�@v�����v�tf�Yt&}����À� yN¤ t�vx{U�Q©�t
500 MeV

��q'v��:�&vx�À{]t���tft&�·yz�·¶~���~}st=��´=�Kvx�~� ´=ÇYqb��r~�Q��y|�Y�KnsrYt��@vx���lv¨t&�~t&}����1}st=���@w|��n�y|�@�·��{�n�vxyz�Ytf�«��r~t&�
��yz�Yyz��y|Éfy|�Y�

χ2 = dist2(
−−→
Tfit, P2)

vx�~�
χ2 = dist2(

−−→
Tfit, P3)

}�tf�s�]t=��n�y|©@t&wz��¤
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³ }����¿n�rYt
�Y}�tf�&t&tf�Yy|�Y���stf��n�y|�@�~���/t\°`�Y�Q� nsr~vxn��

•
n�rYt�v���ns�~v�w���t&ns�Y�¢�����Y��nB�Y}s�Q©`y±��t)vx�`�ln�v����@tf���Pvx���lv�vx{U�Q©�t

Emax ∼ 450 MeV �

•
n�rYtE{Utf��n��Pvx���lv·t&�~t&}����Ä}st=���@w|��n�y|�@� �¬yJ¤ t1���@}s}�tf�s�]�@�~��yz�Y�«ns�ÀnsrYtË{]t=��n¨t&wztf��ns}���� tf�Yt&}����Ä}st=���@w|�Ynsyz���]��y±�
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•
n�rYt
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µ/(0.3Bd) �

•
v�{]�Q©@t

∼ 500 MeV
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Emin ∼ 300 MeV
�¸�¬�@}
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