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7KH�./2(�GHWHFWRU
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s W ����SV �»(��*H9��ª ���SV

(IILFLHQW 'HWHFWLRQ�RI�3KRWRQV�� ���0H9

%DUUHO���(QGFDS  �����+HUPHWLF &RYHUDJH
'LVFULPLQDWH ./� p0p0 DJDLQVW ./� p0p0 p0

5HFRQVWUXFW�./� p0 p0 GHFD\�YHUWH[ ZLWK�D�
SUHFLVLRQ������FP
6HUYH�DV�D��VW�OHYHO�7ULJJHU
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HIIHFWV�GXH�WR�WKH�EHDP��VSUHDG�DQG�
EXQFK�WR�EXQFK�IOXFWXDWLRQ��DQG�WR�(0&�
FHOO�WR�FHOO�YDULDWLRQ�KDYH�EHHQ�
VXEFWUDFWHG�IURP�WKH�FRQVWDQW�WHUP�
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(P&�&DOLEUDWLRQ�0RQLWRULQJ�	�6WDELOLW\

(QHUJ\�YDULDWLRQV��a���
PHDVXUHG�DQG�FRUUHFWHG
HYHU\�����QE��

(QHUJ\�DEVROXWH
FDOLEUDWLRQ�� ����

�H+H- � gg HYHQWV�
1RYHPEHU�������HQG�FDS0

H9
0
H9

1UXQ

1UXQ

$IWHU�
FRUUHFWLRQ
$IWHU�
FRUUHFWLRQ
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(P&�UHVROXWLRQ�RQ�IXOO�QHXWUDO�FKDQQHOV

f � p0(h)g � ggg

pp00 �� gggg h h �� gggg

Pp0  �������0H9
sP  ��������0H9

Ph  �������0H9
sP  ��������0H9

Pp0  �������0H9
sP  ��������0H9

Ph  �������0H9
sP  ��������0H9

3'*�¶��

./2(������SE��

SUHOLPLQDU\

%5�f�hg�ggg)
%5�f�p0g�ggg)

./2(

= 3.75�0.02�0.09

%5�f�hg�ggg)
%5�f�p0g�ggg)

3'*

= 4.05�0.35
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SHUPDQHQW��PDJQHW��TXDGUXSROHV

�� FP

$FFHSWDQFH�LQFUHDVHG�WKDQNV
WR�4XDGUXSROH�,QVWUXPHQWDWLRQ�
/HDG�6FLQWLOODWRU�7LOH�6DPSOLQJ�
&DORULPHWHU

90 cm

R in = 11 cm5.5 cm

PM1

PM2

R ext = 16.5 cm

R ext = 21.5 cm

Pb layers (1.9 mm)

Scintillator tiles (1 mm)
and WLS fibers

6SKHULFDO
%HDP�3LSH

4&DO

4&$/

4XDGUXSROH�&DORULPHWHU��4&$/�
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>����+H������L&�+�� ��;� ���P��
PHFKDQLFDO�VWUXFWXUH�LQ�&�)LEUH
������;��@

FHOO�VWUXFWXUH�
� ���� ILHOG�VHQVH�UDWLR
� ��õ ��FP� LQ�WKH����RXWHU�OD\HUV���
� ��õ ��FP� LQ�WKH����LQQHU�OD\HUV

� a������VWHUHR�ZLUHV��� +LJK�DQG�XQLIRUP�WUDFN�
UHFRQVWUXFWLRQ�HIILFLHQF\

�� 'HWHUPLQH�WKH�./�6 YHUWH[�
ZLWK�DQ�DFFXUDF\ � �PP

�� *RRG�PRPHQWXP�UHVROXWLRQ
�dS�S~���� ��IRU�.O� UHM�

�� 7UDQVSDUHQW�WR�ORZ�HQHUJ\�g
�GRZQ�WR����0H9��DQG�./�6
UHJHQHUDWLRQ

'ULIW�&KDPEHU
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'&��SRLQW�VSDFH�UHVROXWLRQ

5HVLGXDOV

5HVROXWLRQ

:HOO�EHORZ�����mP�VSDWLDO�UHVROXWLRQ
LQ�PRVW�RI�WKH�LPSDFW�SDUDPHWHU�UDQJH

'ULIW�GLVWDQFH��FP�

'ULIW�GLVWDQFH��FP�
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'&�PRPHQWXP�UHVROXWLRQ�,,
..66 �� pp++pp--

Ppp  ������ 0H9�F�
sP  �� 0H9�F�

Ppp  ������ 0H9�F�
sP  �� 0H9�F�

SF�R�P� = ��� 0H9�F
sS  ���� 0H9�F

SF�R�P� = ��� 0H9�F
sS  ���� 0H9�F
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'DWD�TXDOLW\�FRQWURO

.V PDVV�UHFRQVWUXFWLRQ�
VWDEOH�GXULQJ�WKH�
SK\VLFV�UXQV�

.V PDVV�UHFRQVWUXFWLRQ�
VWDEOH�GXULQJ�WKH�
SK\VLFV�UXQV�

&HQWHU�RI�PDVV�HQHUJ\�PRQLWRUHG�E\�
WKH�./2(�RIIOLQH�DQDO\VLV��DOO�WKH�
´MXPSVµ�DUH�FRUUHODWHG�ZLWK�PDFKLQH�
HQHUJ\�FKDQJHV�DQG�f VFDQ��

&HQWHU�RI�PDVV�HQHUJ\�PRQLWRUHG�E\�
WKH�./2(�RIIOLQH�DQDO\VLV��DOO�WKH�
´MXPSVµ�DUH�FRUUHODWHG�ZLWK�PDFKLQH�
HQHUJ\�FKDQJHV�DQG�f VFDQ��

6HSWHPEHU�'HFHPEHU�����

��.V�pp�QE-1 YV���5XQ�1XPEHU��.��.VV��pppp�QE�QE--11 YV���5XQ�1XPEHUYV���5XQ�1XPEHU

����

���

���

���

�

»V�YV���5XQ�1XPEHU»»V�YV���5XQ�1XPEHUV�YV���5XQ�1XPEHU

P�.V�pp��YV���5XQ�1XPEHUP�P�..VV��pppp��YV���5XQ�1XPEHU��YV���5XQ�1XPEHU

����

����

����

����

����

>0
H9

@

�����

�����

�����

�����

�����
>0

H9
@



6/$&�� ��1RY������ *��)LQRFFKLDUR�,1)1�/1) ��

3K\VLFV�DW�D�f IDFWRU\

SK  �����0H9�F
l6��l/  ���PP������P

f � .6./ SURYLGHV�PRQRFKURPDWLF�.6��./
EHDPV�LQ�SXUH�-3&  ��-- VWDWH

.6��./��WDJJHG�E\�REVHUYDWLRQ�RI�./��.6�

./2(�FDQ�PHDVXUH�.6 DQG�./��VHSDUDWHO\�
%5·V�IRU�DOO���PRGHV�LQ�WKH�GRXEOH�UDWLR

&3 DQG�&37 VWXGLHV�YLD�TXDQWXP�
LQWHUIHURPHWU\

7DJJHG�.6 EHDP�DOORZV�VWXG\�RI�UDUH�.6�
GHFD\V

1-6§�e��e��=
%5�./� p0p0��%5�./� p+p-�

%5�.6 �p0p0��%5�.6� p+p-�

[m
E]

1.26f → h g

15.6f → r p / p+p-p0

33.8f → K6 K/

49.1f → K+ K-

%5���'HFD\
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7KH�./2(�SK\VLFV�SURJUDP
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7RGD\
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���SE��

����SE��

� IE��

.6 SK\VLFV
%5�.6�� p+p-��%5�.6�� p0p0�
%5�.6 � pH�n�

f UDGLDWLYH�GHFD\V
f � I�g��D�g
f � h�g��hg

'HILQLWLYH .6 DQG�f SK\VLFV
.6 � �p0��RWKHU�UDUH�.6 GHFD\V
./ � �p��./� gg��IRUP�IDFWRUV
s�H+H- � KDGURQV� WR�����VWDW�

e�/e WR�O���-���YLD�GRXEOH�UDWLR
6HPLOHSWRQLF�DV\PPHWU\��&37 WHVW�
,QWHUIHURPHWU\
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(YHQW�VWUHDPLQJ��GDWDUHF�IORZ�GLDJUDP

�����+]�

&OXVWHU�UHFRQVWUXFWLRQ

%DFNJURXQG�ILOWHU

'&�WUDFN�YHUWH[�UHFRQ�

(YHQW�FODVVLILFDWLRQ

./.6

&RVPLF�ILOWHU

rp 5DG�
m+m-

p+p-.��.�� %KD

'&�WUDFN�YHUWH[�UHFRQ�

5$:

&DOLEUDWLRQ�%KDEKDV

8)2

'DWD�FRPSRVLWLRQ��\������
����+] 8QYHWRHG�FRVPLFV
����+] 3UHVFDOHG�FRVPLFV�UD\V
����+] 0DFK�%NJ���%KDEKD����R

����+] 3K\VLFV��f ��%KDEKD!��R�

��+]��+]

���+]��a����RI�UDZ�

����+]
3UHVFDOHG
FRVPLFV
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(YHQW�\LHOGV�LQ�<����

���UDGLDWLYH

�r p

��K6�K/

���%KDEKD

��K+K-

(YHQWV��0�6WUHDP

�����0� ./ WDJJHG�E\�.6 � p+p-

����0��.6 WDJJHG�E\�./
LQWHUDFWLRQV�LQ�(P&

���SE-1 �a17 ZLWK�VWDEOH�WULJJHU�
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f UDGLDWLYH�GHFD\V��QRQ�.DRQ�SK\VLFV�

f � �g
f � �g
f � p+p-+3g
f � p+p-p0

+DGURQLF�FURVV�VHFWLRQ�
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f � hg, f � p0g

(YHQW�VHOHFWLRQ�

v ��SURPSW�γV� (WRW�!����0H9
v .LQHPDWLF�ILW�ZLWK���PRPHQWXP
FRQVHUYDWLRQ

v 3KRWRQ�DVVLJQPHQW�
PLQLPL]DWLRQ�RI�c2 (p0 g), c2 (h g)

)LQDO�HIILFLHQF\���e  ����

0DLQ�EDFNJURXQG�FRPHV�IURP
H�H� � gg(g) �����������VHH�QH[W�VOLGH
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f � hg, f � p0g

%DFNJURXQG�XQLIRUP�LQ�WKH�VLGHEDQGV
hghg

p0gp0g

FR
V�

J g
g

D(gg

G(f"h g"ggg)

G(f"p0g"ggg)
=3.75�0.02�0.09 ./2(������SUHOLPLQDU\��16.6 SE-1�

./2(* : %5(f " p0g) = (1.377 ± 0.01± 0.07)¼10-3

: %5(f " hg) = (1.264 ± 0.008 ± 0.056)¼10-3
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6FDODUV� f�p0p0g �f0g��DQG�f�hp0g �a0g�

0LVUHFRQVWUXFWHG���g
f � p0g
f � hg � ggg
H+H- � gg(g)

0LVUHFRQVWUXFWHG���g
f � hg � p0p0p0 g

5HVRQDQW�
f � r0p0 � p0p0g
f � r0p0 � hp0g

&RQWLQXXP�
H+H- � wp0 � p0p0g
H+H- � wp0 � hp0g

f � f0g � p0p0g � 5g
f �a0g � h p0 g � 5g'HWHFW��g ILQDO�VWDWHV

6XPPDU\�RI�EDFNJURXQGV�

&RPSRVLWLRQ�RI�f0 DQG�a0 PHVRQV�XQFHUWDLQ
3UHFLVH�PHDVXUHPHQWV�RI�%5�f � f0g��DQG�%5�f � a0g��PD\�
GLVWLQJXLVK�EHWZHHQ�YDULRXV�PRGHOV��TTTT VWDWH��.. PROHFXOH��
RUGLQDU\�TT PHVRQ



6/$&�� ��1RY������ *��)LQRFFKLDUR�,1)1�/1) ��

3UHVHOHFWLRQ�FRPPRQ�WR�WKH�WZR�DQDO\VHV�
��SKRWRQV�LQ�(P&�ZLWK�HQHUJ\�!���0H9� FRPLQJ�IURP�WKH�,�5�
��ßß7�7�²² 5�F5�Fßß �� ����ssW�W���
$FFHSWDQFH�FXW����R ��J(P& �����

R

)XUWKHU�DQDO\VLV�VWHSV�
)LUVW�NLQHPDWLF�ILW����PRPHQWXP�FRQVHUYDWLRQ��QR PDVV
FRQVWUDLQWV�RQ�LQWHUPHGLDWH�UHVRQDQFHV�
3KRWRQ�SDLULQJ��EHVW�c2 IRU�p0p0 g, hp0 g, wp0 , h g, p0 g K\SRWKHVLV�
6HFRQG�NLQHPDWLF�ILW�ZLWK PDVV�FRQVWUDLQWV�RQ�LQWHUPHGLDWH
UHVRQDQFHV

f � p0p0g �f0g��DQG�f � hp0g �a0g�



6/$&�� ��1RY������ *��)LQRFFKLDUR�,1)1�/1) ��

6FDODU�VWDWHV��f � �0g � popog

γ

π
ψ

πo o

y DQJOH�

%DFNJURXQG�WR�f → f0 γ 6�%
H+H-→ ωp0 → p0p0 g 0.6 
φ → r0p0 → p0p0 g 3.7
φ → D��γ → h p0 g →γγp0 g 3.5
φ → p0 g 0.10
φ → h g → p0p0p 0 g 0.02

H+H-→ ωp0

f→ h g
f→ r0p0

f→ D��γ
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f � �0g � p0p0 g: %5�HYDOXDWLRQ

>IRU�0pp !�����0H9@��������������KHS�H[����������./2(�FROODE�
6\VWHPDWLF�HUURU�XQGHU�VWXG\��LW�VKRXOG�QRW�H[FHHG����

%5�f�f0 g�p0p 0 g��= (7.9�0.2VWDW)¼10-5%5�f�f0 g�p0p 0 g��= (7.9�0.2VWDW)¼10-5

$IWHU�EDFNJURXQG�VXEWUDFWLRQ�

1fo = 1662�43VWDW����1ENJ= 305�13VWDW��

LQ���SE��

�)LQDO�HIILFLHQF\���e �������

(DFK�0pp ELQ�SRSXODWLRQ�LV�FRUUHFWHG�E\�WKH�
0&�DQDO\VLV�HIILFLHQF\���
7KH�%5�LV�HYDOXDWHG�QRUPDOL]LQJ�WR�
f�hg�ggg��DQG�QHJOHFWLQJ�LQWHUIHUHQFH�
ZLWK�f�r0p0 → p0p0 g �

3UHOLPLQDU\
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���H+H- → wp0 → p0p0 g
FXW�RQ��(g �y��SODQH�

a0 g�hp0g�5g: EDFNJURXQG�UHMHFWLRQ
%DFNJURXQG�WR�φ → a0 γ 6�%
H+H- → ωp0 → hp0 g 70
f → r0p0 → hp0 g 5.3
f → r0p0 → p0p0 g 1.0
H+H- → wp0 → p0p0 g 0.14
f → I��γ → p0 p0 g 0.27
f → p0 g 0.10
f → h g → ggg 6.1¼10-3

f → h g → p0p0p 0 g 7.5¼10-3

y
w

p
>G
HJ

@

(g >0H9@

γ

π
ψ

πo o

y DQJOH�



6/$&�� ��1RY������ *��)LQRFFKLDUR�,1)1�/1) ��

a0 g�hp0g�5g: EDFNJURXQG�UHMHFWLRQ

c�ppg-c�hpg

f � D��g
f � r0p0

0
h

�� φ → h g → p0p0p 0 g
2s FXW�RQ� 0h

�� f � rp��� p�p�g
FXW�RQ��c2

ppg-c2
hpg��0h��

SODQH

�� f� hg� g g g
UHMHFWV�HYHQWV�ZLWK�0gg  �0h

DQG (UDG  �����0H9

0h�sh
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0hp

a0 g�hp0g�5g: ILQDO�GLVWULEXWLRQV

FRV�Jg

0hp

H+H- → ωp0 → hp0 g
p0p0 g
φ → h g → p0p0p 0 g
WRWDO�EDFNJURXQG
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0hp

$IWHU�EDFNJURXQG�VXEWUDFWLRQ�
1hpg  �413 � 28VWDW �1EFNJ  �253 � 11VWDW�����������LQ���SE��

�)LQDO�HIILFLHQF\���e �������

%5�f � hp�g�� ������� ���VWDW��[�����

6XEWUDFWLQJ�WKH�FRQWULEXWLRQ�IURP�WKH�f → r0p0 → hp0 g GHFD\
�QHJOHFWLQJ�WKH�LQWHUIHUHQFH���ZH�ILQG�

%5�f � a0 g � hp�g�� ������� ���VWDW��[�����

6\VWHPDWLF�HUURU�XQGHU�VWXG\��LW�VKRXOG�QRW�H[FHHG����

5DWLR RI�WKH�WZR�%5·V�

stat
stat

stat

aBR

fBR
4.01.4

5.08.5

)2.09.7(3

)(

)(

0

0 ±=
±

±×=
→
→

γφ
γφ

a0 g�hp0g�5g: %5�HYDOXDWLRQ

:HOO�LQ�DJUHHPHQW�ZLWK�WKH�YDOXH�
SUHGLFWHG�E\�)��&ORVH�HW�DO������
�KHS�SK����������EDVHG�RQ�WKH�
SLFWXUH�WKDW�WKHVH�V\VWHPV�KDYH�
D�FRPSDFW�FRUH�TTTT�VXUURXQGHG�
E\�D�..�FORXG�

./2(�3UHOLPLQDU\
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%5 �f � h� g�
%5�(f � h g)

5f =

([WUDFW�PL[LQJ�DQJOH�IURP��

�:LWK�WKH�GHFD\��f � h·g GHFD\�ZH�FDQ�SUREH�WKH�JOXRQLF�FRQWHQW�RI�WKH�h·�
WKHRUHWLFDO�SUHGLFWLRQV�IRU�%5�f � h·g��UDQJH�IURP��[��-4 GRZQ�WR�a��-6 LQ
FDVH�RI�VLJQLILFDQW�JOXRQLF�FRQWHQW�

�7KH�PDVV�HLJHQVWDWHV�h�������h·������FDQ�EH�UHODWHG�WR�WKH�68����RFWHW�VLQJOHW
VWDWHV�h8��h1 WKURXJK�WKH�PL[LQJ�DQJOH�JS�

�7KH�YDOXH�RI�WKH��PL[LQJ�DQJOH�KDV�
EHHQ�GLVFXVVHG��PDQ\�WLPHV�LQ�WKH
ODVW����\HDUV��ERWK�IURP�WKHRUHWLFDO
SUHGLFWLRQV�DQG�IURP�SKHQRPHQRORJLFDO
DQDO\VHV�LW�YDULHV��IURP�-23� WR�-10�.

3VHXGRVFDODU�VWDWHV��f � h g , h� g 

h     FRV�JS���-VLQ�JS h8

h� VLQ�JS�������FRV�JS h1

=
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((p+p+ ��(��(pp
__ >0H9@>0H9@

ff��pp++pp--pp00

ff �� hh�� gg

f f ��h gh g

((p+p+ ��(��(pp
__ >0H9@>0H9@

((p+p+ ��(��(pp
__ >0H9@>0H9@

f � h g � p+p-p0 g � p+p-3 g
�%5a3Ã10-3)

f � h�g � p+p-h g � p+p-3 g
�%5a2Ã10-5)

0DLQ�EDFNJURXQGV��f�.6 ./ , f�p+p-p0

(YHQW�VHOHFWLRQ�

½½ ��SURPSW�YHUWH[� ��SURPSW�gV��Jg-g >18��

½ (p+�(p
_ <����0H9����IRU f�h�g

½ (p+�(p
_ <����0H9����IRU f�hg

½ .LQHPDWLF�ILW�

f � h g, h� g 
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f � h g, h� g

f� h g LV�WKH�PDLQ
EDFNJURXQG�WR h� g
EXW�DOVR�D�JRRG�FRQWURO�
VDPSOH

(g(g SpSp

PggPgg 5^5^
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�7KH�SKRWRQ�HQHUJ\�VSHFWUXP�RI�f � hg DQG�
f � h·g HYHQWV�DOORZV�D�YHU\�FOHDU�LGHQWLILFDWLRQ
RI�WKH�SKRWRQV�LQ�WKH�WZR�FDVHV�

�7KLV�FDQ�EH�XVHG�WR�H[SORLW�FRUUHODWLRQV�EHWZHHQ
WKH�HQHUJLHV�RI�WZR�KDUGHVW�SKRWRQV�LQ�WKH
f � h·g HYHQWV�

� f�h·g LQVLGH�WKH�HOOLSVH
� f�hg LQ�WKH�WZR�EDQGV
DW�(a����0H9

f � h g, h� g

'DWD

(� YV�(� �DIWHU�NLQ��ILW����>0H9@

>0
H9

@

0&

(� YV�(� �DIWHU�NLQ��ILW����>0H9@

0&

 f � h g (g [0H9]

f � h�g (g [0H9]



6/$&�� ��1RY������ *��)LQRFFKLDUR�,1)1�/1) ��

$IWHU�EDFNJURXQG�VXEWUDFWLRQ�
1h�g=125 � 12VWDW � 5V\VW

Nhg=(502.1 � 2.2VWDW�)¼102

�)LQDO�HIILFLHQF\���eh�g=23%��ehg=37.6%�

5DWLR�RI�WKH�WZR�%)V�

)URP�WKH�UDWLR�5�ZH�H[WUDFW�WKH�%5�

«DQG��WKH�PL[LQJ�DQJOH�

��SE��

%5�f � h�g���%5�f � hg�

%5(f �h�g)=(6.8�0.6 VWDW�0.5V\VW)¼10-5%5(f �h�g)=(6.8�0.6 VWDW�0.5V\VW)¼10-5

5�= = �1h�eh��1heh��5%5�

= (5.3 � 0.5VWDW� 0.3V\VW)¼10-3

%5 �f � h� g�
%5�(f � h g)
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h-h� 0L[LQJ�DQJOH

./2(������SUHOLPLQDU\�����SE���

0HDVXUHPHQW�RI�%5�f � h�g��%5�f � hg��
JLYHV�PRVW�DFFXUDWH�GHWHUPLQDWLRQ�RI�
SVHXGRVFDODU�PL[LQJ�DQJOH�WR�GDWH�

� 7KHRUHWLFDO�SUHGLFWLRQV
� 3KHQRPHQRORJLFDO�DQDO\VHV

J3

./2(
«�ZKLFK�GLVIDYRU�D�ODUJH
JOXRQLF�FRQWHQW�RI�WKH�h�

�IODYRU�EDVLV�

�RFWHW�VLQJOHW�EDVLV�+ 1.7�

- 1.5�JS =14.7 �

+ 1.7�

- 1.5�fS =40.0 �
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( �
²
P

p
0
*H

9

�(��(���»��*H9

f � r�, 0 p0, �

f � p+p-p0 �GLUHFW�
H+H-� wp 0

��FRQWULEXWLRQV�WR�WKH�ELQQHG�'DOLW]�SORW a�0�HYHQWV

f � p+p-p0

������������������P�r���0H9�F�

������������������G�r����0H9�

-������������$�GLUHFW��$�rp��

������Rf�GLUHFW��f�rp�

�������DP������0H9�F�
������������������P�r���0H9�F�

3'*�YDOXH)LW�5HVXOW3DUDPHWHU

 &37�WHVW��DW���Ã����

(IILFLHQF\�IURP�0&��:RUN�LQ�SURJUHVV�WR�UHGXFH�V\VWHPDWLFV�

./2(�SUHOLPLQDU\
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s�H+H- � KDGURQV�

3UHFLVH�NQRZOHGJH�RI�,65�DQG�)65�UHTXLUHG��LQFOXGLQJ�DOO UDGLDWLYH FRUUHFWLRQV
� )65�VXSSUHVVHG�ZLWK�DFFHSWDQFH�FXWV��DV�RSSRVHG�WR�LQFOXGHG�LQ�ILW�WR�
G1�G0pp

��
� ([FOXVLYH�PHDVXUHPHQW�RI�p+p-g ILQDO�VWDWH��PXOWL�SKRWRQ�ILQDO�VWDWH�
H[FOXGHG��

0HDVXUHPHQW�LV�GHOLFDWH��EXW�./2(�FDQ�PDNH�XQLTXH�FRQWULEXWLRQV�
� &RQILUP�DQG�FRPSOHPHQW�UHVXOWV�IURP�H+H- � p+p- DQG�t GDWD��ZLWK�
GLIIHUHQW�V\VWHPDWLFV
� 0HDVXUH�Gs�G0pp

� IRU�ORZ 0pp �������*H9��

./2(�FDQ�PHDVXUH Gs�G0pp
��H+H- � KDGU���

IRU��Pp ��0pp ��Pf XVLQJ�H+H- � p+p-g ZLWK�
g UDGLDWHG�LQ�LQLWLDO�VWDWH��,65�

a����RI�Dm
KDGU �����¼�������FRPHV�IURP�WKLV�LQWHUYDO�

LQ�0pp
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7KH�0RQWHFDUOR��(9$

n (9$�JHQHUDWHV�WKH�SURFHVV�H+H-→ppg(g) ��ZLWK�D�KDUG�SKRWRQ�
�(g!��0H9��HPLWWHG�E\�,65�RU�E\�)65��DQG�SRVVLEO\�D�VRIW�SKRWRQ�
�FROOLQHDU�UDGLDWLRQ�

n 7KH�FXUUHQW�YHUVLRQ�VXSSOLHV RQO\�WKH�%RUQ�OHYHO��WKHUHIRUH�ZH�PXVW�
DSSO\�D�ORZHU�OLPLW�WR�WKH�SRODU�DQJOH�WR�DYRLG�GLYHUJHQFHV��EHFDXVH�
RI�WKLV�WKH�FXUUHQW�GHILQLWLRQ�RI�VPDOO�DQJOH�LV�

5�<Jpp<21� ∪ 159�<Jpp<175�

n 7KLV�LPSOLHV�D�ORVV�RI�D�IDFWRU�a��LQ�VWDWLVWLFV�DQG�D�SUREOHP�ZLWK�
WKH�GHWHFWRU�DQJXODU�UHVROXWLRQ�DW�VPDOO�DQJOHV��VPHDULQJ�

n .XHKQ�HW�DO��KDYH�SXEOLVKHG��KHS�SK��������������-XQ�������WKH�
1/2�FRUUHFWLRQV�WR�WKH�SURFHVV��WKH�QHZ�YHUVLRQ�RI�(9$�ZLOO�EH�
VRRQ�DYDLODEOH
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7KH�PHDVXUHPHQW�RI sKDGU

([SHULPHQWDO��%DFNJURXQGV�

á DFFHSWDQFH�eDFF HYDOXDWHG�IURP 0&��ODUJH�DQJOH��VPDOO�DQJOH�
á JOREDO�VHOHFWLRQ��HIILFLHQF\�eVHO HYDOXDWHG�IURP '$7$�0&
á WULJJHU�HIILFLHQF\ eWULJ HYDOXDWHG�IURP '$7$

/XPLQRVLW\�PHDVXUHG�XVLQJ�ODUJH�DQJOH�%KDEKD�VFDWWHULQJ������

������������ WULJVHODFF εεε=ε

H+H-→ p+p-g �)LQDO�6WDWH�5DGLDWLRQ�
H+H-→ H+H- g �UDGLDWLYH�%KDEKD�
H+H-→ m+m- g
H+H-→ f → p+p-p 0 �%5� ��������

/��
��������

0

11
����

G0
G

�

ENJREV

�   
×

∆

−
=σ

ππππ
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)65�UHGXFWLRQ

)65�gV�a�FROOLQHDU�ZLWK�SLRQV��VLQ J2�
� CVPDOO�DQJOH·�g
� (g>10 0H9
� S7>����0H9�F

)65�WKURXJK�D�SRLQW�OLNH�SLRQ�LQ�(9$

$V�H[SHFWHG��)%��,65�)65��DV\PPHWU\�
UHGXFHG�DW�VPDOO�SKRWRQ�DQJOHV�
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p+p-g LGHQWLILFDWLRQ

• /RRN�IRU�PLVVLQJ�PRPHQWXP�LQ ππ WUDFNV
• 8VH�GULIW�FKDPEHU��55�<Jp<125��
• (VWLPDWH�Eγ DQG Jγ IURP pp YHUWH[�DQG
 f ERRVW

•��ILGXFLDO�YROXPHV�
VPDOO�DQJOH��5�<Jg< 21�; 169�<Jg<175�
ODUJH�DQJOH� 60�<Jg<120�

• 8VH�FDORULPHWHU�IRU�p LGHQWLILFDWLRQ�
OLNHOLKRRG�IXQFWLRQ�XVLQJ��
WLPH�RI�IOLJKW��VKRZHU�SURILOH

• �s FXW�RQ 0WUDFN

• 1R�QHHG�RI�g LQIRUPDWLRQ�IURP�(P&

0
2

2
2

2
2

2

1

2
=





 +−+−= tracktrack MpMpMq φγ

MtrackMtrack

p+p-p0

p+p-g

H+H-g

m+m-g
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Gspp�G4�

Q2 (GeV2)

Gs
p

p
�
G4

�
�Q
E�

*H
9�

�

Ppp �0H9�

_)
p
�V
�_

�

small angle
large angle

− G-S (no fit)

6WDWLVWLFDO�HUURUV
([SHULPHQWDO�V\VWHPDWLFV������IHZ��
7KHRUHWLFDO�V\VWHPDWLFV�

./2(������SUHOLPLQDU\�������SE����
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f�.6�./

.6 �p+p-�.6 � p0p0

�D�ILUVW�VWHS�WR�WKH�GRXEOH�UDWLR��

.6 � pHn
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7DJJLQJ�RI�.6 GHFD\V
72)�LGHQWLILHG�./ LQWHUDFWLRQ�
LQ�(P&�´./ FUDVKµ��(./>100
0H9��FRV J./>0.7��SURYLGHV�D�
FOHDQ�.6 WDJ

,Q����SE�� a����0�./ FUDVK
FDQGLGDWHV

b� �YHORFLW\�RI�./ LQ�WKH�f UHVW�IUDPH
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./ FUDVK�WDJ

1RPLQDO�b
�����

����RI�WLPH��./ FUDVK�WULJJHUV�E\�LWVHOI�
)DFLOLWDWHV�GHWHUPLQDWLRQ�RI�WULJJHU�HIILFLHQF\

� $EVROXWH�WLPH�]HUR�RI�WKH�HYHQW�LV�IL[HG
D�SRVWHULRUL XVLQJ�WKH�IDVWHVW�FOXVWHU�LQ
WKH�HYHQW

� *OREDO�WLPH�LV�V\QFKURQL]HG�WR��DQ�LQWHJHU
PXOWLSOH�RI��WKH�EXQFK�FURVVLQJ�IUHTXHQF\

� g K\SRWKHVLV�LV�XVHG�DW�WKH�ILUVW�VWDJH�RI
WKH�UHFRQVWUXFWLRQ

7DJ�HIILFLHQF\�LV�VOLJKWO\�GHSHQGHQW�RQ�WKH�
.6 GHFD\�GXH�WR�WKH�GLIIHUHQW�JOREDO�W�
HVWLPDWLRQV��JLYHQ�E\��

� SURPSW�g·V�LQ�.6�p0p0

� SLRQ�FOXVWHUV�LQ�.6� p+p-

� SLRQ�RU�HOHFWURQ�FOXVWHUV�LQ�.6� pHn

$IWHU�FRUUHFWLRQ�IRU�GLIIHUHQW�SLRQ
YHORFLWLHV�DQG�WULJJHU�ODWHQF\
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.6 � p+p-

e�VHO¼UHF�  ������ ± ������

6LQJOH�SDUWLFOH�W� DQG�WULJJHU�
HIILFLHQFLHV�IURP�GDWD��

.6�� p+p-

DOVR�./�� pH�n��f � p+p-p0

SOXJJHG�LQWR�0&

e�W�¼WULJ�  ������ ± ������

3WUDFN 0H9

./�FUDVK�����WUDFNV�IURP�,3
$FFHSWDQFH�DQG�YHU\�ORRVH�S FXWV

&RQGLWLRQDO�VLQJOH�WUDFN�
UHFRQVWUXFWLRQ�HIILFLHQF\�IURP�
.6� p+p- GDWD
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K6 � p0p0

./ FUDVK�����SURPSW�FOXVWHUV
$FFHSWDQFH��J��DQG�( FXWV³
FRUUHFWLRQ�IURP�0&

7ULJJHU�HIILFLHQF\�HVWLPDWHG�E\�
PHDVXULQJ�SUREDELOLW\�RI�KDYLQJ�����
WULJJHULQJ�FOXVWHUV�IURP�GDWD

e�W�¼WULJ�  ������� ± ������

3KRWRQ�GHWHFWLRQ�HIILFLHQF\�
IURP�GDWD�XVLQJ�f → p+p-p0

HYHQWV
e�VHO¼UHF�� �������± �����

(g
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%5�.6 � p+p-��%5�.6 � p0p0�

���.6�� p+p- VHOHFWLRQ

���7DJ�ELDV
���.6 � p+p- WULJJHU�DQG�W�

����.6 � p0p0 WULJJHU
���2YHUDOO�V\VWHPDWLF�HUURU

���.6 � p0p0 VHOHFWLRQ
�&RQWULEXWLRQ�WR�V\VWHPDWLF�HUURU

./2(������SUHOLPLQDU\�����SE���� 2.211 � 0.002VWDW � 0.027V\VW
3'*����� 2.197 � 0.026VWDW � 0.013V\VW

:RUN�RQ GG(.6 � p+p-g)/G(g LQ�SURJUHVV
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%5WK�.6�pHn�� �%5 �./�pHn��G/�G6�  6.7¼10-4 LI�D6 D4
2QO\�PHDVXUHPHQW�����������Ã���� IURP�&0'��
�EDVHG�RQ����FDQGLGDWHV�
%DFNJURXQG�IURP�.6�pp �6LJQDO�EFNJG�  ��-3�

.6�ppg �6LJQDO�EFNJG�  ����
6WUDWHJ\�

.LQHPDWLF�FXWV����ERG\�YV���ERG\�GHFD\V�

.6�pp

.6�pHn

.V VHPLOHSWRQLF GHFD\V

1

10

10 2

10 3

10 4

10 5

300 400 500

mππ
[MeV/c2] pTOT

[MeV/c]

1

10

10 2

10 3

10 4

10 5

0 100 200 300

.6�pp.6�pp
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.V VHPLOHSWRQLF GHFD\V

6WUDWHJ\��FRQW��
WLPH�RI�IOLJKW�WR�UHGXFH
.6�pp DQG .6�ppg

���DQG�LGHQWLI\ .6�pH�n
DWpH� ��W�/�bF�p- �W�/�bF�H
(IILFLHQF\�IURP ./�pH n
GHFD\V�QHDU�WKH��RULJLQ
+LJK�SXULW\�VDPSOH�(> 99.7 %)�
LVRODEOH�E\�NLQHPDWLFDO�FXWV
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6WUDWHJ\��FRQW��
5HFRQVWUXFW�Sn IURP�./
GLUHFWLRQ

.V VHPLOHSWRQLF GHFD\V

p-

H+

n

./

b ����
Wa�QV

b ��
Wa�QV

6LQJOH�SDUWLFOH�W���WUDFN�FOXVWHU��
DQG�WULJJHU�HIILFLHQFLHV�IURP�
GDWD�XVLQJ�

./ � pHn QHDU�RULJLQ
f � p+p-p0� .6 � p+p-

0&�ZHLJKWHG�WR�JHW�RYHUDOO�
FRUUHFWLRQ
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.V VHPLOHSWRQLF GHFD\V

2YHUDOO�VHOHFWLRQ�HIILFLHQF\��
���������VWDW����V\VW��

)LW�WR (PLVV�SPLVV VSHFWUXP XVLQJ�
0&�VSHFWUD�IRU�VLJQDO�DQG�p+p-

EDFNJURXQG

1RUPDOL]DWLRQ�WR�.6 � p+p�

GHFD\V

2000: ≈17 pb-1
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.V VHPLOHSWRQLF GHFD\V

������ ���VWDW � ���V\VW&OXVWHU¼W�¼WULJJHU

������ ���VWDW�$FFHSWDQFH
������ ���VWDW � ���V\VW7UDFN�WRSRORJ\�FXWV

������ ���VWDW72)�VHOHFWLRQ
������ ���VWDW � ���V\VW7DJ�ELDV

������ ���VWDW � ���V\VW3UHVHOHFWLRQ
�&RUUHFWLRQ

./2(������SUHOLPLQDU\�����SE��� ������� ������Ã ��-�

&0'������������� ���HYWV� ������ �����Ã ��-�

G�.6 � pHn�� �G�./ � pHn� ������� ������Ã ��-�
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&RQFOXVLRQV

'$)1(�SHUIRUPDQFH�KDV�LPSURYHG�FRQVLGHUDEO\
GXULQJ�WKH�ILUVW�WZR�\HDUV�RI�./2(�GDWD�WDNLQJ

7KH�./2(�GHWHFWRU�LV�SHUIRUPLQJ�ZHOO

)LUVW�a���SE�� RI�./2(�GDWD�KDYH�\LHOGHG�UHVXOWV�RQ�
%5�.6 � p+p-��%5�.6 � p0p0���%5�.6 � pH�n�
f�I�g�p0p0g��f�D�g�hp0g, f�hg��f�h�g

����SE�� H[SHFWHG�E\�HQG�RI������ZLOO�SHUPLW�
� &RPSOHWH�DQG�GHILQLWLYH�UHVXOWV�IRU�WKH�DERYH�LWHPV
� .6 � �p0��.6 � gg� .6 � p+p-g GHFD\V
� ./ � �p��./ � gg GHFD\V
� &KDUJHG�NDRQ�GHFD\V
� s�H+H- KDGURQV��WR����VWDWLVWLFDO�HUURU


