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H[sZy�oZjZdl_jbklbdZ�jZ[hlu

:dlmZevghklv� ijh[e_fu�� <� kh\j_f_gghc� wdki_jbf_glZevghc� nbabd_

we_f_glZjguo�qZklbp�hkljh�klhbl�ijh[e_fZ�ihkljh_gby�dhfiZdlguo�fgh]hdZgZevguo

kbkl_f�kqblu\Zgby�hilbq_kdhc�bgnhjfZpbb�k�^_l_dlhjh\�aZjy`_gguo�qZklbp��Kbkl_fZ

kqblu\Zgby� gZ� hkgh\_� IAK� k� we_dljhgghc� [hf[Zj^bjh\dhc� �EBCCD)� kihkh[gZ

kqblu\Zlv� [he__� fbeebhgZ� dZgZeh\� b� h[eZ^Z_l� kihkh[ghklvx� j_]bkljbjh\Zlv

hl^_evgu_�nhlhgu��qlh�^_eZ_l�__�\_kvfZ�i_jki_dlb\ghc�ijb�kqblu\Zgbb�bah[jZ`_gby

kh�kpbglbeeypbhgguo�dhhj^bgZlguo�^_l_dlhjh\�\ukhdh]h�jZaj_r_gby�

P_ev� ^bkk_jlZpbhgghc� jZ[hlu� ±� jZajZ[hldZ�� ba]hlh\e_gb_� b� bamq_gb_

oZjZdl_jbklbd� kbkl_fu� kqblu\Zgby� ^ey� kpbglbeeypbhgguo� ^_l_dlhjh\� gZ� hkgh\_

EBCCD� k� we_dljhgguf� aZl\hjhf, h[eZ^Zxs_c� qm\kl\bl_evghklvx� � d� hl^_evguf

nhlhgZf��L_klbjh\Zgb_� b� bkihevah\Zgb_� kbkl_fu� \� j_Zevguo� wdki_jbf_glZo�nbabdb

\ukhdbo�wg_j]bc�

GZmqgZy� gh\bagZ� ^bkk_jlZpbhgghc� jZ[hlu� aZdexqZ_lky� \� kha^Zgbb� b

bkke_^h\Zgbb� oZjZdl_jbklbd� kbkl_fu� gZ� hkgh\_� ijb[hjZ� gh\h]h� ihdhe_gby� ±

djmighnhjfZlgh]h� (%&&'� k� � qbkehf� yq__d� [he__� ��
6
� b� we_dljhgguf� aZl\hjhf�

ijb]h^ghc� ^ey� bkihevah\Zgby� \� wdki_jbf_glZevghc� nbabd_� b� h[eZ^Zxs_c

h^ghnhlhgghc�qm\kl\bl_evghklvx�

Hkgh\gu_�j_amevlZlu�ijh\_^_gguo�bkke_^h\Zgbc�

• F_lh^hf� baf_j_gbc� rmfZ� ijh\_^_gZ� dZeb[jh\dZ� \uoh^gh]h� maeZ� IAK�

djmlbagZ�α=����fd<�we_dljhg �k�ih]j_rghklvx�\�ij_^_eZo� �����l_fgh\hc�lhd

ijb� to = -10 o 
&�g_�ij_\urZ_l� ����� we_dljhgh\�gZ� yq_cdm� aZ� ����fk��Rmf��\

i_j_kq_l_�gZ�\uoh^�EBCCD��wd\b\Ze_gl_g�\_ebqbg_�����we_dljhgh\�gZ�yq_cdm�
• Bamq_gu� Zfieblm^gu_� jZkij_^_e_gby� deZkl_jh\� jZaebqgh]h� jZaf_jZ�

ihjh`^_gguo�hl^_evgufb�nhlhgZfb��Hlghr_gb_� kb]gZe�rmf�^ey� deZkl_jh\�

khklhysbo�ba�h^ghc�yq_cdb��^hklb]Z_l�����Bkke_^h\Zgu�jZaf_ju�we_dljhggh]h

h[eZdZ�\�dj_fgbb���_]h�^bZf_lj�kjZ\gbf�k�jZaf_jZfb�ibdk_eZ������o�����fdf
2).

• Bamq_gZ� � aZ\bkbfhklv� \gmlj_gg_]h� mkbe_gby� � EBCCD� hl� mkdhjyxs_]h

gZijy`_gby��Bkke_^h\Zgu�hkh[_gghklb� ©f_jl\h]hª�kehy�ih^eh`db�IAK��Ijb

mkdhjyxs_f� gZijy`_gbb� ��� d<� mkbe_gb_� ^hklb]Z_l� ����� we_dljhgh\� gZ

nhlhwe_dljhg�

• HibkZgu� ijbf_ju� bkihevah\Zgby� kbkl_fu� ^ey� j_Zevguo� wdki_jbf_glh\� \

nbabd_�\ukhdbo�wg_j]bc�

:ijh[Zpby�jZ[hlu�b�im[ebdZpbb��Ih�j_amevlZlZf�\uiheg_gguo�bkke_^h\Zgbc
him[ebdh\Zgh���gZmqguo�jZ[hl��Hkgh\gu_�j_amevlZlu��bkihevah\Zggu_�\�^bkk_jlZpbb�

him[ebdh\Zgu�\�\b^_�ij_ijbglh\�CERN��\�`mjgZeZo��©Nuclear Instruments & Methods»,
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«Nuclear Physics Bª��J_amevlZlu� ^hdeZ^u\Zebkv� gZ� dhgn_j_gpbyo� �SPIE95 (San Diego
1995), PSD4 (Manchester 1996), SCIFI97 (South Bend 1997), k_fbgZjZo� dheeZ[hjZpbb

RD46 \�CERN_�

KljmdlmjZ�^bkk_jlZpbb��JZ[hlZ�baeh`_gZ�gZ����kljZgbpZo��khklhbl�ba�\\_^_gby�
iylb� ]eZ\� b� aZdexq_gby�� kh^_j`bl� ��� jbkmgdh\� b� kibkhd� pblbjm_fhc� ebl_jZlmju�

\dexqZxsbc����gZbf_gh\Zgbc�

Kh^_j`Zgb_�jZ[hlu

<h� \\_^_gbb� hlf_q_gh�� qlh� kh\j_f_ggZy� nbabdZ� we_f_glZjguo� qZklbp� bf__l
l_g^_gpbx� m]em[e_gby� \� h[eZklv� \k_� [he__� \ukhdbo� wg_j]bc�� lhqghkl_c� b� [hevrbo

ihlhdh\�qZklbp��<�lZdbo�mkeh\byo�lj_[h\Zgby�d�wdki_jbf_glZevghc�l_ogbd_�klZgh\ylky

\_kvfZ� `_kldbfb�� Hgb� oZjZdl_jbamxlky,� \� i_j\mx� hq_j_^v, \ukhdbf� dhhj^bgZlguf
jZaj_r_gb_f� ^_l_dlhjZ� b� kihkh[ghklvx� i_j_ghkblv� [hevrb_� aZ]jmadb�� >_l_dlhj

^he`_g�h[eZ^Zlv�\ukhdhc�jZ^bZpbhgghc� klhcdhklvx��ohjhrbfb�ijhkljZgkl\_gguf�b

\j_f_gguf�jZaj_r_gbyfb�

Fgh`_kl\h� ijh_dlh\� ^_l_dlhjh\�� dZd� ^_ckl\mxsbo�� lZd� b� ij_^eZ]Z_fuo� ^ey

[m^msbo� wdki_jbf_glh\�� bkihevamxl� kpbglbeebjmxsb_� \hehdgZ� jZaguo� lbih\� ^ey

h[gZjm`_gby�aZjy`_gguo�qZklbp��<�gZklhys__�\j_fy�jZajZ[hldb�\_^mlky�\�g_kdhevdbo

gZijZ\e_gbyo�

<_jrbggu_�^_l_dlhju�

Lbibqgufb� h]jZgbq_gbyfb� ^ey� lZdh]h� ^_l_dlhjZ� kem`Zl� jZ^bZpbhggZy

klhcdhklv�� \ukhdh_� ijhkljZgkl\_ggh_� jZaj_r_gb_� b� [ukljh^_ckl\b_�� Wlh� ^_l_dlhju�

jZ[hlZxsb_� \� gZb[he__� ly`_euo� mkeh\byo� b� lj_[mxsb_� fZdkbfZevgh� \ukhdbo

iZjZf_ljh\�ijb�fbgbfZevguo�]Z[ZjblZo��<�gZklhys__�\j_fy�gZb[he__�i_jki_dlb\gufb

\ZjbZglZfb� y\eyxlky� ihemijh\h^gbdh\u_� \_jrbggu_� ^_l_dlhju� b� \hehdhggu_

^_l_dlhju�gZ�dZibeeyjZo�k�`b^dbf�kpbglbeeylhjhf��@K��

Lj_dh\u_�^_l_dlhju�

<�h[eZklb�lj_dh\uo�^_l_dlhjh\�bgl_gkb\ghklb�h[emq_gby�h[uqgh�f_gvr_��q_f

^ey� \_jrbgguo� ^_l_dlhjh\�� ihwlhfm� \h� fgh]bo� kemqZyo� \hafh`gh� bkihevah\Zlv

ihebf_jgu_� kpbglbeebjmxsb_� \hehdgZ�� Hgb� oZjZdl_jbamxlky� \ukhdhc

l_ogheh]bqghklvx��ijb_fe_fhc�klhbfhklvx�b�ijhklhlhc�wdkiemZlZpbb�

DZehjbf_lju�

<� ihke_^g__� \j_fy� ihebf_jgu_� kpbglbeebjmxsb_� b� ki_dljhkf_sZxsb_

\hehdgZ� gZreb� rbjhdh_� ijbf_g_gb_� \� dZehjbf_ljbb�� � Hgb� bkihevamxlky� eb[h

kZfhklhyl_evgh� \� dZq_kl\_� Zdlb\ghc� qZklb� dZehjbf_ljZ�� eb[h� ^ey� i_j_o\ZlZ

kpbglbeeypbhggh]h�k\_lZ�hl�k_]f_glh\�kpbglbeeylhjZ�b�i_j_^Zqb�_]h�d�kqblu\Zxs_c

kbkl_f_�
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<�i_j\hc�]eZ\_�\�dZq_kl\_�ijbf_jZ�\_jrbggh]h�^_l_dlhjZ�\ukhdh]h�jZaj_r_gby

jZkkfhlj_g�\hehdhgguc�^_l_dlhj�gZ�dZibeeyjZo��gZiheg_gguo�`b^dbf�hj]Zgbq_kdbf

kpbglbeeylhjhf��jbk����

Jbk��� Dhgkljmdpby lj_dh\h]h ^_l_dlhjZ gZ dZibeeyjZo k @K�

Qm\kl\bl_evgZy� qZklv� ^_l_dlhjZ� ij_^klZ\ey_l

kh[hc�iZd_l��k[hjdm��kl_deygguo�dZibeeyjh\�^bZf_ljhf

g_kdhevdh� ^_kyldh\� fbdjhg� dZ`^uc� �jbk����� Iheguc

h[t_f�^_l_dlhjZ��ihjy^dZ���
6  
dZibeeyjh\��gZ[bjZ_lky�ba

iZd_lh\��kh^_j`Zsbo�ihjy^dZ�������dZibeeyjh\�dZ`^uc

b� bf_xsbo� d\Z^jZlgh_�� eb[h� ]_dkZ]hgZevgh_� k_q_gb_�

DZ`^uc� iZd_l� ba]hlh\e_g� iml_f� \uly]b\Zgby� k[hjdb

kl_deygguo� ljm[hd� ijb� l_fi_jZlmj_� jZafy]q_gby� b

ij_^klZ\ey_l� kh[hc� dhgkljmdlb\gmx� _^bgbpm

^hklZlhqghc� f_oZgbq_kdhc� ijhqghklb�� Ihke_

ij_^\Zjbl_evghc�h[jZ[hldb�dZibeeyjghc�k[hjdb�qbklysbf�khklZ\hf�__�aZihegyxl

ih^� \Zdmmfhf� `b^dbf� kpbglbeeylhjhf� � �@K��� <� dZq_kl\_� @K� bkihevam_lky

1�f_lbegZnlZebg� k� ^h[Z\dhc� djZkbl_ey� k� hlghkbl_evgh� \ukhdhc� dhgp_gljZpb_c
(3�]�e��� \uihegyxs_]h� nmgdpbx� baemqZl_ey�� Fhe_dmeu� f_lbegZnlZebgZ�

\ha[m`^Zykv� hl� ijhe_lZxs_c� aZjy`_gghc� qZklbpu�� i_j_^Zxl� wg_j]bx� fhe_dmeZf

djZkbl_ey� \� hkgh\ghf� [_auaemqZl_evguf� iml_f�� qlh� ijb\h^bl� d� \ukhdhc

ehdZevghklb� \uk\_qb\Zgby� b� ohjhr_fm� dhhj^bgZlghfm� jZaj_r_gbx� ^_l_dlhjZ�� <

dZq_kl\_� ^h[Z\db� h[uqgh� \u[bjZ_lky� djZkbl_ev�� baemqZxsbc� \� a_e_ghc� h[eZklb

\b^bfh]h�ki_dljZ��qlh�m\_ebqb\Z_l�^ebgm�aZlmoZgby�k\_lZ�\�dZibeeyjZo����Lbibqguc

ihdZaZl_ev� wdkihg_glu� \uk\_qb\Zgby� jZ\_g� ���� gk�� l�_�� ihl_gpbZevgh_� \j_f_ggh_

jZaj_r_gb_�^_l_dlhjZ�bkqbkey_lky�gZghk_dmg^Zfb�

<� kbem� lh]h�� qlh� ^ey� � ba]hlh\e_gby� dZibeeyjh\� bkihevam_lky� kl_deh� k

ihdZaZl_e_f� ij_ehfe_gby� gb`_�� q_f� m� f_lbegZnlZebgZ�� dZibeeyj� jZ[hlZ_l� dZd

k\_lh\h^�� b� qZklv� baemq_gby�� aZo\Zq_ggZy� bf�� i_j_^Z_lky� d� lhjpm� k[hjdb�� LZdbf

h[jZahf�� gZ� lhjp_� \hagbdZ_l� bah[jZ`_gb_� ijh_dpbb� lj_dZ� aZjy`_gghc� qZklbpu�

Kqblu\ZxsZy� kbkl_fZ�ij_h[jZam_l� _]h�\�pbnjh\mx�nhjfm��m^h[gmx�^ey� ojZg_gby�b

h[jZ[hldb�

Jbk��� Fbdjhnhlh]jZnby

dZibeeyjghc k[hjdb
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<� i_j\hc� ]eZ\_� lZd`_� � hibkZgu� \ZjbZglu� kqblu\Zxsbo� kbkl_f� ^ey

kpbglbeeypbhgguo�^_l_dlhjh\��Dhebq_kl\h�k\_lZ��^hklb]Zxs_]h�lhjpZ�k[hjdb�\_kvfZ

fZeh�� LbibqgZy� \_ebqbgZ� ±� ��� nhlhgh\� gZ� fbeebf_lj� lj_dZ�� >ey� kqblu\Zgby

g_h[oh^bf� ijb[hj�� h[eZ^Zxsbc� ^hklZlhqghc� d\Zglh\hc� wnn_dlb\ghklvx� \� \b^bfhc

h[eZklb�ki_dljZ��b�kihkh[guc�j_]bkljbjh\Zlv�hl^_evgu_�nhlhgu�

Visible Light Photon Counter (VLPC)� ±� jZajZ[hldZ� Rockwell Science Center –
ij_^klZ\ey_l� kh[hc� l\_j^hl_evguc� nhlhmfgh`bl_ev�� � <� dj_fgb_\hf� djbklZee_� kh

ki_pbZevghc� fgh]hkehcghc� kljmdlmjhc� e_]bjh\Zgby� j_Zebamxlky� mkeh\by� ^ey

eZ\bggh]h�jZafgh`_gby�ghkbl_e_c�aZjy^Z��Ijb[hj�jZ[hlZ_l�ijb�l_fi_jZlmjZo�hdheh��D

b�kf_s_gbb�����<� �<�ijb[hj_�^hklb]Z_lky�mkbe_gb_���5 
ijb�d\Zglh\hc�wnn_dlb\ghklb

60%.
HPD�� beb� ]b[jb^guc� nhlhmfgh`bl_ev� ij_^klZ\ey_l� kh[hc� we_dljhggh�

hilbq_kdbc�ij_h[jZah\Zl_ev��]^_�\�iehkdhklb�nhknhjZ�ihf_s_g�dj_fgb_\uc�^_l_dlhj�

gZijbf_j�Si-PAD�fZljbpZ��Ijb[hj�jZ[hlZ_l�ijb�mkdhjyxs_f�gZijy`_gbb�\�������d<�b

bf__l�mkbe_gb_�g_kdhevdh�lukyq��D\Zglh\Zy�wnn_dlb\ghklv�hij_^_ey_lky�nhlhdZlh^hf

b�g_�ij_\urZ_l�����

MPM,� beb� fgh]hZgh^gu_� nhlhmfgh`bl_eb� \� ihke_^g__� \j_fy� ihemqbeb

ijbagZgb_� [eZ]h^Zjy� jZajZ[hldZf� Hamamatsu Inc.� Ijb[hju� k� ���� dZgZeZfb� m`_
ijbkmlkl\mxl� gZ� jugd_� b� ihdZau\Zxl� hlghkbl_evgh� ohjhrb_� iZjZf_lju� lZdb_�� dZd

[hevrh_�mkbe_gb_��\ukhdh_�hlghr_gb_�kb]gZe/rmf�

<h�\lhjhc� ]eZ\_� hibkZgu� mkljhckl\h� b� ijbgpbi� ^_ckl\by� djmighnhjfZlgh]h
IAK�k�we_dljhgghc�[hf[Zj^bjh\dhc��Megapixel EBCCD���Z�lZd`_�f_lh^bdZ�dZeb[jh\db
IAK�

Ijb[hj� ij_^klZ\ey_l� kh[hc� we_dljhggh�hilbq_kdbc� ij_h[jZah\Zl_ev� k

we_dljhklZlbq_kdhc� �beb� we_dljhfZ]gblghc�� nhdmkbjh\dhc�� ]^_� gZ� f_kl_

exfbg_kpbjmxs_]h� wdjZgZ� mklZgh\e_g� ^_j`Zl_ev� kh� ki_pbZevgh� ih^]hlh\e_gguf

djbklZeehf�IAK�

Jbk��� Dhgkljmdpby IAK k we_dljhgghc [hf[Zj^bjh\dhc �Megapixel EBCCD).
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Dj_fgb_\uc�djbklZee�jZaf_jZfb���o��o���ff
3
�kljZ\e_g�kh�klhjhgu�ih^eh`db�\

h[eZklb�����o����ff�^h�lhesbgu����fbdjhg�b�ihf_s_g�\�ljm[dm�lZd��qlh�we_dljhgu�k

nhlhdZlh^Z�[hf[Zj^bjmxl�h[jZlgmx�klhjhgm�djbklZeeZ�(kh�klhjhgu�ljZ\e_gby).
We_dljhg��mkdhj_gguc�^h����dw<��ijhgbdZ_l�\�ih^eh`dm�dj_fgb_\h]h�djbklZeeZ

b�l_jy_l�k\hx�wg_j]bx��jh`^Zy�ih�imlb�we_dljhggh�^ujhqgu_�iZju��<�kj_^g_f�gZ�h^gm

iZjm� ljZlblky� ���� w<�� ke_^h\Zl_evgh�� h^bg� nhlhwe_dljhg� jh`^Z_l� \� ih^eh`d_� IAK

hdheh� ����� we_dljhggh�^ujhqguo�iZj�� �>Ze__�h[eZdh�ghkbl_e_c�^j_cnm_l� �\� klhjhgm

we_dljh^h\�IAK�� ]^_� \� dhgp_� dhgph\� aZo\Zlu\Z_lky� ihl_gpbZevghc� yfhc� [eb`Zcr_c

yq_cdb�� � Bah[jZ`_gb_�� mkbe_ggh_� lZdbf� h[jZahf� \� g_kdhevdh� lukyq� jZa�� aZl_f

k^\b]Z_lky�ihkljhqgh�\�\uoh^ghc�j_]bklj�IAK�b�ihke_^h\Zl_evgh��yq_cdZ�aZ�yq_cdhc�

ihiZ^Z_l� gZ� \uoh^�IAK�� �Mkbe_gguc� b� hlnbevljh\Zgguc� ZgZeh]h\uc� kb]gZe� � aZl_f

hpbnjh\u\Z_lky�b��aZibku\Z_lky�gZ�ghkbl_ev�bgnhjfZpbb�\�W<F�

GZkus_gb_� ihl_gpbZevghc� yfu� yq_cdb� IAK� gZklmiZ_l� ijbf_jgh� ijb� ������

we_dljhgZo� \� yf_�� � ijb� wlhf� h`b^Z_fuc� rmf� gZ� \uoh^_� IAK� g_� ij_\urZ_l� ���

we_dljhgh\�RMS���Ihwlhfm�ijb[hj�kihkh[_g�jZ[hlZlv�dZd�\�j_`bf_�[hevrhc�aZk\_ldb�

lZd�b�\�j_`bf_�j_]bkljZpbb�hl^_evguo��nhlhgh\�

>ey�l_klh\uo�baf_j_gbc�\�j_`bf_�kq_lZ�we_dljhgh\�bkihevah\Zebkv�ki_pbZevgh

jZajZ[hlZggZy� we_dljhgbdZ� mijZ\e_gby�IAK� b� ljZdl� h[jZ[hldb� ZgZeh]h\h]h� kb]gZeZ�

Nhjfbjh\Zgb_� mijZ\eyxs_c� ihke_^h\Zl_evghklb� bfimevkh\� ^ey� lZdlbjh\Zgby� IAK

j_Zebah\Zgh� \� fbdjhko_f_� ijh]jZffbjm_fhc� eh]bq_kdhc� fZljbpu� �)3*$�� nbjfu

ALTERA�� Ki_pbZevgu_� ij_h[jZah\Zl_eb� mjh\g_c� b� klZ[bebabjh\Zggu_� bklhqgbdb
iblZgby� aZ^Zxl� g_h[oh^bfu_� gZijy`_gby� ^ey� jZ[hlu� IAK�� Kb]gZe� k� \uoh^Z� IAK�

mkbe_gguc� ij_^mkbebl_e_f�� q_j_a� ki_pbZevguc� nbevlj� ihklmiZ_l� gZ� mkljhckl\h

\u[hjdb�ojZg_gby�� LZdbf� h[jZahf�� ba� dhfihablgh]h� \uoh^gh]h� kb]gZeZ� IAK

\u^_ey_lky�ihe_agZy�khklZ\eyxsZy��g_kmsZy�bgnhjfZpbx�h[�bah[jZ`_gbb��>Ze__�hgZ

_s_�jZa�mkbeb\Z_lky�hdhg_qguf�dZkdZ^hf�b�kh\f_klgh�k�kbgojhkb]gZeZfb�i_j_^Z_lky

gZ� \oh^� [ehdZ� ijb_fZ� bah[jZ`_gby� \�W<F� �nj_cf�]jZ[[_jZ���LZdbf� h[jZahf��f_`^m

dhebq_kl\hf� we_dljhgh\� \� ihl_gpbZevghc� yf_� N� b� \uoh^guf� kb]gZehf� � 8� >f<@
\uihegy_lky�khhlghr_gb_ U=k αN ��]^_ α >fd<�we_dljhg@� ±�dhwnnbpb_gl�i_j_^Zqb
\uoh^gh]h�maeZ�IAK��Z�k –�dhwnnbpb_gl�i_j_^Zqb�ZgZeh]h\h]h�ljZdlZ�

Hkgh\gufb�bklhqgbdZfb�rmfZ�ijb�fZeuo�aZk\_ldZo�\�lZdhc�dhgkljmdpbb

y\eyxlky�

• klZlbklbq_kdb_�nemdlmZpbb�mjh\gy�l_fgh\h]h�lhdZ�\�IAK  σUdark >f<@

~√N,
• rmf�\uoh^gh]h�ljZgabklhjZ�IAK  σUot >f<@�

• rmf�dZgZeZ�h[jZ[hldb�ZgZeh]h\h]h�kb]gZeZ  σUtract >f<@.
<� \uoh^ghf� \b^_hkb]gZe_� jZa^_eblv� \lhjhc� b� lj_lbc� bklhqgbdb� rmfZ� g_

ij_^klZ\ey_lky� \hafh`guf: σUot
2 +σUtract

2 =σUel
2.  H^gZdh� baf_jb\� mjh\_gv

l_fgh\h]h�lhdZ�Udark�b�_]h�nemdlmZpbb��\iheg_�fh`gh�hl^_eblv�i_j\uc�bklhqgbd�rmfZ

hl�hklZevguo�b�ihemqblv�dhwnnbpb_gl�i_j_kq_lZ�f_`^m�dhebq_kl\hf�we_dljhgh\�\�yf_

b�\uoh^guf�kb]gZehf�k�IAK�

>ey� mf_gvr_gby� dhfihg_glu� � σUdark  ijbgylu� f_ju� ih� kgb`_gbx� jZ[hq_c

l_fi_jZlmju�djbklZeeZ�IAK��>ey�wlh]h�d�aZ^g_fm�neZgpm�EBCCD��dhlhjuc�gZoh^blky�\

      __
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l_ieh\hf� dhglZdl_� k� djbklZeehf�� ijb`Zl� ihemijh\h^gbdh\uc� oheh^bevgbd� �we_f_gl

I_elv_���L_iehhl\h^�hl�oheh^bevgbdZ�h[_ki_qb\Z_lky�ijhlhqghc�\h^hc�ijb�dhfgZlghc

l_fi_jZlmj_�� Z� djbklZee� ijb� wlhf� m^Z_lky� ih^^_j`b\Zlv� ijbf_jgh� ijb� ���
h

K�� Wlh

agZqbl_evgh�kgb`Z_l�mjh\_gv�l_fgh\h]h�lhdZ�b��dZd�ke_^kl\b_��\deZ^�\�kmffZjguc�rmf�

>ey�ijh\_^_gby�dZeb[jh\db�ihkljh_gu�jZkij_^_e_gby�Zfieblm^�yq__d�IAK�ijb

^\mo� mkeh\byo�� <� i_j\hf� kemqZ_� IAK� gZoh^blky� \� jZ[hq_f� j_`bf_� ijb� iheghf

hoeZ`^_gbb� b� kqblu\Z_lky� iheguc� dZ^j� aZ� ��� fk�� <h� \lhjhf� kemqZ_� kqblu\Zgb_
\uoh^gh]h�j_]bkljZ�ijhbkoh^bl�dZd�h[uqgh��gh� kljhdb� \�IAK�fZljbp_� k^\b]Zxlky� \

gZijZ\e_gbb�hl�j_]bkljZ��h[_ki_qb\Zy��lZdbf�h[jZahf��ijZdlbq_kdb�gme_\hc�kb]gZe��g_

kh^_j`Zsbc� dhfihg_glu  σUdark . JZkij_^_e_gby� ^ey� i_j\h]h� b� \lhjh]h� kemqZ_\

khhl\_lkl\_ggh� ihdZaZgu� gZ� jbk.4  :fieblm^Z� kb]gZeZ� ih� Z[kpbkk_� \ujZ`_gZ� \
hlkq_lZo�:PI��Dhwnnbpb_gl�i_j_kq_lZ�khklZ\ey_l�9.0 f<�hlkq_l�
>ey�i_j\h]h�kemqZy�bf__f

σUtotal
2  = (kα√ Ndark)

2
 + σUel

2.   (1)
Udark = kαNdark. (2)
B�^ey�\lhjh]h�khhl\_lkl\_ggh

σUtotal
2  =  σUel

2. (3)

Jbk��� JZkij_^_e_gby Zfieblm^ yq__d IAK ^ey g_gme_\h]h b gme_\h]h l_fgh\h]h lhdh\�

Ih^klZ\b\� qbke_ggu_� agZq_gby� \� fbeeb\hevlZo� � b� j_rb\� kh\f_klgh� mjZ\g_gby�

ihemqbf�

          kα = 0.56 #������f<�we_dljhg

IjbgbfZy�\h�\gbfZgb_��qlh�k = 500, �bf__f�djmlbagm�\uoh^gh]h�maeZ�IAK�

         α  �����fd<�we_dljhg�k�ih]j_rghklvx�\�ij_^_eZo  6%.

Dhfihg_glu�rmfZ�\�i_j_kq_l_�gZ�\uoh^�IAK�khklZ\eyxl�

σUdark  ����f<�beb����we_dljhgh\�

σUel  �����f<�beb�����we_dljhgh\;
σUtotal  �����f<�beb�����we_dljhgh\�

      ____
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<� lj_lv_c� ]eZ\_� hibku\Zxlky� f_lh^bdZ� b� j_amevlZlu� bkke_^h\Zgby� jZ[hlu
kbkl_fu�\�j_`bf_�h^ghnhlhgghc�qm\kl\bl_evghklb�

>ey� ijh\_^_gby� baf_j_gbc� \� j_`bf_� h^ghnhlhgghc� � qm\kl\bl_evghklb

nhlhdZlh^� EBCCD� aZk\_qb\Zeky� jZ\ghf_jgh� a_e_guf� k\_lhf� k� ij_^_evgh� fZehc
bgl_gkb\ghklvx��Kj_^g__�dhebq_kl\h�nhlhwe_dljhgh\�gZ�yq_cdm�IAK�\�h^ghf�dZ^j_�g_

ij_\urZeh������lZd�qlh[u�gZ[ex^Zlv�hl^_evgu_�nhlhwe_dljhgu�k�fZehc�\_jhylghklvx

kebygby�kb]gZeh\�hl�khk_^gbo�nhlhwe_dljhgh\�� �JZkij_^_e_gb_�Zfieblm^�yq__d�IAK�\

wlbo�mkeh\byo�ihdZaZgh�gZ�jbk��Z�� � �DZd�[ueh�hlf_q_gh�\ur_��nhlhwe_dljhg��\e_lZy�\

dj_fgbc��jh`^Z_l�lZf�h[eZdh�ghkbl_e_c��dhlhjh_�^j_cnm_l�d�we_dljh^Zf�IAK��JZaf_j

h[eZdZ��\hh[s_� ]h\hjy�� aZ\bkbl�hl� kdhjhklb�^j_cnZ�b� lhesbgu�ih^eh`db��b� � \iheg_

fh`_l�ij_\urZlv�jZaf_ju� yq_cdb�� �FZdjhkdhibq_kdb_�baf_j_gby�ijhkljZgkl\_ggh]h

jZaj_r_gby� ijb[hjZ� mdZau\Zxl� gZ� lh�� qlh� wlh� ij_\ur_gb_�� _keb� b� bf__l� f_klh�� lh

g_agZqbl_evgh�� Ihwlhfm� kb]gZe� hl� h^bghqgh]h� nhlhwe_dljhgZ� � [m^_l� ij_^klZ\eylv

kh[hc� deZkl_j� ba� g_kdhevdbo� ibdk_eh\�� kh^_j`Zsbo� iheguc� aZjy^� h[eZdZ

(~4000 we_dljhgh\��� LZdbf� h[jZahf�� aZ^ZqZ� \u^_e_gby� kb]gZeh\� hl� hl^_evguo

nhlhwe_dljhgh\�k\h^blky�d�ihbkdm�lZdbo�deZkl_jh\�

Jbk��� JZkij_^_e_gb_ aZjy^Z \ deZkl_j_ hl h^bghqgh]h nhlhwe_dljhgZ �Z� b jZkij_^_e_gb_ iheh`_gby

p_gljZ ly`_klb deZkl_jZ ih hlghr_gbx d p_gljm ehdZevgh]h fZdkbfmfZ �[��

Ijb� ZgZeba_� Zfieblm^gh]h� jZkij_^_e_gby� deZkl_jh\� bkihevam_lky� Ze]hjblf

ihbkdZ� ehdZevguo� fZdkbfmfh\� Zfieblm^u�� AZl_f� \hdjm]� dZ`^hc� yq_cdb�fZdkbfmfZ

kmffbjmxlky�  M�yq__d� �\dexqZy� kZf� fZdkbfmf��� b� ^ZggZy� kmffZ� gZau\Z_lky

Zfieblm^hc��deZkl_jZ�ba�F�yq__d���:fieblm^gu_�ki_dlju�lZdbo�deZkl_jh\�^ey�jZaguo

F�ihdZaZgu�gZ�jbk���[�\�]�
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Jbk��� JZkij_^_e_gby Zfieblm �̂ �Z� \k_o yq__d IAK� Z lZd`_ deZkl_jh\ khklhysbo ba� �[� 1 yq_cdb�

�\� 5 yq__d b �]� � yq__d IAK�

I_j\uc�ibd�gZ�ki_dljZo�[�\�b�]� ±�rmfh\hc��<lhjhc�khhl\_lkl\m_l�h^bghqghfm

nhlhwe_dljhgm�� �>ey� ZgZebaZ�ijbf_jgh]h�jZkij_^_e_gby� aZjy^Z�\�deZkl_j_�ihkljh_gh

jZkij_^_e_gb_� Zfieblm^� ibdk_eh\� \� deZkl_j_� �o�� \hdjm]� ehdZevgh]h� fZdkbfmfZ

�jbk��Z��� DeZkl_j� g_kbff_ljbq_g�� \� qZklghklb�� ba�aZ� g_gme_\hc� g_wnn_dlb\ghklb

i_j_ghkZ��Z�lZd`_�ba�aZ�h]jZgbq_gby�ihehku�ijhimkdZgby�ZgZeh]h\h]h�ljZdlZ�\�h[eZklb

\ukhdbo�qZklhl�

<� q_l\_jlhc� ]eZ\_� ijb\h^ylky� j_amevlZlu� baf_j_gby� \gmlj_gg_]h� mkbe_gby
EBCCD.

>ey� j_`bfZ� j_]bkljZpbb� hl^_evguo� nhlhwe_dljhgh\� [ueZ� kgylZ� djb\Zy

mkbe_gby��l�_��aZ\bkbfhklb�kmffZjgh]h�aZjy^Z�\�deZkl_j_�hl�mkdhjyxs_]h�gZijy`_gby�

>ey� __� ihemq_gby� ihkljh_gu� ki_dlju� Zfieblm^� deZkl_jh\� ijb� jZaguo� mkdhjyxsbo

gZijy`_gbyo�� GZ� jbk��� ihdZaZgu� iylv� k_jbc� ki_dljh\�� DZ`^Zy� k_jby� khhl\_lkl\m_l

hij_^_e_gghfm� jZaf_jm� deZkl_jZ�� �������� b� �� ibdk_eh\� khhl\_lkl\_ggh��DZ`^Zy� k_jby

kh^_j`bl� q_luj_� ki_dljZ� khhl\_lkl\mxsbo� mkdhjyxsbf� gZijy`_gbyf� � ��� ���� ��� b

14.3 d<.
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Jbk�� :fieblm^gu_ ki_dlju

deZkl_jh\ iylb jZaf_jh\ ��������

b � yq__d� ijb jZaguo

mkdhjyxsbo gZijy`_gbyo gZ

ljm[d_� �� ��� ��� ���� d<.

Ih�j_amevlZlZf�wlbo�k_jbc�ihkljh_gu�aZ\bkbfhklb�kj_^gbo�Zfieblm^��deZkl_jh\

jZaguo� jZaf_jh\� hl� mkdhjyxs_]h� gZijy`_gby�� AZ\bkbfhklb� Ziijhdkbfbjh\Zgu

ebg_cgufb�nmgdpbyfb� �jbk���� LhqdZ�i_j_k_q_gby�ijh^he`_gby� �ijyfuo�k�Z[kpbkkhc
^Z_l� ij_^klZ\e_gb_� h� ihjh]_� qm\kl\bl_evghklb� ijb[hjZ�� Ihjh]� wlhl� h[yaZg� k\hbf

kms_kl\h\Zgb_f� lZd� gZau\Z_fhfm� “f_jl\hfm� kehx” � gZ� ih\_joghklb� dj_fgby� kh
klhjhgu�ih^eh`db��Ihjh]�wlhl�khklZ\ey_l�h[uqgh�����d<.

Jbk��� Djb\u_ mkbe_gby EBCCD ^ey

jZaebqgh]h jZaf_jZ deZkl_jh\� Djmigu_

pbnju ih hkb < ± mkbe_gb_ \ lukyqZo

we_dljhgh\ gZ nhlhwe_dljhg� IjyfZy�

ijhoh^ysZy q_j_a ������ bf__l gZdehg

khhl\_lkl\mxsbc ��� w<�_� IeZ\gZy

djb\Zy hljZ`Z_l j_amevlZlu lhdh\uo

baf_j_gbc mkbe_gby ijb [hevrbo

aZk\_ldZo �^ey kjZ\g_gby��

Ba�jbk���lZd`_�\b^gh��qlh�m`_� �deZkl_ju�ba�lj_o�yq__d�kh^_j`Zl�ih^Z\eyxsmx

qZklv� aZjy^Z� �������ihjh`^_ggh]h�nhlhwe_dljhghf��qlh�ih^l\_j`^Z_l� lZd`_�b�nhjfZ

deZkl_jZ�gZ�jbk��Z�
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<� iylhc� ]eZ\_� hibkZgu� wdki_jbf_glu�� � \� dhlhjuo� bkihevah\Zebkv� kbkl_fu
kqblu\Zgby� gZ� hkgh\_� � djmighnhjfZlgh]h� � IAK� k� we_dljhgghc� [hf[Zj^bjh\dhc�

kha^Zggu_�\�oh^_�bkke_^h\Zgbc�k�������]h^Z�ih�gZklhys__�\j_fy�

• Wdki_jbf_gl�?����gZ�mkdhjbl_e_�PS  \�D?D��Yihgby�

Wdki_jbf_gl�?�����beb�SigN, ihk\ys_g�bkke_^h\Zgbx�jZkk_ygby�Σ+ ,  Σ− ,  b� Λo

]bi_jhgh\� gZ� ijhlhgZo�� <� wdki_jbf_gl_� bkihevam_lky� Zdlb\gZy� fbr_gv�� kem`ZsZy

h^gh\j_f_ggh� \_jrbgguf� ^_l_dlhjhf�� \uiheg_ggZy� ba� ihebf_jguo

kpbglbeebjmxsbo�\hehdhg��jbk����

Jbk��� Fbr_gv�^_l_dlhj ba ihebf_jguo

kpbglbeebjmxsbo \hehdhg�

Bah[jZ`_gb_� lj_dZ� k� fbr_gb� ���o��� kf
2
�� kqblu\Z_lky� ihkj_^kl\hf� p_ihqdb

we_dljhggh�hilbq_kdbo� ij_h[jZah\Zl_e_c� b� EBCCD�� � Bkihevah\Zeky� EBCCD  k
nhjfZlhf� IAK� ���o���� b� ^bZf_ljhf� nhlhdZlh^Z� ���ff�� <� ^Zgghc� ]_hf_ljbb

g_h[oh^bfh� � mf_gvrblv� bah[jZ`_gb_�� qlh[u� � kh]eZkh\Zlv� jZaf_ju� qm\kl\bl_evghc

h[eZklb�^_l_dlhjZ�k�qm\kl\bl_evghc�h[eZklvx�EBCCD���>ey�wlhc�p_eb�bkihevah\Zebkv
^hihegbl_evgu_� we_dljhggh�hilbq_kdb_� ij_h[jZah\Zl_eb�� <� k\yab� k� wlbf� g_� [ueh

g_h[oh^bfhklb� m\_ebqb\Zlv� mkbe_gb_� EBCCD� ^h� j_`bfZ� h^ghwe_dljhgghc

qm\kl\bl_evghklb�� Ijb[hj� jZ[hlZe� k� mkbe_gb_f� ihjy^dZ� ����� � Ijbf_ju� kh[ulbc�

ihemq_gguo�\�wdki_jbf_gl_��ihdZaZgu�gZ�jbk����
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Jbk���� Bah[jZ`_gby kh[ulbc \ wdki_jbf_gl_ ?����

 >hklb]gmlu� dhhj^bgZlgh_� jZaj_r_gb_� � ihjy^dZ� ���� fbdjhg� \� iehkdhklb

kh[ulby� � �^bki_jkby�lj_dZ��b�m]eh\h_�jZaj_r_gb_�~2 fjZ^��<�gZklhys__�\j_fy�gZ[hj

klZlbklbdb�aZdhgq_g��b�\_^_lky�h[jZ[hldZ�b�ZgZeba�kh[ulbc�

• Wdki_jbf_gl�ih�h[gZjm`_gbx�g_cljbgguo�hkpbeeypbc�CHORUS (CERN).
F_lh^bq_kdb_�baf_j_gby�gZ�rbjhdhf�g_cljbgghf�imqd_�mkdhjbl_ey�636�

DZibeeyjguc� lj_dh\uc� ^_l_dlhj�� y\eyxsbcky� ij_^f_lhf� Pilot Project, [ue
mklZgh\e_g� �gZ�rbjhdhf�g_cljbgghf�imqd_�mkdhjbl_ey� 636� �\ CERNe �\� �����]h^m�b
ijhjZ[hlZe�^h�fZy�������>_l_dlhj�[ue�mklZgh\e_g�\�wdki_jbf_glZevghc�ahg_� CHORUS
i_j_^� � wfmevkbhgguf� ^_l_dlhjhf� b� bkihevah\Zeky� \� hkgh\ghf� ^ey� f_lh^bq_kdbo

baf_j_gbc� b� bkke_^h\Zgby� kihkh[ghklb� ^_l_dlhjZ� jZaj_rZlv� \_jrbgm� kh[ulby�� AZ

\j_fy� jZ[hlu� aZibkZgh� fgh`_kl\h� kh[ulbc� \aZbfh^_ckl\bc� g_cljbgh� k� \_s_kl\hf

^_l_dlhjZ��jbk�����

KljmdlmjZ� ^_l_dlhjZ� ihdZaZgZ� gZ� jbk���� Fbr_gv� ij_^klZ\ey_l� kh[hc

dZibeeyjgmx� k[hjdm� ^ebghc� ����f�� K_q_gb_� fbr_gb� ±� r_klb]jZggbd�� \ibkZgguc� \

hdjm`ghklv� ^bZf_ljhf� � ���ff��Fbr_gv� kh^_j`bl� [he__� ��
6
� dZibeeyjh\�� ^bZf_ljhf

20�fbdjhg� dZ`^uc��>_l_dlhj�ih^jh[gh� hibkZg� \� ]eZ\_� ���Ijb\_^_f� lhevdh� hkgh\gu_
j_amevlZlu�� ihemq_ggu_� aZ� \j_fy� jZ[hlu� ^_l_dlhjZ�� <� EBCCD� bkihevah\ZgZ� IAK
fZljbpZ��nhjfZlhf� ����o����� ibdk_eh\��>hklb]gmlh� ijhkljZgkl\_ggh_� jZaj_r_gb_� \

iehkdhklb�kh[ulby����fbdjhg�ijb�mkeh\bb�gZbemqr_c�nhdmkbjh\db�ih�hkb�Y�ihemq_g
jZaf_j�deZkl_jZ��fdf��kb]fZ���jbk�����
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Jbk���� G_cljbggu_ \aZbfh^_ckl\by \ dZibeeyjghc fbr_gb k `b^dbf kpbglbeeylhjhf�

Jbk���� Dhhj^bgZlgh_ jZaj_r_gb_ ^_l_dlhjZ�

• Ijh_dl�&(51�RD46��Ijhlhlbi�\_jrbggh]h�^_l_dlhjZ�

Ijhlhlbi�\_jrbggh]h�^_l_dlhjZ�ij_^klZ\ey_l�kh[hc�gZ[hj�iehkdhkl_c�^ebghc

250�ff� b� k_q_gb_f� ��o��ff2
�� gZ[jZgguo� ba� dZibeeyjguo� fbdjhk[hjhd� d\Z^jZlgh]h

k_q_gby��o��ff
2
��DZ`^Zy�fbdjhk[hjdZ�khklhbl�ba�������dZibeeyjh\�^bZf_ljhf����fdf�

gZiheg_gguo� `b^dbf� kpbglbeeylhjhf�� >ey� m\_ebq_gby� k\_lh\uoh^Z� k� lhjpZ�

ijhlb\hiheh`gh]h� kqblu\Zxs_c� kbkl_f_�� mklZgh\e_gh� a_jdZeh�� � GZ� a_jdZeh

ljZ\e_gb_f� gZg_k_gZ� k_ldZ� k� rZ]hf� ��ff� b� rbjbghc� dZ`^hc� ijhajZqghc� ebgbb

20�fbdjhg��LZdbf�h[jZahf��hk\_sZy�fbr_gv�k\_lh^bh^hf�kh�klhjhgu� a_jdZeZ��fh`gh

ijh\_klb�]_hf_ljbq_kdmx�dZeb[jh\dm�^_l_dlhjZ��jbk�����
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Jbk���� DZibeeyjgZy fbr_gv k bah[jZ`_gb_f k_ldb �ke_\Z ± fbdjhnhlh]jZnby kh ko_fhc� kijZ\Z ±

bah[jZ`_gb_ k EBCCD).

Ljb� lZdbo�kehy��mklZgh\e_ggu_�gZ�jZkklhygbb� �ff�^jm]�hl�^jm]Z�� khklZ\eyeb

ijhlhlbi� ^_l_dlhjZ�� >ey� bkke_^h\Zgby� _]h� iZjZf_ljh\� bkihevah\Zebkv� dhkfbq_kdb_

qZklbpu�� Ljb]]_j� \ujZ[Zlu\Zeky� l_e_kdhihf� ba� ^\mo� kpbglbeeypbhgguo� kq_lqbdh\�

QZklhlZ� kh\iZ^_gbc� \� kj_^g_f� ^hklb]ZeZ� ���� fbg
-1
�� � Ijbf_j� lj_dZ� dhkfbq_kdhc

j_eylb\bklkdhc� qZklbpu� ihdZaZg� gZ� jbk����� Ih� kjZ\g_gbx� k� gZ[hjhf� dj_fgb_\uo

ibdk_evguo� ^_l_dlhjh\�� h^bg� kehc� dZibeeyjh\� h[_ki_qb\Z_l� g_� lhevdh� dhhj^bgZlu

i_j_k_q_gby�� gh� b� fbdjh\_dlhj�� agZqbl_evgh� h[e_]qZxsbc� j_dhgkljmdpbx

fgh`_kl\_gguo�kh[ulbc�

<�^_l_dlhj_�bkihevah\ZeZkv�dhgnb]mjZpby�kqblu\Zxs_c�kbkl_fu��ZgZeh]bqgZy

hibkZgghc�\�]eZ\_���

Jbk���� Lj_db dhkfbq_kdbo qZklbp� aZj_]bkljbjh\Zggu_ \ lj_o kehyo ^_l_dlhjZ�
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Hlf_q_g� jy^� ij_bfms_kl\� kha^Zggh]h� ^_l_dlhjZ�� JZ^bZpbhggZy� klhcdhklv

^hklb]Z_l�\_ebqbgu�����FjZ^��dhebq_kl\h�\_s_kl\Z�gZ�h^gm�lhqdm�lj_dZ� agZqbl_evgh

f_gvr_�� � q_f� m� dj_fgb_\uo� ^_l_dlhjh\�� >ey� dj_fgb_\uo� ^_l_dlhjh\� lbibqgZy

lhesbgZ� ieZklbgu� khklZ\ey_l� ���� fdf�� qlh� ijb� jZ^bZpbhgghc� ^ebg_� ���� kf� ^Z_l

ijbf_jgh�300�lhq_d�lj_dZ�gZ�h^gm�jZ^bZpbhggmx�^ebgm��>ey�dZibeeyjgh]h�^_l_dlhjZ
kj_^gyy� jZ^bZpbhggZy� ^ebgZ� jZ\gZ� ��� kf�� qlh� ijb� iehlghklb� lj_dZ� \� �� lhq_d� gZ

fbeebf_lj�h[_ki_qb\Z_l�3200�lhq_d�gZ�jZ^bZpbhggmx�^ebgm�    

<�aZdexq_gbb�knhjfmebjh\Zgu�hkgh\gu_�j_amevlZlu�b�\u\h^u�ijh^_eZgghc
jZ[hlu��Z�lZd`_�hlf_q_gu�^Zevg_crb_�i_jki_dlb\u��kf���klj����
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B�?�Dj_keh

Kbkl_fZ kqblu\Zgby ^ey kpbglbeeypbhgguo ^_l_dlhjh\ gZ hkgh\_ djmighnhjfZlgh]h IAK k we_dljhgghc

[hf[Zj^bjh\dhc�

Hjb]bgZe�fZd_l ih^]hlh\e_g k ihfhsvx kbkl_fu Microsoft Word.
J_^Zdlhj G�<�?`_eZ�     L_ogbq_kdbc j_^Zdlhj G�<�Hjeh\Z�

Ih^ibkZgh d i_qZlb ��������� NhjfZl ��o����� Hnk_lgZy i_qZlv�

I_q�e� ���� Mq.-ba^�e� ���� LbjZ` ���� AZdZa ����  Bg^_dk 3649.
EJ ������� ���������

=GP JN Bgklblml nbabdb \ukhdbo wg_j]bc

������� Ijhl\bgh Fhkdh\kdhc h[e�


