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g�hQi�j%kmlon�prqQjshQi�t�uZg*vwl�jspyxzifjoi|{�j�}Hkr~�~dk9�%k[�zl�kr�Ux
~�i|kmlo�Q�siejshQifvw��vw��{fpm~�v���}yxzvw�oi4{�jsv�p7��kr��x�if�Qi|�o}7�CjshQ�spm�Q}7hQpm�zj
k1�7if�s�d�wkm�o}7iC�QhUkmloi�lo��k7{�i���q��spm~

30 MeV
jop

300 GeV � v�joh�k���if��x�prq��Xvwi � ~�p7�oiyjohUkr� 2.5 sr � v�xzim�e��i4{fkr�Ul�iprqZjoh�i�t�uZg,}7ifpm~�ifjo�s����jshQi�js�sk7{%nmi|��vwl
∼ 1.4 X0

jshQv�{%n�km��x�johQi�{fkm��p7�ovw~�i�joi|��vwl
∼ 8.6 X0

johQv�{%n�q�pm�9��pm�s~�km���w�
v���{fvwxQif�Hj�}Hkr~�~dkml%����johQi�q��%km{�jovwpm��prq
i|�Qif�s}m��xzif�Mp7lov�jsi|x�vw��johQiBjo�%km{%nmi|�dkr��x�vw��johQi�{fkr�wpm�svw~�ifjoi|�d�[km�o��~���{%h
johQ�spm�Q}7h�johQv�l���kr�s}mi��Qh�k7l�i�lo��km{fim����vw}m�Q�si��7� ��ifq�j%��lohQp � l�joh�i�~�i|kr�¡pmq�jshQi�q��sk7{�jsv�p7��pmq�jshQi�i|�Qif�s}m�¢xQif�Mp7lov�jsi|x�v��johQiT{fkr�wpm�svw~�ifjoi|�ekmlZq�����{�jsv�p7�dprq@johQiy��p7}7km�ov�johQ~£prq@johQiyif�Qi|�o}7��q�p7�Zjo�%km{%n7if�Zif�7if�Hjsl�kr�w~�pHl¤j�pm�z¥¦kI§zv�lf��g�hQvwleq��sk7{�jsv�p7�
vwl1~dkI§zv�~1�Q~¨kIj

∼ 1 GeV
����if�wp � ∼ 1 GeV

��joh�i¢if��if�s}m�*xzif�Mp7lov�jsi|x©vw�ªjshQi«js�sk7{%nmi|��{fkm�Q�Qprj�¬Ui��Qif}7��i4{�jsi|x��
u9¬MpI�mi

∼ 1 GeV
jshQi�~dkrvw�<i�@i|{�j�vwlyjshQi���i4krnIkr}7i1¬MifhQvw��x<johQid{|kr�wpm�sv�~�i�jsif�4��u9��prjoh�if�
{fkm��l�i�prq�if�Qi|�o}7�¡��pHlolTv�l

johQi�{f�sk7{%nXl�¬Mi�j � ifi|��jshQi�jop � if�%l�kml�lohQp � �¢vw����}m���oi��7� �ovw}mhHj����Zg�hQi
��kr�s}miT�[km�ovwi�j¤�¢prqZ{�pm�Q��}m�Q�%kIjsv�p7��l�~�kmnmi4l�johQiif�Qi|�o}7���si|{fpm��l�jo�s��{�jovwpm�Bk«��pm�Bjs�ovw�Xvwkm��j%kmlon�kr��xBk¢~�i�joh�pXx<¬�kmloi|x<pm�Bp7�Q�w��p7�Qi���v�i4{�i�prqevw�zq�pm�s~dkIjovwpm����vA� i7��johQi
if�Qi|�o}7�¢xzif�Mp7lov�joi|x�vw��jshQi�{fkm��p7�ovw~�i�jsif���ev�l��Q�Q�wvwnmif�w�djsp � p7�ondp7�zjovw~dkr�w���dq�p7�9kr�w��prq�johQi|~¡�
g�hQvwl��QprjsiZ�Q�si|loif�HjslGk�~�ifjohQpzx��I{fkm���wi|x�®z¯z°m±7²U°X°m³X´zµH¶M·m°H¸ekm{|{�p7�sxzvw�Q}�jop�jshQie��km~�iZprqHjohQievw~��Q�wif~�if�Hjoi4x
kr�w}mp7�ov�johQ~¡�
joh�krjC�oi4{�p7��l¤js�o�U{�jsl�johQi�i|�Qif�s}m�¢prqZ�skrjohQi|��hQvw}mh�if��if�s}m�«}Hkr~�~dk��sk[�zl
� km¬UpI�7i

∼ 1 GeV
����vA� i7� � hQi|�¡johQi�if�Qi|�o}7�xzif�Mp7lov�jsi|xdvw�djshQi9js�sk7{%nmif�ejoif�UxQlejsp�¬Miylo~�km���@{�p7~���kr�si|x1jop�johQiyif�Qi|�o}7�1xzi|�UpHl�v�joi4xdvw�djohQiT{fkm��p7�ovw~�i�joi|��kr�Ux � hQif�johQi
�wi|kmn[km}mi�¬MifhQvw��x�johQi�{|kr�wpm�sv�~�ifjoif��{|kr��¬Ui
��kr�s}mi7�

¹ º �����f¼»����������»�½f���

g�hQid��p7�Q}mv�jo�Uxzv��Ukr�eloif}m~�i|�7j%kIjsv�p7��pmq�joh�i«{fkr�wpm�svw~�ifjoi|���
∼ 1.1 X0

�Ui|���wk[�7if���9���opI�Xv�xzi|lTvw�zq�pm�s~dkIjovwpm�*kr¬Mpm�Qj
johQi
l�hQp � if�eloh�km�Ui7��g�h�i���p7�Q}mv�jo��xQv���km���Q�spr�U��i�pmqUjshQi9if��if�s}m�1xQif�Mp7lov�jsv�p7��pmq�if�wi|{�js�op7~dkr}m��i�jov�{�l�h�p � i|�sl�v�l � if�w��nX�Qp � �G�uClZk�{�p7��l�i4¾H�Qif��{fim�Ivw�1p7�sxQif��jop
xzi�jsif�s~�v��Qi�jshQi�if�Qi|�o}7�TpmqMkm�1vw��{�p7~�v��Q}T}7km~�~�ky�%k[�m�Ik � k[�TjopTj%krnmi�kmxQ�[km�Hjskr}7i�pmqjohQiT{fkr�wpm�svw~�ifjoi|�e��p7�Q}mv�jo�Uxzv��Ukr�Uloif}7~�if�Hjskrjovwpm��vwlejop�����x�joh�iC�Q�spr���wi � hQv�{%h��Qj%lejshQi9¬Mi|l�j � v�johdjshQiC��k[�mi|�Zif�Qi|�o}7v�i4lf�¿ ��{%h�k1�Qj9vwlCkr��l�p�k�}mpXpzx � k[�djop�pI�7if�%{�pm~�iCjohQi
�wi|kmn[km}miT�Q�spm¬Q�wif~¡�
uÀ�Q�spr���wi
�Qjojovw�Q}¢km��}7pm�sv�jshQ~$q�p7�9joh�i1t�uZgÁh�k7lCkm���si|k7xz�«¬Mifif�<v�~��Q�wif~�if�Hjsi|x©Âw��ÃV��ÄVjyv�l9¬�k7l�i4x¡pm�¡joh�i�nX�Qp � ��i4xz}miprq�joh�iTk[�7if�%kr}mi��wpm�Q}7v�js��xzvw��kr�U�Q�spr���wi � hQpHl�iy��kr�%kr~�i�jsif�%lexzi|�Ui|��xdpm�¢if�Qi|�o}7�m��g�hQiyk[�7if�%kr}mi��Q�spr�U��i9v�l��mif�s����l�ifq��Q�
� hQif��jshQi9k[�Ikrvw�wkm¬Q��i�vw�zq�pm�s~dkIjsv�p7�1v�lels{fkr�%{�i7�IvE� im� � hQi|��johQi9lohQp � if��vwle�UpXpm�s�w��{�p7�7j%krvw�Qi|xG�����zj�lohQp � if�%l�ÅU��{�js��kIjsim�l�p
��lovw�Q}
kr�dk[�mi|�skm}mi����opm����i � hQi|��johQiClohQp � if��v�lZ�oi|�wkrjovw�mi|��� � if�w����¬��zj��Qpmj�{�pm~��Q�wi�jsif�w�Q��{�pm�Hj%krvw�Qi|x1vwle�Q�Q�wv�n7if�w�
jop}mvw�miTjohQi
¬Mi|l�j9�si|lopm�w�zjovwpm�G��u,��krjo�Q�%kr� � k[��jop�jo�s�djspdv�~��Q�spI�miyjohQi��si|lopm�w�zjovwpm��v�l�johQi|��jsp�jskrn7i�v��Hjopdk7{f{�p7�Q�Hj�johQil�hQp � if��Å���{�jo��krjovwpm��l|��g�h�vwl�vw~�����vwi|l�jopT��km�skm~�ifjoi|�ovwÆfiZjshQi��Q�opm���wi���km�skm~�ifjoi|�sl�kr��x�johQi|v���Å���{�jo��krjovwpm��l�kml�q��Q�U{�jovwpm�prq@if�Qi|�o}7�m��g�h�if�G�Hxz�Q�sv��Q}�jshQi��Qj4�mpm��i9l�hQp7�Q��x1{fpm��l�jo�%krvw��jshQi���km�skm~�ifjoi|�sl�xzi|�Ui|��xzvw�Q}
pm��joh�i9{�pm�Hj%krvw�Q~�if�HjZprqMjohQi
l�hQp � if����jshQi
��i4lol�jshQi�lohQp � i|��vwl�{fpm�Hjskmv��Qi4x��Xjoh�i
~�p7�oiTjshQi
�Q�spr���wi
l�hQp7�Q��x«jsif��x�jop � kr�%xQl�joh�i�k[�mif�%kr}7i9�Q�spr���wim�
�Qpm��k
}mvw�mi|�dl�hQp � if���Q�opm���wim�rjshQiy{fpm~��Q�zj%kIjsv�p7�dprq@johQiyif�Qi|�o}7�1xzi|�UpHl�v�joi4x�v��«johQi9��k[�mi|�sl��si|¾H�Qvw�si|l�jsp
jo�%kr��lo��kIjoi9johQijo�%kIÇ¤i|{�jop7�o��prq�johQi1}7km~�~dk��%k[�¢vw�B�%kmxzv�kIjsv�p7���wif��}rjoh<�Q�Qv�jsl|�9g�hQvwly�si|¾H�Qvw�oi4l�nX�Qp � v���}�johQi�km~�pm�Q�HjCpmq�km{�jsv��7i�kr��xv���k7{�jsv��7i�~dkIjoi|�ov�kr��v���jshQi�t�uZgÈl�i|if��¬X�¢jshQi�}Hkr~�~dk��sk[� � hQv�{%h�vwlC�mif�s��loif�Ul�v�jovw�mi�jsp¢v�jsl�js�skrÇ¤i|{�jopm�s�m���Qp7�y¾H��k7l�vpm�z¥¦kI§zv�ly}Hkr~�~dk��sk[�zlTif�Hjoi|�ovw�Q}�johQi«{|kr�wpm�sv�~�ifjoif�
krjTjshQi«{�i|�Hjoif�
pmq�k�jop � if�4��jshQi���p7�Q}mv�jo��xQv���km�exzif�7if�wpm�Q~�i|�7j
pmqjohQi�l�hQp � if��v�l�jshQi�pm�������Qvwi|{�i
pmqZv��zq�p7�o~dkrjovwpm�¡�Qifi4xzi|x¡¬Mi|{|kr��loi
prq�jshQi���k[�mif�9l�jo�s��{�jo�Q�si
prq�joh�i�{fkm��p7�ovw~�i�joi|�9kr��x¬Ui4{fkr�Ul�i�jshQiClohQp � if�Zv�lZq kr��k � k[��q��op7~É{��%km{%nzl|�����zj�nX�Qp � �wi|xQ}mi�prq@jshQi9�%kmxzv�kr�Q���opm����i�¬Mi|{fpm~�i|l�i|lsl�i|�Hjov�kr��k7lel�pXp7�kml�joh�i�l�hQp � if��v�l�{��wp7loiTjop�johQi�jsp � i|�sl�¬Mpm�Q�UxQkr�sv�i4lf�zp7� � hQif�¡v�jsl9kr§Xv�l�vwl9�Qprj��Mif�s�Ui|��xzv�{��Q��kr��jsp�johQi
��k[�mi|�����wkm�Qi|lkr�X�X~�p7�oi7�

�
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	d�7��tGifq�j���jshQi�~�i4kr�¡� km��x��s~dls��pmq�joh�i�q��sk7{�jovwpm�1prqUjohQi�i|�Qif�s}m��xzi|�UpHl�v�joi4x�vw�1johQi9{|kr�wpm�sv�~�i�jsif��kml�q��Q�U{�jovwpm�
prqGjshQiC�wpm}Hkr�sv�jshQ~ prq�joh�iCif��if�s}m��q�pm��jo�%km{%nmi|��i|�mif�Hj%l�kr�w~�p7l�j�p7�¢kI§zv�lC���<{���yv����¥��Q� ���7�ekr��x � h�p7loi9v�~���k7{�j��Up7v��Hjvwl��wi|lsl9jsh�kr�

10 cm
k � k[�¢q��spm~ jshQid{�i|�7jsif�Tprq�kdjop � if�4����vw}mhHj��CjshQi1~�i4kr���Ekr��x��s~�l%�CprqejshQi�q��sk7{�jovwpm�<prq�jshQiif�Qi|�o}7�¡xQif�Mp7lov�jsi|xBvw�BjshQi�{fkr�wpm�svw~�ifjoi|�ykmlCq��Q��{�jovwpm��prqejshQi�xQvwl�jskm��{�i1prqejshQi1vw~���km{�jy�Mpmvw�Hjyjsp¢jshQi�{f��pHl�i4l¤j�{��%km{%n

{�if�Hjsif��q�pm��js�sk7{%nmi|��i|�mi|�7j%l�kr�w~�p7l�j�p7��kr§zvwl
���B{���yvw����¥��Q� ���H�ekr�Ux � h�p7loiTi|�Qif�s}m�dv�l�¬Mi�j � ifif� 1
kr�Ux

10 GeV
�

Ä¦��¬��ovwi�q¤�zjshQi
¬�k7l�v�{T�Q�ovw��{fv��Q�wi|l�pmq�®z¯z°m±7²U°X°m³X´zµH¶M·m°H¸
kr�si��

•
k�{fpm~��Q�zj%kIjsv�p7�«prq@joh�i9jo�%kIÇ¤i4{�jspm�s��prq�jshQiC}Hkr~�~dk
�%k[��vw��l�v�xziCjohQiTt�uZg�vw�«�Q�Qv�jsl�prq��%kmxzv�kIjsv�pm�d�wif��}rjohd�Ul�vw�Q}
k1jo�sv�xzv�~�i|��l�vwpm�Ukr��~�pzxzif�Gpmq�i|��i4{�jo�spm~dkm}m�Qifjov�{ylohQp � if�%l��

•
k���km�skm~�ifjoi|�ovwÆ|krjovwpm�¢pmq�jshQi
�Q�spr���wi���kr�%kr~�i�jsif�%l�kr��x¢johQi|v��9Å���{�js��kIjsv�p7��l�kml�q�����{�jsv�p7��pmq�i|�Qif�s}m���

•
jshQi
��kr�%kr~�ifjoif�%l�xzi|ls{��svw¬Qv���}1jshQi
�Q�spr���wi�kr�siT~�p7�oi�pm���wi|lsl�{�p7��l�jo�%krvw�Qi|x�xz�Q�sv��Q}�jshQi��Qj|�Uxzif�Mif��xQv��Q}dp7��johQi
lohQp � if��{�p7�7j%krvw�Qif~�i|�7j4�

� � �����¡½�� »��
��� � ���������"!����������

g�hQiylo��kIjsvwkm�Ui|�Qif�s}m��xzv�l¤js�ovw¬Q�zjsv�p7�«prqGi|��i4{�jo�spm~dkm}m�Qifjov�{�l�hQp � if�%le{|kr�«¬Miyxzi4lo{f�ovw¬Mi|xd¬X��k��wpm�Q}7v�js��xzvw��kr�U�Q�opm���wiCkr��xk¢�%kmxzv�kr���Q�spr���wim� ¿ vw��{�i1joh�i��%kmxQvwkm���Q�spr���wi1xQif�Mif��xQl�p7��joh�i1�Mp7lov�jsv�p7�<vw�BjshQi�lohQp � if�4��jshQi���p7�Q}mv�jo��xQv���km� � v��w��¬Uixzvwls{��Uloloi|x����%l¤j4�

#%$'& (�)+*-,+.�/1032-.'*-465 73498:4<;>=?/@=A8B.DC?49/1.D)+*

g�hQi�k[�mi|�skm}miC�wpm��}mv�jo��xzvw��km�Gl�hQp � if���Q�spr�U��i�{fkm��¬Mi�xzi4lo{f�ovw¬Ui4x¢¬X�¢k�}Hkr~�~dk�xQvwl�jo�sv�¬��zjovwpm� Â EIÃA�
〈

dE(t)

dt

〉

= E ×
(βt)α−1βe−βt

Γ(α)

� hQif�si t
v�l9jshQi��wpm��}mv�jo��xzvw��km��lohQp � if�Cxzi|�zjoh�v��<�Q�Qv�jslTprqe�%kmxzv�kIjsv�p7�¡��i|�Q}rjshG� α jshQi1loh�km�Ui1��kr�%kr~�i�jsif�Ckm��x

β
johQi

lo{|kr�wv��Q}���km�skm~�ifjoi|�|��g�hQid{�if�Hjsif��prq�}m�%k[�Hv�j¤�
< t >

kr�Ux�joh�i«xzif�zjsh�pmq�jshQi�~�kr§zv�~1�Q~
T
xQif�Mif��x pm�

α
kr�Ux

βkm{f{fpm�%xzvw�Q}�jsp��

< t >=
α

β
T =

α − 1

β

g�hQiylskr~�i�q��Q��{�jovwpm�¢{|kr�«km�wlop
¬Uiy��loi|x�jop1xzi|ls{��sv�¬Mi9vw��xzvw�Xvwxz�Ukr�����opm����i4lf���Qp7���wp � vw�Q}�johQiykr�Q�Q�sp7k7{%h1pmqeÂ FIÃA�7johQiCj � p{%hQp7loif�«�Ukr�%kr~�i�jsif�%lZ¬Ui4l�v�xzi4l
E
kr�si

α
km��xdjshQiylohQp � if��~�kr§zv�~1�Q~ T

�7�wi|k7xzvw�Q}�jsp�joh�iCq�p7���wp � v���}
q��Q��{�jovwpm�«q�p7��jshQi��p7�Q}mv�jo��xQv���km�G�Q�spr���wi��

E



dE(t)

dt
= E ×

(α − 1)

TΓ(α)
((α − 1)t/T )

α−1
e−(α−1)t/T ���4�

g�hQi�{%hQp7vw{fi«prq
T
v�l1~�pmjovw�IkIjoi4x©¬X�*v�j%l�vw~���km{�j1pm�*jshQi¡xzi|ls{��sv��Qjovwpm�©prq�jshQi�lohQp � if�����opm����i7��v��ª�Ukr�ojov�{��Q��kr��johQi�sk7xzvwkm���Q�spr���wim�Qkm��x¢p7�¢jshQi
i|l�jovw~dkIjsv�p7��pmq�jshQi�{�p7�7j%krvw�Q~�if�Hj|�

Ä¦�¢pm�%xzi|�ejop�l�jo��xz��jshQi�xzif�Mif��xQif��{fiypmq�johQiT�Q�spr���wiC��km�skm~�i�joi|�sl � v�jsh¢i|�Qif�s}m�7�Hlov�~1�Q��kIjovwpm�Uleprq�}7kr~�~dk��%k[�zlevw�¢kr�v��z�U�Qv�jsi���loÄy{fkm��p7�ovw~�i�jsif� � i|�oi��Mif�oq�pm�s~�i|x � v�jsh��z¸X¯����	��krj��Ikm�ovwpm��l�i|�Qif�s}mvwi|l�� �skm�Q}mvw�Q}�q��op7~ 5
jop

150 GeV
���

g�hQi<{fkm��p7�ovw~�i�jsif� � kmldloif}m~�i|�7jsi|x�vw� 1.85 mm
�
0.1 X0

�dlo��v�{�i4lf�Á�Qpm�di4km{%h�if�7if�Hj|��jshQi<{�p7�X�mif�%lov�p7� �Mpmvw�7j«v�l
��l�i4x�jopBxzif���QidjshQi«l�h�p � i|��l�jskm��jsv���}��Mpmvw�Hj t = 0 X0

�«Ä¦�©pm�%xzi|�yjspBl�~�pXprjsh johQid�wpm�Q}7v�js��xzvw��kr���Q�opm���wi�km��x�jop
{�pm~�i�{f��pHl�i|��jop�joh�i�t�uZgÁ{fkr�wpm�svw~�ifjoi|��}mifp7~�i�jo�s�B��jshQi�hQi|v�}7hHj9prqZk1�wpm}�v�l

19.9/18.5 ∼ 1.1Xo
���

1 Xo
¬Qv��Ul � i|�oi��l�i4x«jspd{�pm�Ul¤js�o��{�j�jshQi�hQv�l¤jspm}m�%kr~ pmqGjoh�i
��p7�Q}mv�jo��xQv���km�@�Q�opm���wim�Zg�hQv�l�hQvwl�jop7}m�%kr~ v�l��Qj�jsi|x���l�vw�Q}�~�v��X�Qv�j|�ZÄVj � kmlif~��Qvw�ov�{fkm���w�
q�pm����x1joh�krjZkm�Q�Q�w�Xv��Q}
km�1i|�o�spm�

= 0.02
√

E/1 GeV
jspTi4km{%h1¬Qv����wi|k7xQl�jop

< χ2/ndf >∼ 1
����vw}m���oi�E

l�hQp � l�if§Qkr~��Q�wi|l�prq�v��Uxzv��Xv�xz��km�G�Q�spr���wi|l�prq 10 GeV
}Hkr~�~dkml|�

��vw}m���oi4l FBkm��x�
<lohQp � johQi�xzv�l¤js�ovw¬Q�zjsv�p7��l�pmq�johQi¢�Qj1��km�skm~�i�joi|�sl
q�pm�
10 GeV

kr��x
100 GeV

}7kr~�~dkml|�Bg�hQi
xzvwl�jo�svw¬Q�zjovwpm�Ul9prq

α
kr��x

T
{fkm�¡¬Ui��Qj�jsi|x � v�joh<k��wpm}7�Qpm�s~dkr�A��Ä¦��pm�%xzi|��jop¢xzi4kr� � v�jshBxzvwl�jo�svw¬Q�zjovwpm�UlCkml9}7kr�Ulolovwkm�kmlT�UpHlolovw¬Q��i7�

ln α
km��x

ln T
km�oi1��loi|xB�%kIjshQif�yjohUkr�

α
km��x

T
��g�hQidxzvwl�jo�svw¬Q�zjovwpm��prq

ln T
v�lT�Qprj
kmlT}Hkr��lsl�v�kr��kml

johQi
xzv�l¤js�ovw¬Q�zjsv�p7�¢pmq
ln α

¬Q�Qj�jshQi�~�kr§zv�~1�Q~ kr��x«johQi�l�vw}m~dk�}mvw�mif�¢¬H��jshQiT��p7}m�Qp7�o~dkr���Qj�kr�siC��loi|x�kml�johQiT~�i|kr�
kr��x�joh�i�l�vw}m~dk1prqZk1}Hkr��lslovwkm�G�
��i4l�v�xzi4l�joh�i�~�i|km�Bkr��x�lov�}7~dk�prq

ln α
km��x

ln T
km��x�johQi|v���{�p7�o�sif��kIjsv�p7��{fpXi�«{�vwif�Hj

ρ
�Up7�Qi�h�k7l�jop�¾7�Ukr�Hjov�q��¢jshQi

�Qj�i|�o�spm�4��Ä¦�«pm�%xzif��jop�xzi�jsif�s~�v��Qiyjoh�iC�si|lovwxz�Ukr��l�pmq�johQiy�Qj�pm�Q�w�dl�hQp � if�%l � v�joh α
kr��x

T � v�jshQv�� 30%
pmq

α
kr��x

Tkr�si�{�p7��l�v�xzi|�oi4x�����vw}m���oi��«l�hQp � l�johQi�k[�mif�%kr}7i��Q�opm���wi�kr��x¡jshQi��si|lovwxQ��kr��l�q�p7� 10 GeV
kr�Ux

100 GeV
}7km~�~dk7lf�

g�hQi«�sif��kIjovw�mi�i|�o�spm�d���s~dl�pmq�jshQi«�si|lovwxz�Ukr��l
xzv��Xv�xzi|x*¬X�<johQi«k[�7if�%kr}mi�xzi|�UpHl�v�joi4x�i|�Qif�s}m�Q�Tv�l�kr��lop¡lohQp � �©kr�Ux�v�l~�vw�Qvw~dkr�Gkr�spm����x�johQi
lohQp � if��~dkr§Xvw~���~��Zg�hQi�k[�mi|�skm}mi�pmqGjohQv�l��oi|�wkrjovw�mi9i|�o�spm��kr�spm�Q�Ux�johQi�lohQp � i|��~dkr§Xvw~���~ v�l
��l�i4x�jopdxzi��U�Qi�johQi
�sif��kIjsv��7iyi|�o�spm�

ε � h�vw{%h � vw���G¬Mi
��loi|x�v���jshQi
�Q�spr���wiT�QjCkml�k�~�pzxzif�wv�Æ4kIjsv�p7��i|�o�spm�4�
��vw}m���oi��dlohQp � l�hQp � km���@jshQi
��kr�%kr~�ifjoif�%l��Ikr�s� � v�jsh¡if�Qi|�o}7�m��g�hQi
��kr�%kr~�ifjoif�svwÆ|kIjsv�p7��l�}mvw�mif��¬X�BÂ FIÃ�kr�si���loi|x��

ln α(E) = ln(p0 + p1 ln E)

σln α(E) = (p0 + p1 ln E)−1

ln T (E) = ln(p0 + ln E)

σln T (E) = (p0 + p1 ln E)−1

ρ(E) = p0 − p1e
−E/p2

ε(E) = p0E
p1

bias(E) = min (ln(p0 + p1 ln E), 0.99)

��i4{fkm��l�i9johQi9���opm����i9�Qj��Q��xQif�si|l�jovw~�krjoi4l�lo��vw}mhHjo�w�1johQi9i|�Qif�s}m���
−2

jsp
−1%

���7johQiC¬Qvwk7lev�le��km�skm~�i�joi|�ovwÆfi4x�kr��x�jshQi
if�Qi|�o}7�«}mvw�mi|��¬X�djshQi��Qj9v�l�{�pm�s�si|{�jsi|x«q�pm��joh�vwl�¬�vwk7lf�

#%$�� � 4<23.D465 7-4<8146;>=?/@=A8:.DC?49/1.D) *

�Qpm�w�wp � v��Q}�Â F[Ã � i¡��l�i¡jshQi¡q�pm�w�wp � v��Q}�j � p*{fpm~��Mpm�Qi|�7j%l�q��Q��{�jovwpm��q�pm��jshQi��Qpm�s~dkr�wv�Æ|i|x�k[�mi|�skm}mi«�%kmxzv�kr�����opm����i� � hQv�{%h¡vwl9k7lolo�Q~�i|x¢jop�¬Mi
�Q�Qv�q�pm�s~$vw�
φ
���

rf(τ, r) =
1

dE(t)

dE(t, r)

dr
= p(τ)

2R2
C(τ)

(r2 + R2
C(τ))2

+(1−p(τ))
2R2

T (τ)

(r2 + R2
T (τ))2

(

⇒

∫

∞

0

rf(τ, r)dr = 1

)

� hQif�si RC(τ)
�
RT (τ)

��v�l�jshQid~�i|xzv�kr� prq�johQi«{fpm�si���jskmv�����{�p7~��Up7�Qif�Hj�kr��x
p(τ)

}mvw�mi4lTjohQid�sif��kIjsv��7i � ifvw}mhHj
prqjohQid{�p7�oi�{�p7~��Up7�Qif�Hjd�
0 ≤ pτ) ≤ 1

���1g�h�vwl
k[�7if�%kr}mi
�%kmxQvwkm�����opm����i�xzif�Mif�UxQl�pm�<johQi��wpm�Q}7v�js��xzvw��kr�Z�Mp7lov�jsv�p7�<vw�
johQi«lohQp � if�4��vE� im�dp7� τ = t/T

��Ä¦� p7�sxQif�Tjop�xzifjoif�s~�v���idhQp � RC
�
RT

km��x
p
�Ikm�o� � v�joh τ

��k¡lov�~1�Q��kIjovwpm� � kml�Ui|��q�p7�o~�i|x � v�jsh��z¸X¯����	�@��Ä¦�BjshQv�l
{fkmloi�jshQi���l�Äy{fkr�wpm�svw~�ifjoi|� � kml�xzvw�Hv�xzi4xB�wpm�Q}7v�js��xzvw��kr�w����vw� Xo/4
lo��v�{�i4l�kr��x

�sk7xzvwkm���w��vw�
RM/4

lo��v�{�i4l�� g�hQi3��pm�wv�i|�oi��%kmxzvw��l|�
RM

�mv�l
3.5 cm

q�p7����l�Ä����m�Qp7�ei|k7{%h1i|�mi|�7j4�rjshQi9l�h�p � i|��~dkr§Xvw~���~vwl9xQi�joi|�o~�vw�Qi|x�kml�xQi|ls{��sv�¬Mi|x�v���joh�i
�Q�oi|�Xv�p7��l�l�i4{�jovwpm����g�h�i
v��Hjoi|}m�%kIjsi|x¢k[�7if�%kr}7i9�sk7xzv�kr�@�Q�spr���wi�vwl�{fpm~��Q�zjsi|x�q�pm�

F



t
0 5 10 15 20 25 30

d
ep

o
si

te
d

 e
n

er
g

y

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 = 3.586α

T = 5.907

E = 9.942

t
0 5 10 15 20 25 30

d
ep

o
si

te
d

 e
n

er
g

y

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 = 6.617α

T = 6.963

E = 9.566

t
0 5 10 15 20 25 30

d
ep

o
si

te
d

 e
n

er
g

y

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 = 3.854α

T = 6.370

E = 9.947

t
0 5 10 15 20 25 30

d
ep

o
si

te
d

 e
n

er
g

y

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 = 3.665α

T = 4.857

E = 9.767

t
0 5 10 15 20 25 30

d
ep

o
si

te
d

 e
n

er
g

y

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 = 6.997α

T = 7.392

E = 9.584

t
0 5 10 15 20 25 30

d
ep

o
si

te
d

 e
n

er
g

y

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 = 5.105α

T = 7.749

E = 9.636

t
0 5 10 15 20 25 30

d
ep

o
si

te
d

 e
n

er
g

y

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 = 3.715α

T = 4.168

E = 9.751

t
0 5 10 15 20 25 30

d
ep

o
si

te
d

 e
n

er
g

y

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 = 5.575α

T = 9.067

E = 9.852

���������
	 EQ��Ä¦��xzvw�XvwxQ��kr�e���opm����i4l�prq
10 GeV

}7kr~�~dkml��1xzif�Mp7lov�jsi|x if��if�s}m� �
•
�
kr�Ux<jshQid�si|lo�Q��j�pmq�jshQid�Qj��

+
���

ÄVj�vwlTvw�7jsif�si|l�jovw�Q}�jop¡�Qprjsi�jsh�kIj�q�p7��jo�%km{%nmi|�Ci|�mif�Hj%lyp7� kr§zvwlTvw����t�u ¿ g��@jshQi�if��x�prq�johQid{fkm��p7�ovw~�i�jsif�4�Mvw��johQi4l�i
hQvwl�jop7}m�%kr~dl|�H�wvwi|l�¬Mi�j � ifi|� 8.6

kr��x
8.6 + 1.4 = 10 X0

�Uxzif�Mif��xQv��Q}dp7�¢jshQi
�Mp7lov�jsv�p7��pmq�jshQi
�mi|��jsi�§��






Entries  4886
Mean    4.099
RMS    0.8365

 / ndf 2χ  45.89 / 17
p0        19.3± 977.2 
p1        0.02±  3.83 
p2        0.0096± 0.7407 
p3        0.0165± 0.2262 

α
0 2 4 6 8 10 12 14 16 18 20

0

200

400

600

800

1000

Entries  4886
Mean    4.099
RMS    0.8365

 / ndf 2χ  45.89 / 17
p0        19.3± 977.2 
p1        0.02±  3.83 
p2        0.0096± 0.7407 
p3        0.0165± 0.2262 

Entries  4886
Mean    5.814
RMS     0.853

 / ndf 2χ  46.93 / 15
p0        20.3± 967.1 
p1        0.02±  5.48 
p2        0.0093± 0.7207 
p3        0.0161± 0.2844 

T
0 2 4 6 8 10 12 14 16 18 20

0

200

400

600

800

1000

Entries  4886
Mean    5.814
RMS     0.853

 / ndf 2χ  46.93 / 15
p0        20.3± 967.1 
p1        0.02±  5.48 
p2        0.0093± 0.7207 
p3        0.0161± 0.2844 

Entries  4895

Mean   0.8879

RMS    0.5439

/ndf2χ
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

0

100

200

300

400

500

Entries  4895

Mean   0.8879

RMS    0.5439

Entries  4886
Mean    1.391
RMS    0.1956

 / ndf 2χ  52.91 / 25
p0        11.6± 621.6 
p1        0.005± 1.374 
p2        0.00±  0.19 
p3        0.01615± 0.06038 

)αln(
0 0.5 1 1.5 2 2.5 3 3.5 4

0

100

200

300

400

500

600

Entries  4886
Mean    1.391
RMS    0.1956

 / ndf 2χ  52.91 / 25
p0        11.6± 621.6 
p1        0.005± 1.374 
p2        0.00±  0.19 
p3        0.01615± 0.06038 

Entries  4886
Mean     1.75
RMS    0.1388

 / ndf 2χ  34.27 / 15
p0        16.9± 873.5 
p1        0.003± 1.715 
p2        0.0016± 0.1316 
p3        0.0145± 0.1679 

ln(T)
0 0.5 1 1.5 2 2.5 3 3.5 4

0

100

200

300

400

500

600

700

800

900

Entries  4886
Mean     1.75
RMS    0.1388

 / ndf 2χ  34.27 / 15
p0        16.9± 873.5 
p1        0.003± 1.715 
p2        0.0016± 0.1316 
p3        0.0145± 0.1679 

)αln(
0 0.5 1 1.5 2 2.5 3 3.5 4

ln
(T

)

0

0.5

1

1.5

2

2.5

3

3.5

4

0

20

40

60

80

100

120

140

���������
	 F��Z��v�jC��km�skm~�i�joi|�sl�xzv�l¤js�ovw¬Q�zjsv�p7��q�pm�
10 GeV

}Hkr~�~dkml|�

Entries  1891
Mean    5.435
RMS    0.7797

 / ndf 2χ  23.81 / 13
p0        12.9± 407.7 
p1        0.026± 5.255 
p2        0.0135± 0.7102 
p3        0.0213± 0.1516 

α
0 2 4 6 8 10 12 14 16 18 20

0

50

100

150

200

250

300

350

400

Entries  1891
Mean    5.435
RMS    0.7797

 / ndf 2χ  23.81 / 13
p0        12.9± 407.7 
p1        0.026± 5.255 
p2        0.0135± 0.7102 
p3        0.0213± 0.1516 

Entries  1891
Mean    8.242
RMS    0.7947

 / ndf 2χ  10.93 / 15
p0        11.8± 393.6 
p1        0.03±  7.98 
p2        0.0126± 0.7159 
p3        0.0216± 0.2226 

T
0 2 4 6 8 10 12 14 16 18 20

0

50

100

150

200

250

300

350

400

Entries  1891
Mean    8.242
RMS    0.7947

 / ndf 2χ  10.93 / 15
p0        11.8± 393.6 
p1        0.03±  7.98 
p2        0.0126± 0.7159 
p3        0.0216± 0.2226 

Entries  1969

Mean     1.52

RMS    0.9096

/ndf2χ
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

0

20

40

60

80

100

120

Entries  1969

Mean     1.52

RMS    0.9096

Entries  1891
Mean    1.683
RMS    0.1393

 / ndf 2χ  23.09 / 15
p0        10.3± 340.3 
p1        0.005± 1.677 
p2        0.0027± 0.1347 
p3        0.02631± 0.02655 

)αln(
0 0.5 1 1.5 2 2.5 3 3.5 4

0

50

100

150

200

250

300

350

Entries  1891
Mean    1.683
RMS    0.1393

 / ndf 2χ  23.09 / 15
p0        10.3± 340.3 
p1        0.005± 1.677 
p2        0.0027± 0.1347 
p3        0.02631± 0.02655 

Entries  1891
Mean    2.105
RMS    0.09326

 / ndf 2χ  6.378 / 10
p0        14.5± 495.8 
p1        0.003± 2.083 
p2        0.00149± 0.09068 
p3        0.0201± 0.1503 

ln(T)
0 0.5 1 1.5 2 2.5 3 3.5 4

0

100

200

300

400

500

Entries  1891
Mean    2.105
RMS    0.09326

 / ndf 2χ  6.378 / 10
p0        14.5± 495.8 
p1        0.003± 2.083 
p2        0.00149± 0.09068 
p3        0.0201± 0.1503 

)αln(
0 0.5 1 1.5 2 2.5 3 3.5 4

ln
(T

)

0

0.5

1

1.5

2

2.5

3

3.5

4

0

20

40

60

80

100

120

���������
	 
U�e��v�j9��km�skm~�ifjoi|�sl�xzv�l¤js�ovw¬Q�zjsv�p7�¢q�p7�
100 GeV

}Hkr~�~dkml|�

�



)ot (X
0 5 10 15 20 25 30

<E
>

0

0.2

0.4

0.6

0.8

1

1.2

)ot (X
0 5 10 15 20 25 30

)ot (X
0 5 10 15 20 25 30

 Eδ

-0.1

-0.05

0

0.05

0.1

)ot (X
0 5 10 15 20 25 30

 E
/<

E
>

δ

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

)ot (X
0 5 10 15 20 25 30

<E
>

0

2

4

6

8

10

)ot (X
0 5 10 15 20 25 30

)ot (X
0 5 10 15 20 25 30

 Eδ

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

0.3

0.4

)ot (X
0 5 10 15 20 25 30

 E
/<

E
>

δ

0

0.02

0.04

0.06

0.08

0.1

���������
	 �z����v�j�if�s�spm��l�jo�Uxz��q�pm�
10 GeV

� �Q�U��kr��x
100 GeV

� ¬Upmj�jspm~«�e}Hkr~�~dkml|��t�i�q�j����Q�opm���wiykml�k
q����7jsv�p7�¢pmq
��p7�Q}mv�jo��xQv���km�MlohQp � if��xzif�zjsh t

� ~�i|kr��kr��xd�s~dls��� ��if�Hjoi|�y���si|lovwxz�Ukr��l�kml�q��Q��{�jovwpm��prq
t
� ~�i4kr�¢km��x«�s~dls���6��v�}7hHjy�

�oi|�wkrjovw�mi�if�s�op7��k7l�q��Q��{�jovwpm�¡prq
t
�

�[km�ovwpm�UlCvw�Hjoif�s�Ikr��lCpmqZjohQi��Mp7lov�jsv�p7�<vw�Bjoh�i�lohQp � if�4�y��v�}7�Q�si��«l�hQp � l9johQi4l�i��Q�spr���wi|lCq�pm� 10 GeV
}7kr~�~dkml|��g�hQi

�Qj
prq�i4km{%hB�Q�spr�U��i�kr�w��p � lCjohQi�xzifjoif�s~�v��UkIjovwpm��prq RC
�
RT

km��x
p
q�pm���Ikr�sv�p7��l9vw�Hjoi|�o�Ikr��lTprqZjshQi��UpHl�v�jovwpm�Bvw��johQi

l�hQp � if�4�
g�hQi�q��Q��{�jovwpm��l��Ul�i4x«q�p7��johQi��Qj%l9kr�si
kml�vw�*Â F[ÃV�

RC(τ) = p0 + p1τ

RT (τ) = p0(e
p2(τ−p1) + ep3(τ−p1))

p(τ) = p0e
(p1−τ)/p2−e(p1−τ)/p2

��vw}m���oi��*l�hQp � l1hQp � jshQi|loi���kr�%kr~�i�jsif�%l��Ikm�o� � v�joh τ
� ¿ vw��{fi�jshQif�si�vwl��Qp pm¬X�Xvwpm��l1if�Qi|�o}7�ªxzif�Mif�Uxzif��{fi�johQi

�oi4l��Q��jsl�kIj
10 GeV

kr�si��Ul�i4x<jspBxzi��U�Qi�johQi¢�sk7xzvwkm�Z�Q�spr���wi�prq�}7kr~�~dk¡l�h�p � i|�sl|���y�Qid{fkm� �Ul�i�jshQi|loi RC
�
RTkr��x

p
��kr�%kr~�i�jsif�sv�Æ4kIjsv�p7��lejspd{�pm~��Q�Qjoi�i�@i|{�jovw�mi��sk7xzvwvE�HjohUkIj9v�l�jspdlok[��jshQi
�sk7xzvwv@{fpm�Hjskmv���v��Q}�k�}mvw�mi|�«q��%km{�jsv�p7�¢pmq

if�Qi|�o}7�m�Z��v�}7�Q�oi ��l�hQp � l�jshQi 68, 80
km��x

90%
i�@i|{�jovw�mi��sk7xzvwvE�Zg�hQi�¬Mifh�k[�Xvwpm�Q��prq

RT
kIj9l�~dkm���

τ
vwl�~dkrvw�Q�w�¢xz�Qi

jop�jshQiC���op7��kr}HkIjovwpm��prq��wp � if�Qi|�o}7�1�Qh�prjop7��lZjsh�kIj�xzp��Qpmj��si|kr�w�w�1{�p7�Hjo�sv�¬Q�Qjoi�jsp�joh�iyxzi|�mif�wpm��~�i|�Hjeprq�joh�iylohQp � i|�|�Ä¦��pm�%xzif��jsp«�Qif}7��i4{�j�jshQvwlCi�@i|{�jykr��x�¬Mi|{|kr��loi
RT

vwlCpI�mif�si|l�jovw~dkIjsi|x«¬X�¢johQi
��j9q�pm�
τ < 0.25

�zjoh�i
�sk7xzvwkm�G�Q�spr���wi
q�pm�

τ < 0.25
v�l9{%hQp7loif�¢jopd¬Mi��Q§zi|x¢jopdv�jsl�loh�kr�Mi�kIj

τ = 0.25
�

�



E (GeV)
0 20 40 60 80 100 120 140 160

E (GeV)
0 20 40 60 80 100 120 140 160

1.3

1.4

1.5

1.6

1.7

)>α<ln(

E (GeV)
0 20 40 60 80 100 120 140 160

E (GeV)
0 20 40 60 80 100 120 140 160

1.6

1.7

1.8

1.9

2

2.1

<ln(T)>

E (GeV)
0 20 40 60 80 100 120 140 160

E (GeV)
0 20 40 60 80 100 120 140 160

0.4

0.42

0.44

0.46

0.48

0.5

0.52

0.54

0.56

0.58

0.6
),ln(T))αcorrelation(ln(

E (GeV)
0 20 40 60 80 100 120 140 160

E (GeV)
0 20 40 60 80 100 120 140 160

0.12

0.14

0.16

0.18

0.2

0.22

))αsigma(ln(

E (GeV)
0 20 40 60 80 100 120 140 160

E (GeV)
0 20 40 60 80 100 120 140 160

0.08

0.09

0.1

0.11

0.12

0.13

0.14

0.15

sigma(ln(T))

E (GeV)
0 20 40 60 80 100 120 140 160

E (GeV)
0 20 40 60 80 100 120 140 160

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0.11

Relative error

E (GeV)
0 20 40 60 80 100 120 140 160

E (GeV)
0 20 40 60 80 100 120 140 160

0.98

0.982

0.984

0.986

0.988

0.99

E (GeV)
0 20 40 60 80 100 120 140 160

E (GeV)
0 20 40 60 80 100 120 140 160

0.98

0.982

0.984

0.986

0.988

0.99

Bias

E (GeV)
0 20 40 60 80 100 120 140 160

E (GeV)
0 20 40 60 80 100 120 140 160

3

3.5

4

4.5

5

αAverage profile 

E (GeV)
0 20 40 60 80 100 120 140 160

E (GeV)
0 20 40 60 80 100 120 140 160

4.5

5

5.5

6

6.5

7

7.5

8

8.5

Average profile T

�����B� �
	 �Q�����Qif�s}m�d��km�skm~�i�joi|�ovwÆ|krjovwpm��prq�jshQi
�Q�spr���wi���kr�%kr~�ifjoif�%l|�

�



mr/R
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

en
er

g
y 

fr
ac

ti
o

n
 in

si
d

e 
ra

d
iu

s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 0.00 < t/T < 0.25

mr/R
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

en
er

g
y 

fr
ac

ti
o

n
 in

si
d

e 
ra

d
iu

s
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 0.25 < t/T < 0.50

mr/R
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

en
er

g
y 

fr
ac

ti
o

n
 in

si
d

e 
ra

d
iu

s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 0.50 < t/T < 0.75

mr/R
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

en
er

g
y 

fr
ac

ti
o

n
 in

si
d

e 
ra

d
iu

s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 0.75 < t/T < 1.00

mr/R
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

en
er

g
y 

fr
ac

ti
o

n
 in

si
d

e 
ra

d
iu

s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 1.00 < t/T < 1.25

mr/R
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

en
er

g
y 

fr
ac

ti
o

n
 in

si
d

e 
ra

d
iu

s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 1.25 < t/T < 1.50

mr/R
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

en
er

g
y 

fr
ac

ti
o

n
 in

si
d

e 
ra

d
iu

s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 1.50 < t/T < 1.75

mr/R
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

en
er

g
y 

fr
ac

ti
o

n
 in

si
d

e 
ra

d
iu

s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 1.75 < t/T < 2.00

mr/R
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

en
er

g
y 

fr
ac

ti
o

n
 in

si
d

e 
ra

d
iu

s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 2.00 < t/T < 2.25

mr/R
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

en
er

g
y 

fr
ac

ti
o

n
 in

si
d

e 
ra

d
iu

s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 2.25 < t/T < 2.50

mr/R
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

en
er

g
y 

fr
ac

ti
o

n
 in

si
d

e 
ra

d
iu

s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 2.50 < t/T < 2.75

mr/R
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

en
er

g
y 

fr
ac

ti
o

n
 in

si
d

e 
ra

d
iu

s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 2.75 < t/T < 3.00

���������
	 �z��Ä¦�Hjoif}7�skrjoi4xy�%kmxQvwkm�I�Q�opm���wi|le� ∫ r

0 ρf(τ, ρ)dρ
�Mq�pm�G�Ikm�ovwpm��l@�Mp7lov�jovwpm��l�vw��joh�i�l�h�p � i|�@q�pm� 10 GeV

}7km~�~dk7lf�

�



t/T
0 0.5 1 1.5 2 2.5 3

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
m/RcoreR

m/RtailR

coreP

10 GeV

t/T
0 0.5 1 1.5 2 2.5 3

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
m/RcoreR

m/RtailR

coreP

50 GeV

t/T
0 0.5 1 1.5 2 2.5 3

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
m/RcoreR

m/RtailR

coreP

100 GeV

���������
	 ����g�hQi�johQ�sifi���km�skm~�ifjoi|�sl�xzi4lo{f�ovw¬Qvw�Q}�johQid�%kmxzv�kr���Q�spr�U��i7�
RC(τ), RT (τ)

km��x
p(τ)

��q�p7�
10

���wi�q�j%���
50� {�i|�Hjoif����kr�Ux

100 GeV
���sv�}7hHj%��}7km~�~dk7lf�

t/T
0 0.5 1 1.5 2 2.5

M
/R

ef
f

R

0

0.5

1

1.5

2

2.5
M/R

68%
R

M/R80%R

M/R
90%

R

������� � 	 �Q� �Z@i|{�jsv��7i
�sk7xzvw��l�q�pm�
68, 80, 90%

{�pm�Hj%krvw�Q~�if�Hj9kml�q��Q��{�jovwpm�¡prq
t/T

�

�



� � ������½f�
» � ���1�!������ ��9"É����� ��� �� �� ���½��
����� �������

¿ v��U{�i«jshQi¢lohQp � if�
�Q�spr���widv�l�nX�Qp � �ªkml�k�q��Q��{�jsv�p7�ªprq t
��joh�idjo�%kIÇ¤i4{�jop7�o�<prq9k�}7km~�~�k¡�%k[��jshQ�op7�Q}mh jshQi�t�uZg

{fkr�wpm�svw~�ifjoi|�T~1��l�j�¬Mi�jo�%kr�Ul���kIjsi|xBvw�Hjop¡�Q�Qv�jsl�pmq��%kmxzv�kIjsv�p7�<�wif�Q}mjoh*¬Mi�q�pm�si1johQi«xzi|�UpHl�v�joi4x<i|�Qif�s}m��vw� i|km{%h ��k[�mif�
{fkr��¬Ui�{�p7~��Q�zjoi4x�� ¿ vw��{�i1johQi��%kmxzv�kr���Q�spr���wi�v�lC�Ukr�%kr~�i�jsif�sv�Æ|i|xBk7l9q��Q�U{�jovwpm��prqejshQi�l�hQp � if�y~dkI§zv�~1�Q~ T

�MjohQv�l
jo�%kr��lo�wkrjovwpm�¡�Qi|i|xQl

T
k7l�kr��vw�Q�Q�zj4����pm�Ck�}7v��7if�

T
�zjoh�i�xzi|ls{��svw�zjovwpm�¡prq�joh�i�xzif�7if�wpm�Q~�i|�7j9pmq�jshQi�lohQp � if��vw�¡johQi{fkr�wpm�svw~�ifjoi|��v�l9xzp7�Qi
kml�q�p7���wp � l��

•
�si�js�ovwif�7iCjshQi�jo�%kIÇ¤i4{�jop7�o�dvw�zq�p7�o~dkIjsv�p7��xQif�Mif��xzvw�Q}dp7�¢jshQi
if�7if�Hj
�

� jo�%km{%n7if�9i|�mif�Hj���johQi�l¤j%kr�ojovw�Q}¢�Mpmvw�Hj�� vE� im��{�p7�o�si|lo�Mpm��xzvw�Q}djsp 0 Xo
�9v�ly}mvw�mif�<¬H��jshQi�js�sk7{%nmi|�9�mi|��jsi�§

kr��xBjohQidxzvw�si|{�jsv�p7��}7v��7if�B¬X��jshQi��mi|��jsi�§<xzvw�oi4{�jsv�p7�G�1g�hQi�if�Hjs�o���Mpmvw�Hj�pmq�jshQi�}7kr~�~dk��sk[�¡vw�7jsp�johQi
{fkm��p7�ovw~�i�joi|�9v�l�q�pm����xBkr�Ux¡johQi�kr~�pm���7jyprqe�%kmxzv�kIjsv�p7���wif��}rjohUlC¬Mi�j � ifi|�¡johQi�l¤j%kr�ojovw�Q}«�Mpmvw�7j�kr��x�johQiif�Hjo�s�«�Mpmvw�Hj�v�l9{fpm~��Q�zjsi|x*� {fpm��lovwxQif�sv��Q}1joh�i�l�hQp � if��k7l�k�l�jo�%krvw}mhHj���vw�Qi[� �

� {fkm��p7�ovw~�i�joi|��¥Vpm������if�mi|�Hj��©jshQi l�jskm��jsv���} �Mpmvw�7j¡v�l¢jshQi if�Hjo�s���Up7v��Hj¡prq
joh�i�}Hkr~�~dkª�%k[��vw�Hjop�johQi
{fkm��p7�ovw~�i�joi|�|�

•
xzvw�XvwxQiCjshQi9js�skrÇ¤i|{�jspm�s�1vw�Hjop

1.85 mm
l¤jsif��l�kr��x�l¤j%kr�oj

5 cm
krhQi4kmxdpmq�johQiTif�Hjo�s���Up7v��Hj�prq�joh�iy}Hkr~�~dk
�sk[�

vw�Hjop�johQi�{|kr�wpm�sv�~�ifjoif��

•
q�p7��i|km{%h¡l�joif� �

� xzi��U�Qi�k�xzv�lon�{�if�Hjsif�si|x�p7��jshQi�{�if�Hjsif��prqQjshQi�l¤jsif�G�m�Ui|�o�Mif��xQvw{f�Q�wkm��jopTjohQi�js�skrÇ¤i|{�jspm�s�
kr��x � v�jsh1�%kmxzvw��l
1.5

jsv�~�i|l�johQi
80%

{�p7�Hjskrvw�Q~�if�Hj��%kmxzvw��l
� � h�vw{%h¡xzif�Mif�UxQl�pm� t/T
� �

� ��loi
100

jsi|l�j
�Up7v��Hjsl�p7�<jshQv�l
{�vw�s{f��i1jop�xzifjoif�s~�v���i1jshQidk[�mi|�skm}mi�pmqejoh�i�q�pm�w��p � vw�Q}¡¾7�Ukr�Hjov�jovwi|l����Ul�vw�Q}johQi
�%kmxQvwkm�Mi|�Qif�s}m�«xQif��lov�j¤��kml�jshQi � i|v�}7hHj%�y�
∗
johQi�q��%km{�jovwpm� pmq9joh�i¡lohQp � if��v���joh�i����mp7vwx
	���vA� i7��p7�zjslovwxQi¢jshQi�{fkr�wpm�svw~�ifjoi|�1�7pm�w�Q~�i�p7��vw��johQi{fkm�o¬Mpm��{�if�w��km�o�%k[�Q���Xv��Ul�v�xziTjohQi���loÄ�km��x�v��Ul�v�xzi�joh�i�{f�sk7{%nzl��

∗
johQi�q��%km{�jovwpm��prq�johQi
i|�Qif�s}m�¢xQif�Mp7lov�jsi|x�v��¡i|k7{%h���k[�mi|�|�

� {�p7~����zjoi�jshQi«kr~�pm���7j�pmq��%kmxQvwkrjovwpm� ��i|�Q}rjsh*{fpm�s�oi4l��Mpm�Uxzv���}¢jsp¡johQi¢l�joi|� ��jskmnXv��Q}�vw�Hjop�km{|{�p7�Q�Hj
johQi
km{�jovw�mi�� ��loÄ���kr��x���k7lolov��7i��E{��%km{%nzl%�e~dkIjsif�svwkm�Gl�i|if��¬X�djohQi�lohQp � if����km��x¡kmxQx�v�j�jop t

�

•
js�skm��l���kIjsi�kr�w�XjohQi��si|lo�Q��jsl�vw�1q�����{�jsv�p7��lZprq

t
�mi4l��Mi|{fvwkm���w�
joh�i�q��sk7{�jovwpm��prqMjoh�i�if�Qi|�o}7��xzif�Mp7lov�jsi|x�vw��i4km{%h��wk[�7if�

fi(T, x in mm)) → fi(T, t in X0))
�

��vw}m���oi¡����lohQp � lyjohQidxzi|�mif�wpm��~�i|�Hj�pmq�p7�Qi1p7�z¥¦kI§zvwlT}Hkr~�~dk�lohQp � if�Tv��Hjop�jshQidt�uZg£{|kr�wpm�sv�~�ifjoif�4�1g�h�vwl
xzi|�mi|��¥
pm�Q~�if�HjCv�l�i4kmlo�djopd�Q�Uxzif�%l¤j%kr��x¡lov��U{�i�joh�i��wk[�7if�%l�pm�sv�i|�7j%kIjsv�p7��~dkrn7i|l�jshQi�pm�Q¥Vkr§Xv�l�l�v�jo�UkIjovwpm��¾H�Qv�joi�lovw~�����i7��g�hQi
{��sif�Qi|�Uloh�kr�MiCpmqMjshQi9q��%km{�jovwpm�«{f�Q�o�7i|lekm��x�jshQiylo�zl¤jsif~dkIjsvw{9xQv�@if�sif��{fi9¬Mi�j � ifif���Ákr��x�� ��k[�mif�%l�q��%km{�jsv�p7��le�si|lo�Q��jslq��op7~$jskmnXv��Q}�vw�Hjopdkm{|{�pm���7j�jshQi
xzvwl�jskm��{�i
¬Mi�j � ifi|� ��loÄ���p7}7l|�
��vw}m���oi��m�1vwl�~�pm�si1{fpm~��Q�wi�§B¬Mi|{|kr��loi�jshQi�v���{fpm~�vw�Q}�km�Q}m�wi�pmq�jshQi1}Hkr~�~dk¢v�lT�Qp � 50◦

�1g � p«q�i4kIjo���oi4lT{|kr��¬Uil�i|if����joh�i¢��k7lolskr}7i�johQ�spm�Q}7h©k<{��%km{%n���jshQi¢}7�oi|if�ª{����o�7idv��©jshQi«jspm�©�U}m�Q�si«�si|km{%h�i|l
1
km��x©kml�johQi��oi4l�����j1johQi

if�Qi|�o}7�«q��%km{�jsv�p7��{fpm�s�oi4l��Mpm�Uxzv���}�jspdjohQi�loi|{fpm��x���k[�mi|����vw���si|xU��vwl
∼ 0

��kr��x�joh�i�if�Qi|�o}7�«~�v�§zvw�Q}d¬Mi�j � ifif�¡��k[�mi|�sl��vA� i7��¬Mi|{fkm��loi1pmq�joh�i��%kmxQvwkm� � v�xXjoh prq�johQidlohQp � if�9jshQi�if�Qi|�o}7��xzif�Mp7lov�jsi|x kIj
k��UpHl�v�jovwpm� t
vwl���prj
xzif�Mp7lov�jsi|x�v��

pm�Q�w�¢p7�Qi��wk[�7if��¬Q�zjCloh�kr�si|x�kr~�pm��}�loif�7if�%kr�M�wk[�7if�%ls� � hQv�{%h¡v���{f�oi4kmloi|l�kml�jshQi�lohQp � i|� � v�xzi|��lf�

 � �������������f������� �� �� ½��������%����c��f����½�����e���������������!c��¢������� �� �� ���

�Qpm�9k�}7v��7if���Q�opm���wim�Xjoh�i
if�Qi|�o}7�¢xzif�Mp7lov�joi|x�vw����k[�mi|�
i
vwl��

Ei
prof (α, T, E) =

∫ ttot

0

fi(T, t)
dE(t)

dt
(α, T, E) dt

� hQif�si dE(t)
dt (α, T, E)

v�l�johQi���p7�Q}mv�jo�Uxzv��Ukr�ei|�Qif�s}m���Q�opm���wid}mvw�mif�©¬X��i|¾H��kIjsv�p7���¤�[���
fi(T, t)

vwl�jshQi«q��%km{�jovwpm�*prq
if�Qi|�o}7�¢xzif�Mp7lov�joi|x�vw����k[�mi|�

i
kr��x

ttot
v�l�johQi�jsprj%kr�Gkr~�p7�Q�Hj�pmq��%kmxQvwkrjovwpm�¢�wif��}rjohUl�l�i|if�¡¬X�djohQi�lohQp � if�4�

g�hQi���l�jskm��xQkm�sx�	
χ2 jop�¬Mi
~�v��Qvw~�v�Æ|i|x�q�pm��jshQi
if��if�s}m�«�si|{fpm��l�jo�s��{�jsv�p7�¢v�l��

χ2
std(α, T, E) =

7
∑

i=0

(Ei
data − Ei

prof (α, T, E))2

(δEi(α, T, E))2

��



position in X0
0 1 2 3 4 5 6 7 8 9

M
at

er
ia

l f
ra

ct
io

n

0

0.2

0.4

0.6

0.8

1

totx0cal = 7.722984shower history

position in X0
0 1 2 3 4 5 6 7 8 9

L
ay

er
 f

ra
ct

io
n

0

0.2

0.4

0.6

0.8

1

shower history

���������
	����Q� ¿ hQp � if�9xzi|�mi|��p7�Q~�if�Hj9prqZpm��i�pm�z¥¦kI§zv�l�}7km~�~dk�q km�9q��spm~ {f�sk7{%nzlf��g�p7�*��q��%km{�jovwpm�¡prq�joh�i1lohQp � i|��v��johQi ���mp7vwx
	���¬��wk7{%nz���Qvw��l�v�xzi ��loÄ����si|x���km��x�v���lov�xzi�{��%km{%nzl���}7�oi|if�U������prjojop7~ �Zq��%km{�jovwpm�¡prq�johQi�if�Qi|�o}7�¢xzif�Mp7lov�joi|x
v��¡i|k7{%h���k[�mi|�|�

position in X0
0 2 4 6 8 10

M
at

er
ia

l f
ra

ct
io

n

0

0.2

0.4

0.6

0.8

1

totx0cal = 9.604827shower history

position in X0
0 2 4 6 8 10

L
ay

er
 f

ra
ct

io
n

0

0.2

0.4

0.6

0.8

1

shower history

���������
	 �m�7� ¿ kr~�i1k7l���}7�Q�oi¢���«¬��zjCq�p7�Tkd}Hkr~�~dk � v�joh�km�Bvw��{�p7~�vw�Q}¢km�Q}m�wi = 50◦
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	 � Ez�
Efit/Etrue

kml1q��Q�U{�jovwpm��pmq
T/ttotal

q�p7�
10

���wi�q�j%���
50

�E{�i|�7jsif����kr��x
100 GeV

���sv�}7h7j��1pm��kI§zvwl
}7kr~�~dkml�vw��k�t�uZg�¥V��vwnmi
lov�~1�Q�wkrjovwpm� � hQif���Qp«{fpm��l�jo�%krvw�Hj�p7�¢jshQi
��kr�%kr~dkrjoif�%l�vwl�km�Q�Q�wv�i4x¡xz�Q�sv��Q}�jshQi��Qj|�

� hQif�si (α, T, E)
kr�si�johQi�jshQ�oi|i�q��oi|id��kr�%kr~�i�jsif�%lTprq�johQi��Qj4�

Ei
data

johQidi|�Qif�s}mvwi|lT~�i|k7l��Q�si|x�vw��jshQid��k[�mif�%l�kr��x
δEi(α, T, E)

jshQi�~�pzxzif�wv�Æ4kIjsv�p7�1i|�o�spm�4��g�hQi9xzi|�Ui|��xzi|��{�i�prq
χ2

std �
v�joh

T
v�l��QpmjZjo�sv��Xv�kr�X¬Ui4{fkm��l�i�pmqUjshQi�}mifp7~�i�jo�s�

xzif�Mif��xQif��{fi
prq
Ei

prof (α, T, E) � v�joh T
� xz��i�jop�johQi
�%kmxQvwkm�M���opm����i
xzi|�Ui|��xzi|��{�i � v�joh T

���
g�hQi �X¸X¯���� �Tlov�~1�Q��kIjovwpm���Q�oi4l�i|�Hjoi|x�v���loi|{�jsv�p7� F�����{fkr�1¬Ui���loi|x�jop�¾H�Qvw{%nX�w��l�vw~����wkrjoi�johQi�pm�Q¥Vkr§Xv�l�t�uZgªlov�js��kIjsv�p7�G�
g�hQvwl�v�l�xzpm��i�¬X�B{�p7��l�v�xzi|�ovw�Q}«jshQi����%l¤j

1.4 Xo
kmlCjohQi�jo�%km{%n7if�4�Mkm��x�jshQi1q�pm�w��p � vw�Q}¢i|v�}7hHj 1.1 Xo

lo��v�{�i4lyk7lyjohQi
{fkr�wpm�svw~�ifjoi|�1��k[�mi|�sl|� �y�Q��� if�mi|�Hjsl�q�pm� � hQv�{%hªjoh�i¡{fpm�X�mi|�slovwpm�©�Mpmvw�7jd�wv�i4l�v�� johQi����%l¤j 1.4 Xo

kr�si�jskrn7if�ªvw�Hjop
km{f{fpm�Q�Hj4� ��vw�Qv�~�vwÆfvw�Q}

χ2
std

}7if�Qi|�skm���w�ªkr�w��p � ldk*}7pXpXx�xzifjoif�s~�v��UkIjovwpm��pmqyjshQi�if�Qi|�o}7�ª¬Q�zj�v�jdq kmv���l � hQi|��johQil�hQp � if��v�l1�MpXpm�s���ª{fpm�Hjskmv���i|x��ªg�hQi¡�%kIjsv�p T/ttot
v�l���l�i4x©jsp�i4l¤jsv�~dkIjsi�johQi¡l�h�p � i|��{fpm�Hjskmv��Q~�i|�7j4�ª��v�}7�Q�oi �El�hQp � l Efit/Etrue

kmlyq��Q�U{�jovwpm� prq
T/ttot

q�p7�
10
�
50
km��x

100 GeV
}7kr~�~dkml|�
ÄVj
{fkr��¬Uidloifi|�BjohUkIj � hQif��johQil�hQp � if�1~dkI§zv�~1�Q~ q�pm����xª¬X� johQi��Qjd�wv�i4l�p7�zjslovwxQi¢jshQi�{|kr�wpm�sv�~�ifjoif���
T > ttot

��johQi�if��if�s}m� q�pm�Q�Uxª¬X� johQi��Qj
�wkm�o}7if�w�dpI�mif�si|l�jovw~dkIjsi|l�johQi�js�o��iTi|�Qif�s}m�7�Zg�hQi�hQv�}7hQif��jshQi
}7km~�~�k�i|�Qif�s}m�dv�lf�QjohQi
~�pm�siTprq�joi|�¡v�j9h�km�Q�Mif��l|�
Ä¦��p7�sxQif��jop«{fpm��l�jo�%krvw�«jshQi
��kr�%kr~�ifjoif�%l

(α, T )
xz���ovw�Q}�johQi���j|�zjshQi�q�pm�w��p � vw�Q}1joi|�o~ vwl�k7xQxzi|x��

χ2
par(α, T, E) =

1

1 − ρ2(E)

(

(ln α − ln α(E))2

σ2
ln α(E)

+
(ln T − ln T (E))2

σ2
ln T (E)

+ 2ρ(E)
(ln α − ln α(E))

σln α(E)

(ln T − ln T (E))

σln T (E)

)

kr��x�joh�i
χ2 ~�v���v�~�vwÆfi|x¡xz���ovw�Q}�johQi���j9vwl��Qp � �

χ2
tot(α, T, E) = χ2

std(α, T, E) + cχ2
par(α, T, E)

� hQif�si c
v�l�jshQi � i|v�}7h7j�pmq�jshQi�{�p7��l¤js�skmv��Hj4�

g�hQi � ifvw}mhHj�prq�johQi�{�pm�Ul¤js�skmv��Hj�l�h�pm�Q��x ¬Ui¢{%h�p7loif�©l�p�k7l�jopBk[�7pmv�xBjshQi«hQvw}mh*if��if�s}m�Bj%krvw��kr�Ux<jspB}mifj
johQi¢¬Ui4l¤j�oi4l�p7���zjsv�p7�G�dÄ¦�*pm�%xzif�TjspBxzp�l�pU��johQi«lskr~�i �z¸X¯�� � ��lov�~1�Q�wkrjovwpm� h�kml�¬Mifi|�*��l�i4x�jop��spm�Q}7hQ���Blovw~��Q��kIjsi�}Hkr~�~dkml
v���johQi�t�uZg � v�jsh�k��Qpm��Æfi|�op�v���{fpm~�vw�Q}�km�Q}m�wi1¬X��lov�~��Q�w�<{�p7��lovwxzi|�ovw�Q}djshQi����%l¤j 1.4/ cosθ Xo

kmlyjoh�i�js�sk7{%nmif�
kr��x«johQiCq�pm�w��p � vw�Q}�i|v�}7h7j (1.1/ cos θ) Xo

l��wvw{fi|l�kml�johQi�{fkm��p7�ovw~�i�joi|�e��k[�mif�%l9��johQiTi�@i|{�j�pmq�{��%km{%nzl�km��x�joh�iCif��if�s}m�
~�v�§zv���}d¬Uifj � i|if�¡�wk[�7if�%l�kr�si��Qprj�j%krnmi|��vw�Hjop«k7{f{�p7�Q�Hj � v�jsh¡johQv�l��spm�Q}7h�lov�~1�Q��kIjovwpm�M������vw}m�Q�si���F�lohQp � l�hQp � johQi�oi4l�p7���zjsv�p7�B�Ikr�sv�i4l � v�joh c

km��x�jshQi�v���{fpm~�vw�Q}�km�Q}m�wi�q�p7�
5
�
10
�
50
kr��x

100 GeV
}7kr~�~dkmlyvw��lo��{%h�k�t�uZg�¥V��vwnmi

l�vw~��Q��kIjsv�p7�G�Z�Qp7�epm�z¥¦kI§zv�lZ}7km~�~�k7lf�7�Qprj�{�p7��l¤js�skmv���v��Q}
α
kr�Ux

T
��vA� i7�

c = 0
�Z}mvw�mi4l�joh�i � pm�%l¤je�si|lopm�w�zjovwpm�d¬Mi|{|kr��loiprq�johQi�v�~��Mpm�ojskm��{�idpmq�jshQi«hQvw}mh©i|�Qif�s}m�<jskmv��A��g�hQi«�si|lopm�w�zjovwpm�����%l¤j1xQi|{��si|k7l�i4l � v�jsh c

kr��x*�si|k7{%hQi|l
kBnHvw��x*pmq
�Q�wkrjoi4kr� � h�if� c ' 3

��� hQif�¢johQiTv��U{�pm~�vw�Q}1km�Q}m�wiCvw��{f�oi4kmloi|lC� vE� im��jshQiTlohQp � if�%l�km�oiy~�p7�oiykr��x¢~�p7�oiy{�pm�Hj%krvw�Qi|x����johQiB�si|lopm�w�zjsv�p7��if§zhQv�¬�v�j%l¢k*~�v���v�~1�Q~#� i|lo�Ui4{�v�kr�w��� q�pm�
5
kr��x

10 GeV
}7kr~�~dkml%���Ág�hQi�i�§zv�l¤jsif��{fiBprq
lo��{%h k

~�vw�Qvw~��Q~$km��x�jshQi9q k7{�j�jsh�kIj�joh�iC�Mp7lov�jsv�p7�«prq�jshQvwl�~�v���v�~1�Q~ xzi|{f�oi4kmloi|l � v�joh«johQiyv���{fpm~�vw�Q}1km�Q}m�wiCxzi|~�p7��l�jo�%kIjoijoh�krj�jshQi�~�pm�si9joh�i�lohQp � if�%l�km�oiT{�pm�Hj%krvw�Qi|x��HjshQiTq��oi|if��l�h�pm�Q��xdjshQiy�Ukr�%kr~�i�jsif�%l α
km��x

T
�sif~dkmv���xz�Q�sv��Q}1joh�iy��j|�

Ä¦�<jshQi��Q�oi4l�i|�HjTvw~��Q��i|~�if�Hjskrjovwpm�<pmq�®z¯z°r±H²U°X°m³H´QµH¶M·m°7¸�vw���z°H¸X¯����
c
h�kmlT¬Mifif�*loi�jTjop

3
� ¬Ui4{fkr�Ul�i�pm�Q�w�¡joh�i�p7�z¥

kI§zvwlCl�v�jo��krjovwpm��h�kmx�¬Mifi|�¡{fpm��lov�xzif�si|x����e��v�}7�Q�oi�� 
�lohQp � l�jshQi
hQv�l¤jspm}m�%kr~!prq
Efit/Etrue � hQif�¡�Qp«{fpm��l�jo�%krvw�Hj�v�lkr�Q�Q�wvwi|x¡kr��x � hQi|� c = 3

��ÄVjC{fkm��¬Mi�l�i|if��johUkIj�johQi�{fpm��l�jo�%krvw�Hj�pm�
α
kr��x

T
k[�7pmv�xQl�johQi
h�v�}7h�i|�Qif�s}m�dj%krvw�E�

Ä¦�ªpm�%xzif��jop�q�����jshQif��~�v��Qvw~�v�Æ|i«jshQi¢�svwlon prq9pI�mi|�oi4l¤jsv�~dkrjovw�Q}�johQi�if�Qi|�o}7�m��pm�Qi�l�hQp7�Q��x©v��U{��si|kmloi�joh�i�{�p7��l�jo�%krvw�7j

� E
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	ª�FQ����i4l�p7���zjsv�p7�©kmlTq��Q��{�jovwpm�*prq�joh�i � i|v�}7h7j
pmq�jshQi«{�p7��l¤js�skmv���v��Q}�jsif�s~ vw�
χ2

tot

q�pm�
�Ikr�svwpm��l�vw��{�p7~�v��Q}
kr�Q}7��i4l�q�pm�
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100 GeV
}7kr~�~dkml�vw�¡kdt�uZg�¥V��vwnmi
lov�~1�Q�wkrjovwpm�G�
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	1� 
����Cvwl�jop7}m�%kr~�pmq
Efit/Etrue � hQif�
��pC{�p7��l¤js�skmv��Hj�v�l�kr���Q��vwi|x�km��x � hQif��jshQi � ifvw}mhHjGprqXjshQi�{�p7��l�jo�%krvw�Qv���}joif�s~$vw�

χ2
tot

vwl
3
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���svw}mhHj%��pm�¡kI§zv�l�}Hkr~�~dkml�v���k�t�uZg�¥V��vwnmi�l�vw~����wkrjovwpm�G�

�F



� hQif��joh�i�l�hQp � if��v�l��UpXp7�o�w�¢{�p7�Hjskrvw�Qi4x��Zg�hQvwl9vwl�xzp7�Qi�¬X��xzif���Qvw�Q} c
k7l�johQi�q�p7���wp � vw�Q}�q�����{�jsv�p7��pmq T/ttot

�

c(T/ttot) =

{

3 if T/ttot < 0.9
3 + (T/ttot − 0.9) otherwise

� � �%�$»����d���c������ �I��� ����� &�������1�

�Qpm��jshQi�lskrnmi�pmq�{���kr�sv�j¤�m�zhQi|�oi�v�l�k�lohQp7��j9xzi4lo{f�ovw�zjovwpm��prq�joh�i � hQpm�wiT�Qj9�Q�spX{fi|xz���oi��

•
�si�q�i|�oi|��{�iTjo�%kIÇ¤i4{�jspm�sv�i4l�vw�¡�sk7xzvwkrjovwpm���Q�Qv�jsl9km�oi
{�p7~��Q�zjoi4x�q�pm�

T = 2, 3, 4, . . . , 14, 15, 16
�

•
��km�skm~�i�joi|�sl�vw�Qv�jov�kr�wv�Æ4kIjsv�p7����jshQiC{fkm��p7�ovw~�i�jsif�e�%k � i|�Qif�s}m� Eraw

v�le��loi|xdk7l�joh�iyl�jskr�ojovw�Q}
�Ikr�w�Qi�q�p7�
E
�Zg�hQi

l�jskm��jsv��Q}��Ikr�w�Qi4l�q�pm�
α
km��x

T
kr�si

elnα(Eraw) kr��x elnT (Eraw) �

•
xz���ovw�Q}�i|k7{%h�v�joi|�skrjovwpm� � v�jsh�jshQi�loi�j�prq���kr�%kr~�ifjoif�%l (α, T, E)

�

� {�p7~����zjoi�joh�i�jo�%kIÇ¤i4{�jop7�o�
vw���sk7xzv�kIjovwpm�1�Q�Qv�jsle{fpm�s�oi4l��Mpm�Uxzv���}Cjsp
T
¬X��vw�Hjoif�s�Mpm��kIjovw�Q}�¬Mi�j � ifif��jshQi�j � pkmx[Ç�k7{�i|�7j��si�q�i|�oi|��{�iyjo�%kIÇ¤i4{�jop7�ovwi|l��

� {�p7~����zjoiTjoh�i�xzif�Mp7lov�jsi|x�if��if�s}mvwi|l�v���jshQi
�wk[�7if�%l
Ei

prof (α, T, E)
�

� {�p7~����zjoiTjoh�i
~�pzxzi|��vwÆ|krjovwpm��if�s�op7�
δEi(α, T, E) = ε(E) × maxi∈[1,8](E

i
prof (α, T, E))

� {�p7~����zjoi
ln α(E), σln α(E), ln T (E), σln T (E)

kr��x
ρ(E)

�
� {�p7~����zjoi

χ2
tot(α, T, E)

�

•
jshQi�q�pm�w��p � vw�Q}�¾H��kr�Hjov�jovwi|lCkr�si � �sv�jojoi|��vw��johQi
~�i|�ov�j�jo�Q�Q�wid�

� ®z¯X°7®X¶���� ��¸7´�������jshQi�if��if�s}m�
}mvw�mi|�1¬X�
jshQi��Qj�{fpm�s�oi4{�joi4x�q�p7��johQi�¬�vwk7lZxz�Qi�jopTjshQi�~�i�joh�pXx¡�
bias(E)

� �
� ®z¯X°7®X¶����X¶X¶
	�� �B�CjshQi�i�@i|{�jsv��7i1�%kmxQvwkrjovwpm�B�wif�Q}mjoh v���joh�i ��loÄCpmqejohQi�js�skrÇ¤i|{�jspm�s�¡v����sk7xzvwkrjovwpm���Q�Qv�jsl
{�p7�o�si|lo�Up7��xzvw�Q}�jsp

Tfit
�

� ®z¯X°7®X¶��Q®��·��
�«��jshQi
~�v��Qvw~���~!prq
χ2

tot

�

g�hQi�km��}7pm�sv�jshQ~ �s�Q��l � hQif�*jshQi¢�%k � i|�Qif�s}m��v��*jshQi�{|kr�wpm�sv�~�ifjoif��vwl��wkm�o}7if��johUkr�
1 GeV

kr��x � h�if�©jshQidjopmjskm��sk7xzvwkrjovwpm����i|�Q}rjsh�v�l�}7�oi4kIjoi|��joh�km�
0.5 X0

�

� � �������$��������½%���$����c �������!��� »�������� � ���1���

g�hQvwl1kr�w}mp7�ov�johQ~ � k7l����%l¤j�vw~��Q��i|~�if�Hjoi4x*v��©®z¯z°�	Q¸��mµ��Bv�� joh�i«¬Ui|}mvw�Q�Qvw�Q}Bpmq��7�Q�w� E � � �Q�¢g�hQi����%l¤j�kr�w��}Hkr~�~dk
�Q�opzxz�U{�jovwpm� �o�Q���Qv���}Bjoh�vwl1if�Qi|�o}7� {fpm�s�oi4{�jsv�p7��jspXpm� � k7l1¯z°X°��z¯�� �@¯�� �
	����
���
����� ��! ��� �@¸m´M· �"��#
$�	%�&�z´m² �Q¸'�V´zµXµ �@�
Ä¦��p7�sxQif��jop«{%hQi4{%n�johQi
�si|lo�Q��jsl�pmq�®z¯z°m±7²U°X°m³X´zµH¶M·m°H¸��[jshQi

3
q�pm�w��p � vw�Q}�{��zj%l9kr�si
kr�Q����vwi|x��

•
®z¯z°7®H¶����	��¸m´�����(
)

•
¯��mµ�*�+-,%�/.��M·[´%0/1 �
2�.
�@·|´�3
,��/4
�@·|´%0/1 ��2
4��U·[´�3,%��5��U·[´%061 �
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