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s�c�p�f~]{p�kÃ^�|§] � p�_{a h fwcI^`|g]{p�c{^�aec » ¼ s�ae|g�wp�c�]�^�|§]{a » ÄLÅ Æ Ç�È�É{Ê�Ë ae|¨] � pt^`cI��f�l¨]ia�] � p ¿ fwcj] � ]{a¡] � p2n b |6�
�½� ^�_�ptq%p�sr]4awv�nya h f~c z p b ]ic�^`|�aÃaw_{s�^ h`h f~]i^�ae|Ì^�_ � |�a®�Íf~_�] � p m n o fÎq6ptst]�� m ae_j]2_{a h fwc�|Jp b ]{c{^`|Jae_2fwc�p
��c�ayk b s�p�_��%p h a®� ¸ m pt�)��n b |�^�_�f � ^`d � ^`|g]{p�|�_�^�]�l¨_{a h fwcI|�p b ]ic{^�|�a�_�a b c�s�p�� � ^`s � ��c�ayk b s�pt_�� b c�p » ¼ f~|�k
f h _{a
��c�a®�y^�k�p � ^�d � _{pt|�_�]{^���^�]�l�]ia�|�p b ]ic�^`|�a
��^�y^�|�d
��fwc{fw��pt]iptc{_.f~|�k�_{pt|�_{^�]i^���^�]�l�]ia�|Jp b ]{c{^`|Jae_���fw_{_�p�_.k�a®��|
]ia � Ï Ð�Ñ�Ñ ¹ Ò�Ó �Ô�Sp�de^��epx��fwc�]{^`s bJh fwc@f~]�]ip�|g]{^`ae|�]{aW] � p Õ@m Ö×fw|Jk�n m ÖÌ_{a h�b ]i^�ae|�_��Ô� � ^�s � fwc{pSs � fwc{fwst]{p�c{^�Ø�ptk��Ll
f h fws � awv']i^`��prÙÚk�p��)p�|Jk�p�|g]#� � p�|Jae��pt|�f Å p�^�] � ptc#_ b ����p�cÛÙÚ��^�|L]{p�c�aec�k�f�lgÙ�|�^�d � ]
f~_�l�����pt]{c{^�p�_ Ë � o p�_j] b kJl
k�pt�%pt|�k�p�|Js�p�a~vÁ] � pIp h ptst]{c{ae|�|�p b ]ic{^�|�a�_ b cj��^��~f h ��c�ae��fw�J^ h ^�]�le� Ü ¼�Å Ý Ë f~_#f[v b |Jst]i^�ae|4|�p b ]ic{^�|�a�p�|�ptc{dwlw�

Þ �àß�� á �  ß�� �

�½� p5��pt] � ayk�_�]ia¤� � ^�s � �Sp5c{pt_ h a®�wp�]ia©a b c�pây�%ptc{^`��p�|g]4^�_�_{s�f~]{]{p�c{^�|�dÃawv�fÃ_{a h f�c2|�p b ]ic�^`|�aÃawqãawv�f
] f~c{depr]�p h p�sr]ic{aw| Å » ¹ µ » ¹ Ë � � ^`s � c{p�_ b�h ]{_x^�|�f�stae��� h pt]{p#c�p�stae|�_�]{c b sr]iptk�p h ptst]ic�ae|�]{cifws � Å À ^`d�� � Ë � À c{ae�ä] � p



¸

c{pts�ae|J_�]ic b st]{^`ae|¨awv�] � p�p h ptst]ic�ae|5c{pts�ae^ h p�|�ptc{dwl Å å ¼{Ë fw|�k5^�]i_Ifw|�d h p���^�] � c{pt_{�)p�st]u]ia2] � p�_{a h fwc�fÎy^�_ Åçæ®è¬Ë �
] � pu|Jp b ]{c{^`|Ja�pt|�p�c�dwl2vªaec½p�fws � pr�ept|L]W^`_½de^��ept|¡�gl

Ý é Ç ê å ¼´ stae_ æ®è2ë å ¼2ì Å � Ë

�½� pt|5] � p[c�p�_ bJh ]i_Ws�fw|��)p[stae����fwc{ptk���^�] � _{a h fwc#��a�k�p h _
fw|�k�_{a h fwcW��^�y^`|Jd���aykJp h _t�W�Sp[s�fw| sta b |g]
vªa b c
|�p b ]ic�^`|�a�_��%pts�^�p�_��)p h a®� ¸ m p í î ´w´ �¬ï ¦ pe� ´ ¹ ´ fw|�k ð ñ �6� � ptc{p[] � p�� z }ä_{�)p�sr]icif4fwc�p[s�a b |g]ip�k¨fw_Wae|�pw�
À aec½p�f~s � _��%pts�^`pt_�] � p�c�pI^`_�f » ¼�ò b  ó ¼ ��f » ÄIò b  ó Ä2Å Æ ÇOÈ'É{Ê?Ë �

TPC

θ

electron

À ^�d b c{p � ² �½� p�_{a h fwc[|�p b ]ic�^`|�a5k�pr]ip�sr]i^�ae|Ì_�s � p���pw� �½� p4c�p�s�aw^ h ^�|�d�p h p�sr]ic�ae|Ìpt|�p�c�dwl©fw|JkÌk�^�c{ptst]i^�ae|©fwc�p
��p�fw_ b c{ptk��@fw|�k5] � p�|�p b ]ic�^`|�a4pt|�p�c�dwl5^`_
c�p�stae|�_�]{c b sr]iptkÃfws�staec{kJ^`|�d�]{a ¿ ô?� � ��}
| h l f2_{��f h`h vªcifwsr]i^�ae| awv
] � p�_{a h ^`k2fw|Jd h p�f~c{a b |Jk4] � p�_{a h fwcxfÎy^`_½^`_xs�ae|�_�^`k�ptc{ptk¡fÎ]�fw|gl2de^��ep�|2]{^`��pw� �½� p�f~|�d h p æ _ � a®��|�_ � a b�h k4�)p
h f~�%p h`h ptk�õ ë©æ ]ia�s�aec�c{pt_{�)ae|�k4��^�] �¡¿ ô?� � �

�½� p h a®�Sp�_j]½p h p�st]{c{ae|�c{p�stae|�_j]ic b st]iptk¡pt|�p�c�dwl�]icif~s � ^�_ � ÏeÏ � p í ]{cifws � _x� � ^`s � ]ic{f��ep h _{pt�wp�c{f h s��ö�)ptvªaec�p
_�]{ae����^�|�d����Jc{a®��^`k�^�|�d4fwk�ptô b f~]ip[]{cifws � h pt�wp�cIfwc��÷vªaecW�%pr]{]iptc���p�fw_ b c{p���p�|g]Iawv å ¼ �½� p�|�p b ]ic�^`|�a2_ b c���^��~f h
��c�ae��fw��^ h ^�]i^`pt_[�xptc{p�stae��� b ]iptk�� �½� p m n o ÙÛn m Öøc{p�dw^`ae|Ì^`_��xdep�|�ptcif h�h l©_��%p�f � ^`|�d��½s � fwcifwsr]iptc{^`Øtp�k×�glÌf
_�]{c{ae|Jd h l¡�wf~c�l�^`|�d Ü ¼�Å Ý Ë � �½� p m n o Ù Õ@m Öàc{p�dw^`ae| � fw_uf4_ h a±�I��stae|g]i^`| b a b _�_��%ptst]{cif h k�^�_�]{aec�]{^`ae|5fwstc{ae_�_
] � p Ï Ù ¸ m p í c{ptde^`ae|6� À ^�d�� ¸ _ � a±��_ Ü ¼tÅ Ý Ë vªaecSf�s�ae|g�wp�|�^�p�|g] h l�s � aw_{p�|2stp�|g]ic{f h �)ae^�|L]S^`|�] � p
n m ÖÂc�p�de^�ae|��
fw|�k�vªaec.vªa b c��%aw^`|g]i_M|�p�fwc{�gl�s�aec�c{pt_{�)ae|�k�^�|�d�]{a�f ¸ �±ù �~fwc{^`f~]i^�ae| b ��fw|�k�kJa±��|�^`|��%aw] � ��fw_�_xfw|Jk�_{^�| Ó ¸ æ �
À ^�d�� ú k�a�p�_W] � p�_{fw��p�vªaec�] � p ÕÁm Öûc{ptde^`ae|6� ¦ pts�f b _{p[|�a�]i^`��prÙÚk�p��)p�|Jk�p�|g]�prq6ptst]i_
fwc{p�pry�%ptst]{p�k5^`|�] � ^�_



ú

� fw� h p � ² ü fwc{fw��pt]iptc{_ b _�p�k�^`|2] � pI_�^`� b�h f~]i^�ae|�_Sk�p�_�s�c{^��%ptk�^�|4] � p�]ipây]��

ü fwcif~��pr]ip�c í f h`b p
¿ J�)ae_ b c{p ý�þäý Ï ]iae|�ÙÚlep�fwc{_
ÿ�� � å Ï � Ï � fÎ] � ÏeÏ � p í
ÿ�� � � � f~] � ÏwÏ � p í
Ó �	� 
 Ï ì � È dÑ�� � � Ñ Ó � � ¤� Ï Ð Ó � d � d

c{ptde^`aw|��g] � p���ae_�]�dept|�p�c{f h fw|�f h ly_�^`_M^`_Mk�aw|�p#�gl�_�] b kJl�^`|Jd�] � p Ý é �y_t� Æ _{s�f~]{]{p�cS� h aw]��e� � p�c�p Æ Ç å ¼ � å ��� Ä¼ �
m ae|g]{p���f~c h a�pt�ept|g]i_I�xptc{p�dep�|Jp�cifÎ]ip�k b _�^`|�d�] � p���fwc{fw��pr]iptc{_ h ^�_�]{p�k�^�| � fw� h p � � � pt_ b�h ]i_Ifwc�p���c{pt_{pt|L]{p�k
vªaec½pâJ�)ae_ b c{pt_Wawv�ý�fw|�k�ý Ï � ae|�ÙÚlep�fwc{_t��c{a b d ��h l�s�aec�c{pt_{�)ae|�k�^�|�d�]{a�ae|�pufw|�k4]ipt|�lwp�fwc�_�a~v�k�f~]if[] f � ^`|Jd��
�xp b _�pI] � p�vªa h`h a®��^`|�d[kJpt]iptst]{aec#c�p�_�a h`b ]{^`ae|J_�²

ÿ��
å Å å Ë.Ç

Ï ì Ï � �� å ÿ�� Å å Ë.Ç ³ ì ý �å � � � Å ¸ Ë

� � ptc{p å ^`_#] � p�p h p�sr]ic{aw| � ^`|�pr]i^`s�p�|�ptc{dwl�^`| m p í ��Ö�]W] � p h a®�xpt_�]�]ic{fws � pt|�p�c�dwl�a~v � ÏeÏ � p í ��] � ^`_#s�aec�c{pâÙ
_{�)ae|�kJ_�]ia¡c{pt_{a h�b ]i^�ae|�_Iawv � ù vªaec�pt|�p�c�dwl§fw|�k � � � vªawc�f~|�d h p~� �½� p���fws � dec{a b |�k�_��Sp�c�p�_�^`� b�h f~]iptk¨�Sp�c�p
vªa b |Jk�]ia¡�%p�|�p�d h ^`� h pw� À ^`d b c�p ³ s�ae����fwc�p�_I] � p�n m Ö fw|�k Õ@m Ö _{a h�b ]i^�ae|�_�îÁ] � ptc{p�^�_�_�ae��p�k�^�_�]i^�|�st]{^`ae|
��^�] � ý[]{ae|yÙDlep�f~c{_#fw|�k�f��wp�cjl4s h p�fwc½k�^�_�]i^�|�st]{^`ae|���^�] � ý Ï ]iaw|yÙÚlwp�fwc�_��



³

À ^�d b c{p ¸ ² �½� p�|�p b ]ic�^`|�a4_ b c���^��~f h �Jc{ae��f~��^ h ^�]�l¡^`| ] � p�n m Öàc�p�de^�ae|��@fw_uf4v b |�st]{^`ae|5awvS|�p b ]ic{^�|�a�p�|�ptc{dwlw�
�½� pu_{a h ^`k h ^�|�p�^`_�f h ��f�l�_�] � pu_ifw��pw�)fw|Jk¡c�p���c�p�_{pt|g]i_W] � p�s�f h s b�h fÎ]i^`aw|�vªaec½] � pu|�ae��^`|�f h �)ae^`|g]#f~] Å�� ê Ó ÇÏ ì � ý  � Ï Ð � É _{^�| Ó ¸ æ�Ç Ï ì � ý ©� Ï Ð � Ë � �½� p�k�fw_ � p�k h ^�|�p�_�c{pt��c{pt_{pt|L]u�)ae^`|g]{_#k�^�_{� h fws�ptk�vªc{aw� ] � p[|�aw��^�|�f h�)ae^`|g]��gl ¸ �±ù ��c�p�_{�)p�sr]i^��ep h l4fw�)a®�epw��]{a�] � p h prv ]��J]{a�] � pIc{^�d � ]���fw|Jk¡�)p h a±�O] � pu|Jae��^�|�f h �%ae^�|g]��



�

À ^�d b c{p ú ² �½� p�|�p b ]{c{^�|�a4_ b cj�y^��~f h ��c{aw��fw��^ h ^�]�l�^�|5] � p Õ@m Öàc{p�dw^`ae|���f~_�f�v b |Jst]i^�ae|5awvS|�p b ]{c{^�|�a4p�|�ptc{dwlw�
�½� pu_{a h ^`k h ^�|�p�^`_�f h ��f�l�_�] � pu_ifw��pw�)fw|Jk¡c�p���c�p�_{pt|g]i_W] � p�s�f h s b�h fÎ]i^`aw|�vªaec½] � pu|�ae��^`|�f h �)ae^`|g]#f~] Å�� ê Ó Çú ì � ©� Ï Ð � É _�^`| Ó ¸ æ�Ç Ï ì ú � Ë � �½� puk�fw_ � p�k h ^`|�pt_�c{p��Jc{p�_�p�|g]
�)ae^�|L]{_�k�^`_�� h fwstp�k4vªc{ae��] � pu|�ae��^`|�f h �%aw^`|g]��Ll¸ �±ù ��c�p�_��%ptst]i^��ep h l�fw�)a®�epw��]{a�] � p h prv ]��J]{a�] � pIc{^�d � ]���fw|Jk��)p h a®�ã] � pu|Jae��^�|�f h �%ae^�|g]��



�

0

50

100

150

200

250

300

350

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

0

500

1000

1500

2000

2500

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Eν (MeV)

E
nt

rie
s 

/ 4
0 

ke
V

E
nt

rie
s 

/ 4
0 

ke
V 7 ton-years

SMA solution

LMA solution

Eν (MeV)

E
nt

rie
s 

/ 4
0 

ke
V

E
nt

rie
s 

/ 4
0 

ke
V 70 ton-years

SMA solution

LMA solution

À ^�d b c{p ³ ²����! #"�$&%('*),+�'*-/.0-21�$435 6$4"7'*89$:.;+ < =>.?$ @ +7"�'*.?-A$:.?$4"7B/CEDF 6$:),+�" @ 8G1H-/" I �KJMLN%(-2+OD7P < .#%KQ(�KJMLR),"7-SD7D�$:DOPTDF-S= @ +7'U-S.#D:V
WTX $Y+7-/ ZLH[6-2+F+7-/8APT ?=*-2+\)4-/"7"�$&DF 6-/.#%#D]+7-_^_L`^ba;P]+�-/.?c`CS$ < "OD:V



ý

d e ��� ����� � � ��� �

\ ]�^`_u|�^`stp�]{a¡�)p�fw� h p�]ia¡_if�l5] � f~]u��^�] � _j]ic{aw|�d�pr�y^�k�p�|Js�p�vªawc h ae|�d4k�^`_j] fw|Js�p�|Jp b ]{c{^`|Ja���^�y^`|�d2] � p�|Jpr�]
dept|�p�c{f~]i^�ae|IawvJpây�%ptc{^`��p�|g]{_@_ � a b�h kufw^`�Ovªaec���c�p�s�^�_{^�ae|I��p�fw_ b c�p���p�|g]i_@awvy|�p b ]ic{^�|�a���^ y^`|�d���fwcifw��pt]{p�c�_�� �½� p
b |�stp�cj] fw^�|L]�l�^`|¤] � p2��^ y^`|�d¡��fwcif~��pr]ip�c�_[s�a b�h kÃ�)p�c{ptk b stp�k �LlÃf�vçfwst]{aec�awv�]��Sp�|g]�l)î°^�|Ì_�ae��p2s�fw_�p�_��M] � p
��^�y^`|�d5��f~cifw��pt]{p�c{_�s�f~|£�%p�k�pr]ip�c���^�|�p�k f~]�] � p�_{pr�ep�c{f h �)p�c�s�pt|L] h pt�wp h � �½� ptc{p¡^`_�f h aw]�]ia��)p�k�ae|�p¡ae|
] � ^`_���c�a#f�p�sr]���f~c�]i^�s b�h fwc h l4] � p�]i^���p�kJp��)p�|�k�pt|g]�ae_�s�^ h`h fÎ]i^`aw|�_���stae|�_�^`k�ptc{^`|Jd4] � p�k�f�lgÙ�|�^�d � ]Iptq%p�st]�fw|�k5] � p
_ b ����p�cÛÙÚ��^`|g]{p�c½ptq%p�sr]���� � ^�s ��ü c�awvªp�_�_{aec ¦ ae|g��^`st^`|�^�^�_��xawc � ^`|�d�ae|�fw|�k \ ��^ h`h s�ae|g]i^�| b p�]ia�fw_{_�^`_j] � ^`���

g Y ��h2���u� ��� �ji � ��� 

\ �xa b�h k h ^ � p#]ia�] � fw| � fw|Jk2fws � |�a®� h ptk�dep ü c{awvªpt_{_�aecAk�� ¦ aw|L��^�s�^`|J^%awv o f�l�|�pIn�]if~]ipml�|�^��wp�c�_{^�]�l¡�y� � a���c{a~Ù
�)ae_{ptk4] � ^`_ � p�_�p�fwc�s ��¿ y�)p�c{^�p�|�stp�vªaecnl#|Jk�p�c�decifwk b f~]ipt_���c{a#f�ptst]�fw|Jk�d b ^`k�ptk2��l�prq6awc�]i_½^�|2��c{awdecifw����^`|�d
fw_x�Sp h�h fw_ � p h �%ptk2��p#c{pr�y^�pt�O��l b |�k�ptc{_j] fw|�kJ^`|�d�awv¬] � p b |Jk�p�c h l�^`|�d�� � ly_�^`st_½^`|g�ea h �eptk�� \ �xa bJh k4f h _{a h ^ � p
]iaufws � |�a®� h p�k�depWn%� m s(k�p�p~�Ldecifwk b f~]ip�_j] b k�pt|g]Sa~v o f�ly|Jp
n�]if~]ip�vªawc._{ae��p�]i^���p h l�fwkJ��^`stp�fw|�k � p h ��� �½� fw| � _
fw|�k¨fws � |�a®� h p�k�dep�� b _�]Idea�]{a��xawc{|�p h`h l�|�^��wp�c{_�^�]�l�fw|�k ] � p�kJ^`c{ptst]{aec{_�awv�] � ^`_ � p�_�p�fwc�s ��¿ y�%ptc{^�p�|�stp�vªawc
l#|Jk�p�c�decifwk b f~]ipt_�vªaecx��f � ^`|Jd�] � ^�_x�)ae_{_�^`� h pw� �½� ^`_S�xaec � �xfw_�_ b ���)aec�]{p�k4�gl z fÎ]i^`aw|�f h nys�^�p�|�stp À a b |�k�fÎ]i^`aw|
� ¿ l dec{fw|g] z n�v Ù üpoAq Ù Ï �e� ú �r� � �


