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U]T\QXTM�VM]\ZQVW�ÆI^WZ[�_I[�VW\�XZMLQK\ML�]V\QT�IN\MZ�\PM�LQ[KW^MZa�WN �I�LQNNMZMV\�ÆI^WZ

¹MTMK\ZWV�TQSMº�XIZ\QKTM� \PM�U]WV�

<PM�MTMK\ZWV�VM]\ZQVW νe� \PM�U]WV�VM]\ZQVW νµ IVL�\PM�\I]�VM]\ZQVW ντ _MZM�LQ[KW^MZML

QV��!��� �!���IVL������ ZM[XMK\Q^MTa� J]\�PI^M�JMMV�NW]VL�\W�PI^M�LQNNMZMV\�XZWXMZ\QM[

\PIV�\PW[M�XZMLQK\ML�Ja�\PM�;\IVLIZL�5WLMT� 6M]\ZQVW[�PI^M�[UITT�J]\�VWV�bMZW�UI[[M[�

_PQKP�KWV\ZILQK\[� \PMQZ�;\IVLIZL�5WLMT�LM[KZQX\QWV�IVL�OQ^M[�ZQ[M� \W�IV�]VXZMLQK\ML

XPMVWUMVWV�NWZ�\PM[M�XIZ\QKTM[�KITTML�VM]\ZQVW�W[KQTTI\QWV[�

��� 6M]\ZQVW�7[KQTTI\QWV[

6M]\ZQVW[�IZM�NW]VL�QV�\PZMM�LQNNMZMV\�ÆI^WZ[�QV�VI\]ZM" νe� νµ IVL ντ � 0W_M^MZ� IN\MZ�I

VM]\ZQVW�WN �I�OQ^MV�ÆI^WZ�XZWXIOI\M[�QV�\QUM�Q\�KIV�JM�UMI[]ZML�I[�I�LQNNMZMV\�ÆI^WZ�VM]�

\ZQVW� <PQ[�KPIVOM�WN �ÆI^WZ�WN �VM]\ZQVW[�QV�\QUM�Q[�\PM�XPMVWUMVWV�SVW_V�I[�VM]\ZQVW

W[KQTTI\QWV[�WZ�VM]\ZQVW�UQ`QVO�

����� 7[KQTTI\QWV[�<PMWZa

<PM�8WV\MKWZ^W�5ISQ�6ISIOI_I�;ISI\I� �856;� UI\ZQ` U¸IT[W�SVW_V�I[�\PM�VM]�

\ZQVW�UQ`QVO�UI\ZQ`¸Q[�I�KZ]KQIT�M`XZM[[QWV�\W�\PM�]VLMZ[\IVLQVO�WN �\PM�UQ`QVO�WN �VM]�

\ZQVW[��

� <PM�M`XIVLML�NWZU�WN �\PM�856; UI\ZQ`� Q[�U]T\QXTQML�Ja�I�LQIOWVIT�UI\ZQ`�_Q\P�MTMUMV\[�KWZ�
ZM[XWVLQVO�\W�5IRWZIVI�JMPI^QWZ�WN �VM]\ZQVW[�_PQKP�Q[�I�]VQ\�UI\ZQ`�NWZ�,QZIK�VM]\ZQVW[� <PQ[�Q[�\PM
I[[]UX\QWV�PMZMJa�QUXW[ML�NWZ�\PQ[�JZQMN �W^MZ^QM_�WN �\PM�W[KQTTI\QWV�XPMVWUMVWV�
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U =




Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3



 �����

=

(
KW[ θ12 KW[ θ13 [QV θ12 KW[ θ13 [QV θ12e−iδ

− [QV θ12 KW[ θ23 − KW[ θ12 [QV θ13 [QV θ23eiδ KW[ θ12 KW[ θ23 − [QV θ12 [QV θ13 [QV θ23eiδ KW[ θ13 [QV θ23
[QV θ12 [QV θ23 − KW[ θ12 [QV θ13 KW[ θ23eiδ − KW[ θ12 [QV θ23 − [QV θ12 [QV θ13 KW[ θ23eiδ KW[ θ13 KW[ θ23

)

1\�ZMTI\M[�\PMQZ�ÆI^WZ�MQOMV[I\M[��WV�\PM�TMN\��_Q\P�\PMQZ�UI[[�MQOMV[\I\M[��WV�\PM�ZQOP\�C!E�

∣∣∣∣∣∣∣

νe

νµ

ντ

〉
=




U∗
e1 U∗

e2 U∗
e3

U∗
µ1 U∗

µ2 U∗
µ3

U∗
τ1 U∗

τ2 U∗
τ3





∣∣∣∣∣∣∣

ν1

ν2

ν3

〉
�����

<PM�856; UI\ZQ`�ITTW_[�NWZ�\PM�ÆI^WZ�MQOMV[\I\M[�\W�JM�_ZQ\\MV�I[�[]XMZXW[Q\QWV[�WN �\PM

UI[[�MQOMV[\I\M[�

|να〉 =
∑

i

U∗
αi |νi〉 �����

[]KP�\PI\�\PM�XZWJIJQTQ\a�WN �W[KQTTI\QWV[�KIV�IT[W�JM�_ZQ\\MV�QV�\MZU[�WN �\PM�UI[[�MQOMV�

[\I\M[�

P (να → νβ) = | 〈νβ|να(t)〉 |2 =
∑

j

∑

i

〈νj|UβjU
∗
αi |νi(t)〉 �����

Q[�\PM�XZWJIJQTQ\a�WN �I να \W�JM�UMI[]ZML�I[�I νβ IN\MZ�[WUM�\QUM�\� L]ZQVO�_PQKP�Q\�_QTT

PI^M�\ZI^MTML�I�LQ[\IVKM�4 QV�I�^IK]]U�

<PQ[�M`XZM[[QWV�KIV�JM�[QUXTQÅML�IVL�X]\�QV�\MZU[�WN �\PM�UI[[M[ mi IVL�MVMZOQM[ Ei

WN �\PM�UI[[�MQOMV[\I\M[ νi Ja�LM[KZQJQVO�\PMQZ�XZWXIOI\QWV�_Q\P�\PM�XTIVM�_I^M�[WT]\QWV

|νi(t)〉 = e−i(Eit−pix) |νi(0)〉 NWZ ωi = Ei/! IVL ki = pi/! QV�VI\]ZIT�]VQ\[� *a�QV\ZW�

L]KQVO�ZMTI\Q^Q[\QK�I[[]UX\QWV[�NWZ�\PM�VM]\ZQVW�^MTWKQ\QM[� \PM�\QUM�LMXMVLMVKM�KIV�JM

ZM�[\I\ML�QV�\MZU[�WN �4 IVL�\PM�XZWXIOI\ML�MQOMV[\I\M�KIV�JM�ZM�_ZQ\\MV�I["
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|νi(t)〉 = e−im2
iL/2E |νi(0)〉 �����

;]KP�\PI\�\PM�M`XZM[[QWV�NWZ�\PM�XZWJIJQTQ\a�JMKWUM["

P (να → νβ) =

∣∣∣∣∣
∑

i

UβiU
∗
αie

−im2
iL/2E

∣∣∣∣∣

2

�����

_PQKP�Q[�QV�\MZU[�WNmi IVL�\PM θij IVL δ XIZIUM\MZ[�NZWU�\PM�856; UI\ZQ`� I[�_MTT�I[

\PM L/E NIK\WZ� _PQKP�Q[�][MN]T�NWZ�M`XMZQUMV\IT�LM[QOV�NWZ�KMZ\IQV�XIZIUM\MZ�I[[]UX�

\QWV[��.QO� �����

<PM�NWTTW_QVO�IZM�\_W�M`IUXTM[�WN �\PM�W[KQTTI\QWV�XZWJIJQTQ\QM[�WJ\IQVML�NZWU�M`XIVLQVO

-YV� ��� _Q\P�IXXZWXZQI\M�I[[]UX\QWV[�NWZ�\PM�SVW_V�ITTW_ML�^IT]M[�WN �\PM θij XIZIU�

M\MZ[��\W�TMILQVO�WZLMZ��

P (νµ → νe) ≈ [QV2(2θ13) [QV2 θ23 [QV2 ∆

− α [QV(2θ13) [QV δ [QV(2θ12) [QV(2θ23)∆ [QV∆ [QV∆ �����

+ α [QV(2θ13) KW[ δ [QV(2θ12) [QV(2θ23)∆ [QV∆ KW[∆

_PMZM ∆ =
(
∆m2

31
L
4E

)
α = ∆m2

21
∆m2

31

P (νµ → νµ) ≈ 1− [QV2(2θ23) [QV2(1.27∆m2
32L/E) ��� �

<PM[M�M`XZM[[QWV[�IZM�OQ^MV�QV�\MZU[�WN �\PM�W[KQTTI\QWV�XIZIUM\MZ[ θij IVL δ QV\ZWL]KML

Ja�\PM�VM]\ZQVW�UQ`QVO�UI\ZQ`� I[�_MTT�I[� \PM�LQNNMZMVKM�JM\_MMV�\PM�[Y]IZML�UI[[M[

WN �\PM�UI[[�MQOMV[\I\M[�XMZ\QVMV\�\W�\PQ[�W[KQTTI\QWV ∆m2
ij � ?PQTM�\PM�856; UI\ZQ`�LM�

[KZQJM[�\PM�XPMVWUMVWV�WN �VM]\ZQVW�W[KQTTI\QWV[� Q\�LWM[�[W�QV�\MZU[�WN �\PM�W[KQTTI\QWV

XIZIUM\MZ[� -`XMZQUMV\IT�UMI[]ZMUMV\[�WN �\PM[M�XIZIUM\MZ[�IZM�VMKM[[IZa�\W�\Z]Ta�]V�

LMZ[\IVL�VM]\ZQVW�W[KQTTI\QWV[�IVL� \P][� \W�KWV[\ZIQV�\PM�\PMWZM\QKIT�QUXTQKI\QWV[�WN �\PM

XPMVWUMVWV�
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����� -`XMZQUMV\IT�5MI[]ZMUMV\[

6M]\ZQVW�M`XMZQUMV\[� []KP�I[�67ν) ��IXXZWIKP�\PM�KPITTMVOM�WN �UMI[]ZQVO�\PM�UQ`�

QVO�XIZIUM\MZ[�Ja�WJ[MZ^I\QWV�WN �\PM�W[KQTTI\QWV[�WN �QVLQ^QL]IT�VM]\ZQVW�ÆI^WZ[� <PM

LM\MZUQVI\QWV�WN �QVLQ^QL]IT�W[KQTTI\QWV�XZWJIJQTQ\QM[��TQSM�\PW[M�QV�-YV� ��� IVL �� ��NWZ

SVW_V�^IT]M[�WN �4�- KWVKT][Q^MTa�KWV[\ZIQV[�\PM�XW[[QJTM�ITTW_ML�^IT]M[�WN θij IVL∆m2
ij �

23e22sin
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.QO]ZM ���" <PM[M�KWV\W]Z[�[PW_�\PM�[MV[Q\Q^Q\a�_Q\P�_PQKP�67ν) Q[�M`XMK\ML�\W�KWV[\ZIQV�\PM�XIZIUM\MZ[

[QV2 2θ23 IVL∆m2
23 I\�!��KWVÅLMVKM�TM^MT�QV�\PM�KI[M�\PI\ [QV2 2θ23 %��� <PM[M�KWV\W]Z[�_MZM�XZWL]KML

Ja� \PM�67ν) IVITa[Q[�OZW]X[�][QVO�5+ M^MV\[�MY]Q^ITMV\�\W���aMIZ[�WN �VM]\ZQVW�IVL���aMIZ[�WN �IV\Q�

VM]\ZQVW�[QOVIT�NZWU�\PM�6]51 JMIU� <PM�]VKWV\IQVML�[IUXTM�QVKT]LM[�M^MV\[�_Q\P�JW\P�M[KIXQVO�U]WV[

IVL�]VKWV\IQVML�PILZWVQK�[PW_MZ[� C�E

7VM�IXXZWIKP�I\�M`XMZQUMV\IT�[\]La�WN �VM]\ZQVW�W[KQTTI\QWV[�Q[�UILM�\PZW]OP�\PM�][M

WN �UIV�UILM�VM]\ZQVW�JMIU[� *MIU�TQVM�M`XMZQUMV\[�KWV[Q[\�WN �I�KWV\ZWTTML�[W]ZKM�WN

VM]\ZQVW[�_PQKP�Q[�XZWXIOI\ML�QV�I�SVW_V�LQZMK\QWV�IVL�[\]LQML�I\�\_W�[MXIZI\M�TWKI�

\QWV[� <PM�KWUXIZQ[WV�WN �\PM�[XMKQÅK�ÆI^WZML�VM]\ZQVW�MVMZOa�LQ[\ZQJ]\QWV�I\�\PM�\_W

XWQV\[� [MXIZI\ML�Ja�I�LQ[\IVKM�4��KIV�JM�\ZIV[TI\ML�QV\W�I�UMI[]ZMUMV\�WN �\PM�W[KQTTI\QWV

XZWJIJQTQ\a�
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<PM�\I[S�WN �UMI[]ZQVO�\PM�XIZIUM\MZ[�WN �\PM�UQ`QVO�UI\ZQ`�M`XMZQUMV\ITTa�Q[�M[[MV\QITTa

ZML]KML�\W�\PI\�WN �LM\MZUQVQVO�QVLQ^QL]IT�VM]\ZQVW�ÆI^WZ�MVMZOa�LQ[\ZQJ]\QWV[� 8ZMKQ[QWV

UMI[]ZMUMV\[�WN �\PM[M�LQ[\ZQJ]\QWV[�IZM� \PMZMNWZM� \PM�UIQV�KPITTMVOM�QV�M`XMZQUMV\[

TQSM�67ν) JMKI][M�\PMa�\ZIV[TI\M�QV\W�UMI[]ZMUMV\[�WN �\PM�W[KQTTI\QWV�XIZIUM\MZ[�

/Q^MV�\PM�[UITT�UI[[�WN �VM]\ZQVW[�IVL�\PMQZ�TIKS�WN �MTMK\ZWUIOVM\QK�IVL�KWTWZ�KPIZOM[�

\PMa�QV\MZIK\�^MZa�_MISTa�_Q\P�W\PMZ�XIZ\QKTM[� <PQ[�UISM[�Q\�LQNÅK]T\�\W�WJ[MZ^M�\PMQZ

JMPI^QWZ�LQZMK\Ta� <P][� \PM�KWUUWV�UM\PWLWTWOa�NWZ�[\]LaQVO�VM]\ZQVW[�M`XMZQUMV�

\ITTa�Q[�\W�LM\MK\�\PMU�QVLQZMK\Ta�Ja�[\]LaQVO�\PM�XZWL]K\�WN �\PMQZ�QV\MZIK\QWV[�_Q\P�UI\\MZ�

<PM�QV\MZIK\QWV�WN �I�VM]\ZQVW�_Q\P�I�V]KTMWV�XZWL]KM[�UWZM�UI[[Q^M� [WUM\QUM[�KPIZOML

XIZ\QKTM[�_PQKP�KIV�JM�[\]LQML�\W�ZMKWV[\Z]K\�Q\[�MVMZOa�
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.QO]ZM ���" 4MN\" 6M]\ZIT�+]ZZMV\� �6+� ν QV\MZIK\QWV� ) ν QV\MZIK\[�_Q\P� I�V]KTMWV�@ IVL� \PZW]OP

M`KPIVOM�WN �I�VM]\ZIT�B JW[WV� I ν IVL�I�V]KTMWV�IZM�XZWL]KML� +MV\MZ" +PIZOM�+]ZZMV\�9]I[Q�-TI[\QK

�++9-� νµ QV\MZIK\QWV� ) νµ QV\MZIK\[�_Q\P�I�VM]\ZWV�IVL� \PZW]OP�M`KPIVOM�WN �I�KPIZOML�? JW[WV�

I�U]WV�IVL�I�XZW\WV�IZM�XZWL]KML� :QOP\" νµ ,MMX�1VMTI[\QK�;KI\\MZQVO� �,1;���) νµ QV\MZIK\[�_Q\P�I

VM]\ZWV�IVL� \PZW]OP�M`KPIVOM�WN �I�? WZ�B JW[WV�I�U]WV�IVL�I�V]UJMZ�WN �PILZWV[��PILZWVQK�[PW_MZ�

IZM�KZMI\ML�

.QO]ZM ��� LM[KZQJM[�\PM�UIQV�QV\MZIK\QWV[�VM]\ZQVW[�_QTT�]VLMZOW�_PMV�\ZI^MTQVO�\PZW]OP

UI\\MZ� ,]M�\W�MVMZOa�IVL�UWUMV\]U�KWV[MZ^I\QWV�QV�\PM[M�QV\MZIK\QWV[� \PM�MVMZOa�WN

I�VM]\ZQVW�KIV�JM�ZMKWV[\Z]K\ML�NZWU�\PM�UMI[]ZML�MVMZOa�WN �Q\[�LI]OP\MZ�XIZ\QKTM[�
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<PM�[\]LQM[�LQ[K][[ML�QV�\PQ[�\PM[Q[�IZM�IQUML�\W_IZL[�MVMZOa�UMI[]ZMUMV\[�WN �WVM�\aXM

WN �[]KP�LI]OP\MZ�XIZ\QKTM[" U]WV[� 5]WV�MVMZOa� ZMKWV[\Z]K\QWV� Q[� \PM� N]VLIUMV\IT

KWUXWVMV\�QV�\PM�ZMKWV[\Z]K\QWV�WN νµ MVMZOQM[�IVL� \P][� I�SMa�KWUXWVMV\�QV�\PM�W[KQT�

TI\QWV�IVITa[M[�I\�67ν) �

��� <PM�67ν) -`XMZQUMV\

����� 7^MZ^QM_

<PM�6]51 7NN�)`Q[ νe )XXMIZIVKM�-`XMZQUMV\��67ν)� Q[�I�TWVO�JI[MTQVM�VM]\ZQVW

M`XMZQUMV\�_PW[M�UIQV�XPa[QK[�OWIT�Q[�\W�[MIZKP�NWZ νµ \W νe W[KQTTI\QWV[� 67ν) [\]LQM[

VM]\ZQVW[�XZWL]KML�I\�\PM�6]51 �6M]\ZQVW�I\�\PM�5IQV�1VRMK\WZ��JMIU�I\�.MZUQTIJ� I

����S? VM]\ZQVW�JMIU�LQZMK\ML�\W_IZL[�\PM�5167; LM\MK\WZ�QV�;W]LIV� 5QVVM[W\I�

<PM�M`XMZQUMV\�Q[�KWUXZQ[ML�WN �\_W�LM\MK\WZ[�QV�_PQKP�\PM�VM]\ZQVW�QV\MZIK\QWV[�IZM

[\]LQML� 7VM�VMIZ�LM\MK\WZ�]VLMZOZW]VL� �6,=/���KTW[M� \W� \PM�VM]\ZQVW�[W]ZKM�IVL

WVM�NIZ�LM\MK\WZ��.,�  ���SU�I_Ia�IVL����UZIL�WNN�I`Q[�NZWU�\PM�VM]\ZQVW�[W]ZKM�C�E�

<PM�LM[QOVML�KWUJQVI\QWV�WN �XZWXMZ\QM[�NZWU�\PM�VM]\ZQVW�JMIU�MVMZOa�[XMK\Z]U�IVL

\PM�[XMKQÅK�TWKI\QWV�WN �\PM�NIZ�LM\MK\WZ��.QO� �����ITTW_�67ν) \W�XZWJM�\PM�VM]\ZQVW

[QOVIT� QV�KWVLQ\QWV[�I\�_PQKP�\PM�W[KQTTI\QWV�XZWJIJQTQ\a�NWZ νµ \W νe Q[�M`XMK\ML�\W�JM

UI`QUIT�
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.QO]ZM ���" ,Q[\IVKM�IVL�)VOTM�,M[QOV�+WV[\ZIQV\[� NWZ� \PM�67ν) ,M\MK\WZ[� 4MN\�)JW^M" <PM�MVMZOa

LQ[\ZQJ]\QWV� NWZ� \PM�6]51 JMIU�VM]\ZQVW[�I\�LQNNMZMV\�IVOTM[� NZWU� \PM�JMIU�LQZMK\QWV� <PM� ZML� TQVM

[PW_[�\PM�MVMZOa�LQ[\ZQJ]\QWV�NWZ�\PM�67ν) ., I\����UZIL� C�E 4MN\�*MTW_" <PM�W[KQTTI\QWV�XZWJIJQTQ\a

8�νµ → νe) I[�I�N]VK\QWV�WN �VM]\ZQVW�MVMZOa�NWZ�4% ���SU� \PM�LQ[\IVKM�NZWU�\PM�6]51 JMIU�[W]ZKM�\W

\PM�.,� :QOP\" 67ν) LM\MK\WZ�TWKI\QWV[� \PM�6,=/ I\�.MZUQTIJ�IVL�\PM�.,  ���SU�NZWU�\PM�[W]ZKM�IVL

���UZIL�NZWU�\PM�JMIU�LQZMK\QWV�

����� <PM�67ν) ,M\MK\WZ[

<PM�67ν) LM\MK\WZ[�IZM�TQY]QL�[KQV\QTTI\WZ�JI[ML�IXXIZI\][�_PQKP�NIKQTQ\I\M�\PM�[\]La�WN

\PM�XIZ\QKTM[�XZWL]KML�QV�VM]\ZQVW�QV\MZIK\QWV[�_PQKP�WKK]Z�_Q\PQV�\PMU� <PMa�UIQVTa

KWV[Q[\�WN �[\IKSML�XWTa^QVaT�KPTWZQLM��8>+� \]J]TIZ�M`\Z][QWV�UWL]TM[�ÅTTML�_Q\P�TQY]QL

[KQV\QTTI\WZ�IVL�W]\Å\\ML�_Q\P�_I^M�[PQN\QVO�ÅJMZ[� .QO]ZM ��� LMXQK\[�I�[QVOTM�\]J]TIZ

MTMUMV\�WN �\PM�67ν) LM\MK\WZ[�
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7^MZ^QM_�WN �\PM�LM\MK\QWV�XZWKM[["
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.QO]ZM ���" 67ν)

LM\MK\WZ�MTMUMV\

�� ) KPIZOML�XIZ\QKTM�KZMI\ML�NZWU�I�VM]\ZQVW�QV\MZIK\QWV�QWVQbM[

\PM�[KQV\QTTI\WZ�UI\MZQIT�_PQTM�\ZI^MTQVO�\PZW]OP�Q\�

�� <PM�TQOP\�XZWL]KML�Ja�\PM�QWVQbI\QWV�Q[�KIX\]ZML�IVL�ZMMUQ\\ML

Ja�\PM�_I^M�[PQN\QVO�KWUXWVMV\�WN �\PM�TQY]QL�I\�IV�IXXZWXZQI\M

_I^MTMVO\P�NWZ�LM\MK\QWV�

�� <PM�ZMMUQ\\ML� TQOP\� \ZI^MT[�IVL� Q[� ZMÆMK\ML�Ja� \PM�8>+ _ITT[

]V\QT�IJ[WZJML�Ja�\PM�ÅJMZ�

�� <PM� [QOVIT� \ZI^MT[� \PZW]OP� \PM�ÅJMZ� IVL� QV\W� \PM� MTMK\ZWVQK[�

_PQKP�KWV^MZ\�IVL�[\WZM�\PM�[QOVIT�IXXZWXZQI\MTa�

�� 7VKM�[\WZML� I\\MV]I\QWV�IVL�KITQJZI\QWV�KWZZMK\QWV[�IZM�UILM

WV�\PM�[QOVIT� _PQKP�KIV�JM�KWV^MZ\ML�QV\W�MVMZOa�]VQ\[�

�� =T\QUI\MTa� \PM� [QOVIT� Q[� [\WZML� QV� ]VQ\[� MY]Q^ITMV\� \W� \PM

IUW]V\� WN � MVMZOa� LMXW[Q\ML� Ja� \PM� KPIZOML� XIZ\QKTM� QV� \PM

KMTT�

.QO]ZM ���" ,M\MK\WZ�;\Z]K\]ZM� )T\MZVI\QVO�[\IKSML�8>+ UWL]TM[�UISM�]X�\PM�ZQOQL�[\Z]K\]ZM�WN �\PM

LM\MK\WZ[��∼�����`������UM\MZ�XTIVM[�NWZ�\PM�., IVL ∼����`�����UM\MZ[�NWZ�\PM�6,=/��
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����� νµ 7[KQTTI\QWV�5MI[]ZMUMV\[

<PM�67ν) M`XMZQUMV\�Q[�KIXIJTM�WN �[\]LaQVO�\_W�W[KQTTI\QWV�XZWJIJQTQ\QM[�WN �\PM νµ�

<PM νe IXXMIZIVKM WZ P (νµ → νe) IVL�\PM νµ LQ[IXXMIZIVKM WZ P (νµ → νµ) XZWJIJQTQ\QM[�

)[�UMV\QWVML�QV�;MK� ����� \PM�MVMZOa�LQ[\ZQJ]\QWV[�WN �\PM νµ JMIU�I\�\PM�6,=/ IVL
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.QO]ZM ���" -`XMK\ML�]VW[KQTTI\ML�IVL�W[KQTTI\ML��LQ[�

IXXMIZQVO� νµ [QOVIT�NWZ�67ν) _Q\P���aMIZ[�WN �VM]�

\ZQVW�LI\I�IVL���aMIZ[�WN �IV\Q�VM]\ZQVW�LI\I�

., IZM�M[[MV\QIT� \W�\PM�W[KQTTI\QWV�IVITa�

[M[�\PI\�67ν) _QTT�]VLMZ\ISM� <PM�W[KQT�

TI\QWV�XZWJIJQTQ\QM[�IZM�WJ\IQVML�\PZW]OP

\PM�KWUXIZQ[WV�WN �\PM�MVMZOa�LQ[\ZQJ]\QWV[

NWZ νµ I\� \PM� 6,=/ IVL� \PW[M� NWZ νµ

IVL νe I\�\PM�., NWZ P (νµ → νµ) IVL

P (νµ → νe)� ZM[XMK\Q^MTa� .QO]ZM ���

[PW_[�\PQ[�KWUXIZQ[WV�NWZ�[QU]TI\QWV[�WN

\PM�6]51 JMIU�I\�67ν) _Q\P�I[[]UML

W[KQTTI\QWV�XIZIUM\MZ[�

<PM�UMI[]ZMUMV\[�WN �\PM[M�MVMZOa�LQ[\ZQJ]\QWV[�IZM�UILM�\PZW]OP�LQZMK\�LM\MK\QWV�WN

\PM�LI]OP\MZ�XIZ\QKTM[�NZWU�\PM�QV\MZIK\QWV[�IVL�\PM�][M�WN �KWV[MZ^I\QWV�WN �MVMZOa� .WZ

M`IUXTM� QV�\PM�KI[M�WN �U]WV�VM]\ZQVW�++9- QV\MZIK\QWV[��.QO� �����\PM�MVMZOa�WN �\PM

QVKQLMV\�VM]\ZQVW�Q[�OQ^MV�Ja"

Eνµ = Eµ + Ep − En ���!�

<PM�VM]\ZWV[�QV�\PM�QV\MZIK\QWV�IZM�V]KTMWV[�_Q\PQV�\PM�LM\MK\WZ�UI\MZQIT� <P][� \PMa�IZM

UW^QVO�I\�VMOTQOQJTM�^MTWKQ\QM[�IVL�KIV�JM�KWV[QLMZML�\W�PI^M�SVW_V�MVMZOaEn = mnc2�

<PM�MVMZOa�WN �\PM�XZW\WV[�KIV�JM�M[\QUI\ML�_Q\P�[WUM�KMZ\IQV\a�Ja�[]UUQVO�W^MZ�\PM

MVMZOa�LMXW[Q\ML�QV�\PM�LM\MK\WZ�KMTT[� 1V�\PM�KI[M�WN �\PM�U]WV[� \PMQZ�JMPI^QWZ�IVL�MV�

MZOa�ZMKWV[\Z]K\QWV�UM\PWLWTWOa�_QTT�JM�LQ[K][[ML�QV�KPIX\MZ ��



+PIX\MZ��

5]WV[�QV�\PM�67ν) ,M\MK\WZ[

��� 5]WV�*MPI^QWZ�QV�\PM�,M\MK\WZ[

5]WV[�IZM� TMX\WV[�LM[KZQJML�Ja�\PM�;\IVLIZL�5WLMT�_PQKP�_MZM�LQ[KW^MZML�QV��!��

L]ZQVO�KW[UQK�ZILQI\QWV�[\]LQM[� <PMa�IZM�MTMK\ZWV�TQSM�XIZ\QKTM[�_Q\P�ZM[\�UI[[�WN �IX�

XZW`QUI\MTa�����5M>�K2 IVL� \PM� [IUM�^IT]M[� NWZ� KPIZOM�IVL� [XQV�I[� MTMK\ZWV[� )[

LQ[K][[ML�QV�;MK� ������ U]WV[�IZM�NW]VL�QV�\PM�67ν) LM\MK\WZ[�I[�XZWL]K\[�WN �VM]\ZQVW

QV\MZIK\QWV[� IT\PW]OP�\PM�UW[\�IJ]VLIV\�[W]ZKM�WN �U]WV[�QV�\PM�LM\MK\WZ[�IZM�\PW[M

XZWL]KML�Ja�KW[UQK�ZIa�QV\MZIK\QWV[�QV�\PM�I\UW[XPMZM� =VLMZ[\IVLQVO�\PM�JMPI^QWZ�WN

U]WV[�QV�\PM�LM\MK\WZ[�Q[�VW\�WVTa�I�KZ]KQIT�KWUXWVMV\�WN �\PM�W[KQTTI\QWV�UMI[]ZMUMV\[

J]\�MY]ITTa�QUXWZ\IV\�NWZ�IVa�[\]LQM[�ZMOIZLQVO�KW[UQK�ZIa�U]WV[�I[�_MTT�

¹5WLMZI\MTa�ZMTI\Q^Q[\QK�KPIZOML�XIZ\QKTM[�W\PMZ�\PIV�MTMK\ZWV[�TW[M�MVMZOa�QV�UI\\MZ�XZQ�

UIZQTa�Ja�QWVQbI\QWV�IVL�I\WUQK�M`KQ\I\QWVº�C�E� )[�I�U]WV�\ZI^MT[�\PZW]OP�\PM�LM\MK\WZ

Q\�_QTT�LMXW[Q\�ITT�WN �Q\[�MVMZOa�UW[\Ta�Ja�\PM[M�UMIV[� <PM�K]Z^M�[PW_V�QV�.QO� ��� ZMTI\M[

\PM�IUW]V\�WN �MVMZOa�LMXW[Q\ML�Ja�I�XIZ\QKTM�XMZ�]VQ\�TMVO\P�\ZI^MTML�QV�UI\\MZ��dE/dx�

_Q\P�Q\[�^MTWKQ\a�

��
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.QO]ZM ���" 5]WV�L-�L`� LM[KZQJML�Ja� \PM�*M\PM�

*TWKP�K]Z^M[�C�E�<PM�K]Z^M�NWZ�+ Q[�I�OWWL�IXXZW`Q�

UI\QWV�NWZ�\PM�UI\MZQIT�QV�\PM�67ν) LM\MK\WZ[�

/Q^MV� \PI\� \PM� ZIVOM� WN �UWUMV\I� �IVL

\P][� ^MTWKQ\QM[��WN � \PM�U]WV[� QV�W]Z�M`�

XMK\ML�[QOVIT�Q[�SVW_V� \PQ[�ZMTI\QWV�XTW\

KIV� JM� ][ML� \W� XZMLQK\� \PMQZ� M`XMK\ML

dE/dx ZIVOM�I[�_MTT� <PM�UMIV�^IT]M�NWZ

\PM�MVMZOa�WN �JMIU�VM]\ZQVW[�NWZ�67ν) Q[

�� /M> �.QO� ����� )[[]UQVO� I� ZIVOM

QV� U]WV� UWUMV\]U� _Q\PQV� IV� WZLMZ

WN �UIOVQ\]LM�IZW]VL���/M>�K�WVM�KIV

KTMIZTa�VW\QKM� \PI\�U]WV[� NZWU�VM]\ZQVW

QV\MZIK\QWV[�QV�67ν) IZM�_MTT�_Q\PQV�\PM

UQVQU]U�QWVQbI\QWV�ZMOQWV�QV�.QO� �����

*MKI][M�\PM�U]WV[�WN �QV\MZM[\�_QTT�JM�UQV�

QU]U�QWVQbQVO� \PMa�_QTT�\ZI^MT�TWVO�LQ[\IVKM[�_Q\PQV�\PM�LM\MK\WZ�JMNWZM�LMXW[Q\QVO�\PMQZ

MVMZOa�MV\QZMTa� <PM[M�\ZI^MTQVO�LQ[\IVKM[�_QTT�JM�ZMTI\ML�\W�\PMQZ�QVQ\QIT�MVMZOa�I[�_MTT�

ȝ

p
Ȟ

.QO]ZM ���" 6M]\ZQVW�++9- QV\MZIK\QWV�QV�\PM�67ν) M^MV\�LQ[XTIa� )JW^M" @B�^QM_�WN �I�XWZ\QWV�WN �\PM�.,�

<PM�PQ\[�NWZ�\PM�XZW\WV�IVL�\PM�U]WV�XZWL]KML�QV�I νµ QV\MZIK\QWV�IZM�KWTWZML�\W�[QOVIT�MVMZOa�LMXW[Q\QWV

QV�\PM�KMTT� *MTW_" <PM�M^MV\�LM\IQT[�PQ[\WOZIU[�[PW_QVO�\PM�IK\Q^Q\a�QV�\PQ[�[MK\QWV�WN �\PM�LM\MK\WZ�QV�\PM

LQ[XTIaML�\QUM�_QVLW_�IVL�\PM�KWTWZ�KWLML�),+ KW]V\[��XZWXWZ\QWVIT�\W�\PM�LMXW[Q\ML�MVMZOa��

� 1\�UQOP\�IXXMIZ�\W�\PM�ZMILMZ�I[�\PW]OP�\PM�\MZU[�UWUMV\]U�IVL�MVMZOa�IZM�][ML�QV\MZKPIVOMIJTa�
1\�Q[�QUXWZ\IV\�\W�VW\M�\PM�ZMI[WV�NWZ�\PQ[�IXXIZMV\�UQ[][M� /Q^MV�\PI\�\PM�XIZ\QKTM[�JMQVO�LMIT\�_Q\P�IZM
ZMTI\Q^Q[\QK� \PMQZ�MVMZOa�KIV�JM�KITK]TI\ML�_Q\P�\PM�MY]I\QWV E2 = (mc2)2 + p2c2� ?PQTM�ÅVLQVO�\PM
UWUMV\]U�IVL�MVMZOa�WN �I�XIZ\QKTM�IZM�VW\�MY]Q^ITMV\� OQ^MV�\PI\�\PM�ZM[\�UI[[�WN �\PM�U]WV�Q[�SVW_V�
JMPI^QWZ�KWZZMTI\ML�\W�Q\[�MVMZOa�Q[� \P][� KWZZMTI\ML�\W�Q\[�UWUMV\]U# IVL�UMI[]ZMUMV\�WN �WVM�WN �\PM[M
Y]IV\Q\QM[�KIV�JM�MI[QTa�\ZIV[TI\ML�QV\W�\PM�W\PMZ�
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��� 5]WV�-VMZOa�:MKWV[\Z]K\QWV

<PM�Y]IV\Q\a�WN �QV\MZM[\�NWZ�\PM�W[KQTTI\QWV�IVITa[Q[�Q[�\PM�U]WV¼[�MVMZOa� I[�[MMV�QV�-Y� ��!�

<P][� \PM�NWK][�WN �ZMKWV[\Z]K\QVO�\PM�KPIZIK\MZQ[\QK[�WN �U]WV[�_PQKP�\ZI^MT�_Q\PQV�\PM

LM\MK\WZ�Q[�WV�LM\MZUQVQVO�\PMQZ�MVMZOa��

����� :MKWV[\Z]K\QWV�5M\PWLWTWOa

1V\]Q\Q^MTa� \PM�[QUXTM[\�_Ia�\W�ZMKWV[\Z]K\�I�XIZ\QKTM¼[�MVMZOa�KWV[Q[\[�WN �[]UUQVO�W^MZ

\PM�MVMZOa�Q\�LMXW[Q\[�QV�MIKP�KMTT�_PQTM�\ZI^MTQVO�\PZW]OP�\PM�LM\MK\WZ� 0W_M^MZ� \PMZM

Q[�I�UIRWZ�LQ[IL^IV\IOM�\W�\PQ[�ZMKWV[\Z]K\QWV�UM\PWL�_PMV�IXXTQML�\W�U]WV[� )[�UQV�

QU]U� QWVQbQVO�XIZ\QKTM[� U]WV[� \ZI^MT� TIZOMZ�LQ[\IVKM[� QV� \PM�LM\MK\WZ� IVL�LMXW[Q\� I

VWV�VMOTQOQJTM�XMZKMV\IOM�WN �\PMQZ�MVMZOa�WV�\PM�UWL]TM�_ITT[�I[�\PMa�\ZI^MZ[M�\PMU�

/Q^MV�\PI\�WVTa�\PM�QV[QLM�WN �\PM�\]J]TIZ�[\Z]K\]ZM[�Q[�QV[\Z]UMV\ML�NWZ�LM\MK\QWV� MVMZOa

LMXW[Q\ML�QV�\PM�8>+ Q[�]VLM\MK\IJTM� +WV[MY]MV\Ta�Q\�KIVVW\�JM�I[[]UML�\PI\�\PM�ILLQ�

\QWV�W^MZ�\PM�WJ[MZ^IJTM�LMXW[Q\ML�MVMZOa�_W]TL�IKKW]V\�NWZ�\PM�U]WV¼[�MVMZOa�MV\QZMTa�

)[�[MMV�QV�.QO� ���� \PQ[�UM\PWL�_W]TL�ZM[]T\� QV�OMVMZIT� QV�IV�]VLMZM[\QUI\QWV�WN �\PM

XIZ\QKTM¼[�MVMZOa�

.QO]ZM ���" +WZZMTI\QWV�JM\_MMV�[]UUML�LMXW[Q\ML�MVMZOa�IVL�\Z]M�U]WV�MVMZOa�

� <PM�\MZU�¹XIZ\QKTM¼[�MVMZOaº�Q[�OMVMZITTa�][ML�QV�\PQ[�\M`\�\W�ZMNMZ�\W�QVQ\QIT�MVMZOa� <PI\� Q[� \PM
MVMZOa�WN �\PM�XIZ\QKTM�I[�Q\�Q[�KZMI\ML�QV�\PM�QV\MZIK\QWV�WZ� QV�\PM�KI[M�WN �VM]\ZQVW[� I[�Q\�QV\MZIK\[�QV�\PM
LM\MK\WZ�
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) NIZ�UWZM�ZMTQIJTM�UM\PWL�][ML�QV�67ν) \W�ZMKWV[\Z]K\�U]WV�MVMZOQM[�Q[�\PM�¹\ZIKS

TMVO\P�UM\PWLº� )[�U]WV[¼�XI\P[�\PZW]OP�\PM�LM\MK\WZ�IZM�WVTa�TWVO�MVW]OP�NWZ�ITT�\PMQZ

MVMZOa�\W�JM�LMXW[Q\ML�QV�Q\� \PM[M�TMVO\P[�IZM�[]ZMTa�KWZZMTI\ML�_Q\P�\PMQZ�MVMZOa� .QO]ZM

��� [PW_[�\PQ[�KWZZMTI\QWV�NWZ�[QU]TI\ML�U]WV�M^MV\[�QV�\PM�.,��<PQ[�UM\PWL�WN �ZMKWV�

[\Z]K\QWV�KWV[Q[\[�WN �Y]IV\QNaQVO�\PM�KWZZMTI\QWV�Ja�Å\\QVO�I�UI\PMUI\QKIT�ZMTI\QWV�\W�Q\[

XZWÅTM�IVL�]\QTQbQVO�\PI\�ZMTI\QWV� 1V�\PM�KI[M�WN �\PQ[�KWZZMTI\QWV�I�TQVMIZ�N]VK\QWV�[]NÅKM[

\W�LM[KZQJM�Q\[�XZWÅTM� <PM�ZMKWV[\Z]K\ML�MVMZOa�Q\[MTN �Q[�\PMV�KITK]TI\ML�Ja�M^IT]I\QVO

\PM�N]VK\QWV�NWZ�\PM�OQ^MV�^IT]M�WN �\ZIKS�TMVO\P�NWZ�MIKP�U]WV��
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.QO]ZM ���" 4MN\" +WZZMTI\QWV�JM\_MMV�U]WV�\ZIKS�TMVO\P�IVL�\Z]M�MVMZOa� :QOP\" +WZZMTI\QWV�XZWÅTM�IVL

TQVMIZ�Å\�_PQKP�LM[KZQJM[�\PM�KWZZMTI\QWV�IVL�Q[�][ML�NWZ�ZMKWV[\Z]K\QWV�

����� :MKWV[\Z]K\QWV�5M\PWL�-^IT]I\QWV

<PM�KWZZMTI\QWV�[PW_V�QV�.QO� ��� QVLQKI\M[�\PI\�\PM�\ZIKS�TMVO\P�UM\PWL�KIV�JM�I�][MN]T

OI]OM�WN �U]WV�MVMZOa� ;]KP�¹][MN]TVM[[º�KIV�JM�I[[M[[ML�QV�^IZQW][�_Ia[�\W�ITTW_�\PM

KWUXIZQ[WV�WN �LQNNMZMV\�IXXZWIKPM[�I\�ZMKWV[\Z]K\QWV� ) Y]ITQ\I\Q^M�M^IT]I\QWV�WN �\PM

\ZIKS�TMVO\P�UM\PWL�Q[�[PW_V�QV�.QO� ���� 1LMIT�MVMZOa�ZMKWV[\Z]K\QWV�_W]TL�aQMTL�I

XMZNMK\�TQVMIZ�KWZZMTI\QWV�JM\_MMV�\PM�ZMKWV[\Z]K\ML�IVL�\Z]M�MVMZOa�^IT]M[�WV�\PQ[�LQ[�

\ZQJ]\QWV�
� <PM�IK\]IT�IXXZWIKP�\PI\�Q[�K]ZZMV\Ta�MUXTWaML�QV�\PM�67ν) [WN\_IZM�QV^WT^M[�VW\�WVM�J]\�^IZQW][

TQVMIZ�Å\[� \W�XZMLMÅVML� [MK\QWV[�WN � \PM� [PW_V�KWZZMTI\QWV� ZM[XMK\Q^MTa� <PM�LM\IQT[�WN � \PQ[�IXXZWIKP�
PW_M^MZ� IZM�KWV\QV]W][Ta�JMQVO�QUXZW^ML�IVL�]VVMKM[[IZa�NWZ�\PM�LQ[K][[QWV�XZM[MV\ML�QV�\PQ[�\PM[Q[�
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Mean   = -0.0162
RMS    = 0.183

Fit Parameters: 
9.61e-05(Mean   = 0.00388

9.1e-05(Sigma  = 0.0341
 / ndf = 518 / 82r

.QO]ZM ���" -^IT]I\QWV�WN �\PM�<ZIKS�4MV\P�:MKWV[\Z]K\QWV�5M\PWL� 4MN\" 9]ITQ\I\Q^M�M^IT]I\QWV� ) ^Q[]IT

KWUXIZQ[WV�KIV�JM�UILM�\W�LM\MZUQVM�[WUM�Y]ITQ\QM[�WN �\PM�UM\PWL� :QOP\" 9]IV\Q\I\Q^M�M^IT]I\QWV� <PM

Y]ITQ\I\Q^M�M^IT]I\QWV�XTW\¼[�XZWÅTM�IVL�OI][[QIV�Å\��ZML�� _PW[M�[\IVLIZL�LM^QI\QWV��[QOUI��OQ^M[�I�UMI[]ZM

WN �\PM�UM\PWL¼[�ZM[WT]\QWV�

) Y]IV\Q\I\Q^M�IXXZWIKP�I\�M^IT]I\QVO�\PM�UM\PWL�KIV�JM�[MMV�QV�.QO� ���� ) LQ[\ZQJ]�

\QWV�WN �\PM�XMZKMV\�LQNNMZMVKM�JM\_MMV�\PM�ZMKWV[\Z]K\ML�IVL�\Z]M�U]WV�MVMZOa�Q[�[PW_V�

;]KP�LQ[\ZQJ]\QWV�KIV�JM�Å\\ML�\W�I�OI][[QIV�N]VK\QWV�_PW[M�_QL\P� OQ^MV�Ja�Q\¼[�[\IVLIZL

LM^QI\QWV� OQ^M[�I�UMI[]ZM�WN �\PM�UM\PWL¼[�MVMZOa�ZM[WT]\QWV� 1LMIT�MVMZOa�ZMKWV[\Z]K�

\QWV�_W]TL�aQMTL�I�[KITML�LMT\I�N]VK\QWV�_Q\P�PMQOP\�LM\MZUQVML�Ja�\PM�V]UJMZ�WN �MV\ZQM[

QV�\PM�LQ[\ZQJ]\QWV�

��� -[KIXQVO�U]WV[

/Q^MV�Q\[�[QUXTQKQ\a� \PM�\ZIKS�TMVO\P�UM\PWL�KWV[\Q\]\M[�I�][MN]T�M`IUXTM�\W�M`XTIQV�\PM

KWVKMX\[�WN �MVMZOa�ZMKWV[\Z]K\QWV�IVL�ZM[WT]\QWV� ?PQTM�\PQ[�UM\PWL�Q[�VW\�\PI\�_Q\P

_PQKP�\PQ[�\PM[Q[� Q[�KWVKMZVML� Q\� Q[� QV�Q\[� TQUQ\I\QWV[�\PI\�\PM�UW\Q^I\QWV�NWZ�\PQ[�_WZS

IZQ[M[�

<W�IKPQM^M�\PM�_MTT�]VLMZ[\WWL�XMZNWZUIVKM�WN �\PM�\ZIKS�TMVO\P�UM\PWL�Q\�ZMY]QZM[�WVTa

\PI\� \PM� TMVO\P�WN � \PM�U]WV¼[� \ZIRMK\WZa� Q[�SVW_V� 0W_M^MZ� \PQ[� QVNWZUI\QWV� Q[�VW\



��

I^IQTIJTM�NWZ�I�NZIK\QWV�WN �\PM�U]WV[�NZWU�VM]\ZQVW�QV\MZIK\QWV[�QV�\PM�LM\MK\WZ[� ;]KP

IZM�\PW[M�U]WV[�_PQKP�IZM�XZWL]KML�_Q\PQV�\PM�LM\MK\WZ�J]\�M`Q\�Q\�JMNWZM�PI^QVO�LM�

XW[Q\ML�ITT�\PMQZ�MVMZOa� <PM[M�¹M[KIXQVO�U]WV[º�_QTT�KWV[\Q\]\M�IXXZW`QUI\MTa�� �WN

ITT�U]WV[�NZWU�VM]\ZQVW�QV\MZIK\QWV[�QV�\PM�., _Q\P�MVMZOQM[�JM\_MMV���IVL���/M>�

<PM�QUXWZ\IVKM�WN �M[KIXQVO�U]WV[�ZMTQM[�WV�\PM�IUW]V\�WN �[\I\Q[\QK[�\PI\�IZM�\aXQKIT�\W

VM]\ZQVW�M`XMZQUMV\[� <PM�M`\ZMUMTa�[UITT�QV\MZIK\QWV�KZW[[�[MK\QWV�WN �VM]\ZQVW[�_Q\P

UI\\MZ� IZW]VL 10−38 KU2 XMZ�V]KTMWV�NWZ�[QVOTM�/M> MVMZOa�VM]\ZQVW[�QV�KIZJWVC�E�

ZM[]T\[�QV�TW_�[\I\Q[\QK[�XMZ�]VQ\�\QUM�QV�M`XMZQUMV\[�TQSM�67ν) ��/Q^MV�\PI\�\PM�M`XMK\ML

ZI\M�WN �VM]\ZQVW�QV\MZIK\QWV[�QV�\PM�., Q[�TM[[�\PIV����XMZ�LIa� \PM�][M�WN �I[�U]KP�WN �\PM

I^IQTIJTM�LI\I�I[�XW[[QJTM�Q[�WN �M`\ZMUM�QUXWZ\IVKM�\W�\PM�W[KQTTI\QWV�IVITa[M[�

<PM�WJRMK\Q^M�WN �\PM�_WZS�XZM[MV\ML�QV�\PQ[�\PM[Q[�Q[�\W�M`XTWZM�WVM�XW[[QJTM�IXXZWIKP�I\

]\QTQbQVO�LI\I�NZWU�M[KIXQVO�U]WV[� *a�ZMKWV[\Z]K\QVO�\PMQZ�MVMZOQM[�\PZW]OP�I�UM\PWL

_PQKP�LWM[�VW\�ZMTa�WV�KWUXTM\M�\ZIKS�TMVO\P�QVNWZUI\QWV� \PM�[IUXTM�WN �M[KIXQVO�U]WV[

KIV�JM�QVKWZXWZI\ML�QV\W�\PM�IVITa[M[� ITJMQ\�_Q\P�TM[[�ZM[WT]\QWV�\PIV�\PM�N]TTa�KWV\IQVML

[IUXTM�

��� 5]WV�5]T\QXTM�;KI\\MZQVO

1V�ILLQ\QWV�\W�LMXW[Q\QVO�MVMZOa� U]WV[�]VLMZOW�U]T\QXTM�[KI\\MZQVO�I[�\PMa�\ZI^MT�\PZW]OP

\PM�LM\MK\WZ� <PQ[�[KI\\MZQVO�Q[�KI][ML�Ja�\PM�KW]TWUJ�NWZKM�M`MZ\ML�Ja�\PM�XZW\WV[�QV

IV�I\WUQK�V]KTM][�WV�I�KTW[MTa�XI[[QVO�U]WV� /Q^MV�\PI\�U]WV[�NZWU�VM]\ZQVW�QV\MZ�

IK\QWV[�\ZI^MT�I\�ZMTI\Q^Q[\QK�[XMML[�\PZW]OP�\PM�LM\MK\WZ�UI\MZQIT� \PM[M�NWZKM[�IZM�[UITT

KWUXIZML�\W�\PMQZ�UWUMV\]U�KI][QVO�WVTa�\QVa�LM^QI\QWV[�NZWU�\PM�XIZ\QKTM¼[�WZQOQVIT

\ZIRMK\WZa�

<PM�KPIZIK\MZQ[\QK[�WN �QVLQ^QL]IT�[KI\\MZQVO�M^MV\[�ITWVO�I�U]WV¼[�XI\P�IZM�LMXMVLMV\

WV�Q\[�LQ[\IVKM�\W�\PM�V]KTMWV�I[�_MTT�I[�Q\[�UWUMV\]U�IVL�\PM�\W\IT�KPIZOM�WN �\PM�V]�

KTMWV�Q\[MTN� <P][� KITK]TI\QVO�\PM[M�[UITT�[KI\\MZQVO�IVOTM[�I�XZQWZQ�_W]TL�ZMY]QZM�XZMKQ[M



��

SVW_TMLOM�WN �\PM�I\WUQK�IZZIa�_Q\PQV�\PM�LM\MK\WZ�I[�_MTT�I[�\PM�LQZMK\QWV�WN �\ZI^MT�WN �\PM

U]WV�_Q\P�I\WUQK�TMVO\P�XZMKQ[QWV� <PMZM�Q[� PW_M^MZ� I�UWZM�[MV[QJTM�M`XZM[[QWV�NWZ

\PM�IVOTM[�WN �U]T\QXTM�[KI\\MZQVO�\PI\�ZMTI\M[�\PMU�\W�\PM�U]WV¼[�JMPI^QWZ�I[�_MTT�I[�\PM

SVW_V�KPIZIK\MZQ[\QK[�WN �\PM�UMLQI�\PZW]OP�_PQKP�Q\�\ZI^MT[�

θ0 ≈
13.6

(pcβ)
×
√

x

X0
×
[
1 + 0.038 TV

(
x

X0

)]
�����

-Y]I\QWV ���C�E�Q[�VW\�IV�M`XZM[[QWV�NWZ�QVLQ^QL]IT�[KI\\MZQVO�IVOTM[�J]\�NWZ�\PM�LQ[\ZQ�

J]\QWV�WN �IVOTM[�I\�_PQKP�\PM�U]WV�_QTT�JM�LMÆMK\ML� ?PQTM�\ZI^MTQVO�I�LQ[\IVKM x QV�I

UI\MZQIT�_Q\P�ZILQI\QWV�TMVO\P X0� I�U]WV�_Q\P�UWUMV\]U�X�IVL�^MTWKQ\a βc _QTT�]V�

LMZOW�U]T\QXTM�[KI\\MZQVO�I\�IVOTM[�LM[KZQJML�Ja�I�OI][[QIV�LQ[\ZQJ]\QWV�IJW]\�bMZW�IVL

_Q\P�[\IVLIZL�LM^QI\QWV θ0� .WZ�\PM�[XMKQÅK�KI[M�WN �U]WV[�QV[QLM�\PM�67ν) LM\MK\WZ[

\PQ[�LQ[\ZQJ]\QWV�KIV�JM�KITK]TI\ML�_Q\P�\PM�SVW_V�ZILQI\QWV�TMVO\P�WN ����KU�NWZ�\PM�LM�

\MK\WZ�UI\MZQIT� IVL�IV�IXXZW`QUI\QWV�NWZ�ZMTI\Q^Q[\QK�U]WV[�WN β ( 1�

1 2 3 4
Muon Energy (GeV)

0

1

2

3

4

5

6

7

ș 0 x   values

0

.QO]ZM ���" -`XMK\ML θ0 ^[�MVMZOa�LQ[\ZQJ]\QWV[�NWZ�ZMTI\Q^Q[\QK�U]WV[�QV�\PM�67ν) LM\MK\WZ� .ZWU�-Y� ���

_Q\P X0%���KU�IVL β%��

� ?PQTM�\PM�LMÅVQ\QWV�WN �ZILQI\QWV�TMVO\P�Q[�M`XZM[[ML�QV�]VQ\[�WN �O�KU−2 Q\�Q[�KWUUWV�\W�[MM�Q\�M`XZM[[ML
QV�KU� \PM�ZILQI\QWV�TMVO\P�LQ^QLML�Ja�\PM�LMV[Q\a�WN �\PM�UI\MZQIT�



� 

����� 5]T\QXTM�;KI\\MZQVO�IVL�-VMZOa�:MKWV[\Z]K\QWV

<PM�KWZZMTI\QWV�JM\_MMV�I�U]WV¼[�MVMZOa�IVL�Q\[�LQ[\ZQJ]\QWV�WN �[KI\\MZQVO�IVOTM[�QU�

XTQM[�[WUM�XW\MV\QIT�NWZ�MVMZOa�ZMKWV[\Z]K\QWV� ;MK\QWV ��� M`XTIQV[�PW_�I�UMI[]ZMUMV\

WN �I�Y]IV\Q\a�_Q\P�[WUM�KWZZMTI\QWV�\W�\PM�MVMZOa�KIV�JM�][ML�NWZ�Q\[�ZMKWV[\Z]K\QWV� 1V

\PM�[IUM�_Ia� \PM�UMI[]ZMUMV\�WN �U]T\QXTM�[KI\\MZQVO�KW]TL�aQMTL�QVNWZUI\QWV�IJW]\�\PM

MVMZOa�WN �U]WV[�QV�\PM�LM\MK\WZ�

<PM�KWVKMX\�WN �MVMZOa�ZMKWV[\Z]K\QWV�^QI�U]T\QXTM�[KI\\MZQVO�PI[�JMMV�MUXTWaML�JM�

NWZM� QV�W\PMZ�VM]\ZQVW�M`XMZQUMV\[� C�� �E� 0W_M^MZ� \PM�XIZ\QK]TIZ�KPIZIK\MZQ[\QK[�WN

\PM�67ν) LM\MK\WZ[¸\PMQZ�OMWUM\Za� KWUXW[Q\QWV�IVL�ZM[WT]\QWV�KIXIJQTQ\QM[¸QUXW[M

]VQY]M�KWV[\ZIQV\[�WV�\PM�[\]LQM[�WN �U]T\QXTM�[KI\\MZQVO�_Q\PQV�\PMU� <P][� \PM�\I[S�WN

UMI[]ZQVO�U]WV�[KI\\MZQVO�QV�67ν) Q[�VW\IJTa�LQNNMZMV\�NZWU�_PI\�PI[�JMMV�LWVM�QV

W\PMZ�M`XMZQUMV\[� I[�Q[�\PI\�WN �LM\MZUQVQVO�Q\[�][MN]TVM[[�\W�UISM�MVMZOa�M[\QUI\QWV[�

1\�Q[�KTMIZ�\PI\�.QO� ��� LWM[�VW\�[PW_�I[�XZWVW]VKML�I�KWZZMTI\QWV�I[�\PW[M�QV�\PM�UM\PWL[

LM[KZQJML�QV�;MK� ���� <P][� I�UM\PWL�_PQKP�ZMTQM[�WV�Q\�NWZ�MVMZOa�ZMKWV[\Z]K\QWV�UQOP\

VW\�aQMTL�I[�OWWL�I�ZM[WT]\QWV�I[�\PW[M�XZM^QW][Ta�LQ[K][[ML� 0W_M^MZ� \PM�XW\MV\QIT�WN

U]T\QXTM�[KI\\MZQVO�JI[ML�ZMKWV[\Z]K\QWV�TQM[�VW\�QV�Q\[�ZM[WT^QVO�XW_MZ� J]\�QV�Q\[�XW[[QJTM

][MN]TVM[[�_PMV�IXXTQML�\W�M[KIXQVO�U]WV�M^MV\[� /Q^MV�\PI\ θ0 QV�-Y� ��� Q[�OQ^MV�QV

\MZU[�WN �\PM�LQ[\IVKM�\ZI^MTML�Ja�\PM�XIZ\QKTM� Q\�Q[�QUXTQKQ\�\PI\�Q\�KIV�JM�MUXTWaML�_PMV

M`IUQVQVO�XWZ\QWV[�WN� IVL�VW\�VMKM[[IZQTa�MV\QZM�XIZ\QKTM�\ZIRMK\WZQM[� )[�WXXW[ML�\W�\PM

\ZIKS�TMVO\P�IVL�MVMZOa�LMXW[Q\QWV�UM\PWL[� I�U]T\QXTM�[KI\\MZQVO�UM\PWL�_W]TL�PI^M

\PM�XW\MV\QIT�\W�UISM�MVMZOa�M[\QUI\QWV[�NWZ�M[KIXQVO� I[�_MTT�I[�KWV\IQVML� U]WV[�QV

\PM�LM\MK\WZ�

<PM�UIQV�WJRMK\Q^M[�WN �\PM�XZWRMK\�XZM[MV\ML�WV�\PQ[�\PM[Q[�IZM�\P][�\W�[\]La�U]WV�U]T�

\QXTM� [KI\\MZQVO� QV� \PM�67ν) LM\MK\WZ[# \W�LM^MTWX�I� \MKPVQY]M� \W� ZMKWV[\Z]K\�U]WV

MVMZOQM[�][QVO�U]T\QXTM� [KI\\MZQVO� QVNWZUI\QWV�IVL� \W�M^IT]I\M� \PQ[�UM\PWL¼[�XW[[QJTM



�!

][MN]TVM[[�QV�\PM�UIVVMZ�[PW_V�QV�;MK� ������ <PM�NWTTW_QVO�KPIX\MZ[�KWV\IQV�I�LM[KZQX�

\QWV�WN �\PM�UM\PWLWTWOa�MUXTWaML�\W�IKKWUXTQ[P�\PM[M�WJRMK\Q^M[� \PM�ZM[]T\[�WN �_PQKP

IZM�XZM[MV\ML�QV�;MK� ��



+PIX\MZ��

;KI\\MZQVO�)VOTM�:MKWV[\Z]K\QWV

<PM�M[[MV\QIT�NMI\]ZM�ZMY]QZML�QV�WZLMZ�\W�[\]La�U]T\QXTM�[KI\\MZQVO�Q[�\PM�IJQTQ\a�\W�UMI�

[]ZM�\PM�[UITT�LM^QI\QWV[�_PQKP�WKK]Z�QV�\PM�U]WV[¼�\ZIRMK\WZQM[� <PM�\I[S�WN �UMI[]ZQVO

\PM[M�LM^QI\QWV[�_Q\PQV�\PM�67ν) LM\MK\WZ[� PW_M^MZ� Q[�IVa\PQVO�J]\�[\ZIQOP\NWZ_IZL�

/Q^MV�\PM�OZIV]TIZQ\a�WN �\PM�LM\MK\WZ[�[PW_V�QV�.QO� ��� IVL�\PM�LM\MK\QWV�XZWKM[[�W]\�

TQVML�QV�;MK� ������ \PM�MTMUMV\IZa�XQMKM[�WN �QVNWZUI\QWV�\PI\�\PM�LM\MK\WZ�KWTTMK\[�IZM

IUW]V\[�WN �MVMZOa�LMXW[Q\ML�QV�QVLQ^QL]IT�KMTT[�QV�\PM�LM\MK\WZ�I\�I�OQ^MV�\QUM� <PQ[�ZM�

[]T\[�QV�I�ZM[WT^QVO�XW_MZ�NWZ�\PM�XIZ\QKTM[�XW[Q\QWV�I\�IVa�XWQV\�WN �Q\[�\ZIRMK\WZa�WN �_Q\PQV

\PM�WZLMZ�WN �KMV\QUM\MZ[�

)[�I�ZM[]T\� \PM�UMI[]ZMUMV\�WN �QVLQ^QL]IT�[KI\\MZQVO�WKK]ZZMVKM[�Q[�QVNMI[QJTM� KWV[QL�

MZQVO�\PM�[UITT�VI\]ZM�WN �\PM�M`XMK\ML�LM^QI\QWV[��.QO� ����� <PQ[�LWM[�VW\�[]OOM[\� PW_�

M^MZ� \PI\�WJ\IQVQVO�IVa�QVNWZUI\QWV�WN �\PM[M�[KI\\MZQVO[�Q[�]VI\\IQVIJTM� ?PQTM�[WUM

[UITT�[KI\\MZQVO[�_QTT�]VLMVQIJTa�JM�TW[\�QV�\PM�TQUQ\I\QWV[�WN �W]Z�[XI\QIT�ZM[WT]\QWV� W\P�

MZ[�_QTT�PI^M�I�VW\QKMIJTM�MNNMK\�WV�\PM�XIZ\QKTM¼[�XI\P� <PM�KWVLQ\QWV[�\PI\�KI][M�I�[QVOTM

[KI\\MZQVO�M^MV\�\W�QUXIK\�\PM�XIZ\QKTM¼[�\ZIRMK\WZa�UMI[]ZIJTa��WZ�VW\��IZM�[QUXTa�OMW�

UM\ZQKIT�IVL�IZM�[PW_V�[KPMUI\QKITTa�QV�.QO� ����

��



��

.QO]ZM ���" ,QIOZIU�LMXQK\QVO�\PM�XW\MV\QIT�QUXIK\�WN �[UITT�[KI\\MZQVO[�WV�I�\ZIKS� 8IZ\QKTM�\ZIRMK\WZQM[

OQ^MV�Ja�\PM�LW\\ML�TQVM[�IVL�XZWL]KM�^Q[QJTM�PQ\[�WV�KWTWZML�KMTT[� ) [QVOTM�[KI\\MZQVO�M^MV\�I\�[UITT�IVOTM[

_QTT�VW\�VMKM[[IZQTa�LM^QI\M�\PM�XIZ\QKTM�MVW]OP�NWZ�IVa�KPIVOM�QV�Q\[�\ZIRMK\WZa�\W�JM�VW\QKMIJTM�_Q\PQV�\PM

LM\MK\WZ¼[�OZIV]TIZQ\a��JT]M��

��� :MKWV[\Z]K\ML�<ZIKS�;\Z]K\]ZM

<PM�\I[S�WN �M`\ZIK\QVO�[KI\\MZQVO�QVNWZUI\QWV�NZWU�SVW_V PQ\[¸[QVOTM�LI\I�WN �MVMZOa

LMXW[Q\QWV�QV�I�KMTT¸Q[�LWVM�\PZW]OP�\PM�M`IUQVI\QWV�WN �\PM�M[\QUI\ML�XI\P�NWTTW_ML�Ja

\PM�XIZ\QKTM� <PQ[�XI\P� KITTML�I�ZMKWV[\Z]K\ML \ZIKS� Q[�W]\TQVML�Ja�\PM�67ν) [WN\_IZM

][QVO�XW[Q\QWV�QVNWZUI\QWV�NZWU�U]T\QXTM�PQ\[�_PQKP�IZM�I[[WKQI\ML�_Q\P�\PM�[IUM�XIZ\Q�

KTM��

.QO]ZM ���" :MKWV[\Z]K\ML�\ZIKS[�QV�\PM�M^MV\�LQ[XTIa� <PM�LW\\ML�TQVM[�W^MZTIQL�WV�\PM�PQ\[�NWTTW_�\PM

M[\QUI\ML�XI\P�WN �\PM�XIZ\QKTM�I[�W]\TQVML�Ja�\PM�ZMKWV[\Z]K\QWV�[WN\_IZM�_PQKP�OZW]X[�PQ\[�Ja�[XIKQIT�IVL

\QUM�KWQVKQLMVKM�IVL�W]\TQVM[�\PM�\ZIKS[�

� ) OQ^MV�[M\�WN �PQ\[�Q[�I[[WKQI\ML�_Q\P�PI^QVO�JMMV�XZWL]KML�Ja�\PM�[IUM�XIZ\QKTM�XZW^QLML�\PI\�\PMa
KWQVKQLM�QV�I�OQ^MV�\QUM�_QVLW_�IVL�IZM�ZMTI\ML�\W�WVM�IVW\PMZ�[XI\QITTa�



��

+IZMN]T� QV[XMK\QWV�WN �\PM�ZMKWV[\Z]K\ML�\ZIKS�NWZ�\PM�U]WV�PQ\[� QV�.QO� ��� �JT]M� TQVM�

ZM^MIT[� [WUM� QVNWZUI\QWV�IJW]\� \PM� \ZIKSMZ�ITOWZQ\PU�� <PM� \ZIKSMZ�J]QTL[� I�XI\P

_PQKP�UI\KPM[�ITT�\PM�XW[Q\QWV[�QUXTQML�Ja�QVLQ^QL]IT�KMTT�PQ\[� PW_M^MZ� Q\�LWM[�[W�Ja

W]\TQVQVO�I�¹[UWW\Pº�XI\P�ZI\PMZ�\PIV�LQ[KZM\M�TQVM�[MOUMV\[� =T\QUI\MTa� QV�\PM�[WN\_IZM

MV^QZWVUMV\�][ML� NWZ�LI\I�IVITa[Q[� QV�67ν) ��ZMKWV[\Z]K\ML� \ZIKS[�IZM�+���WJRMK\[

_PQKP�KWV\IQV�I� [M\�WN �¹\ZIRMK\WZa�XWQV\[º�_PQKP�LM[KZQJM� \PM�XI\P� <PM�V]UJMZ�WN

\ZIRMK\WZa�XWQV\[�QV�I�\ZIKS�Q[�MY]IT�\W�\PM�V]UJMZ�WN �PQ\[�][ML�\W�W]\TQVM�Q\� []KP�\PI\�MIKP

QVLQ^QL]IT�\ZIRMK\WZa�XWQV\�ZMXZM[MV\[�\PM�XW[Q\QWV�QV�[XIKM�I\�_PQKP�I�XIZ\QKTM�XZWL]KML

Q\[�I[[WKQI\ML�PQ\�

��� -`\ZIK\QVO�;KI\\MZQVO�)VOTM[�NZWU�<ZIKS[

1V�WZLMZ�\W�UMI[]ZM�\PM�LM\MK\IJTM�LM^QI\QWV[�_Q\PQV�I�\ZIKS� Q\�Q[�LQ^QLML�QV\W�NZIOUMV\[

_PQKP�_QTT�JM�ZMNMZZML�\W�I[�¹^MK\WZ[º� <PM�IVOTM[�WN �QV\MZM[\�IZM�OQ^MV�Ja�\PM�IVOTM[

JM\_MMV�M^MZa�XIQZ�WN �KWV[MK]\Q^M�^MK\WZ[�ITWVO�I�\ZIKS�

*
* * *

*

.QO]ZM ���" )VOTM�UMI[]ZMUMV\[�IZM�LWVM

Ja� LMÅVQVO� ^MK\WZ[� �KWTWZ� TQVM[�� I[� [\ZIQOP\

TQVM[� JM\_MMV� \ZIRMK\WZa� XWQV\[� �[\IZ[�� IVL

KITK]TI\QVO� \PM� IVOTM� JM\_MMV� KWV[MK]\Q^M

^MK\WZ[�

1VQ\QITTa� ^MK\WZ[� _MZM� LMÅVML� I[� [\ZIQOP\� TQVM[

KWVVMK\QVO�\_W�KWV[MK]\Q^M�\ZIRMK\WZa�XWQV\[�I[

[PW_V� QV�.QO� ���� 0W_M^MZ� UWZM�KIZMN]T� M`�

IUQVI\QWV�WN �\PM�\ZIKSMZ�JMPI^QWZ�ZM^MITML�\PI\

\PM�¹[UWW\Pº�[PIXM�WN �\PM�ZMKWV[\Z]K\ML�\ZIKS�QV�

\ZWL]KM[�[UITT�K]Z^I\]ZM[�\W�\PM�XIZ\QKTM¼[�XI\P�

<PQ[�NMI\]ZM�WN �ZMKWV[\Z]K\ML�\ZIKS[�_W]TL�ZM[]T\

QV�\PM�UMI[]ZQVO�WN �IVOTM[�]VZMTI\ML�\W�[KI\\MZQVO

_Q\P�\PQ[�[QUXTM�UM\PWLWTWOa�

� <ZIKS�ZMKWV[\Z]K\QWV�Q[�I�N]VK\QWVITQ\a�LM^MTWXML�_Q\PQV�\PM�67ν) KWTTIJWZI\QWV�IVL�VW\�\PZW]OP
\PM�_WZS�XZM[MV\ML�QV�\PQ[�LWK]UMV\�



��

.QO]ZM ���" 4MN\" ) UIOVQÅML�\ZIKS�XWZ\QWV�_PQKP�LMXQK\[�\PM�[TQOP\�K]Z^I\]ZM�QV\ZWL]KML�Ja�\PM�\ZIKSMZ�

+MV\MZ" <PM�ÅZ[\�IXXZWIKP�I\�IVOTM�UMI[]ZMUMV\�_Q\P�XTIVM�\W�XTIVM�^MK\WZ[� :QOP\" )VOTM�UMI[]ZMUMV\

_Q\P�TIZOMZ�^MK\WZ[�I^WQL[�\PM�UMI[]ZMUMV\�WN �\PM�¹NISM�[KI\\MZQVOº�IVOTM[�
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LM^QI\QWV�NWZ�MIKP�JQV� <PM�ZML�TQVM[�KWZZM[XWVL�\W�\PM�ÅN\P�WZLMZ�XWTaVWUQIT[�_PQKP�JM[\�Å\�\PM�XZWÅTM[

QV�\PM�OQ^MV�ZIVOM�_PW[M�XIZIUM\MZ[�IZM�[PW_V�NWZ�MIKP�XTW\�

<PM�N]VK\QWV[�Å\\ML�\W�\PM�KWZZMTI\QWV[�WN �QV\MZM[\�LM[KZQJM�\PM�[KI\\MZQVO�^IZQIJTM[�QV

\MZU[�WN �\PM�\Z]M�U]WV�MVMZOa� 1V�WZLMZ�\W�UISM�MVMZOa�M[\QUI\QWV[�_PW[M�QVX]\[�IZM

[KI\\MZQVO�^IZQIJTM[�\PM�QV^MZ[M�ZMTI\QWV�Q[�VMMLML� ?PQTM�QV^MZ\QVO�\PM�I`M[�WV�\PM�OQ^MV

XZWÅTM[�IXXMIZ[�I[�IV�QV\]Q\Q^MTa�^ITQL�IT\MZVI\Q^M� LWQVO�[W�_W]TL�VMKM[[IZQTa�QV\ZWL]KM
� )[�XZM^QW][Ta�LQ[K][[ML� \PM�^IZQIJTM[�][ML�QV�\PQ[�UM\PWL�I[�OI]OM[�WN �U]T\QXTM�[KI\\MZQVO�IZM�LMXMV�

LMV\�WV�\PM�XIZ\QK]TIZQ\QM[�WN �\PM�LM\MK\WZ¼[�OMWUM\Za�I[�_MTT�I[�Q\[�[XI\QIT�IVL�IVO]TIZ�ZM[WT]\QWV� 1\�_W]TL
JM�QVKWZZMK\�\W�I[[]UM�\PI\�\PM�LQZMK\�ZMTI\QWV�JM\_MMV�\PM[M�N]VK\QWV[�IVL�ZI_�[KI\\MZQVO�LI\I�Q[�]VLMZ�
[\WWL� I[�VW�KTIQU�Q[�PMZMJa�UILM�\PI\�\PM[M�ÅN\P�WZLMZ�XWTaVWUQIT[�LM[KZQJM�\PM�[KI\\MZQVO�XPMVWUMVWV
Q\[MTN�
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IV�]VQV\MVLML�I[[]UX\QWV�NWZ�\PM�MVMZOa�LQ[\ZQJ]\QWV�

+IZMN]T�KWV[QLMZI\QWV�WN �\PM�KITK]TI\ML�MZZWZ[�WV�\PM[M�XZWÅTM�PQ[\WOZIU[�ZM^MIT[�\PI\

_PQTM�\PM�MZZWZ�JIZ[�WV�\PM�PWZQbWV\IT�I`Q[�IZM�IXXZW`QUI\MTa�MY]IT�QV�UIOVQ\]LM� \PQ[�Q[

VW\�\PM�KI[M�NWZ�\PW[M�WV�\PM�^MZ\QKIT�I`Q[� <PM�]VQNWZU�MVMZOa�LQ[\ZQJ]\QWV�WN �\PM�[QU�

]TI\ML�U]WV[��LQ[K][[ML�QV�)XX� )����QUXTQM[�\PI\�\PM�V]UJMZ�WN �M^MV\[�_QTT�JM�MY]ITTa

LQ[\ZQJ]\ML�IUWVO[\�ITT�JQV[¸UQVQU]U�LQ[KZM\M�ZIVOM[¸WV�\PM[M�PQ[\WOZIU[� NWZ�IVa

KPWQKM�WN �JQV�[QbM�_Q\PQV�\PM�OMVMZI\ML�MVMZOa�XZMKQ[QWV� <PMZMNWZM� Q\�Q[�JW\P�\PM�^IT]M

IVL�\PM�MZZWZ�WV�\PM�^MZ\QKIT�I`Q[�_PQKP�KWV\IQV�[KI\\MZQVO�QVNWZUI\QWV�\PI\�Q[�\Z]Ta�QV�

LMXMVLMV\�WN �\PM�MVMZOa�LQ[\ZQJ]\QWV�WN �\PM�[IUXTM� 1V^MZ\QVO�[]KP�LQ[\ZQJ]\QWV[�_W]TL

aQMTL�QVNWZUI\QWV�^ITQL�[XMKQÅKITTa�NWZ�U]WV[�_Q\P�\PM�OQ^MV�MVMZOa�LQ[\ZQJ]\QWV�IVL�

\P][� M`\ZIXWTI\QVO� Q\� \W�LM[KZQJM�IVa�LQNNMZMV\� [IUXTM�WN �U]WV[�_W]TL�ZMY]QZM�ILLQ�

\QWVIT�UIVQX]TI\QWV��

)[�I�KWV[MY]MVKM� I�[QUXTMZ�UM\PWL�_I[�][ML�\W�I^WQL�\PM�XZWJTMU�WN �PQOP�WZLMZ�XWTa�

VWUQIT�QV^MZ[QWV� .WZ�MIKP�WN �\PM�LQ[\ZQJ]\QWV[�QV�.QO� ��� I�\IJTM�WN �^IT]M[�_I[�KWV�

[\Z]K\ML� KWV\IQVQVO�MVW]OP�MV\ZQM[� \W�OI]OM�MVMZOa�ZIVOM[�WN �I\� TMI[\�����/M>��<PM

ZMKWV[\Z]K\QWV�XZWKML]ZM�MV\IQTML�LM\MZUQVQVO�\PM�^IZQIJTM�WN �QV\MZM[\�NWZ�I�OQ^MV�U]WV

\ZIKS� �MQ\PMZ� IVOTM;QOUI� IVOTM-`\� IVOTM5I`�WZ� IVOTM;]U�� IVL�ÅVLQVO� \PM� MVMZOa

^IT]M�UW[\�KTW[MTa�I[[WKQI\ML�_Q\P�Q\�WV�\PM�\IJTM� <PQ[�MVMZOa�^IT]M�_I[�I[[QOVML�\W

\PM�U]WV�\ZIKS�I[�Q\[�ZMKWV[\Z]K\ML�MVMZOa�

� <PM�QV\ZWL]K\QWV�WN �I[[]UX\QWV[�NWZ�\PM�MVMZOa�LQ[\ZQJ]\QWV�WN �\PM�U]WV[�Q[�QV\MV\QWVITTa�I^WQLML�QV
\PM[M�[\]LQM[� /Q^MV�\PI\�\PM�MVMZOa�Q[�\PM�]VSVW_V�XIZIUM\MZ�_PQKP�_M�IZM�\ZaQVO�\W�UMI[]ZM� IVa�I[�
[]UX\QWV�WN �Q\[�LQ[\ZQJ]\QWV�_QTT�JQI[�\PM�UM\PWL�IVL�XW\MV\QITTa�QVÆ]MVKM�\PM�ZM[]T\[� )[[]UX\QWV[�NWZ�\PM
MVMZOa�LQ[\ZQJ]\QWV[�KW]TL�JM�QV\ZWL]KML�QV�\PM�ZMKWV[\Z]K\QWV�UM\PWL�_Q\P�KIZMN]T�KWV[QLMZI\QWV[� 0W_�
M^MZ� \PM�NWK][�WN �\PQ[�IVITa[Q[�Q[�\W�UMI[]ZM�\PM�^QIJQTQ\a�WN �[KI\\MZQVO�JI[ML�UM\PWL[�ITWVM� QV\ZWL]KQVO
I[�NM_�M`\MZVIT�XIZIUM\MZ[�I[�XW[[QJTM�NWZ�\PMQZ�M^IT]I\QWV�



��

����� ;QVOTM�>IZQIJTM�5M\PWL�-^IT]I\QWV�IVL�:M[]T\[

<PQ[�[QUXTM�IXXZWIKP�I\�ZMKWV[\Z]K\QWV�Q[�KMZ\IQVTa�VW\�\PM�WX\QUIT�][M�WN �\PM[M�KWZZMTI�

\QWV[� <PM�¹\IJTM�TWWS]Xº�UM\PWL�Q[�VW\�WVTa�KWUX]\I\QWVITTa�[TW_�NWZ�TIZOM�[IUXTM[� Q\

IT[W�TQUQ\[�\PM�XZMKQ[QWV�\W�_Q\PQV�_PQKP�\PM�MVMZOa�KIV�JM�M[\QUI\ML�QV�KMZ\IQV�ZIVOM[�

1V�ILLQ\QWV� OQ^MV�\PI\�\PM[M�PQOP�WZLMZ�XWTaVWUQIT[�WVTa�LM[KZQJM�\PM�JMPI^QWZ�WN �\PM

^IZQIJTM[�_Q\PQV�\PM�OQ^MV�ZIVOM� IVa�QVX]\�JMaWVL�\PM�[KWXM�WN �\PM�XZWÅTM�XTW\[�_W]TL

aQMTL�^IT]M[�NWZ�\PM�ZMKWV[\Z]K\ML�MVMZOa�_PQKP�IZM�UMIVQVOTM[[� I[�\PMa�IZM�VW\�LMZQ^ML

NZWU�IV�]VLMZ[\IVLQVO�WN �U]T\QXTM�[KI\\MZQVO�JMPI^QWZ�

6M^MZ\PMTM[[� \PM�^IT]M�WN �\PQ[�IXXZWIKP�TQM[�VW\�QV�Q\[�][MN]TVM[[�NWZ�W^MZITT�ZMKWV[\Z]K\QWV

ITWVM� ,M[XQ\M�Q\[�[QUXTQKQ\a� Q\¼[�KIXIJTM�WN �LMUWV[\ZI\QVO�_PM\PMZ�I�NZ]Q\N]T�UM\PWL�NWZ

MVMZOa�ZMKWV[\Z]K\QWV�KIV�JM�IKPQM^ML�\PZW]OP�\PM�][M�WN �[KI\\MZQVO�QVNWZUI\QWV� <PM

XZWKM[[�WN �M^IT]I\QVO�\PM[M�ÅZ[\�MVMZOa�M[\QUI\QWV[�aQMTL[�I�UMI[]ZM�WN �\PM�¹][MN]TVM[[º

WN �MIKP�WN �\PM[M�^IZQIJTM[� _PQKP�R][\QÅM[�\PM�X]Z[]Q\�WN �UWZM�ZWJ][\�IXXZWIKPM[�I\�ZMKWV�

[\Z]K\QWV�\PZW]OP�U]T\QXTM�[KI\\MZQVO� <PM�M^IT]I\QWV�WN �\PQ[�UM\PWL�_I[�LWVM�\PZW]OP

\PM�Y]ITQ\I\Q^M�IVL�Y]IV\Q\I\Q^M�IXXZWIKPM[�LM[KZQJML�QV�;MK� ������

<PM�LQ[\ZQJ]\QWV[�QV�.QO� ��� [PW_�\PM�ZM[]T\[�WN �MVMZOa�ZMKWV[\Z]K\QWV�UILM�WV�\PM�OMV�

MZI\ML�\M[\QVO�U]WV�[IUXTM�Ja�\PQ[�¹\IJTM� TWWS]Xº�UM\PWL� 6W\M�\PI\�\PM�ZM[WT]\QWV

XTW\[�KWV\IQV�LI\I�NZWU�\PM�TIJMTML�¹ZMTQIJTMº�ZMOQWV[�WN �\PMQZ�KWZZM[XWVLQVO�Y]ITQ\I\Q^M

M^IT]I\QWV�XTW\[�WVTa�
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[QOVIT�\PM���/M> ZMKWV[\Z]K\ML�MVMZOa� <PM�ZMOQWV[�IJW^M�\PQ[� TQUQ\�IZM�XWX]TI\ML�_Q\P�M^MV\[�_PW[M

QVX]\�Q[�JMaWVL�\PM�[KWXM�WN �.QO� ���� <PM�QVNWZUI\QWV�NZWU�\PM[M�ZMOQWV[�Q[�LMÅVML�I[�¹]VZMTQIJTMº� :QOP\"

9]IV\Q\I\Q^M� <PM[M�LQ[\ZQJ]\QWV[�WVTa�KWV\IQV�M^MV\[�NZWU�\PM�¹ZMTQIJTMº�ZMOQWV[�WN �\PMQZ�KWZZM[XWVLQVO
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<PM�UW[\�QUXWZ\IV\�KWVKT][QWV�_PQKP�KIV�JM�LZI_V�NZWU�\PM�Y]IV\Q\I\Q^M�M^IT]I\QWV

XTW\[�QV�.QO� ��� Q[�\PM�NIK\�\PI\�[KI\\MZQVO�QVNWZUI\QWV�KIV� QVLMML� JM�][ML�\W�UISM�U]WV

MVMZOa�M[\QUI\QWV[� <PM�ZMKWV[\Z]K\ML�MVMZOa�WJ\IQVML�Ja�\PQ[�UM\PWL�PI[�I�ZM[WT]\QWV

_PQKP�KIV�JM�OI]OML�Ja�\PM�ZWW\�UMIV�[Y]IZM�IVL�Q[�WNN[M\�Ja�I�XMZKMV\IOM�OQ^MV�Ja�\PM

UMIV�^IT]M�WN �Q\[�KWZZM[XWVLQVO�LQ[\ZQJ]\QWV�

<PM�Y]ITQ\I\Q^M�M^IT]I\QWV�LQ[\ZQJ]\QWV[�IT[W�[PW_�KTMIZ�TQUQ\I\QWV[�\W�\PM�XW\MV\QIT�ZMIKP

WN �\PM�UM\PWL� <PM�TIJMTML�¹]VZMTQIJTMº�ZMOQWV�WV�\PM[M�XTW\[�Q[�XWX]TI\ML�Ja�M^MV\[

_PW[M�QVX]\�XIZIUM\MZ¸\PMQZ�IVOTM�ZMTI\ML�^IZQIJTM¸TQM[�JMaWVL�\PM�[KWXM�WN �\PM�ZM�

KWV[\Z]K\QVO�N]VK\QWV�

?PMV�\PM�QVX]\�^IT]M�NWZ�I�\ZIKS�Q[�[UITTMZ�\PIV�\PW[M�LMÅVML�Ja�\PM�XWTaVWUQIT�N]VK�

\QWV[�QV�\PM�ZIVOM�[PW_V�QV�.QO� ��� I�PQOPMZ�^IT]M�NWZ�\PM�MVMZOa�Q[�ZMKWV[\Z]K\ML� <PM[M

^IT]M[�IZM�I[[WKQI\ML�_Q\P�\PM�N]VK\QWV¼[�JMPI^QWZ�JMaWVL�\PM�Å\¼[�[KWXM�IVL�IZM� \P][� IZ�

JQ\ZIZa�_Q\P�ZM[XMK\�\W�[KI\\MZQVO�JMPI^QWZ� /Q^MV�\PM�TW_MZ�TQUQ\�\W�\PM�ZM[WT^QVO�XW_MZ

WN �[UITT�IVOTM�[KI\\MZQVO[�QV�\PM�OMWUM\Za�WN �\PM�LM\MK\WZ[� [WUM�XMZKMV\IOM�WN �\PM�\ZIKS[

_QTT�[QUXTa�PWTL�QV[]NÅKQMV\�[KI\\MZQVO�QVNWZUI\QWV�NWZ�\PQ[�UM\PWL�\W�aQMTL�IVa�ZMTQIJTM

MVMZOa�M[\QUI\QWV�NWZ�\PMU� <PMZM�IZM�\_W�KWV[MY]MV\QIT�PaXW\PM[M[�_PQKP�LMZQ^M�NZWU

\PQ[�Y]ITQ\I\Q^M�IVITa[Q["

�� <PM�¹]VZMTQIJTMº�ZMOQWV[�WN �\PM�Y]ITQ\I\Q^M�M^IT]I\QWV�XTW\[�JMKWUM�UWZM�XWX]TI\ML

NWZ�PQOPMZ�^IT]M[�WN �\Z]M�U]WV�MVMZOa� ;]KP�JMPI^QWZ�Q[�M`XMK\ML�OQ^MV�\PI\�PQOPMZ

MVMZOa�XIZ\QKTM[�]VLMZOW�[UITTMZ�[KI\\MZQVO[� <PQ[�JMPI^QWZ�QVLQKI\M[�\PI\�\PM�ZMTQIJQT�

Q\a�WN �U]T\QXTM�[KI\\MZQVO�JI[ML�M[\QUI\QWV[�IVL�\PM�\Z]M�XIZ\QKTM¼[�MVMZOa�IZM�QV^MZ[MTa

ZMTI\ML� _PQKP�QUXTQM[�I�\PZM[PWTL�NWZ�MVMZOQM[�TIZOMZ�\PIV�_PQKP�\PM�UM\PWL�KIVVW\

JM�MUXTWaML�\W�ZMKWV[\Z]K\�

�� <PM�¹]VZMTQIJTMº�ZMOQWV[�WV�\PM�XTW\[�KWZZM[XWVLQVO�\W�ZMKWV[\Z]K\QWV�UILM�_Q\P�LQN�

NMZMV\�^IZQIJTM[�IZM�VW\�XWX]TI\ML�_Q\P�QVNWZUI\QWV�NZWU�\PM�[IUM�[]J[M\�WN �M^MV\[�

.WZ�M`IUXTM� _PQTM�I�OQ^MV�U]WV�\ZIKS�UQOP\�PI^M�I�[UITTMZ�^IT]M�WN �IVOTM;QOUI
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\PIV�\PM�UM\PWL�KIV�ZM[WT^M� Q\�Q[�XW[[QJTM�\PI\�Q\[�^IT]M�NWZ�IVOTM-`\�[\QTT�aQMTL[�][M�

N]T�[KI\\MZQVO�QVNWZUI\QWV� <PMZMNWZM� \PM�XMZKMV\IOM�WN �M^MV\[�QV�I�OQ^MV�¹ZMTQIJTMº

ZMOQWV�UQOP\�JM�[UITTMZ�\PIV�\PM�ZMIT�NZIK\QWV�WN �M^MV\[�_PQKP�PWTL�][MN]T�[KI\\MZQVO

QVNWZUI\QWV�

<PM�LM^MTWXUMV\�WN �I�U]T\Q�^IZQI\M�\MKPVQY]M�Q[�VI\]ZITTa�XMZ\QVMV\� VW\�WVTa�\W�QVKZMI[M

\PM�[KWXM�WN �\PM�UM\PWL� J]\�IT[W�\W�M`XTWQ\�\PM�LQNNMZMV\�\ZIQ\[�WN �[KI\\MZQVO�JMPI^QWZ�KIX�

\]ZML�Ja�MIKP�WN �\PM�ZMTI\ML�^IZQIJTM[�

��� 5]T\Q�>IZQI\M�)XXZWIKP�5M\PWLWTWOa

) U]T\Q�^IZQI\M�IXXZWIKP�I\�MVMZOa�ZMKWV[\Z]K\QWV�_I[�LM^MTWXML�_Q\P�\PM�WJRMK\Q^M�WN

XW\MV\QI\QVO�\PM�LQNNMZMVKM[�KIX\]ZML�Ja�ITT�[KI\\MZQVO�^IZQIJTM[�I[�_MTT�I[�QVKZMI[QVO�\PM

XMZKMV\IOM�WN �M^MV\[�_PQKP�KW]TL�JM�QUXIK\ML�Ja�Q\� ;]KP�I�UM\PWL�[PW]TL�JM�JI[ML�WV

I�OZMI\MZ�]VLMZ[\IVLQVO�WN �\PM�OQ^MV�KWZZMTI\QWV[�IVL�[PW]TL�I\\MUX\�\W�W^MZKWUM�\PM

TQUQ\I\QWV[�OQ^MV�Ja�\PM�\IJTM�TWWS]X�UM\PWL�

<PM�LM^MTWXUMV\�WN �\PQ[�ZMKWV[\Z]K\QWV�\MKPVQY]M�_I[�UILM�\PZW]OP�\PM�][M�WN �)Z\QÅ�

KQIT�6M]ZIT�6M\_WZS��)66� ITOWZQ\PU[� N]Z\PMZ�M`XTIQVML�QV�)XX� *��)V�)66 M`IU�

QVM[�\ZIQVQVO�[IUXTM�LI\I[M\[�KWV\IQVQVO�^IZQIJTM[�KWZZMTI\ML�\W�I�¹\IZOM\º�^IT]M�QV�WZLMZ

\W�J]QTL�WX\QUQbML�ITOWZQ\PU[�\PI\�M[\QUI\M�\PM�\IZOM\�^IZQIJTM�WV�I�\M[\�[IUXTM� <PQ[

XZWKM[[�Q[�JI[ML�WV�[MTN�M^IT]I\ML�Q\MZI\QWV[�WN �[MUQ�ZIVLWUQbML�[M\[�WN �_MQOP\[�IVL�KWV�

VMK\QWV[�JM\_MMV�ITT�QVX]\�^IZQIJTM[�QV�\PM�\ZIQVQVO�[IUXTM� <PZW]OP�\PQ[�XZWKM[[� Q\�Q[

M`XMK\ML�\PI\�\PM�)66 _QTT�QLMV\QNa�KWUXTM`�KWZZMTI\QWV[�JM\_MMV�\PM�QVX]\�^IT]M[�IVL

]\QTQbM�\PMU�\W�M[\QUI\M�\PM�\IZOM\�^IT]M�I[�ZMTQIJTa�I[�XW[[QJTM�

<M[\QVO�IVL�\ZIQVQVO�LI\I[M\[�KWV\IQVQVO�\Z]M�MVMZOa�QVNWZUI\QWV�IVL�\PM�NW]Z�IVOTM�

ZMTI\ML�^IZQIJTM[�_MZM�][ML�I[�QVX]\�NWZ�\PM�)66 ITOWZQ\PU� 1V�WZLMZ�\W�KWVÅZU�\PM

IJQTQ\a�WN �\PM�ITOWZQ\PU�\W�QLMV\QNa�\PM�KWZZMTI\QWV[�M`PQJQ\ML�Ja�.QO� ���� QVLQ^QL]IT�XI�

ZIUM\MZ[�_MZM�][ML�I[� QVX]\�XZQWZ�\W�\PM�LM^MTWXUMV\�WN �\PM�ZMKWV[\Z]K\QWV�UM\PWL�
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<PM�LM\IQT[�WN �\PM[M�\M[\[�IZM�LQ[K][[ML�N]Z\PMZ�QV�)XX� *��� ?Q\P�[]NÅKQMV\�M^QLMVKM�WN

\PM�)66¼[�IJQTQ\a�\W�QLMV\QNa�[]KP�KWZZMTI\QWV[� \PM�KWUXTM\M�LI\I[M\[�_MZM�OQ^MV�I[�QVX]\

\W�\PM�)66��_PQKP�XZWL]KML�IV�WX\QUQbML�MVMZOa�ZMKWV[\Z]K\QWV�ITOWZQ\PU�

1V�\PM�[WN\_IZM�MV^QZWVUMV\� \PM�MVMZOa�ZMKWV[\Z]K\QWV�ITOWZQ\PU�LM^MTWXML�\PZW]OP

\PM�][M�WN �)66[�_I[�OQ^MV�Ja�I�+���N]VK\QWV� .WZ�IVa�U]WV�\ZIKS� \PM�ZMKWV[\Z]K\QWV

N]VK\QWV�Q[�OQ^MV�IVOTM;QOUI� IVOTM-`\� IVOTM5I`�IVL�IVOTM;]U�I[�QVX]\�IVL�ZM\]ZV[

I�^IT]M�NWZ�\PM�ZMKWV[\Z]K\ML�MVMZOa�WN �\PM�U]WV�

����� 5]T\Q�>IZQIJTM�5M\PWL�-^IT]I\QWV�IVL�:M[]T\[

1V�\PM�XZWKM[[�WN �WX\QUQbQVO�\PM�ZMKWV[\Z]K\QWV�ITOWZQ\PU� \PM�)66 M^IT]I\M[�Q\�\PW]OP

\PM�][M�WN �\PM�\M[\�[IUXTM� <P][� M^IT]I\QVO�\PQ[�UM\PWL�Ja�Q\[�XMZNWZUIVKM�WV�[]KP

[IUXTM�KW]TL�M`XTWQ\�I�JQI[�WN �\PM�UM\PWL�\W�XMZNWZU�JM\\MZ�NWZ�\PI\�[IUXTM� QN �[]KP�JQI[

M`Q[\ML� ) \PQZL�[IUXTM�WN �M^MV\[�_Q\P�QLMV\QKIT�XIZIUM\MZ[�_I[�][ML�QV�WZLMZ�\W�M^IT]I\M

\PQ[�UM\PWL�
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.QO]ZM ���" -^IT]I\QWV�WN �\PM�ZMKWV[\Z]K\QWV�UM\PWL�WV�I�[QVOTM�U]WV�[IUXTM� 4MN\" 9]ITQ\I\Q^M� ;PW_[

JM\\MZ�XMZNWZUIVKM�NWZ�TW_MZ�\Z]M�MVMZOa�^IT]M[� 9]IV\Q\I\Q^M" ;PW_[�JM\\MZ�XMZNWZUIVKM�NWZ�\PQ[�U]\Q�

^IZQI\M�IXXZWIKP�KWUXIZML�\W�\PM�UM\PWL�M^IT]I\ML�QV�.QO� ����

1\�KW]TL�JM�IZO]ML�\PI\�\PM�][M�WN �I�[IUXTM�_Q\P�QLMV\QKIT�XIZIUM\MZ[�NWZ�\PQ[�X]ZXW[M
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_W]TL�VW\�MTQUQVI\M�XW\MV\QIT�JQI[�\W_IZL�I�[IUXTM�WN �[]KP�KPIZIK\MZQ[\QK[� <PMZMNWZM�

\PM�M^IT]I\QWV�WN �\PM�ZMKWV[\Z]K\QWV�UM\PWL�_I[�LWVM�][QVO�\_W�[MXIZI\M�[IUXTM[" <PQ[

[QVOTM�U]WV�[QU]TI\QWV�[IUXTM�IVL�I�6]51 JMIU�5+ [IUXTM�NWZ�67ν) �<PM�[MKWVL

[IUXTM�Q[�I�[QU]TI\QWV�WN �VM]\ZQVW�QV\MZIK\QWV[�QV�\PM�67ν) ., NZWU�_PQKP�WVTa�\ZIKS[

_Q\P�OWWL�KWZZM[XWVLMVKM�\W�U]WV[�_MZM�[MTMK\ML� <PM�KPIZIK\MZQ[\QK[�WN �\PQ[�[IUXTM�I[

_MTT�I[�\PM�[MTMK\QWV�XZWKM[[�NWZ�U]WV�\ZIKS[�_Q\PQV�Q\�IZM�LQ[K][[ML�QV�)XX� )���

True Energy (GeV)
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Mean   = 0.0807
RMS    = 0.359

Fit Parameters: 
0.00108(Mean   = 0.0244

0.00114(Sigma  = 0.277
 / ndf = 187 / 232r

.QO]ZM ���" -^IT]I\QWV�WN �\PM�ZMKWV[\Z]K\QWV�UM\PWL�WV�U]WV[�NZWU�I�6]51 5+ [IUXTM��)XX� )����

4MN\" 9]ITQ\I\Q^M� ;PW_[�JM\\MZ�XMZNWZUIVKM�NWZ�TW_MZ�\Z]M�MVMZOa�^IT]M[� ;PW_[�IV�IXXIZMV\�LQ[KZMXIVKa

NZWU�.QO� ��� NWZ�PQOPMZ�\Z]M�MVMZOa�M^MV\[�L]M�\W�\PM�LQNNMZMVKM�QV�MVMZOa�LQ[\ZQJ]\QWV�NWZ�MIKP�[IUXTM�

9]IV\Q\I\Q^M" ;PW_[�JM\\MZ�XMZNWZUIVKM�NWZ�\PQ[�U]\Q�^IZQI\M�IXXZWIKP�KWUXIZML�\W�\PM�UM\PWL�M^IT]I\ML

QV�.QO� ���� ;PW_[�OMVMZIT�IOZMMUMV\�_Q\P�.QO� ���� <PM�ZML�TQVM�Q[�I�OI][[QIV�Å\�_PW[M�XIZIUM\MZ[�IZM

[PW_V� <PM�MVMZOa�ZM[WT]\QWV�NWZ�\PQ[�UM\PWL�Q[ ∼�����

.QO]ZM ��� QVKT]LM[�\PM�OI][[QIV�Å\�_PW[M�[\IVLIZL�LM^QI\QWV�UMI[]ZM[�\PQ[�UM\PWL¼[

MVMZOa�ZM[WT]\QWV� 1\�Q[�QUXWZ\IV\�\W�XWQV\�W]\�\PI\�\PM�\IQT[�WN �\PQ[�LQ[\ZQJ]\QWV�IZM�VW\

QVKT]LML�NWZ�\PM�Å\�OQ^MV�\PMQZ�]VM^MV�JMPI^QWZ� _PQKP�LMZQ^M[�NZWU�\PM�KPIZIK\MZQ[\QK[�WN

\PM�[IUXTM� <PM�[MMUQVOTa�]VM`XMK\ML�JMPI^QWZ�WV�\PM�ZMOQWV�\W�\PM�TMN\�WN �\PM�OI][[QIV

Å\�[PW_[�IV�IJZ]X\�LMKZMI[M�QV�^IT]M�_PQKP�Q[�KI][ML�Ja�I�ZM[\ZQK\QWV�WV�\PM�\Z]M�MVMZOa

WN �\PM�U]WV�[IUXTM� /Q^MV�\PI\�\PM�UM\PWL�_I[�LM^MTWXML�_Q\P�I�\ZIQVQVO�[IUXTM�_Q\P

\Z]M�MVMZOa�^IT]M[�]X�\W���/M>��\PM�\M[\QVO�_I[�LWVM�NWZ�M^MV\[�_Q\P�\Z]M�MVMZOa�_Q\PQV

\PM�[IUM�TQUQ\[� <PQ[�JMPI^QWZ�Q[�[QUQTIZTa�LQ[XTIaML�Ja�ITT�Y]IV\Q\I\Q^M�M^IT]I\QWV�XTW\[



� 

QV�\PQ[�KPIX\MZ�OQ^MV�\PI\�\PQ[�MVMZOa�ZM[\ZQK\QWV�_I[�QUXW[ML�\W�ITT�U]WV�[IUXTM[�

1\�Q[�M^QLMV\�NZWU�\PM�KWUXIZQ[WV�WN �\PM�M^IT]I\QWV[�[PW_V�QV�.QO� ��� IVL ��� \PI\�\PM

UM\PWL¼[�XMZNWZUIVKM�Q[�KWV[Q[\MV\�JM\_MMV�[IUXTM[�_Q\P�LQNNMZMV\�MVMZOa�LQ[\ZQJ]\QWV[��

6W\M�\PI\�\PM�TM[[�XWX]TI\ML�ZMOQWV�I\�PQOPMZ�MVMZOa�^IT]M[�NWZ�\PM�Y]ITQ\I\Q^M�M^IT]�

I\QWV�WV�\PM�6]51 5+ [IUXTM��.QO� ��� TMN\��Q[�I�KWV[MY]MVKM�WN �\PM�[IUXTM¼[�MVMZOa

LQ[\ZQJ]\QWV��.QO� )����_PQKP�Q[�IT[W�U]KP�TW_MZ�I\�PQOPMZ�MVMZOQM[�

� /Q^MV�\PI\�\PM�[MTMK\QWV�XZWKM[[�NWZ�M^MV\[�QV�\PM�[MKWVL�[IUXTM�PI[�TM[[�[\ZQK\�ZMY]QZMUMV\[�NWZ�X]ZQ\a
IVL�MNÅKQMVKa�WN �\PM�U]WV�\ZIKS[��LQ[K][[ML�QV�)XX� )���� M`IK\�KWQVKQLMVKM�WN �\PM�UM\PWL¼[�XMZNWZUIVKM
QV�JW\P�[IUXTM[�Q[�VW\�M`XMK\ML�



+PIX\MZ��

,Q[K][[QWV�WN �:M[]T\[

1V�WZLMZ�\W�JM\\MZ�]VLMZ[\IVL�\PM�QUXTQKI\QWV[�WN �\PM�ZM[]T\[�IKKWUXTQ[PML�Ja�\PQ[�_WZS�

Q\�Q[�QUXWZ\IV\�\W�ZMTI\M�\PMU�JIKS�\W�\PMQZ�WZQOQVIT�WJRMK\Q^M�_Q\PQV�\PM�W[KQTTI\QWV�IVIT�

a[M[�I\�67ν) ��-VMZOa�ZMKWV[\Z]K\QWV�\PZW]OP�\PM�U]T\QXTM�[KI\\MZQVO�UM\PWL�KIV�JM

][ML�NWZ�\PW[M�M^MV\[�_Q\P�M[KIXQVO�U]WV[�NWZ�_PQKP�\PM�UM\PWL�_I[�LM^MTWXML� <PQ[

ZMKWV[\Z]K\QWV�UM\PWL�PI[�\PM�XW\MV\QIT�\W�QUXIK\�\PM�W^MZITT�IVITa[Q[�Ja�QUXZW^QVO�\PM

MVMZOa�ZM[WT]\QWV�WN �\PM�]VKWV\IQVML�M^MV\[�[IUXTM� _PQKP�KWV\ZQJ]\M[�\W�\PM�ZM[]T\[�I[

[PW_V�QV�.QO� ����

<PM�KWV\ZQJ]\QWV�WN �\PM�]VKWV\IQVML�[IUXTM�\W�\PM [QV2 2θ23 IVL∆m2
23 KWV\W]Z[�NWZ�LQN�

NMZMV\�^IT]M[�WN �MVMZOa�ZM[WT]\QWV�Q[�LMXQK\ML�QV�.QO� ���� 1\�Q[�\Z]M�\PI\�\PM�]VKWV\IQVML

[IUXTM�Q[�VW\�\PM�UW[\�QUXWZ\IV\�[]J[M\�WN �\PM�M^MV\[�_PQKP�_W]TL�XZWL]KM�\PM�M`XMK\ML

ZM[]T\[�WN �67ν) IVITa[M[� 0W_M^MZ� Q\�KIV�KWV\ZQJ]\M�Ja�ILLQVO�TIZOMZ�[\I\Q[\QK[�\W�\PM

W^MZITT�LI\I[M\� 1V�ILLQ\QWV� L]ZQVO�\PM�J]QTLQVO�[\IOM[�WN �\PM�67ν) M`XMZQUMV\� \PM

., _QTT�JM�WVTa�XIZ\QITTa�J]QT\�IVL�M[KIXQVO�U]WV[�_QTT�KWV[\Q\]\M�I�TIZOMZ�NZIK\QWV�WN �\PM

M^MV\�[IUXTM�

�!
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.QO]ZM ���" 67ν) M`XMK\ML�[MV[Q\Q^Q\a�NWZ�LQNNMZMV\�ZM[WT]\QWV[�WN �\PM�]VKWV\IQVML�[IUXTM� ;WTQL� TQVM["

<PM�[IUM�KWV\W]Z[�[PW_V�QV�.QO� ���� <PM�]VKWV\IQVML�[IUXTM�Q[�VW\�MV\QZMTa�ZMKWV[\Z]K\ML� WVTa�^Q[QJTM

MVMZOa�^IT]M[�IZM�][ML�NWZ�JW\P�\PM�U]WV�IVL�PILZWV�KWUXWVMV\[� ,W\\ML�TQVM[" <PM�KWV\W]Z�OQ^MV�Ja�\PM

]VKWV\IQVML�[IUXTM�QN �Q\[�MVMZOa�ZM[WT]\QWV�_MZM�QUXZW^ML�\W�ZMIKP�����XQVS��IVL�\PM�KWV\ZQJ]\QWV�WN

\PQ[�KPIVOM�\W�\PM�KWUJQVML�KWV\W]Z��JTIKS�� C�E

��� ;\I\Q[\QKIT�1UXIK\�WN �\PQ[�5M\PWL

<PM�TWVO�\MZU�KWV\ZQJ]\QWV�WN �\PM�UM\PWL�WN �U]T\QXTM�[KI\\MZQVO�NWZ�MVMZOa�ZMKWV[\Z]K�

\QWV�KIV�JM�M[\QUI\ML�Ja�\PM�XMZKMV\IOM�WN �M^MV\[�_PQKP�Q\�KIV�^Q[QJTa�QUXIK\� .QO]ZM ���

LMXQK\[�[]KP�NZIK\QWV� IKKW]V\QVO�NWZ�\PM�KWV[\ZIQV\[�WV�\PM�ZM[\ZQK\QWV[�\PI\�\PM�UM\PWL

QUXW[M[�WV�\PM�UQVQU]U�\ZIKS�TMVO\P�IVL�\PM�ZIVOM�QV�\Z]M�MVMZOa�WN �\PM�M^MV\[�_PQKP

Q\�KIV�ZMKWV[\Z]K\� <PM�M`XMK\ML�XMZKMV\IOM�WN �M^MV\[�QV�\PM�., _PW[M�MVMZOa�KW]TL�JM

ZMKWV[\Z]K\ML�Ja�\PQ[�UM\PWL�Q[ ∼��� _Q\P�\PM�WJ\IQVML�ZM[WT]\QWV�WN ∼�����
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.QO]ZM ���" ;\I\Q[\QKIT�QUXIK\�WN �\PM�U]T\QXTM�[KI\\MZQVO�JI[ML�ZMKWV[\Z]K\QWV�UM\PWL� *T]M"<PM�\Z]M�MV�

MZOa�LQ[\ZQJ]\QWV�WN �M[KIXQVO�U]WV[�NZWU�VM]\ZQVW�QV\MZIK\QWV[�_Q\PQV�\PM�LM\MK\WZ� OQ^MV�Ja�5+ \Z]\P

QVNWZUI\QWV�NZWU�\PM�6]51 JMIU�5+� 7ZIVOM" <PM�[]J[M\�WN �\PM[M�M[KIXQVO�U]WV[�_Q\P�\ZIKS[�_PQKP�IZM

TWVO�MVW]OP�\W�ZMKWV[\Z]K\�_Q\P�\PM�[MOUMV\�TMVO\P�KPW[MV�NWZ�\PQ[�UM\PWL� <PQ[�LQ[\ZQJ]\QWV�ZMXZM[MV\[

∼���WN �ITT�U]WV[�NZWU�VM]\ZQVW�QV\MZIK\QWV[�M`XMK\ML�QV�\PM�., �8TW\�VW\�[KITML�\W�I�[XMKQÅK�Z]VVQVO

\QUM��

)T\PW]OP�\PM�ZM[]T\[�WN �\PQ[�_WZS�IZM�WJ\IQVML�\PZW]OP�\PM�IVITa[Q[�WN �[KI\\MZQVO�JMPI^QWZ

NWZ�\PM�KPW[MV�[MOUMV\�TMVO\P�WN �NW]Z�UM\MZ[� QVNWZUI\QWV�WJ\IQVML�\PW]OP�\PM�IVITa[Q[

WN �[PWZ\MZ�[MOUMV\[�KW]TL�JM�QVKWZXWZI\ML�\W�QVKT]LM�I�TIZOMZ�XMZKMV\IOM�WN �\PM�LI\I�
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