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$�� ��"� 	� �� ��	����� %�*��&	� ��&��&�� ��	& .�� �/#��	%��&� 	� &�� ��%��&���
#��&	��� #���	�� �& &�� e+e−0��	��� ��))01� 	� &�� ����*� ��*	�� .��% 2 �# &� �� !��
	� &�� ���&�� �. %��� ���&�%� $�� ��&��&�� +�� ���	*��� .�� � �&��� �0 ��� �03����� ���
&�� &+�0#��&�� #���	��� 4���*�� #��&	��� ��� ��&��&�� 	� &�� ���&�/ ��&��&�� %��� �.
%��� &���� �#���&	�* 	� &�� #��#��&	��� %��� ��� &�� ��	���	�� +	�� ��	.& ���%����
$�� ���&��%�*��&	� ����	%�&�� ����� �� � 	3�	� ���#&�� 	� &�� ����� #��& ��� 4��
����&�� 	� &�� ��� ��#� 	� ���� .�� ��&��&	�� �. *�%%� 3���&�� ����� ��� ��&��&�� ��
%���� �. ������ ����� �. ���%���� ����� �� &�� �&���%�� ��	���	�� &����
 �����*��
	��	�� �. &�� 	��� ���� �. &�� ��&��&��� 4���*�� ������� ��� 	���&	5�� �� %������%��&� �.
	��	 �&	�� 	� &�� ��	.& ���%��� *�� ��� &	%� �. 6	*�& 	� &�� ��	�&	�&	�� ����&���
 ��� ��
%���� �. &�� ����*� &������� 4������� ����&���� (�� &�� �&��� &�� &+�0#��&�� #��������
e+e− → e+e−γ∗γ∗ → e+e−X
 &�� ��&��&�� 	� �3�	##�� +	&� &�� ���&�% �. ��&��&	��
�. ���&&���� ���&���� ��� #��	&����
 #���� �� ��&� �	��� �. &�� 	�&����&	�� #�	�&� $��
�%	���	&� 	� %������� �� &�� #������ �. �	�*� ���%��&�����* ��� �� &�� ������ ���&&��	�*
�& ��*� ��*��� $�� #���	�� %������%��& �. &�� ���% ����*� 	� #��.��%�� �� &�� �������&
��#���	 �&	�� %�&���� 4��&	����� %��	&��	�* �. &�� ���% ����*�
 +	&� � 	&&� +����
��������
 	� ����	�� ��& �� %������%��& �. ���&	�� �. &�� ��*� �. 4�%#&�� �#��&��% �.
&�� �������&&���� %�������%�&	� #��&��� .��% �����
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789: ; <=>?@ABCDE=FG HCI=>J=FG K@J@LJMA KDN >BBD@KM?C=>N B?MGBJ? ψ0
 Υ0H@OM=M?
> K?<PQMJM==MG Q>O>L>� 9@J@LJMA ACRMJC@J =C �+�−0LMDDCGK@A@ STUU01V B W=@AI>@G
? X<YL@ �Z�;[�[ \WS� ]?@J>HMBJE STUU01V =C =>OLMG W=@AI>> ^8Z��[;_�` \WSa AC?=C
2.5·1030 BH−2B@L−1
 =C ?FBMLMG W=@AI>> ^8Z1�[;[�` \WSa ?MOACBJC@J KM 8·1031 BH−2B@L−1�

S =CBJMNb@@ ?A@HN ? MRDCBJ> =>OLMG W=@AI>> ACRMJC@J K@J@LJMA ������ =C �+�−0
LMDDCGK@A@ ��)4�� ^8Z�;2�� \WSa B XAM@LJ=MG B?@J>HMBJEc 1033 BH−2B@L−1� S 2``d I�
OC?@Ae>D ACRMJ< K@J@LJMA 4���0c =C �+�−0LMDDCGK@A@ 4���0B BM B?@J>HMBJEc
7.6 ·1031 BH−2B@L−1� ]?@J>HMBJE STUU01V ? _` ACO =>f@ B?@J>HMBJ> 4��� > ? 1`` ACO
=>f@ B?@J>HMBJ> ��)4��� UM B?M>H XCACH@JACH K@J@LJMA 789: BAC?=>H B K@J@LJM0
ACH> ������ > 4���0��

S MRDCBJ> ?FBMLMG W=@AI>> ^
√
s = 2×[�2g \WSa XAMKMDfC@J ACRMJ< K@J@LJMA �����

=C B0QCRA>L@ ? ��� BM B?@J>HMBJEc MLMDM 1034 BH−2B@L−1
 K@J@LJMA ����� =C B0
QCRA>L@ ? ���4 ? 2``d IMK< OCLM=Y>D =CRMA KC==FP� hCX>BC==F@ >=J@IACDF B?@J>0
HMBJ> =C WJ>P K@J@LJMACP BMBJC?DNcJ [``;�``` QR=−1�

SFBJAC>?CN Q>O>Y@BL<c XAMIACHH< K@J@LJMAC 789: HF >BPMK>D> XA@fK@ ?B@IM
>O ANKC =Ce>P XA@>H<b@BJ? ? BAC?=@=>> B KA<I>H> HCe>=CH> > K@J@LJMACH>i

• j=>LCDE=FG KDN B<b@BJ?<cb>P e+e−0LMDDCGK@AM? K>CXCOM= W=@AI>G STUU01V
MJ 2 KM �� \WS ? B>BJ@H@ k@=JAC HCBB
 YJM XMO?MDN@J ACRMJCJE LCL ? MRDCBJ> =>O0
L>P W=@AI>G
 IK@ ACBXMDMf@=M B@H@GBJ?M ψ0H@OM=M? > XMAMI AMfK@=>N τ;D@XJM=C

JCL > ? MRDCBJ> ?FBML>P W=@AI>G
 IK@ AMfKCcJBN Υ0H@OM=F�

• lCD>Y>@ K?<P ?OC>HMKMXMD=Ncb>P H@JMK>L XA@k>O>M==MIM >OH@A@=>N > HM=>0
JMA>AM?C=>N W=@AI>> X<YLCi H@JMK A@OM=C=B=MG K@XMDNA>OCk>> B MJ=MB>J@DE=MG
JMY=MBJEc 10−6
 > H@JMK HM=>JMA>AM?C=>N W=@AI>> B MJ=MB>J@DE=MG JMY=MBJEc
3·10−5
 MB=M?C==FG =C >OH@A@=>> W=@AI@J>Y@BLMIM BX@LJAC LMHXJM=M?BL>P ICHHC0
L?C=JM?
 MRACO<cb>PBN XA> ACBB@N=>> HM=MPAMHCJ>Y@BLMIM DCO@A=MIM >OD<Y@=>N
=C WD@LJAM==MH X<YL@�

• lCD>Y>@ ? K@J@LJMA@ WD@LJAMHCI=>J=MIM LCDMA>H@JAC =C MB=M?@ f>KLMIM LA>X0
JM=C
 MRDCKCcb@IM ?FBML>H W=@AI@J>Y@BL>H ACOA@e@=>@H > ?MOHMf=MBJEc >O0
H@A@=>N LMMAK>=CJF JMYL> LM=?@AB>> ICHHC0L?C=JC B JMY=MBJEc ∼� HH�

• lCD>Y>@ ? K@J@LJMA@ B>BJ@HF XMAMIM?FP CWAMI@D@?FP Y@A@=LM?BL>P BY@JY>LM?

XMO?MDNcb>P ACOK@DNJE π >K0H@OM=F ? K>CXCOM=@ >HX<DEBM? MJ m`` KM �[`` VWSnc�

• lCD>Y>@ ? K@J@LJMA@ <=>LCDE=MG B>BJ@HF A@I>BJACk>> ACBB@N==FP WD@LJAM=M?
> XMO>JAM=M? ^]::Ta KDN >O<Y@=>N K?<PQMJM==FP XAMk@BBM? e+e− → γ∗γ∗ →
e+e−X� ]>BJ@HC XMO?MDN@J MXA@K@DNJE >=?CA>C=J=<c HCBB< AMfKo==MIM BMBJMN0
=>N X B MJ=MB>J@DE=MG JMY=MBJEc (5÷ 10) · 10−3 XA> W=@AI>> � \WS� SBD@KBJ?>@
WJMIM WQQ@LJ>?=MBJE A@I>BJACk>> K?<PQMJM==FP XAMk@BBM? ?MOACBJC@J ? K@BNJ0
L> ACO ? BAC?=@=>> B K@J@LJMACH>
 =@ MB=Cbo==FH> XMKMR=MG B>BJ@HMG�

pBPMKN >O B<b@BJ?<cb@G B>J<Ck>> > B <YoJMH =Ce>P ?MOHMf=MBJ@G ? MRb>P Y@AJCP
XAMIACHHC WLBX@A>H@=JM? ?FIDNK>J BD@K<cb>H MRACOMH�

lC>RMD@@ MY@?>K=MG X@A?MMY@A@K=MG OCKCY@G KDN K@J@LJMAC 789: N?DN@JBN XA@0
k>O>M==M@ >OH@A@=>@ HCBB WD@H@=JCA=FP YCBJ>k
 KDN LMJMAMIM ?Cf=<c AMDE >IAC@J

_



XA@k>O>M==M@ >OH@A@=>@ W=@AI>> =CLMX>J@DN� S MRDCBJ> =>OLMG W=@AI>> q WJM HCBBF
J/ψ
 ψ′
 ψ(3770)
 D0
 D±0H@OM=M? > τ 0D@XJM=C� 7 =CBJMNb@H< ?A@H@=> WJC XAMIACHHC
? O=CY>J@DE=MG H@A@ ?FXMD=@=C� S MRDCBJ> ?FBMLMG W=@AI>> HMI<J RFJE <JMY=@=F
O=CY@=>N HCBB Υ(1s);Υ(4s)0H@OM=M? >
 ?MOHMf=M
 >OH@A@=F HCBBF =@LMJMAFP KA<I>P
BMBJMN=>G�

9A<IMG ?Cf=MG OCKCY@G N?DN@JBN >OH@A@=>@ ?@D>Y>=F B@Y@=>N e+e− → hadrons
^?@D>Y>=F Ra ? MRDCBJ> W=@AI>G 2E = 2 − 11 \WS ? MK=MH WLBX@A>H@=J@ B MK=>H K@0
J@LJMAMH
 YJM KM =CBJMNb@IM ?A@H@=> =@ K@DCDMBE� lC>RMDEe>G >=J@A@B XA> >OH@A@0
=>> R XA@KBJC?DN@J MRDCBJE MJ [ KM r \WS� :C=@@ M=C >O<YCDCBE ? K?<P WLBX@A>H@=JCPi
����0� > 4���&� ��� sK=CLM
 A@O<DEJCJF ����0� O=CY>J@DE=M MJD>YCcJBN MJ RMD@@
XMOK=>P >OH@A@=>G > ? =CBJMNb@@ ?A@HN BY>JCcJBN Me>RMY=FH>
 C A@O<DEJCJ 4���&�
�� =@ RFD MX<RD>LM?C= ? A@Q@A>A<@HFP f<A=CDCP� tCL>H MRACOMH
 ? MXA@K@Do==MH
BHFBD@
 WJC MRDCBJE W=@AI>G MBJCoJBN =@>O<Y@==MG�

uMAMe>@ XCACH@JAF ��� LCDMA>H@JAC > Y@A@=LM?BL>P BYoJY>LM? K@J@LJMAC 789:
XMO?MDNcJ ?FXMD=>JE ANK WLBX@A>H@=JM? XM >OH@A@=>c ?@AMNJ=MBJ@G ACBXCKM? YCBJ>k
ψ0 > Υ0B@H@GBJ?
 ? LMJMAFP HMI<J RFJE XMD<Y@=F O=CY>HF@ Q>O>Y@BL>@ A@O<DEJCJF�

v>KLMLA>XJM=M?FG WD@LJAMHCI=>J=FG LCDMA>H@JA XMO?MDN@J >OH@A>JE ?@AMNJ0
=MBJ> ACK>Ck>M==FP X@A@PMKM? ? B>BJ@HCP ψ0 > Υ0H@OM=M? > KA<I>@ =@GJACDE=F@ XAM0
k@BBF B ?@AMNJ=MBJNH> ?Fe@ 10−4
 KDN LMJMAFP =C KMBJ<X=MG =CH BJCJ>BJ>L@ ? 107

ACBXCKM? ψ0 > Υ0H@OM=M? JMY=MBJE MXA@K@DN@JBN B>BJ@HCJ>Y@BLMG Me>RLMG�
]>BJ@HC XMAMIM?FP Y@A@=LM?BL>P CWAMI@D@?FP BY@JY>LM? >H@@J PMAMe@@ ACOK@D@0

=>@ KDN π0 > �0H@OM=M? ^P = 600÷1500 VWSnca > XMO?MD>J XMD<Y>JE PMAMe<c JMY=MBJE
>OH@A@=>N ?@AMNJ=MBJ@G ACBXCKM? J/ψ > ψ′ ? LM=@Y=F@ BMBJMN=>N
 BMK@AfCb>@ JCL>@
YCBJ>kF�

lCD>Y>@ ? K@J@LJMA@ B>BJ@HF A@I>BJACk>> ACBB@N==FP WD@LJAM=M? K@DC@J 789:
<=>LCDE=FH H@BJMH KDN XAM?@K@=>N >OH@A@=>N B@Y@=>N γγ → hadrons > >BBD@KM?C=>N
K?<PQMJM==FP XAMk@BBM?� TJ> WLBX@A>H@=JF XDC=>A<@JBN XAM?MK>JE ? MB=M?=MH XA>
?FBMLMG W=@AI>>� l@BHMJAN =C JM
 YJM KMBJ<X=FG =CH >=J@IACD B?@J>HMBJ> RMD@@ Y@H
? [``` ACO H@=Ee@ >=J@IACDC B?@J>HMBJ>
 =CRAC==MIM =C B0QCRA>LCP
 C =CD>Y>@ ]::T
KCoJ ?F>IAFe ? WQQ@LJ>?=MBJ> A@I>BJACk>> K?<PQMJM==FP XAMk@BBM? JMDELM ? [`0
�`` ACO
 XM =Ce@H< H=@=>c
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Δ = 0.01142±0.00038

F = 668252.62±1.38 Hz

E = 1843.6674±0.0007 MeV
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 / ndf 2χ      457.84 / 487
Prob         0.82
p0        1.87±     337.85 
p1        0.10±    4315.23 
p2        0.14±       2.81 
p5        44.04±     -46.40 
p6        0.01±       0.02 
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XMDEOM?C=>@ WJMG XAMk@K<AF XA>?MK>J L <P<Ke@=>c XAMBJAC=BJ?@==MIM ACOA@e@=>N�
9DN RMD@@ JMY=MG LCD>RAM?L> ?A@H@==�F@ LM=BJC=JF > KA@GQM?CN LA>?CN <JMY=NcJBN
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 QMAH>A<cb@IM DMI>0
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?LDcYCcJi
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J@LBJMD>J JMDb>=MG `�� HH
 =C LMJMAFG XMKCoJBN ?FBMLM@ =CXANf@=>@ KDN ?FAC?=>0
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D>Y>?C@JBN KM 1[` HH XA> 1d >OH@A@=>NP LMMAK>=CJF� pHX<DEB=M@ ACOA@e@=>@ ? WJMH
BD<YC@ AC?=Mi
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_�
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7 OCKCYCH
 LMJMAF@ A@eC@J ? WLBX@A>H@=J@ ?A@HN0XAMDoJ=CN B>BJ@HC ^SU]a
 MJ=MBNJ0
BNi

• OCX<BL X@A?>Y=MIM JA>II@AC MJ OCANf@==FP YCBJ>kz

• XMKC?D@=>@ LMBH>Y@BLMIM QM=Cz

• >K@=J>Q>LCk>N YCBJ>k XM ?A@H@=> XAMDoJCz

• >OH@A@=>@ XMJ@AE W=@AI>> ? HCJ@A>CD@ BYoJY>LC dE/dx�

:>B� 21i :>B<=ML ?A@HN0XAMD@J=MG B>BJ@HF�

6�� ������	'��

SA@HN0XAMDoJ=CN B>BJ@HC K@J@LJMAC 789: ^A>B� 21a BMBJM>J >O XAMKMDE=MG > JMAk@?MG
YCBJ@G�

UAMKMDE=CN YCBJE BMK@Af>J _2 Bk>=J>DDNk>M==FP BYoJY>LC JMDb>=MG �` HH >
KD>=MG Y<?BJ?>J@DE=MG YCBJ> �m1` HH
 BYoJY>L XAMBHCJA>?C@JBN K?<HN QMJM<H=M0
f>J@DNH> B XAMJ>?MXMDMf=FP BJMAM=� ]YoJY>L> <DMf@=F ?XDMJ=<c KA<I L KA<I<
XCACDD@DE=M MB> X<YLM? =C ACBBJMN=>> r�[ HH MJ k@=JAC ?CL<<H=MG LCH@AF� U@A@0
LAF?C@HFG J@D@B=FG <IMD KDN XAMKMDE=FP BYoJY>LM? BMBJC?DN@J 0.71 × 4π�

tMAk@?CN YCBJE B>BJ@HF BMBJM>J >O m10P Bk>=J>DDNk>M==FP BYoJY>LM? ^XM _2 =C
LCfKMH JMAk@a
 JMDb>=MG 2` HH ? QMAH@ AC?=MR@KA@==MG JACX@k>> B ?FBMJMG [�r HH
> MB=M?C=>NH> �1_ HH > 2g HH� :CBBJMN=>@ MJ H@BJC ?BJA@Y> KM XDMBLMBJ> BYoJY>LM?
q r_[ HH
 MJ MB> X<YLM? KM LACN BYoJY>LC q �[` HH� ]YoJY>L> <DMf@=F ?XDMJ=<c
KA<I L KA<I< X@AX@=K>L<DNA=M MB> X<YLM?
 LCfKFG >O =>P XAMBHCJA>?C@JBN MK=>H

_2
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L Ut :@e@=>@ Ut }COC

]JMX]JAMR

]JCAJ

SMAMJC

MJ }Tj =C Mk>QAM?L<

=C Mk>QAM?L<

:>B� 2[i 7C=CD WD@LJAM=>L> ?A@HN0XAMDoJ=MG B>BJ@HF�

QMJM<H=Mf>J@D@H� t@D@B=FG <IMD KDN JMAk@?MG YCBJ> AC?@= 0.26 × 4π
 C KDN ?B@G
B>BJ@HF 0.97 × 4π�

S LCY@BJ?@ HCJ@A>CDC KDN ?A@HN0XAMDoJ=FP BYoJY>LM? RFD ?FRAC= XDCBJ>Y@BL>G
Bk>=J>DDNJMA �	����01`d� 9DN A@I>BJACk>> Bk>=J>DDNk>M==MIM B?@JC ? B>BJ@H@ XA>0
H@=NcJBN }Tj �)22m2� jBJC=M?D@==F@ =C B?@JM?MKCP }Tj XMH@b@=F ?=<JAE HCI0
=>J=FP WLAC=M?�

6�� *��	����	


7CfKFG }Tj >H@@J K?C LC=CDC Mk>QAM?F?Ccb@G WD@LJAM=>L>i CHXD>J<K=FG > ?A@0
H@==MG
 LAMH@ JMIM B>I=CDF B QMJM<H=Mf>J@D@G XMBJ<XCcJ =C X@A?>Y=FG JA>II@A >
BD<fCJ CAI<H@=JCH> KDN QMAH>AM?C=>N OCX<BLC KDN BY>JF?C=>N KC==FP K@J@LJMAC�

7C=CD WD@LJAM=>L> SU] ?LDcYC@J ? B@RN ?A@H@==�<c > CHXD>J<K=<c YCBJ> ^A>B�2[a�
S CHXD>J<K=MH LC=CD@ >OH@AN@JBN > Mk>QAM?F?C@JBN CHXD>J<KC B>I=CDC B }Tj
 ?M
?A@H@==MH ; ?A@HN H@fK< BACRCJF?C=>@H }Tj > B>I=CDMH X@A?>Y=MIM JA>II@AC� S BM0
BJC? LC=CDC WD@LJAM=>L> ?PMKNJ ACO?@J?>J@DE0K>BLA>H>=CJMA ^:9a
 D>=>N OCK@AfL>
C=CDMIM?MIM B>I=CDC ^�h]a
 D>=>N OCK@AfL> DMI>Y@BLMIM B>I=CDC ^�h�a
 XA@MRACOM0
?CJ@DE OCANK0?A@HN ^�$a > ?A@H@==�MG WLBXC=K@A ^$�"a� �MI>Y@BL>@ B>I=CDF B ?FPM0
KM? �$ > $�" XM ?>JMG XCA@ XMBJ<XCcJ =C Mk>QAM?F?Ccb<c WD@LJAM=>L<
 ?FXMD0
=@==<c ? BJC=KCAJ@ 7��7S�� UMD=M@ LMD>Y@BJ?M LC=CDM? AC?=M 2[mi �2d ?A@H@==�FP
> �2d CHXD>J<K=FP LC=CDM?�

6�� �������	�� �

���" ������"

9DN LCD>RAM?L> B>BJ@HF >BXMDEO<cJBN WLBX@A>H@=JCDE=F@ BMRFJ>N <XA<IMIM e+e−0
ACBB@N=>N� 9DN =>P ACOA@e@=>@ XM ?A@H@=> XAMDoJC BMBJC?DN@J _`` XB ^A>B�2ma KDN
JMAk@?FP BYoJY>LM? > _m` XB ^A>B� 2ra KDN XAMKMDE=FP BYoJY>LM?� tCLM@ ACOA@e@=>@
XMO?MDN@J ACOK@DNJE LCM=F > X>M=F =C <AM?=@ 2σ ?XDMJE KM >HX<DEBM? m`` VWSnc

C JCLf@ KMBJCJMY=M WQQ@LJ>?=M XMKC?DNJE YCBJ>kF LMBH>Y@BLMIM >OD<Y@=>N� lC

__
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:>B� 2mi TLBX@A>H@=JCDE=M@ ACOA@e@=>@
JMAk@?MG YCBJ> ?A@HN0XAMDoJ=MG B>BJ@0
HF� σtofZ_`` XB�

T-L/c ns
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500
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2250

-1.5 -1 -0.5 0 0.5 1 1.5

:>B� 2ri TLBX@A>H@=JCDE=M@ ACOA@e@=>@
k>D>=KA>Y@BLMG YCBJ> ?A@HN0XAMDoJ=MG
B>BJ@HF� σtofZ_m` XB�

P MeV/c
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0 200 400 600 800 1000

:>B� 2di :COK@D@=>@ YCBJ>k XM ?A@H@=> XAMDoJC ^WLBX@A>H@=Ja� t@MA@J>Y@BL>@ LA>?F@
BMMJ?@JBJ?<cJ ACOD>Y=FH HCBBM?FH I>XMJ@OCHi π± ^=>f=NN LA>?CNa
 K± ^BA@K=NNa

p± ^?@AP=NNa�

A>B� 2d XA@KBJC?D@=C OC?>B>HMBJE MRACJ=MG BLMAMBJ> YCBJ>k ^XCACH@JA �nβa MJ >H0
X<DEBC KDN WLBX@A>H@=JCDE=FP H=MIMCKAM==FP BMRFJ>G�

:>B� 2g > _` >DDcBJA>A<cJ >BXMDEOM?C=>@ >K@=J>Q>LCk>> YCBJ>k XM ?A@H@=> XAM0
DoJC XA> MRACRMJL@ WLBX@A>H@=JCDE=FP KC==FP
 =CRAC==FP =C ψ′ H@OM=@� S YCBJ=MBJ>

? BD<YC@ ACBXCKC φ→ K+ +K− <AM?@=E QM=C <H@=EeC@JBN XA>H@A=M ? m` ACO�

_1



M, GeV

lo
gN

10 2

10 3

10 4

0.95 1 1.05 1.1 1.15

:>B� 2gi TLBX@A>H@=JCDE=F@ KC==F@
^ψ′a� UMLCOC=F BX@LJAF >=?CA>C=J=FP
HCBB K?<P YCBJ>k ACO=MIM OCANKC B MR0
b@G ?@Ae>=MG ? XA@KXMDMf@=>>
 YJM ?B@
YCBJ>kF K±� tMYL> ??@AP<i ?B@ YCBJ>kF�
tMYL> ?=>O<i JM f@ XMBD@ XA>H@=@=>N MJ0
RMAC XM ?A@H@=> XAMDoJC� uMAMeM ?>K@=
X>L MJ φ→ K+K−�

M, GeV

lo
gN

10 2

10 3

10 4

1.05 1.1 1.15 1.2 1.25

:>B� _`i TLBX@A>H@=JCDE=F@ KC==F@
^ψ′a� UMLCOC=F BX@LJAF >=?CA>C=J=FP
HCBB K?<P YCBJ>k ACO=MIM OCANKC B MRb@G
?@Ae>=MG ? XA@KXMDMf@=>>
 YJM ?B@ YC0
BJ>kF p > π− >D> p̄ > π+� tMYL> ??@AP<i
?B@ YCBJ>kF� tMYL> ?=>O<i JM f@ XMBD@
XA>H@=@=>N MJRMAC XM ?A@H@=> XAMDoJC�
uMAMeM ?>K@= X>L MJ Λ → pπ− + c.c.�

5 6��7��� ������%��

tMAk@?MG LCDMA>H@JA K@J@LJMAC 789: BMOKC= =C MB=M?@ Bk>=J>DDNk>M=FP LA>BJCD0
DM? 4��^'�a � A@I>BJACk>@G B?@JC ?CL<<H=FH> QMJMJA>MKCH> ^}ta� sB=M?=F@ B?MG0
BJ?C LA>BJCDDM? GMK>BJMIM k@O>N XA>?@K@=F ? JCRD>k@ r xm
 1ry�

tCRD>kC ri sB=M?=F@ PCACLJ@A>BJ>L> LA>BJCDDM? GMK>BJMIM k@O>N�

UCACH@JA 4��^$a 4��^'�a 4��
UDMJ=MBJE
 InBH3 1�[� 1�[� 1�[�
��n�/
 VWSnBH [�m [�m [�m
:CK>Ck>M==CN KD>=C
 BH ��dm ��dm ��dm
:CK><B VMDE@AC
 BH _�[r _�[r _�[r
\>IAMBLMX>Y=MBJE BDCRCN BDCRCN BDCRCN
VCLB>H<H DcH>=@Bk@=k>> λmax
 =H [[` 12` _�[
UMLCOCJ@DE XA@DMHD@=>N KDN λmax ��rg ��d1 ��g[
SA@HN ?FB?@Y>?C=>N
 =B �_`` m_` _[
]?@JM?MG ?FPMK
 QMJM=M?nVWS 50 × 103 40 × 103 2 × 103

tMAk@?MG LCDMA>H@JA BMBJM>J >O K?<P YCBJ@G
 ACBXMDMf@==FP ?MLA<I ?CL<<H=MG
LCH@AF B>HH@JA>Y=M MJ=MB>J@DE=M MRDCBJ> ?OC>HMK@GBJ?>N e+e− X<YLM?
 LCL XMLC0
OC=M =C A>B� �� 7CfKCN YCBJE ?LDcYC@J ? B@RN Y@JFA@ HMK<DN > ?=<JA@==cc B>BJ@0
H<
 BMBJMNb<c >O MJK@DE=FP BYoJY>LM? ^BH� A>B� _�a� VMK<DE BMRAC= >O r1 RDMLM?�
{DML HMK<DN JMAk@?MIM LCDMA>H@JAC BMBJM>J >O K?<P LA>BJCDDM? 4��^'�a B ACOH@AC0

_[



H> 60 × 60 × 150 HH
 @IM XMD=CN KD>=C BMBJC?DN@J _`` HH >D> �m�� X0� ]P@HC RDMLC
XMLCOC=C =C A>B� _2� ]>BJ@HC ?=<JA@==>P BYoJY>LM?
 =CPMKNbCNBN ?RD>O> ?CL<<H0
=MG LCH@AF =CLMX>J@DN
 BMK@Af>J 21 LA>BJCDDC KD>=MG _`` HH� SB@IM ? LCDMA>H@JA@
�2_2 LA>BJCDDC� 7M=BJA<Lk>N RDMLM? > >P PCACLJ@A>BJ>L> RMD@@ XMKAMR=M MX>BC=F
? ACRMJ@ x1dy� :@O<DEJCJF
 XMD<Y@==F@ B XAMJMJ>XMH K@J@LJMAC
 XA@KBJC?D@=F ? x1gy�
UA@K@DE=F@ ?MOHMf=MBJ> KC==MG BP@HF >BBD@KM?C=F ? ACRMJ@ x[`y�

������
����	
��	�

���	���
�

����
�


:>B� _�i ]P@HC JMAk@?MIM LCDMA>H@JAC K@0
J@LJMAC 789:�
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���
���

���
���
���

�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�

��
��
��

��
��
��

CsI CsI

���������	��


��	�	����

�����

������ � ���������������� ����

:>B� _2i {DML JMAk@?MIM LCDMA>H@JAC
K@J@LJMAC 789: BMBJM>J >O K?<P LA>0
BJCDDM? ACOH@AMH 60 × 60 × 150 HH
 LM=0
J@G=@AC >O CDcH>=>O>AM?C==MIM DC?BC0
=C
 LCXAMDM=M?MIM QDC=kC
 QMJMJA>MKC >
XA@K<B>D>J@DN� 7A>BJCDDF MR@A=<JF J@0
QDM=M?MG XD@=LMG� V@fK< LA>BJCDDMH >
QMJMJA>MKMH MR@BX@Y>?C@JBN MXJ>Y@BL>G
LM=JCLJ�

sB=M?=F@ XCACH@JAF JMAk@?MIM LCDMA>H@JAC BMRAC=F ? JCRD>k@ d�

tCRD>kC di sB=M?=F@ PCACLJ@A>BJ>L> JMAk@?MIM LCDMA>H@JAC�

UCACH@JA h=CY@=>@
~>BDM LA>BJCDDM? �2_2
:COH@A LA>BJCDDM? 60 × 60 × 150 HH

60 × 60 × 300 HH
9D>=C RDMLC _`` HH ^�m�� X0a
S=@e=>G ACK><B LCDMA>H@JAC mm[ HH
VCBBC _�2 J
t@D@B=FG <IMD � 0.21 × 4π
T=@AI@J>Y@BLM@ ACOA@e@=>@ _�[ � XA> �[` VWS
^XAM@LJ=M@a 2 � XA> �``` VWS
UAMBJAC=BJ?@==M@ ACOA@e@=>@ m;�2 HH

8�� ����
��" � ��3���	�

S JMAk@?MH LCDMA>H@JA@ K@J@LJMAC 789: >BXMDEO<cJBN LA>BJCDDF 4��^'�a
 XAM>O?@0
Ko==F@ lUs �VM=MLA>BJCDDA@CLJ>?� 
 I� uCAELM?� 7A>BJCDDF MR@A=<JF K>QQ<O=FH
MJACfCJ@D@H
 ? LCY@BJ?@ LMJMAMIM >BXMDEOM?CDCBE XD@=LC XMA>BJMIM J@QDM=C HCAL>
]7� JMDb>=MG r` HLH
 > <XCLM?C=F ? LM=J@G=@A >O CDcH>=>O>AM?C==MIM DC?BC=C
JMDb>=MG 2` HLH� lC JMAkCP LA>BJCDDM? <BJC=M?D@=F LCXAMDM=M?F@ QDC=kF
 LMJM0
AF@ BD<fCJ KDN LA@XD@=>N DC?BC=M?MIM LM=J@G=@AC > QMJMXA>@H=>LM?� UA> <BJC=M?L@

_m



QMJMXA>@H=>LM? H@fK< XM?@AP=MBJEc LA>BJCDDC > ML=MH QMJMJA>MKC MR@BX@Y>?C@JBN
MXJ>Y@BL>G LM=JCLJ XA> XMHMb> MXJ>Y@BLMG B>D>LM=M?MG BHCOL>� ]?@JM?FPMK BYoJ0
Y>LM?
 B <YoJMH LMWQQ>k>@=JC B?@JMBRMAC
 BMBJC?DN@J MLMDM �```` QMJM=M? =C � VWS
?FK@D@==MG ? LA>BJCDD@ W=@AI>>
 =@MK=MAMK=MBJE B?@JMBRMAC XM KD>=@ LA>BJCDDC =@
XA@?FeC@J �`��

8�� ��������"

S JMAk@?MH LCDMA>H@JA@ K@J@LJMAC 789: ? LCY@BJ?@ QMJMXA>oH=>LM? >BXMDEO<cJ0
BN ?CL<<H=F@ QMJMJA>MKF
 BXMBMR=F@ ACRMJCJE ? XA>B<JBJ?>> B>DE=FP HCI=>J=FP
XMD@G ^KM 2 tDa� }t RFD> >OIMJM?D@=F =C lM?MB>R>ABLMH OC?MK@ �TLAC=� x[�y� s=>
>H@cJ XMD<XAMOACY=FG R>b@DMY=MG QMJMLCJMK
 XDMBL>G WD@LJAMK0XDCBJ>=<
 N?DNc0
b<cBN K>=MKMH
 > C=MK0B@JL< H@fK< QMJMLCJMKMH > K>=MKMH� 9>CH@JA QMJMJA>MKM?
BMBJC?DN@J [`;[2 HH
 ?FBMJC q 1[;[` HH� 9>CH@JA Y<?BJ?>J@DE=MG MRDCBJ> QMJMLCJM0
KC q 1d HH� 7?C=JM?CN WQQ@LJ>?=MBJE q �`÷�[�
 =@MK=MAMK=MBJE L?C=JM?MG WQQ@L0
J>?=MBJ> XM XDMbCK> QMJMLCJMKC q MLMDM �`�� 7MWQQ>k>@=J <B>D@=>N K>=MKC AC?@=
�`÷�[� UA> ACRMJ@ ? HCI=>J=MH XMD@ `�m;� tD LMWQQ>k>@=J <B>D@=>N QMJMJA>MKM?
<H@=EeC@JBN XA>RD>O>J@DE=M ? K?C ACOC�

]D@K<@J MJH@J>JE
 YJM OC ?A@HN
 XAMe@Ke@@ XMBD@ >OIMJM?D@=>N QMJMJA>MKM? ^M=>
RFD> >OIMJM?D@=F RMD@@ 2` D@J =COCK
 XA> WJMH MLMDM �` D@J WLBXD<CJ>AM?CD>BE ?
LCDMA>H@JA@a
 ?FeD> >O BJAMN >D> B<b@BJ?@==M <P<Ke>D> B?M> XCACH@JAF MLMDM �g�
}t�

8�� *��	����"� �
	�

]P@HC WD@LJAM==MIM JACLJC LCDMA>H@JAC XA@KBJC?D@=C =C A>B� __�

ATT

1

2
m

16

LC

Σ outΣ in
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sτ= 0.3μ
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:>B� __i TD@LJAM==FG JACLJ JMAk@?MIM LCDMA>H@JAC K@J@LJMAC 789: BMBJM>J >O QM0
JMJA>MKC
 XA@K<B>D>J@DN
 <B>D>J@DN0QMAH>AM?CJ@DN }�[ > �wU �_2�

hCANK B C=MKC QMJMJA>MKC XMBJ<XC@J =C ?PMK OCANKMY<?BJ?>J@DE=MIM XA@K<B>D>0
J@DN� 7MWQQ>k>@=J X@A@KCY> XA@K<B>D>J@DN BMBJC?DN@J `�22 SnX7D� hCJ@H B>I=CD

_r



QMAH>A<@JBN ? XDCJ@ <B>D>J@D@G0QMAH>AM?CJ@D@G }�[
 XMBD@ Y@IM Mk>QAM?F?C@JBN
�wU B X>LM?FH K@J@LJMAMH �_2 x[2y
 ?FXMD=@==MH ? BJC=KCAJ@ 7��7S� x[_y� SA@0
HN QMAH>AM?C=>N B>I=CDC BMBJC?DN@J _ HLB�

S LCfKMG XDCJ@ }�[ XAM>O?MK>JBN C=CDMIM?M@ B<HH>AM?C=>@ ?B@P B>I=CDM?
 XMBJ<0
XCcb>P =C ?PMK XDCJF� TJMJ XAMB<HH>AM?C==FG B>I=CD JCLf@ XMBJ<XC@J =C �wU�
7AMH@ JMIM
 XAMB<HH>AM?C==FG B>I=CD >BXMDEO<@JBN KDN MAIC=>OCk>> =@GJACDE=MIM
JA>II@AC K@J@LJMAC
 KDN Y@IM XAM>O?MK>JBN @IM KMXMD=>J@DE=M@ QMAH>AM?C=>@� }AM=J
KC==MIM B>I=CDC XMBD@ QMAH>AM?C=>N BMBJC?DN@J _`` =B� UMBD@ QMAH>AM?C=>N B>I=CD
XMBJ<XC@J =C LMHXCACJMA� 8BD> @IM CHXD>J<KC XA@?FeC@J OCKC==M@ MXMA=M@ =CXAN0
f@=>@
 QMAH>A<@JBN DMI>Y@BL>G B>I=CD
 LMJMAFG >BXMDEO<@JBN ? JA>II@A@ K@J@LJMAC�
9DN LM=JAMDN OC ACRMJMG MX>BC==MG ?Fe@ BP@HF DMI>Y@BL>G B>I=CD B LMHXCACJMAC
JCLf@ XMKC@JBN =C �wU�

9DN XAM?@K@=>N LCD>RAM?L> WD@LJAM==MIM JACLJC JMAk@?MIM LCDMA>H@JAC > XAM?@A0
L> @IM ACRMJMBXMBMR=MBJ>
 ? LCfKMH XA@K<B>D>J@D@ LCDMA>H@JAC XA@K<BHMJA@= BX@0
k>CDE=FG ^LCD>RAM?MY=FGa ?PMK�

9DN LM=JAMDN ACRMJF WD@LJAM=>L> JMAk@?MIM LCDMA>H@JAC RFDC MAIC=>OM?C=C B>0
BJ@HC �H@KD@==MIM LM=JAMDN�
 ?LDcYCcbCN ? B@RN >OH@A@=>@ =CXANf@=>N X>JC=>N
XA@K<B>D>J@D@G
 QMAH>AM?CJ@D@G }�[
 �wU
 J@HX@ACJ<AF LCDMA>H@JAC > J�K�

8�# �
��-��	� 	
������
 � ���������"� �

���"

9DN LM=JAMDN XCACH@JAM? > LCD>RAM?L> LCDMA>H@JAC XAM?MK>D>BE BD@K<cb>@ XAMk@0
K<AFi

• >OH@A@=>N XE@K@BJCDM? �wU q @f@K=@?=Mz

• LCD>RAM?LC WD@LJAM==MIM JACLJC B XMHMbEc I@=@ACJMAC >HX<DEBM? q @f@K=@?=Mz
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lC A>B� _g >OMRACf@=M K?C ACBXA@K@D@=>N XM >=?CA>C=J=MG HCBB@ OCA@I>BJA>AM?C==FP
? LCDMA>H@JA@ XCA QMJM=M? >O ACBXCKC ψ′0H@OM=C� U@A?M@ ACBXA@K@D@=>@ XMBJAM@=M

:>B� _gi :CBXA@K@D@=>@ XM >OH@A@==MG ? LCDMA>H@JA@ >=?CA>C=J=MG HCBB@ K?<P QM0
JM=M?� �@?FG IACQ>Li LMMAK>=CJF QMJM=M? MXA@K@DND>BE H@JMKMH k@=JAC JNf@BJ>
JMDELM XM CHXD>J<KCH BX@LJAMH@JA>Y@BL>P LC=CDM?
 ACOA@e@=>@ XM HCBB@ π00H@OM=C
σm = 9.6 ± 0.2 VWS� UAC?FG IACQ>Li LMMAK>=CJF QMJM=M? MXA@K@DND>BE B >BXMDE0
OM?C=>@H >=QMAHCk>> >O BJA>XM?MG BJA<LJ<AF LCDMA>H@JAC
 ACOA@e@=>@ XM HCBB@
π00H@OM=C σm = 8.4 ± 0.2 VWS�

KDN BD<YCN
 LMIKC LMMAK>=CJF QMJM=M? A@LM=BJA<>AM?CD>BE JMDELM XM CHXD>J<KCH ?
BX@LJAMH@JA>Y@BL>P LC=CDCP
 ?JMAM@ q LMIKC >BXMDEOM?CDCBE > >=QMAHCk>N >O BJA>0
XM?MG BJA<LJ<AF LCDMA>H@JAC� pO WJ>P A>B<=LM? ?>K=M
 YJM PMAMe@@ LMMAK>=CJ=M@
ACOA@e@=>@ KDN QMJM=M? ? LCDMA>H@JA@
 LMJMAM@ KMBJ>IC@JBN RDCIMKCAN =CD>Y>c XM0
DMBML ? WD@LJAMK=MG BJA<LJ<A@
 XMO?MDN@J <D<Ye>JE ACOA@e@=>@ XM >=?CA>C=J=MG
HCBB@ K?<P QMJM=M? MJ ACBXCKM? π00H@OM=C B 9.6 ± 0.2 VWS KM 8.4 ± 0.2 VWS�

sY@?>K=M
 YJM LMMAK>=CJ=M@ ACOA@e@=>@ BJC=M?>JBN MBMR@==M ?Cf=FH KDN A@LM=0
BJA<Lk>> YCBJ>k B RMDEeMG W=@AI>@G� 7MIKC W=@AI>N π00H@OM=C RMDEe@ 1`` VWS
 XM0
D<Y@=F BD@K<cb>@ KC==F@ XM ACOA@e@=>c XM HCBB@ π00H@OM=Ci @BD> =@ >BXMDEOM?CJE
KC==F@ B XMDMBML LCDMA>H@JAC
 JM σm = 10.2±0.2 VWS
 C XA> A@LM=BJA<Lk>> B >BXMDE0
OM?C=>@H WJMG >=QMAHCk>> q σm = 7.6± 0.2 VWS� tCL>H MRACOMH
 PMAMe@@ XAMBJAC=0
BJ?@==M@ ACOA@e@=>@ LCDMA>H@JAC KDN QMJM=M? OCH@J=M <D<YeC@J PCACLJ@A>BJ>L>
K@J@LJMAC�

l@XMBA@KBJ?@==M BCHM XAMBJAC=BJ?@==M@ ACOA@e@=>@ LCDMA>H@JAC RFDM >OH@A@=M
KDN H>=>HCDE=M >M=>O>A<cb>P YCBJ>k =C BMRFJ>NP B LMBH>Y@BL>H> HcM=CH> x[gy�
9DN X@AX@=K>L<DNA=MIM XMDMBL@ XCK@=>N HcM=C ACOA@e@=>@ BMBJC?>DM 0.62 ± 0.1 HH
^KDN BDMN B e>A>=MG XMDMBML m�g HHa
 YJM PMAMeM BMIDCB<@JBN B ACOA@e@=>@H 
 XM0
D<Y@==FH ? HMK@D>AM?C=>>� UAMBJAC=BJ?@==M@ ACOA@e@=>@ KDN QMJM=M? ACOD>Y=MG
W=@AI>> AC=@@ RFDM >OH@A@=M B XAMJMJ>XMH LCDMA>H@JAC xm`y� UMD<Y@==M@ ? WJMH WLB0
X@A>H@=J@ O=CY@=>@ KDN ACOA@e@=>N
 XACLJ>Y@BL> ?M ?B@H W=@AI@J>Y@BLMH K>CXCOM=@

D<Ye@ � HH�



  :����# $�$�%�

VcM==CN ^XAMR@f=CNa B>BJ@HC XA@K=CO=CY@=C KDN >K@=J>Q>LCk>> > ACOK@D@=>N Hc0
M=M? > X>M=M? XM MJD>Y>c KD>=F XAMR@IC ? ?@b@BJ?@ K@J@LJMAC xm�y�

]>BJ@HC XMBJAM@=C =C MB=M?@ k>D>=KA>Y@BL>P ICOM?FP XAM?MDMY=FP LCH@A
 ACRMJC0
cb>P ? BCHMICBNb@HBN BJA>H@A=MH ^]\]a A@f>H@ xm2y q JCL =COF?C@HFP BJA>H@A=FP
JA<RML�
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{DML> HcM==MG B>BJ@HF ACBXMDMf@=F ? JA> BDMN ?=<JA> NAHC HCI=>JC K@J@LJMAC
^A>B� �a� tCL>H MRACOMH
 f@D@OM NAHC BD<f>J XMIDMJ>J@D@H� tMDb>=C f@D@OC X@A@K
LCfKFH BDM@H HcM==MG B>BJ@HF q 2_ BH ^��1 NK@A=MG KD>=Fa� lC A>B� 1` > 1� XA@K0
BJC?D@= A@O<DEJCJ ACBYoJC B XMHMbEc ��"���� ^BH� X��ma ?@AMNJ=MBJ> BACRCJF?C=>N
BDMo? HcM==MG B>BJ@HF MJ μ±0 > π±0H@OM=C
 ?FD@J@?e@IM >O H@BJC ?BJA@Y> XMK <IDMH
90◦ ± 5◦ L MB> X<YLM? B AC?=MH@A=FH ACBXA@K@D@=>@H XM <ID< φ�
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:>B� 1`i S@AMNJ=MBJE BACRCJF?C=>N �0IM

20IM > _0IM BDMo? HcM==MG B>BJ@HF KDN
μ± ? OC?>B>HMBJ> MJ >HX<DEBC ^ACBYoJa�

, MeVπP
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:>B� 1�i S@AMNJ=MBJE BACRCJF?C=>N �0IM

20IM > _0IM BDMo? HcM==MG B>BJ@HF KDN
π± ? OC?>B>HMBJ> MJ >HX<DEBC ^ACBYoJa�

���� ������	'��

]>BJ@HC BMBJM>J >O 22`d BJA>H@A=FP JA<RML� 7CfKCN JA<RLC >OIMJM?D@=C >O =@AfC0
?@cb@G BJCD> JMDb>=MG _`` HLH > >H@@J KD>=< 1�[ H > K>CH@JA 1 BH� UM MB> JA<RL>
=CJN=<J C=MK q XAM?MDMYLC K>CH@JAMH �`` HLH >O XMOMDMY@==MIM HMD>RK@=C� tMAkF
JA<RL> OCLAFJF >OMD>A<cb>H> XAMRLCH> >O LCXAM=>JC
 I@AH@J>Y=M Q>LB>A<cb>H>
C=MK > >H@cb>H> MJ?@ABJ>N KDN XAMK<?L> ACRMY@G ICOM?MG BH@B>�

:>B� 12i {DML HcM==MG B>BJ@HF =C BJ@=K@� hCb>J=FG LMf<P B=NJ�

tA<RL> MR�@K>=NcJBN ? RDML> ^A>B� 12a� S LCfKMH RDML@ JA<RL> Q>LB>A<cJBN B
XMHMbEc Y@JFAoP KcACDcH>=>@?FP HCJA>k
 K?@ >O LMJMAFP ACBXMDMf@=F < LM=kM?
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JA<RML
 C K?@ KA<I>P q =C ACBBJMN=>> �n_ KD>=F JA<RML MJ LM=kM?� lC JMAk@?FP HCJ0
A>kCP <BJC=M?D@=F XDCJF LCH@A=MG WD@LJAM=>L> > ACO?MKL> ?FBMLMIM =CXANf@=>N

OCLAFJF@ OCb>J=FH> LMf<PCH>� {DML >H@@J ACO�oHF KDN XMKCY> X>JC=>N
 ?FBMLMIM
=CXANf@=>N
 LCD>RAM?MY=FP B>I=CDM?
 <XAC?D@=>N XMAMIMH K>BLA>H>=CJMAM?
 ?FPMK0
=MG B>I=CDE=FG ACO�oH > JA<RL> KDN XMK?MKC > MJ?MKC ACRMY@G ICOM?MG BH@B>�

~JMRF <H@=Ee>JE ?A@K MJ ?FPMKC MJK@DE=MIM LC=CDC >O BJAMN
 JA<RL> ? RDML@
ACOH@b@=F ? K?C BDMN BM BK?>IMH =C ACK><B JA<RL>� 9DN <H@=Ee@=>N Y>BDC LC=CDM?
WD@LJAM=>L> C=MK=F@ XAM?MDMYL> JA<RML BM@K>=@=F XMBD@KM?CJ@DE=M XM Y@JFA@ ^?
=@LMJMAFP LC=CDCP q XM e@BJEa� tA<RL> BM@K>=NcJBN
 LCL XAC?>DM
 Y@A@O MK=<
 YJM0
RF <H@=Ee>JE ?@AMNJ=MBJE BACRCJF?C=>N =@BLMDEL>P JA<RML MK=MIM LC=CDC MJ MK=MG
YCBJ>kF�

{DML> B>BJ@HF <BJC=M?D@=F ? OCOMACP NAHC HCI=>JC K@J@LJMAC ? JA> BDMN� S BM0
MJ?@JBJ?>> B ?MBEH>IAC==MG QMAHMG NAHC RDML> BIA<XX>AM?C=F ? MLJC=JF�

���� 4��������� ������������

V@PC=>Y@BLCN BRMALC RDMLC XAM>O?MK>JBN XM BD@K<cb@G J@P=MDMI>>i =C BX@k>CDE=MH
BJMD@ OCLA@XDNcJBN HCJA>kF
 ? LMJMAF@ XMH@bCcJBN JA<RL>z JA<RL> JbCJ@DE=M XAM0
HF?CcJBN >O=<JA> ?MKMG
 C OCJ@H BX>AJMHz KCD@@
 C=MK=CN XAM?MDMYLC XAMX<BLC@JBN
?=<JA> JA<RL>
 XAMK@?C@JBN BL?MOE MJ?@ABJ>N ? XAMRLCP
 ? LMJMAF@ ?BJC?DNcJBN X>=Fz
XAMRL> ?KC?D>?CcJBN ? JMAkF JA<RL> BX@k>CDE=FH XMAe=@H� UAMRL> XA@K?CA>J@DE=M
RACL<cJBN XM JML< XM?@AP=MBJ=MIM ACOANKC XA> ?FBMLMH =CXANf@=>>� lC ?=@e=@G XM0
?@AP=MBJ> XAMRL> ?FKC?D>?C@JBN LA<IM?MG RMAJ>L ?FBMJMG `�_ HH
 C =@XMBA@KBJ?@==M
X@A@K ?KC?D>?C=>@H LACN XAMRL> BHCOF?CcJBN B>D>LM=M?FH ^LA@H=>G0MAIC=>Y@BL>Ha
LD@@H 7]0[� tCLCN J@P=MDMI>N MR@BX@Y>?C@J =CKof=<c I@AH@J>OCk>c BM@K>=@=>N
 LM0
JMACN =@ =CA<eC@JBN XA> >OH@=@=>> J@HX@ACJ<AF ? e>AML>P XA@K@DCP
 C JCLf@ OC0
LA@XDN@J JA<RL> ? HCJA>kCP
 BMOKC?CN =CKof=FG WD@LJA>Y@BL>G LM=JCLJ� �=MK=CN
XAM?MDMYLC =CJNI>?C@JBN B <B>D>@H _`` I > OCLA@XDN@JBN ? XAMRLCP B XMHMbEc X>0
=M?� U>=F >OIMJC?D>?CcJBN >O D<fo=MG LCX>DDNA=MG JA<RL> >O MJMffo==MG H@K> B
?=@e=>H K>CH@JAMH ��m HH > ?=<JA@==>H K>CH@JAMH 22` HLH� UMBD@ =CJNf@=>N ?B@P
XAM?MDMY@L ? RDML@ L X>=CH XA>XC>?CcJBN >OMD>AM?C==F@ XAM?MK=>L>� V@BJM <BJC0
=M?L> X>=C ? XAMRL< JCLf@ I@AH@J>O>A<@JBN LD@@H 7]0[� \COM?F@ MJ?@ABJ>N XAMRML
BM@K>=NcJBN XMD>PDMA?>=>DM?MG JA<RLMG�

UMBD@ H@PC=>Y@BLMG BRMAL> XAM?@ANcJBN I@AH@J>Y=MBJE RDMLC > =CJNf@=>@ XAM?M0
DMY@L� 9DN XAM?@AL> I@AH@J>Y=MBJ> RDML =CK<?C@JBN ?MOK<PMH KM >ORFJMY=MIM KC?0
D@=>N `�2 CJH
 XA> WJMH J@YE =@ KMDf=C XA@?FeCJE `�`2 DnY� UMBLMDEL< PCACLJ@A=FG
XMJML ICOM?MG BH@B> Y@A@O RDML AC?@= `�� DnH>= > X@A@XCK KC?D@=>N XACLJ>Y@BL>
MJB<JBJ?<@J
 A@CDE=CN J@YE MLCOF?C@JBN O=CY>J@DE=M H@=Ee@ >OH@A@==MG XA> J@BJ>0
AM?C=>>� lCJNf@=>@ XAM?MDMYL> >OH@AN@JBN A@OM=C=B=FH H@JMKMH� UAM?MDMYL>
 <
LMJMAFP >OH@A@==M@ =CJNf@=>@ H@=@@ �`` I
 OCH@=NcJBN�

lC BD@K<cb@H WJCX@ XAM>O?MKNJBN HM=JCf XDCJ ACO?MKL> ?FBMLMIM =CXANf@=>N >
LCD>RAM?MY=MIM B>I=CDC
 LCH@A=MG WD@LJAM=>L>
 ACBXCGLC LCR@D@G
 =CBJAMGLC LCH@A0
=MG WD@LJAM=>L>� hCJ@H RDML XAMK<?C@JBN ?MOK<PMH > XMK?@AIC@JBN JA@=>AM?L@ MRACJ0
=FH ?FBML>H =CXANf@=>@H� UMBD@ WJMIM RDML XAMK<?C@JBN ACRMY@G ICOM?MG BH@BEc

>OH@ANcJBN BYoJ=F@ PCACLJ@A>BJ>L> > ACBXA@K@D@=>N e<HM? XM C=MK=FH XAM?MDMY0
LCH�

1m
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S p|} >O<YCD>BE ACOD>Y=F@ ICOM?F@ BH@B> KDN ]\]0A@f>HC xm_
 m[y� S HcM==MG
B>BJ@H@ K@J@LJMAC 789: >BXMDEO<@JBN BH@BE CAIM= � <ID@L>BDFG ICO � =0X@=JC=� S
ACOD>Y=F@ X@A>MKF ACRMJF BMMJ=Me@=>@ LMHXM=@=J =@BLMDELM H@=NDMBEi (63 : 30 : 7)

(68 : 25 : 7)
 (60 : 32 : 8)� UA> JCL>P LM=k@=JACk>NP X@=JC=C WJC BH@BE ?OAF?MR@OMXCB=C�

9DN XMD<Y@=>N ACRMY@G ICOM?MG BH@B> <ID@L>BDFG ICO XAMK<?C@JBN Y@A@O =0X@=JC=

=CPMKNb>GBN ? J@AHM0 > RCAMBJCR>D>O>AM?C==MH BMB<K@� 7M=k@=JACk>N X@=JC=C ? BH@0
B> MXA@K@DN@JBN KC?D@=>@H =CBFb@==FP XCAM? X@=JC=C XA> KC==MG J@HX@ACJ<A@
 XM0
WJMH< J@HX@ACJ<AC BJCR>D>O>A<@JBN B JMY=MBJEc ±`��◦4� hCJ@H L BH@B> KMRC?DN@JBN
JA@R<@HM@ LMD>Y@BJ?M CAIM=C� UMJML> CAIM=C > <ID@L>BDMIM ICOC <XAC?DNcJBN LM=0
JAMDD@ACH> ���������&�

\MJM?CN ICOM?CN BH@BE XMKCoJBN XCACDD@DE=M =C MLJC=JF B>BJ@HF� S=<JA> MLJC=JC
XAMK<?LC >KoJ XMBD@KM?CJ@DE=M XM RDMLCH MJ ?=<JA@==@IM BDMN LM ?=@e=@H<� tA<RL>
LCfKMIM RDMLC XAMK<?CcJBN XMBD@KM?CJ@DE=M�

UMBLMDEL< RDML> B>BJ@HF >OIMJM?D@=F RMD@@ 2` D@J =COCK
 >P I@AH@J>Y=MBJE YCBJM
MBJC?DN@J f@DCJE D<Ye@IM� S WJ>P <BDM?>NP JA@RM?C=>N L =@XA@AF?=MBJ> XAMK<?L>
ACRMY@IM ICOC Y@A@O HcM==<c B>BJ@H< A@OLM ?MOACBJCcJ� lC XACLJ>L@ HCLB>HCDE=FG
BAML MBJC=M?L> XAMK<?L> R@O B<b@BJ?@==MIM <P<Ke@=>N XCACH@JAM? B>BJ@HF BMBJC?0
DN@J =C LM=@k B@OM=C 2``g;�` II� MLMDM B<JML
 XMBD@ Y@IM ? B>BJ@H@ MRACO<cJBN XAMRL>
>BXMAY@==MIM ICOC
 =C <KCD@=>@ LMJMAFP HMf@J <PMK>JE KM =@BLMDEL>P =@K@DE�

7CY@BJ?M ICOM?MG BH@B> q =@MRPMK>HM@ <BDM?>@ ?FBMLMG WQQ@LJ>?=MBJ> A@I>BJAC0
k>>� 7 BMfCD@=>c
 BRM> XAMK<?L> =@MK=MLACJ=M >H@D> H@BJM ?M ?A@HN WLBX@A>H@=0
JCDE=FP B@OM=M?�

���# *��	����	


7CH@A=CN WD@LJAM=>LC MR@BX@Y>?C@J MXA@K@D@=>@ XAMKMDE=MG LMMAK>=CJF XAMDoJC YC0
BJ>kF XM ACO=MBJ> ?A@Ho= XA>PMKC B>I=CDM? =C LM=kF k@XMYL> JA<RML� {DML0BP@HC
LC=CDC WD@LJAM=>L> XMLCOC=C =C A>B� 1_�

]>I=CDF B LM=kM? XAM?MDMY@L Y@A@O ?FBMLM?MDEJ=<c ACO?NOL< XMBJ<XCcJ =C <B>D>J@D>0
QMAH>AM?CJ@D> ^j}a� 7MIKC ?PMK=MG B>I=CD XA@?FeC@J OCKC==FG XMAMI
 QMAH>AM?C0
J@DE I@=@A>A<@J DMI>Y@BL>G B>I=CD OCKC==MG KD>J@DE=MBJ>� SPMK=F@ XMAMI> K>BLA>0
H>=CJMAM? j} HMI<J >=K>?>K<CDE=M A@I<D>AM?CJEBN XMKBJAM@Y=FH> A@O>BJMACH> ?
K>CXCOM=@ XA>H@A=M [;[` HSz LAMH@ JMIM
 XMAMI> ?B@P j} MK=MIM RDMLC HMI<J RFJE MK0
=M?A@H@==M BH@b@=F ?=@e=>H <XAC?DNcb>H =CXANf@=>@H� UMAMI j} �BJCAJ� <BJC0
=C?D>?C@JBN XA>H@A=M AC?=FH 2[ HS
 �BJMX� q 2` HSz JCL>H MRACOMH
 @BD> BACRMJCD
�BJCAJ�
 JM BACRMJCD > �BJMX��

]>I=CD j} �BJCAJ� MJXAC?DN@JBN =@XMBA@KBJ?@==M =C ?PMK WLBXC=K@AC
 ? JM ?A@0
HN LCL B>I=CD �BJMX� >KoJ =C WLBXC=K@A Y@A@O D>=>c OCK@AfL>� �>=>N OCK@AfL>
BK@DC=C >O ?>JMG XCAF
 @o KD>=C XMKR>AC@JBN JCL>H MRACOMH
 YJMRF B>I=CD �BJMX�
?B@IKC XA>PMK>D =C WLBXC=K@A XMOf@ B>I=CDC �BJCAJ�� 9D>J@DE=MBJE B>I=CDC �BJCAJ�
?FR>AC@JBN JCLMG
 YJMRF KM @IM MLM=YC=>N B>I=CD �BJMX� ?B@IKC <BX@?CD XA>GJ> =C
WLBXC=K@A� �HXD>J<KC B>I=CDC �BJMX� <?@D>Y@=C
 YJMRF LMHX@=B>AM?CJE MBDCRD@=>@
? D>=>> OCK@AfL>�

TLBXC=K@A QMAH>A<@J =C ?FPMK@ XCACQCO=FG DMI>Y@BL>G B>I=CD
 KD>J@DE=MBJE LM0
JMAMIM ? =@BLMDELM K@BNJLM? ACO RMDEe@ ?A@H@=> H@fK< X@A@K=>H> QAM=JCH> �BJCA0
JC� > �BJMXC�� UCACH@JAF D>=>> OCK@AfL> > WLBXC=K@AC XMKR>ACcJBN JCL>H MRACOMH

YJMRF K>CXCOM= KD>J@DE=MBJ@G ?FPMK=MIM B>I=CDC RFD XA>H@A=M 2;d HLB� SFPMK=MG
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:>B� 11i UAMKMDE=M@ LMMAK>=CJ=M@ ACOA@e@0
=>@ LC=CDM? HcM==MG B>BJ@HF ^WLBX@A>H@=J

HCG 2`�` IMKCa�

B>I=CD X@A@KCoJBN XM LCR@Dc >O WLAC=>AM?C==MG ?>JMG XCAF =C ?A@HN0k>QAM?MG XA@0
MRACOM?CJ@DE q tU0XDCJ< BJC=KCAJC 7��7S� xm1y� pOH@A@=>@ KD>J@DE=MBJ> B>I=CDC
XAM>O?MK>JBN H@JMKMH XANHMIM BYoJC B K>BLA@J=MBJEc 2�[ =B�

lMH@A BACRMJC?e@G JA<RL> ? B?NOL@ > XAMKMDE=CN LMMAK>=CJC BACRCJF?C=>N MXA@0
K@DNcJBN XM ?A@H@=> SwU� UMX@A@Y=CN LMMAK>=CJC MXA@K@DN@JBN XMDMf@=>@H BACRM0
JC?e@G JA<RL>� {MD@@ JMY=M@ >OH@A@=>@ XMX@A@Y=MG LMMAK>=CJF =@ JA@R<@JBN >O0OC
H=MIMLACJ=MIM ACBB@N=>N YCBJ>k ? ?@b@BJ?@ K@J@LJMAC�

SFBMLM@ =CXANf@=>@
 =@MRPMK>HM@ KDN ACRMJF LCH@A ? ]\]0A@f>H@
 XMKCoJBN
=@OC?>B>HM =C LCfKFG MLJC=J B>BJ@HF > KCD@@ ACBXA@K@DN@JBN H@fK< RDMLCH> XC0
ACDD@DE=M� S@D>Y>=C ACRMY@IM =CXANf@=>N AC?=C 12`` S
 e>A>=C XDCJM q MLMDM 1``
S�

l@>BXAC?=MBJ> LCH@A=MG WD@LJAM=>L> > XAMRM> ? ?FBMLM?MDEJ=FP LCR@DNP N?DN0
cJBN MB=M?=FH> XA>Y>=CH> B=>f@=>N WQQ@LJ>?=MBJ> HcM==MG B>BJ@HF� lC LM=@k
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MB=M?=FH XCACH@JAMH KDN ?FK@D@=>N JCL>P BMRFJ>G� TJM JCL =COF?C@HFG ��0&�* H@0
JMK
 XA>H@=N@HFG =C RMDEe>=BJ?@ K@J@LJMAM?� s= KMBJCJMY=M PMAMeM ACRMJC@J XA>
>O<Y@=>> HCDMYCBJ>Y=FP LM=@Y=FP BMBJMN=>G AMfKo==MG B>BJ@HF X�

8BD> K@J@LJMA HMf@J A@I>BJA>AM?CJE MR@ ACBB@N==F@ YCBJ>kF X<YLM? ^KDN LACJ0
LMBJ> =COM?oH >P ACBB@N==FH> WD@LJAM=CH> ^:Taa
 JM XCACH@JAF AMfKo==MG B>BJ@HF
HMf=M MXA@K@D>JE =@OC?>B>HM MJ k@=JACDE=MG YCBJ>� TJM JCL =COF?C@HFG �����0&�*
H@JMK� p=?CA>C=J=CN HCBBC AMfKo==MG B>BJ@HF W > L?CKACJF HCBB ?>AJ<CDE=FP
QMJM=M? q2

i XA> HCDFP <IDCP ACBB@N=>N :T ?FACfCcJBN XAMBJFH> QMAH<DCH>i

W 2 ≈ 4ω1ω2 = 4(Eb −Ee−)(Eb − Ee+), ^��a

q2
i ≈ −Eb(Eb − ωi)ϑ

2
i , i = 1, 2,

IK@ ωi q W=@AI>> ?>AJ<CDE=FP QMJM=M?


Ee+,e− q W=@AI>> :T


ϑi q <IDF :T


Eb q W=@AI>N X<YLC�

S XAMH@f<JMY=MH BD<YC@ A@I>BJACk>N MK=MIM :T ^H@JMK �	�*�0&�*a KCoJ KMXMD=>0
J@DE=<c >=QMAHCk>c KDN L>=@HCJ>Y@BLMG A@LM=BJA<Lk>> ? k@=JACDE=MG YCBJ> K@0
J@LJMAC > XMHMIC@J XMKC?D@=>c QM=C�

{MDEe>=BJ?M K@J@LJMAM? HMI<J A@I>BJA>AM?CJE :T
 LMIKC <IMD ACBB@N=>N � 10◦�
UA> WJMH WQQ@LJ>?=MBJE A@I>BJACk>> =@ XA@?FeC@J =@BLMDEL>P XAMk@=JM?
 C ACOA@0
e@=>@ XM W=@AI>> QMJM=C σ(ω)/Eb ∼ (1 ÷ 5)�� TQQ@LJ>?=MBJE HMf=M B<b@BJ?@==M
XM?FB>JE B XMHMbEc BX@k>CDE=MG B>BJ@HF A@I>BJACk>> ACBB@N==FP WD@LJAM=M? ^]:0
:Ta
 LMJMACN HMf@J >OH@ANJE W=@AI>c :T
 ?FD@JCcb>P >O H@BJC ?BJA@Y> ?KMDE MB>
X<YLM?�

S �gd1;�gd[ II� XMKMR=CN B>BJ@HC ACRMJCDC =C K@J@LJMA@ V90� =C LMDDCGK@A@
STUU01� sX>BC=>@ B>BJ@HF > A@O<DEJCJF ACRMJF HMf=M =CGJ> ? xr1y� lM?CN B>0
BJ@HC A@I>BJACk>> :T
 ACOACRMJC==CN KDN K@J@LJMAC 789:
 >H@@J OCH@J=M R�MDEe<c
WQQ@LJ>?=MBJE > =C XMANKML D<Ye@@ ACOA@e@=>@ XM >=?CA>C=J=MG HCBB@� }>O>Y@BL>@
XA>=k>XF XAM@LJC ]::T MX>BC=F ? xr[
 rmy� U@A@GKoH L MX>BC=>c WJMG B>BJ@HF�
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pBXMDEO<N MXJ>L< K<RD@JC L?CKA<XMDE=FP D>=O
 XA@K=CO=CY@==FP KDN XMD<Y@=>N HC0
DMG β0Q<=Lk>> ? H@BJ@ ?BJA@Y>
 > XM?MAMJ=F@ HCI=>JF
 RFD BXAM@LJ>AM?C= K?<P0
XD@Y@?MG QML<B>A<cb>G HCI=>J=FG BX@LJAMH@JA KDN >OH@A@=>N W=@AI>> :T� ~CBJ>
B>BJ@HF A@I>BJACk>> ACBXMDMf@=F ?KMDE ?CL<<H=MG LCH@AF =C <KCD@=>> g;�r H@JAM?
MJ H@BJC ?BJA@Y> ^A>B� [�a
 IK@ ACBB@N==F@ WD@LJAM=F > XMO>JAM=F
 XMJ@AN?e>@ YCBJE
W=@AI>>
 ?F?MKNJBN B AC?=M?@B=MG MAR>JF B XMHMbEc HCI=>J=MIM XMDN XM?MAMJ=FP
HCI=>JM?�
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:>B� [�i ]P@HC WLBX@A>H@=JCDE=MIM XAMH@f<JLC STUU01V KDN WD@LJAM==MIM =CXAC?0
D@=>N ^?>K B?@AP<a� UMBD@ K@J@LJMAC :T XAMPMKNJ QML<B>A<cb>@ D>=OF > XM?MAMJ=F@
HCI=>JF OC LMJMAFH> ACBXMDMf@=F RDML> ]::T ^$��;$�1a� ]D@?C XMLCOC= HM=>JMA
B?@J>HMBJ> ^��a > BP@HC OC?@K@=>N DCO@A=MIM D<YC KDN XMD<Y@=>N LMHXJM=M?BL>P
QMJM=M?�

S HCI=>J=MH BX@LJAMH@JA@ B Q>LB>AM?C==MG JMYLMG ?FD@JC =@MRPMK>HM >OH@ANJE
LMMAK>=CJ< > <IMD ACBB@N==MIM WD@LJAM=C� 7CL XAC?>DM
 Me>RLC >OH@A@=>N <IDC MIAC0
=>Y>?C@J JMY=MBJE MXA@K@D@=>N W=@AI>>� S QML<B>A<cb@H BX@LJAMH@JA@ KMBJCJMY=M
>OH@ANJE LMMAK>=CJ<
 =M JMYLC QML<B>AM?L> K?>IC@JBN ?KMDE MAR>JF ? OC?>B>HMBJ>
MJ W=@AI>> :T� ~JMRF MJBD@f>?CJE BH@b@=>@ QML<BC
 =CeC B>BJ@HC A@I>BJACk>> ACO0
R>JC =C Y@JFA@ MJK@DE=FP RDMLC
 LMJMAF@ ACOH@b@=F ?KMDE ?CL<<H=MG LCH@AF
 LCL
XMLCOC=M =C A>B� [�� 9DN LCfKMIM RDMLC >H@@JBN B?MN PCACLJ@A=CN W=@AI>N :T
 IK@
LMHX@=BCk>N <IDM?MIM ACORAMBC ^A>B� [2a MXJ>HCDE=C
 BH� JCRD>k< ���

tCRD>kC ��i UAM@LJ=F@ XCACH@JAF RDMLM? ]::T�

]: :CRMYCN 9>CXCOM= T=@AI>N σ(ES)/Eb σ(ω)/ω
MRDCBJ W=@AI>> ES/Eb QML<B>AM?L> KDN g`� :T KDN g`� QMJM=M?

� r�r BH `�_g ; `�[g `�[g `�ggm � ��2g �
2 1�_ BH `�m` ; `�r2 `�mm `�21[ � `�m1 �
_ d�g BH `�r_ ; `�d[ `�rg `��1� � `�mr �
1 �[�d BH `�dr ; `�gd `�dg `���1 � `�d� �

SLDCK <IDM?MIM ACORAMBC X<YLC ? W=@AI@J>Y@BLM@ ACOA@e@=>@ H>=>HCD@= ? k@=JA@
> ?MOACBJC@J =C LACNP RDMLC� S JCLMG I@MH@JA>> KDN YCBJ>k
 ?FD@JCcb>P >O H@BJC

[[



?BJA@Y> B XMX@A@Y=MG LMMAK>=CJMG X0 ^? XDMBLMBJ> MAR>JFa XMK =<D@?FH <IDMH
 ?F0
XMD=N@JBN BMMJ=Me@=>@

Xtr = a
Eb

ẼS

+ b+X0,

IK@ Xtr q >OH@A@==CN ? ]::T XMX@A@Y=CN LMMAK>=CJC JA@LC

ẼS q >BJ>==CN W=@AI>N ACBB@N==MIM WD@LJAM=C

a, b q I@MH@JA>Y@BL>@ XCACH@JAF
 OC?>BNb>@ MJ XCACH@JAM? HCI=>J=MG B>BJ@HF

>
XMDMf@=>N LMMAK>=CJ=FP RDMLM?�

UCACH@JA a KDN RDMLM? $��;$�1 H@=N@JBN ? XA@K@DCP �``;��`` HH� l@D>=@G=F@ XM0
XAC?L> KDN ?FY>BD@=>N ES BMBJC?DNcJ ΔES/Eb ∼ 10−3 > ? =CBJMNb@@ ?A@HN =@ <Y>0
JF?CcJBN� se>RLC >OH@A@=MIM O=CY@=>N W=@AI>> :T ES MXA@K@DN@JBN LMMAK>=CJ=FH
ACOA@e@=>@H RDMLC
 ACOH@AMH H@BJC ?BJA@Y> ^J�L� HF O=C@H JMDELM BA@K=@@ KDN X0a >
MBJCJMY=FH ?LDCKMH <IDM?MIM ACORAMBC�

T=@AI>N >OD<Y@==MIM QMJM=C AC?=C

ω = E0 − ẼS ≈ Eb −ES,

IK@ E0 ; =CYCDE=CN W=@AI>N WD@LJAM=C
 MJD>Y=CN MJ Eb >O0OC =CD>Y>N W=@AI@J>Y@BLMIM
ACORAMBC ? X<YL@ σE 
 C ES ; >OH@A@==CN W=@AI>N :T�

S =Ce@H BD<YC@ ^WJM OC?>B>J MJ MXJ>L> <BLMA>J@DNa KDN YCBJ>k ? X<YL@ @BJE B>DE0
=CN LMAA@DNk>N H@fK< LMMAK>=CJMG :T ? H@BJ@ ?BJA@Y> X0 > ?@D>Y>=MG (Eb − E0)�
{DCIMKCAN WJMH<
 Me>RLC ? E0 ? O=CY>J@DE=MG H@A@ LMHX@=B>A<@JBN BH@b@=>@H ? MXA@0
K@D@=>> ES� :CBYoJ=M@ ACOA@e@=>@ KDN QMJM=M? B <Y@JMH ?B@P QCLJMAM? XMLCOC=M =C
A>B� [2�

:>B� [2i :CBYoJ=M@ ACOA@e@=>@ XM W=@A0
I>> >OD<Y@==MIM QMJM=C� �>=>> BMMJ?@J0
BJ?<cJ ?LDCKCHi � ; W=@AI@J>Y@BLMIM ACO0
RAMBC ? X<YL@ σ(Eb)/Eb = 4 · 10−4z 2
_
; >OH@A@=>N LMMAK>=CJF JA@LC B JMY=M0
BJEc `�� > `�_ HHz 1 ; <IDM?MIM ACORAMBC
? X<YL@� [ ; B<HHCA=M@ ACOA@e@=>@ KDN
σ(track) = 0.1 HH�

:>B� [_i \MKMBLMX KA@GQM?FP JA<RML� � q
KA@GQM?CN JA<RLC
 2 q C=MK=FG X>=
 _ q
C=MK=CN XAM?MDMYLC
 1 q QDC=@k�

[m
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]>BJ@HC BMBJM>J >O K?<P =CRMAM? XM Y@JFA@ RDMLC
 ACBXMDMf@==FP XM MR@ BJMAM=F MJ
H@BJC ?BJA@Y>� 7CfKFG LMMAK>=CJ=FG RDML BLM=BJA<>AM?C= ? ?>K@ @K>=MIM foBJLM0
IM HMK<DN� �@BJE RDMLM? >H@cJ e>A>=< MLMDM g` HH > K?C RDMLC >H@cJ <K?M@==FG
ACOH@A� S@AJ>LCDE=FG ACOH@A B>BJ@HF 2`` HH OC?@KMHM >ORFJMY@=
 XMBLMDEL< RMDE0
e>=BJ?M ACBB@N==FP WD@LJAM=M? D@f>J ? XMDMB@ ±[ HH MJ XDMBLMBJ> MAR>JF�

]P@HCJ>Y@BL>G Y@AJof RDMLC XMLCOC= =C A>B� [_� 7CfKFG RDML BMK@Af>J m K?MG0
=FP BDM@? KA@GQM?FP JA<RML
 >OH@ANcb>P MJDoJ :T MJ MB> X<YLC ? XDMBLMBJ> MAR>JF�
7CfKFG BDMG BMBJM>J >O K?<P ANKM? JA<RML >O =@AfC?@cb@G BJCD> B JMDb>=MG BJ@=0
L> g` HLH > K>CH@JAMH m HH
 ACBXMDMf@==FP B eCIMH d HH� tA<RL> Q>LB>A<cJBN
? MJ?@ABJ>NP QDC=k@? >O BJ@LDMJ@LBJMD>JC� :CBBJMN=>@ H@fK< BDMNH> 1d HH� tMD0
b>=C BJ@=ML JA<RML MR@BX@Y>?C@J KMBJCJMY=<c OCb>J< MJ HNILMIM B>=PAMJAM==MIM
>OD<Y@=>N > =@ XA>?MK>J L B<b@BJ?@==MH< ACBB@N=>c A@I>BJA>A<@HFP YCBJ>k�

�=MK=F@ XAM?MDMYL> >OIMJM?D@=F >O XMOMDMY@==MG ?MDEQACHM?MG XAM?MDML> K>C0
H@JAMH 2d HLH > OCLA@XDNcJBN ? X>=CP B =CJNf@=>@H r` I� U>=F ?FBJ<XCcJ >O BJ@LDM0
J@LBJMD>JM?FP QDC=k@? > BM@K>=NcJBN B LCH@A=MG WD@LJAM=>LMG� SLDCK H@PC=>Y@BLMG
JMY=MBJ> >OIMJM?D@=>N RDMLC ? LMMAK>=CJ=M@ ACOA@e@=>@ BMBJC?DN@J MLMDM [` HLH�
�=MK=F@ XAM?MDMYL> BH@b@=F MJ=MB>J@DE=M k@=JAC JA<RML =C _`` HLH
 XA>YoH O=CL
BH@b@=>N ? BMB@K=>P K?MG=FP BDMNP ACO=FG� TJM XMO?MDN@J <BJAC=>JE =@MXA@K@Do=0
=MBJE �D@?M0XAC?M� XA> ?MBBJC=M?D@=>> JA@LC� SFRAC==CN LM=BJA<Lk>N MR@BX@Y>?C@J
MJ m KM �2 >OH@A@=>G LMMAK>=CJF :T
 MR@BX@Y>?CN KMBJCJMY=<c >ORFJMY=MBJE KDN
A@LM=BJA<Lk>> BDMf=FP BMRFJ>G�

SB@ JA<RL> ? LMMAK>=CJ=MH RDML@ BMBJC?DNcJ @K>=FG ICOM?FG MR�@H� 9DN WJMIM
?@AP=>G > =>f=>G QDC=kF B>BJ@HF BK@DC=F K?MG=FH>� S MJ?@ABJ>N =>f=@G YCBJ> B
XMHMbEc XAM?MKNb@IM LD@N ?LD@@=F JA<RL>
 ? ?@AP=cc YCBJE ?LD@>?CcJBN BJ@LDM0
J@LBJMD>JM?F@ ?BJC?L> B MJ?@ABJ>NH> KDN X>=M?� S I@AH@J>O>AM?C==FG XAMH@f<JML
H@fK< QDC=kCH> XMKCoJBN ICOM?CN BH@BE�
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]::T ACRMJC@J ? <BDM?>NP ?FBMLMG OCIA<OL> MJ ?FRF?Ccb>P YCBJ>k X<YLC > B>=PAM0
JAM==MIM >OD<Y@=>N� UA> B?@J>HMBJ> 1031 BH−2BH−1 ? =C>RMD@@ OCIA<f@==FP H@BJCP
B<HHCA=FG OCANK HMf@J KMBJ>ICJE ^�;2a 7DnBH OC IMK ACRMJF
 YJM HMf@J XA>?MK>JE L
ACK>Ck>M==MH< BJCA@=>c� UMWJMH< KDN >BXMDEOM?C=>N ? B>BJ@H@ RFDC ?FRAC=C BH@BE
4(4 � �`�	44�10
 >O?@BJ=CN B?M@G ACK>Ck>M==MG BJMGLMBJEc� 7AMH@ JMIM
 WD@LJAM0
=>LC RFDC =CBJAM@=C =C =>OL>G LMWQQ>k>@=J ICOM?MIM <B>D@=>N q MLMDM 105� lC
XAMJMJ>X@ B>BJ@HF RFDC KMBJ>I=<JC KMOC r 7DnBH R@O OCH@J=MIM B=>f@=>N LMWQQ>0
k>@=JC ICOM?MIM <B>D@=>N� TJM MO=CYC@J
 YJM ? J@Y@=>@ =@BLMDEL>P D@J =@XA@AF?=MG
WLBXD<CJCk>> B>BJ@HF =@ KMDf=M =CRDcKCJEBN B<b@BJ?@==MIM <P<Ke@=>N @o PCACLJ@0
A>BJ>L� 7AMH@ JMIM
 KDN <H@=Ee@=>N WQQ@LJM? BJCA@=>N XA@K<BHMJA@=C ?MOHMf=MBJE
?@AJ>LCDE=MIM BH@b@=>N RDMLM?�
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SFBMLM@ =CXANf@=>@ XMKCoJBN =C C=MK=F@ XAM?MDMYL> Y@A@O BMXAMJ>?D@=>N =MH>=C0
DMH _`` LsH KDN ACO?NOL> XM ?PMK=MH< B>I=CD<� ]>I=CD XAM?MDMYL> =C ?PMK XA@K<0
B>D>J@DN XMKCoJBN Y@A@O ACOK@D>J@DE=FG LM=K@=BCJMA� �HLMBJE LM=K@=BCJMAC AC?=C
m`` =}
 YJM XMO?MDN@J XAMX<BLCJE R@O >BLCf@=>G B>I=CDF B KD>J@DE=MBJEc ? =@BLMDE0
LM H>LAMB@L<=K� 7CfKFG RDML OCX>JF?C@JBN MJ MJK@DE=MIM ?FBMLM?MDEJ=MIM >BJMY0
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=>LC� :CRMY@@ =CXANf@=>@ BMBJC?DN@J ��g;2�2 LS > XMKR>AC@JBN KDN LCfKMIM RDMLC
>=K>?>K<CDE=M KDN XMD<Y@=>N PMAMe@G WQQ@LJ>?=MBJ> L JA@L<�

7CH@A=CN WD@LJAM=>LC ?FXMD=@=C ? ?>K@ BJC=KCAJ=FP H@PC=>Y@BL> OCb>bo==FP
HMK<D@G
 LMJMAF@ =CK@?CcJBN LM=JCLJ=FH> I=@OKCH> =C C=MK=F@ X>=F > LA@XNJBN
L QDC=kCH ]::T� 7CfKFG HMK<DE LCH@A=MG WD@LJAM=>L> BMK@Af>J �2 =@OC?>B>HFP
LC=CDM?� ]>I=CD � XAM?MDMYL> <B>D>?C@JBN B XMHMbEc =>OLMe<HNb@IM XA@K<B>D>J@DN
> KCD@@ XMKCoJBN =C <B>D>J@DE0QMAH>AM?CJ@DE
 XMAMI LMJMAMIM A@I<D>A<@JBN ?=@e=>H
=CXANf@=>@H� 9D>J@DE=MBJE B>I=CDC XMBD@ XA@K<B>D>J@DN BMBJC?DN@J MLMDM _` =B

HoAJ?M@ ?A@HN XMBD@ BACRCJF?C=>N ; MLMDM m` =B
 H>=>HCDE=FG XMAMI ∼ 3 · 10−15 7D�
UMD=M@ Y>BDM LC=CDM? B>BJ@HF AC?=M �11`�

SFPMK=MG DMI>Y@BL>G B>I=CD XMKCoJBN ? X<DEJM?<c KDN >OH@A@=>N ?A@H@=> KA@G0
QC� SA@HN >OH@AN@JBN B XMHMbEc t0XDCJF xm1y B K>BLA@J=MBJEc 2 =B
 XA> HCLB>0
HCDE=MH ?A@H@=> KA@GQC MLMDM _` =B� ]YoJ ? LCfKMH LC=CD@ =CY>=C@JBN XM XA>PMK<
B>I=CDC > XAMKMDfC@JBN KM MRb@IM B>I=CDC �BJMX� MJ JA>II@AC� 8BD> �BJMX� =@ XA>PM0
K>J XMBD@ [�2 MJBYoJM? ^?A@HN MRACb@=>N X<YLCa
 JM XAM>O?MK>JBN �BRAMB�
 XMBD@ Y@IM
LC=CD B=M?C IMJM? L XA>oH< BD@K<cb@IM B>I=CDC� SLDCK WD@LJAM=>L> ? LMMAK>=CJ0
=M@ ACOA@e@=>@ BMBJC?DN@J MLMDM `��2 HH
 XA> Mf>KC@HMH ACOA@e@=>> `�_[;`�1[ HH�
TQQ@LJ>?=MBJE RMDEe>=BJ?C JA<RMY@L g[0�``�� S MB=M?=MH
 XMJ@AN WQQ@LJ>?=MBJ>
XAM>BPMK>J MJ =@>BXAC?=MBJ@G WD@LJAM=>L> > =C?MKML MJ BMB@K=>P LC=CDM?� 9Cf@ XA>
g`� WQQ@LJ>?=MBJ> ?B@P JA<RML ?@AMNJ=MBJE XMJ@A> JA@LC =@ XA@?FeC@J ���

���� ��������
��� �
 �������� ���	�

UCACH@JAF ]::T RFD> >OH@A@=F ?M ?A@HN J@BJM?FP OCPMKM? =C XAMJMJ>XCP LCDMA>0
H@JAC KDN K@J@LJMAC ����� ? �ggm0�ggg II� xrr
 rd
 rgy� 9DN XMD<Y@=>N LCD>RAM?MY=MIM
X<YLC >BXMDEOM?CDBN XAMk@BB LMHXJM=M?BLMIM ACBB@N=>N HM=MPAMHCJ>Y=FP DCO@A=FP
QMJM=M? =C WD@LJAM=CP X<YLC� ]X@LJA ACBB@N==FP QMJM=M? XA@KBJC?DN@J BMRMG MJ0
=MB>J@DE=M XDMBLM@ XDCJM B A@OL>H LAC@H XA> HCLB>HCDE=MG W=@AI>> ^XA> DMRM?MH
BJMDL=M?@=>>a

ωmax = 4γ2ω0 / (1 + 4γω0/m), ^�2a

IK@ ω0 q W=@AI>N =CYCDE=MIM QMJM=C
 m q HCBBC WD@LJAM=C
 γ q A@DNJ>?>BJBL>G
QCLJMA X<YLC�

]X@LJA ACBB@N==FP WD@LJAM=M? D@f>J ? XA@K@DCP MJ (Eb−ωmax) KM Eb� :COHFJ>@ LACN
BX@LJAC MLMDM W=@AI>> (Eb − ωmax) XMD=MBJEc MXA@K@DN@JBN W=@AI@J>Y@BL>H ACOA@e@0
=>@H ]::T ^A>B� [2a� pBXMDEO<N DCO@A
 ACRMJCcb>G =C K?<P HMKCP B W=@AI>@G QMJM=M?
ω0Z���m[ WS > ω0Z2�__ WS
 > >OH@=NN W=@AI>c X<YLC ? XA@K@DCP EbZ��d;1�[ \WS
 HF
>OH@A>D> ACOA@e@=>@ ]::T ? �[ JMYLCP
 MJ?@YCcb>P W=@AI>NH ACBB@N==FP QMJM=M?
MJ �[` VWS KM [[` VWS�

9DN D<Ye@IM >O<Y@=>N W=@AI@J>Y@BLMIM ACOA@e@=>N ]::T MK>= RDML RFD KMXMD0
=@= H>LAMBJA>XM?MG ICOM?MG LCH@AMG ^V]\7a
 >OIMJM?D@==MG ? =Ce@G DCRMACJMA>>
xd`y� �>A>=C BJA>XM? KC==MG V]\7 AC?=C 2`` HLH
 YJM XMO?MDNDM >H@JE ACOA@e@=>@
XM LMMAK>=CJ@ JA@LC MLMDM m` HLH� :@O<DEJCJF >OH@A@=>G XMLCOC=F =C A>B� [1
 [[�
tA@L ?MBBJC=C?D>?CDBN ? IMKMBLMX@ > XAMKMDfCDBN KM X@A@B@Y@=>N B V]\7� hCJ@H
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