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The SHiP (Search for Hidden Particles) is a newly-proposed experiment (P-350) at the CERN
SPS to explore hidden particles with mass from sub-GeV up to O(10) GeV. This long detector with
a total length of about 150 m is designed to search for very-weakly-interacting long-lived particles,
such as heavy neutral leptons (HNL). These particles should be produced in a proton beam dump
at 400 GeV and decay in a long, evacuated, decay volume, and the SHiP detector will perform full
reconstruction and particle identification for the decay products. Moreover, the facility is suited
to studying tau neutrinos by using an emulsion target. About 3500 tau neutrinos are expected for
integrated 2 x 10?° protons on target. Especially, anti-tau neutrinos are expected to be observed
for the first time in this experiment. Recently, a Korean group was formed and joined the SHiP
Collaboration. In this paper, the physics and the design of the SHiP experiment, including our
possible contributions, are presented.
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Fig. 1. (Color online) Intensity frontier experiment and
energy frontier experiment [4].
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Fig. 5. (Color online) Projected sensitivity of SHiP for a
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in comparison to the existing bounds [4].
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Fig. 6. (Color online) The fermions of the SM added by
three “sterile neutrinos” [4].
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Table 1. Summary of the main decay modes of hidden particles in various models (I =
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e, 1) [5].

Models tested

Final states

Neutrino portal, SUSY neutralino
Vector, scalar, axion portals, SUSY sgoldstino
Neutrino portal, SUSY neutralino, axino
Axion portal, SUSY sgoldstino
SUSY sgoldstino

Fa¥, ITKT, zip pt = ata®
T, ntn ,K+K_
v

Yy
70r0

A 7P St = pat olet & 4 vk I Efef =,

A Eo] 2ZHAAE= S s ete, ptp, atn , KTK~
o7 BistH, dSFAE= A = ete, uTu, xx o2
2 B354 fct £AR YAE] EHo wet 7Hsg o

= B35}

& 7}A] 5 7Hh-S-2 Table 10 F2]Jct. dlo]e & 243
d o274 mYe) 24 E HA4ster] NN AT
(particle identification, PID) ¥} H&7]oA] S H¥t-g-&52
A A el 2§74 (full reconstruction) ©] Hi-$- %_35]-1’%

SHiP 9] &7+ €A, 7= d&7], & A" 5= A+
o}—tﬂ E5] 53 & AAAH dAES lstr] fI8iAl
T BT & EE w2 P4 HEVES Fo A™S
ZH%L*éﬁJE‘r.
1. HNL &
HNLS #&5H7] 7V 2 51 e §27t ool
© &2 B3y|st= Aot} SHiP oA Ng, N3 2 Z33 ufj7}7]

o
B0 554 oF 50 mE gotvictrt B gt
T F s pot 1 JAE AL
AZ710 o) gelsta, A A& 1E°ﬂ ol 144
| 4-& o]-&sto] B3 ] HA| B5E A
tf. AlEelo] Aol &JstH, D H|Eof| A LAY ok= HNL 2]
A 1 vFskyl NI, HFSF A}o] Q] Zto] & &1
(~20 mrad), AT E p 2t 7w G2 AR At A7t 2
olijgt= Aol

HNLA AFE 1 Gev 2t 7FEE o, SHIP A @A
AET Ao AE= 5] A H No g — p ™ A
A FEU2=10"", 7y = 1.8 x 10725 %] 739 12,000
7 AEolH, FE 1 *ié}L g U2 = 1078,
v = 1.8 x 10745 ¢l %ol = 1207 A== oﬂﬂﬂc} A
A7) @FANA Nog — p=pt,pt — ota® ¥HgS 3
StohH ol §H-ert 282 SUHE 4 9lew, Ao
No g — e~ nt ¥H-g SIS H YL E o5 aFdA

T = Aol
WA CERN PS 7}&7] oA HNL& A5G H
PS191 AddoA= dAE HEH o= TG = ot

Yy m{)v

v}

11 [34], Fig. 904 Hi= vie} o] U2 o ARt A 4514
th. CHARM ¥} NuTeV A @A % HNL o] HEH o=
ete v, utuv, e/ﬂ/ o= Fyst= B %”‘—}l’o}oﬂﬂ‘ﬂ
HNL S HEHg-2 WA R 7] oIorom oA K AAH
U? 9] AN FaFAt. $FEA A5t vhE]
B, e A F& ThEShe gl U2 =107 ~ 1070
Atole] G el A, SHiP2 I}A @%;01 PS191, BEBC,
CHARM, CCFR, NuTeV Et} HNL 9| W17 & (sensitiv-
ity) & 3A AL 5 A& A2 7|hEet

%

ollA AFP =] F53Ae] HAY
A7) 33, F2 AsEA AR
VA5 & S Ak 45gAe] Aol
22 = R ete 2 515, & ‘TH“/A o=
sto] = HEVIE AEE & Uth FIA AT EAE 479
Aol 400 MeV 2F GeV Ato]d gl a3t B o,
Aol 4= GeV ol A-oll= AHA QCD WA
o] A|d Fasttt. AlsEAr] oo TPt A==
& o o5 WAsH= Aol vl +F@o] 27
o Zoll, F5gAtet |l Apo] ] Zto] o 2o oFSFAtrt
AF FHFLE 50| H-E0] 80% BEE =Tt

55 f5gAte] dsfo] 27)9] =4 ?41}94 AeFH ot

==

0= A *XXE?JJ‘”'AO“’% o] A% dE==d 4
x7F & A o] Azt = Azet ' S 4 =T,
o) vl sk AAES] o417} Gov AR HS ol
Ao A &elo] 7}535HE 2 SHiP o A& o] 25t Hr8-2
W&otz ghet. o] ARt xem — xem WHSOlA o=
Az U2 E E < 20 GeV Z*Eoluﬂl HE2E2 0.01
<0 <002 rado8 24} 5], 2 ATAE A<
DONuT A&A ~5 GeV HL 9] %jx}'—z— stolsto] 4,
S5 F (charged current, CC) X ¥h-g-& 827 A&3

7ol At [35,36].
ol2lgt A= Yot Azt &g F
HEA QN g Y= A2 S/ AE w-gell

ol

e[}

Ir

>
R}
fr lo

o, M
:oé

L r
o



SHiP - Search for Hidden Particles — Ki-Young CHOI et al.

Compact Emulsion Spectrometer

Rohacell Plate Emulsion Film

| 5 15000 290 {um}

1055
600 E-(a)
500 E- 2 GeVjc
400 E
300 E-
200 E-
100
] 0 E L L
-100 50 0 50 100
- (b)
150
= 10 GeV/c
|| 100}
50
95 0 10 15

0
s (um)

Fig. 10. (Color online) Measured Sagitta distributions of positive and negative pions [Ref] for 2 GeV/c (data) (a) and

10 GeV /¢ (MC) (b) [3].
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Fig. 11. (Color online) Overview of the SHiP facility [5].
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Fig. 12. (Color online) The SHiP detector layout [5].
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Table 3. List of background sources with VO particles

[5].

Background Source Decay modes
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vorpu+ N — X+ Kg KS—>7r+7r_,7rO7TO
voru+N—X+A A — pr™

norp+ N — X + Ky, etc. as above
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Fig. 13. (Color online) Zoomed view of the tau neutrino
detector [5].
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Table 4. Branching ratio for different 7 decay channels.

Decay channel Branching ratio

T S e v, 17.8%

T = u vy, 17.7%

77 = h v (n7°) 49.5%
7= = hTh~h~ v, (nn®) 15.0%

O

AZFe] f17]9F A7
1 Hoﬂ i
FAZE 5
HJ&E Bt
5] ket F401A} g o] 98 Ao 2 oA
3%%94 221 ~ 3705 AEofA] AW 21 2o
A&t AW Belo] Wl HZ (1R &) o=
Faks ”é% Q1 CS (changeable sheet) 7} 1=,
q JshA gt A0 Ay wd 7T
A0 SIHE 1 e g 0S8
Aoz AL Tl 62 A4l O3
A HAREH 7 B 2 2tuH F7he] AAE ], 9
At AEG YA Xoray ZAS 51 ©}. 281 5%

Qo] eI} LFFE 5
Qltt. Fig. 139 ¢ 4 0]=}

4a lo rlo

r}o_‘l

ot AN e
ﬂHN‘ rr %0, g

I

n:“ZiL

)
o

l

¢

o dm i rr
o M Ar > » 3
ol
-,

Z4-& ol 574 ZAFE upd & @4sto] S| vk
AE 2] fIsl ECC & i?ﬂ‘éff&ﬂr = 0SE 1T ECC
Atolof] A& AAs= AE o]l A 9a-g st B 4
ohq_
AA .

ECC AL 1970t ¢34 A7 [39]7 2000 o
DONuT [35,36], OPERA A ¢ [37]0l| 4 242} & #2 A=k
ot e F4m A B2 H %22 #Eoh= o AHEE I
SHiP A3 A E Ao T2 Fx9] ECC BE-& A-83
of| ot

OPERA A YA A-8-H ECC+= Fig 14004 RE= o2
A A E3I 1 mm 519 GBS MEQR] £X2
s ol At kx| HEAE *é‘%lﬂh SiA ‘ECC B
olgty REct gk /o] Bl 5730 HAw WETL 56
ol gmo g FLAEo] gl om IR 125 cm, A= 10 cm,
FAZ} 7.54 cm 18] 3 BAI7F 8.2 kgolth. o] AL 9F 10
Xo (radiation length) o] Sg2tet. oA & AT AEA}

olof gtS HFA7|= o= HA, T4 e B 1

TtE 4= 9.2, MCS (Multiple Coulomb Scattering)
¥oR BCC B B ARE0] £53L 24T 4 9) 71

oIt

SHiP AHelA= 12709 TT & Atolel ECC B3}
CES=°] AAA eHl, B¢ Sdu|AF 22 0] A &4
A2 2m (7I2) x 1 m (A2) Ao, ¥ weke] 24
ol=2m ALER AASIT QI Fig. 15°] ECC B &}
CES®ll 7|54 B¢ FAdu|2F A 9] 7t ol & HA.

New Physics: Sae Mulli, Vol. 66, No. 8, August 2016

% 7

emulsion films

Fig. 14. (Color online) ECC brick.

ECC brick Compact Emulsion Spectrometer

73 am 3.1 em

¥; o T

Lead plate Emulsion Film Rohacell plate Emulsion Film

Fig. 15. (Color online) Tau neutrino event in the ECC
brick and CES [5].

ok

3. B} ZA0|2} CC UhS EoIuY

% F401 v, £ BOC AT} w3 5}o] 59917 -
£ THETh BHEolR 7 YAHe] B3] ZefjH]= Table 4014
ot 2, Az}, B SlEE2o 2 Fydh= A
%1 (kink decay) 7} 2F 85%, 37H<] st=20 2 F3|5t=
Egto|dE 37 (trident decay) 7} 15% Aol THd
ECC ZA A o]t eF-¢-Y2te] FHHH-§= Zr=TtH
6 FrIA} Wgol 2 She1g 7} ek

£1927]0] AR T2 7 7] Bt} SR
BF oI, oldl MAUAEE AT 04242
stelab] 1814 thet 2o 2FaA £AL 4 7R,

ZAE

H
—
i)

T

olo

olN

o

=)

D)

=

oo

)

=

o

1o

[e)

AT (Ppriss) 0] 1 GeV/c B} &fotof
i) SLEE S0 WY o AAfols] 917t

(azimuthal angle) ® 7} 90° ©]4fo] E]ojofatrt,



SHiP - Search for Hidden Particles — Ki-Young CHOI et al.

27} W (B A ) Fel Ml 2AE :

1) ZJ37Zte] 20 mrad Kot #ofgct,
i) S0l FAuA g C =5 H 2709 E (1mm
7)) ool /lojof gttt
iii) 22F P2 2FTF 2 GeV/c o)/Folofof Tt
)

7} A2 ke 790l 600 MeV /c o]/Fo] E|ofof o,
FAZE EASEE A= 300 MeV /e o1/do] Hojof 2.

V. 321

Hu
|.\>‘

1. 3k Q20| ZA 9 3t

— 2o =2 =2

ol

S SHiP 1552 CERNOA| BHE FAu|A}E o|ghe]of
% AbA A4l A AEShs A8 OPERA A ¥ %
APH ALAES FA 0= 20150 A4 =Tt SHIP
o] e}-¢ FAu|at A& HHLS OPERA Q] A&7} 719
22 9 A AHEZuE E3PR]E o] 8oty ufEel
SHiP A%-2 ¢ S nA A2 A+= OPERA <]

2tk 201549 7€ CERN A
3| o]of| A Z At etal= SHIP 23
o] A W 2 ot AL ettt 121 2016

o
FU St 7 WY (associate member) 2
sh= Zlo] 2R =AUt whebA =152 A 471
(78], AT, g, FFud), 989 d7de=
wofqltt. AA7A] b= T1E2 SHiP 9 -5 A7AF
ofof] FE35] A7l Jlew, oA of 271 Hrfrt
TS &

1 4@l Felshe P 2A4E Lot

N
ro
H
M
i1
lo
re
4
=
op

DONuT Ag 52 534 B2
AL ZHAY7] fEolct. 15t 152 o A
AP B A AA o] 159 4B Lparof tjstat g

a st
A HAE FAISHH 3FAFE 3 et ?Hd =5)
8-#°] CERN PS % SPS ©] HIAE Y 7|7tof| =152
ZEWLAF (photomask) & AlZste] CERN oAl & it
ghol gt Aol ot

1059

2_{' ns Tlme \
» i
Gamma
(1h]
e
=
?El Neutron
<
%

Fig. 16. (Color online) PSD of gamma ray as a typical
MIP and neutron as a typical HIP.

ol

£ 4l

8-S SHPOA SR EE 13 Sgeks
2 o}y ¥HYH (pulse shape discrimination, PSD)
T}, PSDE BER 3 0] ¢Jzte} uf$- okl
P A7 M0 349 A5EEE S

FsAol Qe pspel A8 A9 s AeE

o ol
[o &
r

Y oL o flo o
1o "Ol‘ r
lo _!E; ﬁ
l.m oo o
2t
ol %0,

Jo
~ 1%

ot S H <l WIMP (weakly interacting massive
QA2 ZHs A fAekT ol d

0] 440 @ ARE A7slo] & ug A

[
-+
—-
o
—
)

a

e
S rlo

ol
rfr oo o
o

o ot

2ol gt YAl BE GEE o]

A=
o= = =2
A4 ks AYES BA

#50]
Zu}7)
(photomultiplier tube, PMT) 2 &3-S off Yett= 1}
F2 A AHAFEE S Aot Al 2491} gy
SENA YA ct= A2 o] wg ot FAbstet. 42k ot
Az}, A I A} T2 FAL o] 23 YA} (heavy ionization
particle, HIP) 2 E&{35t1, F2 52 4 0|23} =t
(minimum ionization particle, MIP) 2 “+33ttt, Fig. 16
2 YAFIAZE MIP Q] 7 9-9F HIP QI 7 w9 R&5S
HolF gty JF2, ool M2 59 shddAEr &
A uto] ghidatgte] oo WA A S E o] &l A 1}
R HE £ AN PR E AAHEY] ToE
O 7 $EEEZ pSD HHS XX 02 AM8ohe
Aoz FEsit

o=2Z=2 O+

[
>
o
i)
(R
ox ol -
ofe

i,

kel

SHIiP A¥olA =150l 9dd A& T2 o
=3 2t
1 o A% 7 A+ 1 grid mark & Ab

oo
el
-

10
el
N

il
oH

=2 X —
2. FEEW AT FBYAL Bl 9] WSk

527 G4 - o AL, PSD WY

W)



1060

4 HlolH B4 1 A 93 D e F4uA B
5. 71EF ol 24 AT 1 o5 Azat 7 A 5

oyt AT W8S v o R gt IF2 &9 to =
CERNZ} CDR T4

(e}
=
=)
&
il
o
st
&
)
lo
tu
30
o

SHiP2 20137 58 =27} AJ2b =] o], 2015 44
224 ArAIeL 7154 AQHAE CERN SPS 71457 919
3] (SPSC) ol Al&3}Fict. 2016 1€ §He Hof wh2
H ¢ledel= SHiP Aol tisl w2 A o= st
lom, A byt A A Q1 AAE H-2 Comprehensive
Design Report (CDR)E 2/d A= #HstaL ot

CERN 1$€¥3] (Research Board) = SPSC 2
2| 2)5tgoH, Lo CERNOIA AAHE S=44] o
E38 A5 (Physics Beyond Colliders Study Group)
o AT} HxE vt5o] CDR O 8ol F4 A==t
A€ (European Strategy of Particle Physics) ol =542
T s skl AlQtskiH. ol F ol dA 4 H=E
7159 HAstet e e ol AFAox At
Art.

SHiP A2 @A 1670 477] 7]13<] 25
TFAE0] Zofstal qlow, G= A= d 2
(Imperial College London)/CERN ¢] ¢tE=go] &5
(Andrey Golutvin) ©] THiE (spokesperson) & 1! 2

0o 2 A== SHIP A3 o] 47140 AAELS tha

I o), @4 2353 39 =< CDR & ZHAJ 5t

oo ox

1o e

il

<)
A
o4,

o
AT

olt

<l

£

=

il

ool

N ﬂJ‘O

S
setet. o] % g4z Aol SolsW 2021 a7 H 54
g ez il 2l ERgAtel so1d AolH, 1ok ¥aysiA
4do] Foto] HE7] AAat 2 de] Foto] AE7] 4A] 9
AA7rE& E3 4587 & dAeld. 1= LHC ]
321 A7) FA7] (LS3) 7k BUAL LHC 4% 7150 A1
5= 2026 @FH SPS W& WotA Hlo[g & A7) A4

%ol

i

rO

m

New Physics: Sae Mulli, Vol. 66, No. 8, August 2016

VIL g

SHiP A2 X|g7tA] Q17to] otz &5t 2] ¢k <
g2 ZpA6] |AEstalzt oh= o B2 YRS Aok
A FollA 7 2419 ofoltfolet 7|&S F]eFstaat
st= Aol 19 oJn]oA o] A3 LHCS FH A1
qeZ & Aolth. 53] o] AF2 EH 0|4 P ofA
0] v A3} By A 52 AP & e
FTEHo=R ZH| Qe WHS 9 ASE F ATk
ot Ao g A oz|et o] FEE Ve of AA
714 o] AFA Q1 A& CERN 9] SPS 714 7]o| ™, SHiP-&

5h= Aot} SHiP-2 CERNO| nld|&

2 =12 SHiP A9 9] A|FA] (proposal) & 7]Hte =
2 M= o2 A, A AT NRF-2016R1A2B4
012302(%]7]1 %), NRF-2015R1A2A2A01004532(°17 %),
NRF-2013R1A1A2063641(-%-% ), NRF-2013R1A1A20
61654(= ) o] 22 wop +P 5T

REFERENCES

[1] G. Aad, T. Abajyan, B. Abbott, J. Abdallah and
S. A. Khalek et al., [ATLAS Collaboration], Phys.
Lett. B 716, 1 (2012).

[2] S. Chatrchyan, V. Khachatryan, A. M. Sirunyan,
A. Tumasyan and W. Adam et al., [CMS Collabo-
ration], Phys. Lett. B 716, 30 (2012).

[3] SHiP official webpage, http://ship.web.cern.ch/
ship (accessed Aug. 24, 2016).

[4] S. Alekhin, W. Altmannshofer, T. Asaka, B. Batell
and F. Bezrukov et al, [SHiP Collaboration],
arXiv:1504. 04855 [hep-ph].

[5] M. Anelli, S. Aoki, G. Arduini, J.J. Back and A.
Bagulya et al., [SHiP Collaboration], arXiv:1504.
04956 [Physics.ins-det].


http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.021

SHiP - Search for Hidden Particles — Ki-Young CHOI et al.

[6] R. Foot and X. G. He, Phys. Lett. B 267, 509
(1991).

[7] G. W. Bennett et al., [Muon g-2 Collaboration],
Phys. Rev. D 73, 072003 (2006).

[8] P. Jean, J. Knodlseder, V. Lonjou, M. Allain and
J.-P. Roques et al., Astron. Astrophys. 407, L55
(2003).

[9] R. A. Flores and J. R. Primack, Astrophys. J. 427,
L1 (1994).

[10] B. Moore, Nature 370, 629 (1994).

[11] A. A. Klypin, S.Gottlober, A. V. Kravtsov and A.
M. Khokhlov, Astrophys. J. 516, 530 (1999).

[12] B. Moore, S. Ghigna, F. Governato, G. Lake and T.
Quinn et al., Astrophys. J. 524, L19 (1999).

[13] B. Batell, M. Pospelov and A. Ritz, Phys. Rev. D
80, 095024 (2009).

[14] B. Patt and F. Wilczek, arXiv:hep-ph/0605188.

[15] Y. G. Kim, K. Y. Lee, C. B. Park and S. Shin, Phys.
Rev. D 93, 075023 (2016).

[16] Y. G. Kim, K. Y. Lee and S. Shin, J. High Energy
Phys. 0805, 100 (2008).

[17] Y. G. Kim and S. Shin, J. High Energy Phys. 0905,
036 (2009).

[18] D. S. Akerib et al., LUX Collaboration, Phys. Rev.
Lett. 116, 161301 (2016).

[19] D. S. Akerib et al., LUX Collaboration, Phys. Rev.
Lett. 116, 161302 (2016).

[20] P. Minkowski, Phys. Lett. B 67, 421 (1977).

[21] T. Yanagida, Conf. Proc. C 7902131, 95 (1979).

[22] M. Gell-Mann, P. Ramond and R. Slansky, Conf.
Proc. C 790927, 315 (1979).

[23] S. Glashow, In Quarks and Leptons, Cargese Lec-
tures, Plenum (NY, 1980), p. 687.

[24] T. Asaka, S. Blanchet and M. Shaposhnikov, Phys.
Lett. B 631, 151 (2005).

[25] T. Asaka and M. Shaposhnikov, Phys. Lett. B 620,
17 (2005).

[26] M. Shaposhnikov, Nucl. Phys. B 763, 49 (2007).

[27] M. Shaposhnikov, J. High Energy Phys. 0808, 008
(2008).

1061

[28] K. Babu and R. Mohapatra, Phys. Rev. Lett. 70,
2845 (1993).

[29] B. Bajc, G. Senjanovic and F. Vissani, Phys. Rev.
Lett. 90, 051802 (2003).

[30] K. Babu and C. Macesanu, Phys. Rev. D 72, 115003
(2005).

[31] G. Altarelli and D. Meloni, J. High Energy Phys.
1308, 021 (2013).

[32] A. Ibarra, E. Molinaro and S. Petcov, Phys. Rev.
D 84, 013005 (2011).

[33] T. Asaka, M. Laine and M, Shaposhnikov, J. High
Energy Phys. 0701, 091 (2007), Erratum: J. High
Energy Phys. 1502, 028 (2015).

[34] See http://www.nu.to.infn.it/exp/all/cern-ps-191/
(accessed Aug. 24, 2016).

[35] K. Kodama, N. Ushida, C. Andreopoulos, N. Saouli-
dou and G. Tzanakos et al., [DONuT Collaboration],
Phys. Lett. B 504, 218 (2001).

[36] K. Kodama et al., [DONuT Collaboration], Phys.
Rev. D 78, 052002 (2008).

[37] N. Agafonova et al., [OPERA Collaboration], Phys.
Rev. Lett. 115, 121802 (2015).

[38] K. Kodama, N. Saoulidou, G. Tzanakos, B. Baller
and B. Lundberg et al., Nucl. Instrum. Meth. A
493, 45 (2002).

[39] K. Niu, E. Mikumo and Y. Maeda, Prog. Theor.
Phys. 46, 1644 (1971).

[40] J. A. Northrop and J. C. Gursky, Nucl. Instrum. 3,
207 (1958).

[41] S. Kubota, M. Hishida, M. Suzuki and J.-z.
Ruan(Gen), Phys. Rev. B 20, 3486 (1979).

[42] S. Kubota, M. Suzuki and J.-z. Ruan(Gen), Phys.
Rev. B 21, 2632 (1980).

[43] M. J. Carvalho and G. Klein, J. Lumin. 18/19, 487
(1979).

[44] J. K. Woo, J. W. Ko, S. Na, Y. J. Kim and H. S.
Lee, J. Korean Phys. Soc. 62, 839 (2013).


http://dx.doi.org/10.1016/0370-2693(91)90901-2
http://dx.doi.org/10.1016/0370-2693(91)90901-2
http://dx.doi.org/10.1103/PhysRevD.73.072003
http://dx.doi.org/10.1051/0004-6361:20031056
http://dx.doi.org/10.1051/0004-6361:20031056
http://dx.doi.org/10.1038/370629a0
http://dx.doi.org/10.1086/307122
http://dx.doi.org/10.1086/312287
http://dx.doi.org/10.1103/PhysRevD.80.095024
http://dx.doi.org/10.1103/PhysRevD.80.095024
http://dx.doi.org/10.1103/PhysRevD.93.075023
http://dx.doi.org/10.1103/PhysRevD.93.075023
http://dx.doi.org/10.1088/1126-6708/2008/05/100
http://dx.doi.org/10.1088/1126-6708/2008/05/100
http://dx.doi.org/10.1088/1126-6708/2009/05/036
http://dx.doi.org/10.1088/1126-6708/2009/05/036
http://dx.doi.org/10.1103/PhysRevLett.116.161301
http://dx.doi.org/10.1103/PhysRevLett.116.161301
http://dx.doi.org/10.1103/PhysRevLett.116.161302
http://dx.doi.org/10.1103/PhysRevLett.116.161302
http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://dx.doi.org/10.1016/j.physletb.2005.09.070
http://dx.doi.org/10.1016/j.physletb.2005.09.070
http://dx.doi.org/10.1016/j.physletb.2005.06.020
http://dx.doi.org/10.1016/j.physletb.2005.06.020
http://dx.doi.org/10.1016/j.nuclphysb.2006.11.003
http://dx.doi.org/10.1088/1126-6708/2008/08/008
http://dx.doi.org/10.1088/1126-6708/2008/08/008
http://dx.doi.org/10.1103/PhysRevLett.70.2845
http://dx.doi.org/10.1103/PhysRevLett.70.2845
http://dx.doi.org/10.1103/PhysRevLett.90.051802
http://dx.doi.org/10.1103/PhysRevLett.90.051802
http://dx.doi.org/10.1103/PhysRevD.72.115003
http://dx.doi.org/10.1103/PhysRevD.72.115003
http://dx.doi.org/10.1007/JHEP08(2013)021
http://dx.doi.org/10.1007/JHEP08(2013)021
http://dx.doi.org/10.1103/PhysRevD.84.013005
http://dx.doi.org/10.1103/PhysRevD.84.013005
http://dx.doi.org/10.1007/JHEP02(2015)028
http://dx.doi.org/10.1007/JHEP02(2015)028
http://dx.doi.org/10.1007/JHEP02(2015)028
http://dx.doi.org/10.1016/S0370-2693(01)00307-0
http://dx.doi.org/10.1103/PhysRevD.78.052002
http://dx.doi.org/10.1103/PhysRevD.78.052002
http://dx.doi.org/10.1103/PhysRevLett.115.121802
http://dx.doi.org/10.1103/PhysRevLett.115.121802
http://dx.doi.org/10.1016/S0168-9002(02)01555-3
http://dx.doi.org/10.1016/S0168-9002(02)01555-3
http://dx.doi.org/10.1143/PTP.46.1644
http://dx.doi.org/10.1143/PTP.46.1644
http://dx.doi.org/10.1016/0369-643X(58)90026-4
http://dx.doi.org/10.1016/0369-643X(58)90026-4
http://dx.doi.org/10.1103/PhysRevB.20.3486
http://dx.doi.org/10.1103/PhysRevB.21.2632
http://dx.doi.org/10.1103/PhysRevB.21.2632
http://dx.doi.org/10.1016/0022-2313(79)90167-4
http://dx.doi.org/10.1016/0022-2313(79)90167-4
http://dx.doi.org/10.3938/jkps.62.839

