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Outline of the talk

1. Introduction (Dark matter and dark photon)
2. Indirect boosted signal

3. Summary




1. Introduction

AR DHER

S F—I<3—(DM)Z¥EDsecluded Dark sectort& &4

E VS DDMADMD E RS D785 A— 2481 T
(L DMASKHE L TELDMIZE S BEEER 3

» Boosted DM 5> Mdark photon(pseudo scalar)® i St

\

FLW AT ODMEERE DT F )L - IR




H—o<5—(lBEYME)




1. Introduction
F—9<T3—(DM) &lE ?

Atoms
4.9%

Dark
Energy
68.3%

FHICEEITVIEEZF I RMOYE

Dark
Matter

) BANOMEDSELULEOEAHE

TODAY

SDECHFHRT DAMMIENDEZEN D H

EDEOIZTDMIZEA T BRHAEF->TL\F=DH ?

) XXE+FEHA+HRHF/EF etc. DMBOBIHEELEIC

(Review of DM history : G. Bertone, D. Hooper, Rev. Mod. Phys. 90 (2018) 4, 045002)




1. Introduction

~1930s
#R ] (Coma cluster) N D ERAIDRE D ERA| Pioneering works of F. Zwicky

Virial & 3

RAIFEARTOOvIL @ BR0EE

A DREN DL RBBLONSEEND
FEINGLDEIY T 2 EESER RSN 1=

©NASA
Zwicky (1933)

In order to obtain, as observed, a medium-sized Doppler effect of 1000 km/s or more, the average density in the Coma
system would have to be at least 400 times greater than that derived on the basis of observations of luminous matter
[This would be in approximate accordance with the opinion of Einstein and de Sitter as discussed in Sect, 4.]. If this
should be verified, it would lead to the surprising result that dark matter exists in much greater density than luminous

matter.
CORFRTIINEME (BELGE) [T BB “GLOEKRZ-Tz5LLY
Zwicky (1937)

2. We must know how much dark matter is incorporated in nebu-
lae in the form of cool and cold stars, macroscopic and microscopic

solid bodies, and gases.




1. Introduction

~1970s

fE,_IODIEIEELF"O)EE,EII Pioneering works of V. Rubin
(1 kpc ~3000 light year~ 3 X 10 km)

[0 S5 5 E [ HE L PRI THIBR LI
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150 - - /
alo

HOTWVEWRRB{SABELNHSD

: radius from the center

r:
[ v(r) < M(r)/r }{M(r): mass inside r

- - -~ e ] NoDEBICKYBEWMEN{SABHDHIEN
S T ZFANnLGN TN o
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1. Introduction

~1980s
FAECTFHADHFDFERENODMIZX T HBHULEFTO>TLI\=
Big Bangrt R & D EERIRE
m) DMIF/NUATTIEHRWNEHINEE

T O KIS E QB OHIBES I1L—2au hEDMD A HEEE
» Hot(relativistic) or Cold(non-relativistic) DM?

B80sF IELBHWIZIFRAFIRD N EFHLDMIZEH
v Za—kJ/
v XTI ER D D DFRLF
v" Axion
v Eftc.

EE-FEREO7AT7 &EBRLHE TS (FAEBREDT7 A4 T7IL70sX)



1. Introduction

1990s~

* FEHI/IOREEH OHERE COBE HB) WMAP E) Planck
(1989-1993) (2001-2010)  (2009-2012)

6000 T T

\3
R

! W BRHEBOEERRE

o f SPT
% 1000 - b - t
At I'::‘;.eooo e: b ’l.‘ :
oms Dark % U ] l:.
4.9% E:;rgy - } ‘ ! Lo 1 R ﬁ& %To) ﬁ
Dark — H W “‘\_\ﬁm ]
’;Ag_t;e“/: 0 2 l IO 30l lCi)(lj(llll |I|Ol(;()‘ o ‘2'00'0 l 3000
Multipole ¢
DME D KURBETREN (INJF )
PDG22 baryon density of the Universe Qp = P};/pcrit $0.02237(15) h=2 = 10.0493(6)
cold dark matter density of the Universe Qs = pef perit 10.1200(12) h—2 = 10.265(7)

o EHLOXHNHMDDMS 1. Bullet Cluster® £57;381(2006)

 FHOKREBEDBRN OHIELI21L—av OEE
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1. Introdution
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1. Introduction

DM &

From Slide by Raidal (S12014)

thermal
i : 1d Planck scale
Ultra-light scalars, axion v articles E:
& - » B 10710 1 10'° 10% 0%  10“kg
}m . :20 } :m 4 — {| {::::}2:():::{::_:%::::}::::}::::{::::,:: : S B
10~ 10 TR 10 10 100V .
Trow weak scale Nisek haile Solar mass

o EFBICERENVEERT—ILIZE-TIRENEFEE
v JE#(ZEL\DM B)  Primordial black hole
v JEEIZE2L'DM E)  Axion, Axion-like particle etc.

v ZMOREK5LY  B)  Sterile neutrino, thermal particle DM
=) (\HBWIMP DMEEL

MICHLEBDIERHENFET D
EFE~TeVR 7 — L DFHFELTWIMP DMASERRZFEL




1. Introduction

Vg — ™ From Slide by Raidal (S12014)
. ' uj“” Planck scale
l lU]tral—hght scalars, 'dXI(l)n | Vs | pﬂlJTlCIGSI | 19_10 l 11 | 110'0 lpzo l 10% l IOfOkg
He Fosge sogas Ae giser S e B OGS RN ek s e PP NN SR B
10 10 T 10 |10 10%eV .
Trow weak scale Risek hail Solar mass
)

Weakly Interacting Massive Particle (WIMP)

> (SMAIFEEL) BHEEBEERI HIEELZF>T=HIF (Z, Higgs, fermion portal etc.
Or
> “GIMBEER" AT SEEZFo-HF (Inert doublet, X FRHIFD—HRZEE)

Relic density is calculated by Boltzmann equation

dn 5

DM DM £ other particles

1026 e’ / <ov>~0.1pb~10-?°cm?3/s

Q, h*~0.1 | |
AT m=) Right DM density




1. Introduction

O EfEHRH

DM DM
®Detect recoil energy

(WIMP)DMiE*&

®~keV scale recoil energy
- ® Tests DM-nucleon cross section
Recoil O®Exp; LUX, XENON, CDMS, etc.
Targetnucleus energy |, . &35+ B F D MELEAICANDATINS

Detection Ratio cC O

DM —-Nucleon X IO DM
Local DM density: po ~ 0.3 GeV/cm3

% 1980 FIXIZHH TIRESIN - 1EFE

PHYSICAL REVIEW D VOLUME 31, NUMBER 12 15 JUNE 1985

Detectability of certain dark-matter candidates

Mark W. Goodman and Edward Witten
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544
(Received 7 January 1985)

We consider the possibility that the neutral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10° GeV; particles with spin-dependent interactions of typical weak
strength and masses 1—10% GeV; or strongly interacting particles of masses 1—10'" GeV.




1. Introduction

O EE&EH
SHDEBRISD IR

Volume 195, number 4 PHYSICSLETTERS B 17 September 1987
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1. Introduction

(WIMP)DMiE*&
Q Collider=EEx

O HCEEER7GE THODMM £ i Al gETE
DM

/'

T~

DM

q

Jet, y, W, Z etc.
q
®DM will appear as missing E;

oty ARV DEREMNLDDMEEZ LN TS

Current constraint

Higas DM CMS: BR(h—invisible) < 0.17
—————— < CMS-PAS-HIG-20-003
DM ATLAS: BR(h—invisible) < 0.11

ATLAS-CONF-2020-052
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O MERE
DM® %t H R (FRERR) Do H TLHASMALFZE & H
®Experiment; PAMERA, ATIC, FERMI, AMS(02), etc.

SRR AL ERIE[/NA— KIZRGEE DD
DM

(WIMP)DMiE*&

SM partlcles

Detector

or
/
e ,e,p,p,y,v detection

NEADTATT
S M *‘j ; 0) 75“} 7Z ‘ j: u -F w % IE ' :mﬁ The Cosmic Gamma-Ray Background from the Annihilation of Primordial Stable Neutral

Heavy Leptons

. D M 0) .I.._-I_ 5ﬁ ijﬁ &ﬁ ﬁ*ﬁ ( Hl-lﬁ i%%) FW. §tecker {NASA, Goddard) (1978)

Published in: Astrophys.J. 223 (1978) 1032-1036

. D M 0) ' / \ ﬁ Some Ast ophys'cal Consequences of the Existence of a Heavy Stable Neutral Lepton

JLE. Gun [C and Cambri dg y BW. Lee (F rmilab and Chic g U., EF1), I. Lerche (Chicago U., EFl and Chicago

. llﬁ -C % T—-ﬁ *_L%@{Km% ( % Bﬁ%) Published in: Astrophys..J. 223 (1978) 1015-1031 ‘ ’ I
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O MERE
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(WIMP)DMiE*&

Examples of current constraints
Constraints from gamma-ray flux observation by Fermi-LAT

i B
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https://fermi.gsfc.nasa.gov/science/eteu/dm/
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(WIMP)DMiEFH
QO MR Examples of current constraints

Positron flux observed by AMS02
PRL122, (2019)

25 LELELRY | L 1 LELE | | i
Positron Spectrum o
e AMS-02 il
== Fit with Eq.(4) and -
— 20 68% C.L. band 5
Im ==
5 -
i -
o 15 =
E P e -
N> 62 64 66 68 70 72 74 -
Q Source term : =
S 10 -
N s
o
{1t}
5

Energy [GeV]
~ 1000
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1. Introduction

Dark Photon &3 ?

For SM + extra U(1), gauge symmetry

Gauge sector

]' (e} apuv 1 a auv 1 v 1 174 6/ v
LD _ZG‘“’G e — ZW’“’W HY — ZBHVB“ — ZXWX“ — §X“ B,.
SU(3). SU(2), U(1)y U(1)x U(1) kinetic mixing

' F—ORYVERADHAL

Photon (FEF)ERICKSGEHEEERAMNH TS

LDeAeye+ -, (e=¢€cosby)

A:EEEAKE B Dark photon




1. Introduction

U(1) kinetic mixing

SFHIEIIL—)IZKYVEREINES

€ .
XM B,u # _§XN BMV

WA DU RERES=HF

Two U(1)'s and Epsilon Charge Shifts
Bob Holdom (Toronto U.) (Oct, 1985)
Published in: Phys.Lett.B 166 (1986) 196-198

xR COER
Kinetic mixing and the supersymmetric gauge hierarchy

Keith R. Dienes (Princeton, Inst. Advanced Study), Christopher F. Kolda (Princeton, Inst. Advanced Study), John March-
Russell (Princeton, Inst. Advanced Study) (Oct, 1996)

Published in: Nucl.Phys.B 492 (1997) 104-118 . e-Print: hep-ph/9610479 [hep-ph]




1. Introduction

O Dark Photon® R & L ALNVA

Secluded U(1) gauge boson Hidden photon

Hidden U(1) gauge boson Dark gauge force

Para-photon
P Secluded photon U-boson

HERY M TIEFSHRELIITHFA T RRF

80s. 90sTILEBxI FRIE D FE N D T &%k HHidden SectorddU(1)+°
IR H TAUN)M DT —U RV EEFAR—3 (2L T =2




1. Introduction

“Dark photon”MAA ML (7T AR [ZA> = ¥ Diw X (arXiv&INSPIRE-HEP)

Search for dark photons from supersymmetric hidden valleys

DO Collaboration - V.M. Abazov (Dubna, JINR) et al. (May, 2009)
Published in: Phys.Rev.Lett. 103 (2009) 081802 - e-Print: 0905.1478 [hep-ex]

2010F KA oDark photoniR R M4k R IGEER TagsmsN D

Search for a Dark Photon in e " e~ Collisions at BaBar
BaBar Collaboration - J.P. Lees (Annecy, LAPP) et al. (Jun 11, 2014) 7::1:&
Published in: Phys.Rev.Lett. 113 (2014) 20, 201801 - e-Print: 1406.2980 [hep-ex]

v EERTIEEIZDark photonDFEFRMFoN D LS
FTNLURIDOEEM-DFIREEZERSINDKIIC

New Exclusion Limits for Dark Gauge Forces from Beam-Dump Data
Johannes Blumlein (DESY, Zeuthen), Jurgen Brunner (DESY, Zeuthen and Marseille, CPPM) (Apr, 2011)
Published in: Phys.Lett.B 701 (2011) 155-159 « e-Print: 1104.2747 [hep-ex]

New Limits on Hidden Photons from Past Electron Beam Dumps
Sarah Andreas (DESY), Carsten Niebuhr (DESY), Andreas Ringwald (DESY) (Sep, 2012)
Published in: Phys.Rev.D 86 (2012) 095019 - e-Print: 1209.6083 [hep-ph]

DM-SMAIFDHEEEFA D mediatorEL THEFR SN D




1. Introduction

Dark photonMDiE%&

o Beam dump and fixed target experiments

Electron beam dump : CHARM, E137, E141, E774, Orsay, etc.

Electron fixed target : APEX, A1/MANI, etc.

Proton beam dump : LSND, U70, Nu-Cal, etc.

A’ production process

Pe

Proton fixed target : NA48, etc.

Bauer et al
JHEP 07 (2018)
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Dark photonMDiE%&

o Collider=EE&

= Electron-positron collider : BaBar, Belle, KLOE

= Proton collider : ATLAS, CMS, LHCb

FEALENSLHRIN D GEE(ZE V4B

) FEESHE. EvINUTRAR. BHERE




1. Introduction

Dark photonMDiE%&

10°5

10°¢

1077
1078
10~°

-10
10 a4

€e

Secluded

10—11
1072
10-12
10~
10715

10—]6

R = e U
MA/[GGV]
Bauer et al

JHEP 07 (2018)
V FREILUVDNASA=REENFINTINS
v DMESMEIFDREERAZEN T IR FELTHEKZE mp K
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1. Introduction (Dark matter and dark photon)

(2. Indirect boosted signal }

3. Summary




2. Indirect boosted signal

Secluded dark sector scenario

Visible sector

SM
SU(3)xSU(2) x U(1)

Dark sector
DM + a

Dark gauge symmetry

Mediator

Z’[scalar

SMé&Dark sectorfBl DA B {EAIFETHEFLY
) EEREAEOFIBEEBTES

DM&mediatorfl DS EHIEIRELTHRLMZ DM F A

) HLL\ A/ TOREREERTOLSFIL
2 !

Boosted DMM\i> M Dark mediator shower
% R DMIEEI M S Ddark showers F FILD AT REEZE AN S




2. Indirect boosted signal
SUTNWERBZEFIELTERS
Q 2’4483 - dark sector with U(1)p gauge symmetry

Dirac fermions: x (Qy), ¥(Qv), Scalar: ¢(2), ()RIEU(1)p charge

L DOx(ED A — my)x + P(ED " — my )y
DZ, (9u@QxXY*X + 95Qu¥Y'Y) = Z,(92xxXV'X + 9214y Qub7y*Y)

Qx| # 1Qul,  2Qx] #2, [2Qy| #2, |Qx+Qy|#2 To avoid fermion mixing

Both x and y is stable: multi-component DM

O Pseudo-scalar I£4#2%! : dark sector with U(1)p X Z, X Z,
Fermions : xz(0,4+,—), xr(Q,+,—),
bl =, 4, Ball—, 4, ()R IFU(1)p charge and two Z, parity
Scalar : ¢'(—Q,+,+),

— o A: pseudo-scalar boson
£2 leXLXRSD, + yuf;’é/)L'L/)RCPI + h.c. .'

D 1A(YaXV5X + YA >/%E’Y.5’l//’)>
A L We assume it decays into 2y




2. Indirect boosted signal

<+~ DMER#F=

. . 9z'vp > 9Z'xx (YAawpy > YAxx)
EATEHOEE~DRE: (Yayy e

mz /A < My, <My,

W = Z'(A) = ) BESEROHAETEIOLX

10 N D01 X% r mu. &2
Qb2 ~ (0.05 ( X ) . ' medi
(5 (0.05) (yz'w> (Qfox> 20 GV /) Z’ mediator

Qh% ~ (0.1) (yi?)z (:/)Ai)g ( 5 072@’)2 ; A mediator
[ Xx — Z'Z'(AA) OBTEREIE/NSLVES E S Tsuppress ]
ER DT TIEMicrOMEGAS THEGFEZTE S/ \TA—2FER
CHDREDTTIXEVLED (X)ADMDEERKAFIZLEND
Y — Z'7' (AA) BETYOBEFEILINEED
\ 4
REQFTHT X — Z'(A) = ¥¢
m) Boosted lighter component DM




2. Indirect boosted signal
< Boosted DMH 5 D HL 5+
BEDIXRAITAIAREEE (a—b+ciBiE)

daX,bc =~ daX,a X dpa—)b—{—c

Z(A) »yy, y—Z' (A

2
, , | Msplit |
dzdIn Q2 N 167T2 (Q2 — m(zl)
2 e IR0, \
/ T k5 + Zmg +.2ms
’ , , Pr=(P0,0, P- = ),
o ki +zmj 4+ 2m; 22zP
Q° = = " : k_QL + mg
~ Pb = (,»_{P’ Av_l_, 0, 2P — T) 3
Lz + ”.L'.Z
= s = a4l c
P(I;t — (.I;P, o= A'L, 0, /_,P = T) .
Fermion helicity
Process  Ja(ls), Ao il Process Aa(N), A | Mepiie |
Zr >y +9¢ Ab = Ac 295 we s 3 , 7 2 2 my,
v rT Nomhe ey + (- 2@~ ) s e R ks 2avs (@ - 5‘“—:5)
71—+ 0 Ab = A¢ 0 3 - ; m
Zi, =+ Ao = —Ag ( \(/z m/ 2(1 ::) ) A— v+ {0 )\b — -—)\L. 21/_\;/,:' (1—z)
L 1- —Zr+ /P Aa=A Qﬂi’u — ){() ?(2 Z'[;l(;:);mw‘ ) (,/_..‘/l/‘._-' - A + '(‘J{‘/‘l;‘?“ An = )\r -I/i Zl"lf‘-'”]l‘]%
W/ = Zh + /0 Aa = —Ae 2%y ";'::: _ L= ey z4m? (1—=2)
0/ = ZL+ U/ Aa = Ae 19714 _,_” ) W/ = A+ P[P Aa = —Ae Ya, 'r,ff((g_z — 1_é )
1’(—>7L W/ Aa = —Ae 0

BREOMHFDOIRILF—INREELOND




2. Indirect boosted signal

XS Z’ﬁ&%ﬁ?ﬁ\éd)positron flux
M~WM< _
%< < S

I (E, Eg, rs.,): halo function

AP + (E) Ve+ ( T"sun >
dEq " 4mb(E, Tamn) B) DMEE e w0 1
Tix dN
D <ov)f/ dESd—gf (Bs) I (E, Es,Tsun) - b(E, reun) : energy loss effect
f=4,2" =

2 \3/2

(m2 ——mZ,) / N
< ) gZ’XX 47rm\(m —2717,%)2 XX — 4'Z
ov)f = 3 5,2 2
: A/ mi—m 2m,+m, '
(]r/ (], o d X l/fz( X 2,/) )(’X N 'l/)’l/}
JZ'xxIZ Yy 27rm,x(mz,~4mg)2 AN

£t & Lf=positron fluxz B LYTAMS02D T—421ZxF Ly fitting
PRL122, (2019)




2. Indirect boosted signal

XS Aﬁ&%ﬁh\fod)photon flux

s e——>y

(@< 6 : . LA
z'-M--<é +

J : J-factor of Milky way dSphs

f
@ty — lii] Z o AV) iV calculated with NFW profile
db, ndmm?2 / dE
f=v,A
mx\/m —m
<UA1> yAXXyquw mA — 4m><)2

£t E L1=photon fluxZz ALY TFermi-LATD T —21Zxt L2 fitting




2. Indirect boosted signal

< BonT-HIRE FRHDESE: XX — Z'(A) = P hSOEIR

Indirect Bounds 4

18
8.&; — my =5 GeV
5.0:6 1 w— mx=10 GeV
(o)} 0.5 — mx=25 GeV

—— my =50 GeV
0.3
0.2
0.1 :
0.05 0.1 0.2 0.4 1 2 57 10 20
7/
m, [GeV] ,
Ve
/7

TOHDEE: XX — 2 Z' BoOHIR

Hi#R : upper limit from photon flux (pseudo-scalar mediator)

fE18: excluded region from positron flux (Z' mediator)




Summary
ZEDM%FDsecluded Dark sectorfE !

<-Dark sector with U(1), symmetry
SEVWSDDMAEBLGH A IGHINTA—FEEZT=
- EL\DMAY®FH B L TEL'\DMIZ— Boosted DM
{-Boosted DMM5MDZ’ (A) Fitst
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Back up




Some benchmark points

A B C D E
m,, [GeV] 100 10 1000 10 1000
my [GeV] 1 1 1 0.1 10
97/ 3x 0.029 0.003 0.3 0.003 0.3
Y 0.02 0.0022 0.22 0.0022 0.22
Q) [Vector] 0.111 0.115 0.101 0.115 0.101
2, [Pseudoscalar] 0.128 0.118 0.108 0.117 0.108
Q. [Vector] 2.08 % 107" 217 %107 2.24 x 10~° 2IT % 10~ 1.93 x 107°
Q, [Pseudoscalar] 1.54 x 10~° 2.74 x 107° 3.07 x 10~ 1:21 % 10~ 1.39 x 10~°
AMS-02 x* 62.12 2001.9 50.0 2822.2 49.9
Fermi-LAT limit [cm?] [9.07533 x 1072°[5.28983 x 10™°"[2.47742 x 10~°7[2.50722 x 10~*7[3.38713 x 10~>*
Model cross section [em?][4.18391 x 10~2°[5.04364 x 10~*°[5.06272 x 10~*%[5.06253 x 10~2°[5.06253 x 10~°




Shower Spectra for benchmark point
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Feature of positron flux
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