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Motivation

@ The Standard Model has demonstrated huge successes in providing

experimental predictions!
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Motivation

@ But it leaves some phenomena unexplained. Evidences for DM.

1E0657-56

Chandra 0.5 Msec image

c) Gravitational lens d) Bullet cluster
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Motivation

o Dark matter candidates: axions, sterile neutrinos, weakly interacting
massive particles(WIMPs), etc. [PDG review of dark matter].
@ Search for dark photon. [llten, Soreq, Xue, PRL116.251803]
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The dark photon model

@ SU(3)c x SU(2)L x U(1)yxU(1)a a new gauge group
added.[Holdom, 1986]
@ Lagrangian with kinetic mixing of U(1)y and U(1)a

1 ., 1 , 1 y
Lkinetic = _ZBg BO,uV_EUFE),ung - ZFEJ,WF:)M : (1)

By = cwAo — swZo: U(1)y gauge field

Bo,uw = 0,Bo,, — 0, Bo,,: U(1)y gauge field strength tensor
Aj: dark photon field

Fo,jw = OuAg,, — 0, Ay ¢ dark photon field strength tensor
0: mixing parameter

cw = cos By, sw = sinOy

o After U(1)a symmetry breaking, Aj receives a mass mar.
@ Stueckelberg mechanism.
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The dark photon model

@ Redefine the fields to get rid of mixing terms.

Ao

10— A
Z | =01 2= ||z (2)
Ad 00 A

@ The mass matrix for the redefined fields /2\, Z A’ is in the form

0 0 0
m=| 0 m Ji%mzz . (3)
1 022
0 2 my amy + %my

@ We need to further diagonalize this mass matrix.
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The dark photon model

@ The final transformation matrix V= V_(V,) for
mpa < mz(ma > mz) are given by

1 = cwo(A1— mzz) —o? chWm2Z
My1—02 M(1-02) 2 2
vo=|o e d(m2on g T30E) | (4)
0 Al—mQZ USWmQZ
My1—02 M(1-02)
1 0 O 0282
Vi=V_ 8 o1 (1) ., M= (Al_m22)2+1_;‘/2m§, (5)
1 1 02s
)\1’2 = 5 <m22+ ﬁmi/ + 17W Zj: A) >\1 > >\27 (6)
1 0252 2 4282
_ 2 2 w 2 W _ 4
A:\/<m2‘1_azmA"1_az”’z) T2z @
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The dark photon model

@ The intertaction Hamiltonian
Lint = Jam(Vi1 Ay + Vi2Zy + Vi3 A)) + S5 (Var Z, + Va3 A)) (8)

e We find that if |mz — ma/| > syymzo, we will have

1 0 —Cwo
0 1 SWO'mi/
Vi=V_= mi, —m% | +0(c?), (9)
SWam2Z
0 —5—=5 1
mA, — mZ

mi,SWf

(mzzfmfv)cw o

@ Using notation —cpo = ¢,

Lint = JZmAlﬂ + Jlézlli + 6Jl:eLmA/l,LL + 7—J/éA/l,LL (10)
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The dark photon model

o After diagonalizing the mass matrix, we get the mass for the
eigenstates A, Z and A’

(m”*)? =0, (11)
452 2
hys. m
(m’é yS. )2 ~ m22+ ﬁ, (12)
V4 Al
hys. (C2 m2 - m2/)m2/0'2
(mﬁ/}’s )2 ~ m/24/ + 7% Z2 A2 A (13)

mz — My,

@ For o ~ 1073 — 1072, the relative mass shift is at most 0.3%. In later
discussions, we will use mz and mys as the physical Z boson mass and
dark photon mass, respectively.
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The dark photon model

e my < 1MeV, A" — 3+, Landau-Yang theorem. The dark photon can
be cosmologically stable, and can be the candidate of dark matter.

17620t mi,

Tvein = 53 s v 7

Pospelov, Ritz, Voloshin 2008 !

Figure: V~ A" and k ~ o

e ma > 1MeV, A’ — ete™. The dark photon decays fast and can be
the mediator of the dark force.
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Production and decay of dark photon

e What a circular e"e™ collider can do for the dark photon?

@ We study the prodcution and search for dark photon using porcess
ete” = yA* = yutu~
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Production and decay of dark photon

o Cross section of ete™ — A'y. Here g8, = —1/2 + 253, g5 = —1/2.

e2(mﬁ/+$2)(1—|nﬁ) 6262+g27_2[(g4\9/)2+(gi)2] - eggfveT}

e
O'A/ - — {
Y 471-52(5 — mi/) 4C2W w
10°°
—— V5=160GeV
. --—- \5=240GeV |
- e Vs =350GeV
2 s N
3 1o g=10"%, E,>10GeV 1
=
<
0
s 107
’

10-1°

-11 ; R R R R R
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ma [GeV]
-
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Production and decay of dark photon

Assuming that the dark photon A’ decays exclusively to the SM particles,
the partial widths of A’ are

MA — ff) = g ma N 2 Qs + er Qrewswgl,

12165,
1

+ Zle(gfv)2 +(8a)%1}

(A" — Zh) :@)\1/2(1 xz, xp){A(1, xz, xp) + 12xz}
1927TC2W s XZy Xh y XZy Xh Z (>

2
A — Wrw) —g252W(6+179C2°t9W) mA X2 (1 — 4xw)3/?
i

x (14 20xy + 12x3y), (14)

where Nﬁ = 3 for quarks and 1 for leptons, xy, 7, = (mW7Z7h/mA/)2 and
MX,y,2) =2+ Y2 + 22 —2xy — 2yz— 2zx.

e 14 / 36
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Production and decay of dark ph

e Total and partial widths of A’ (left) and the braching ratio of
A" — ptp~ (right) with o = 1072,

0.30
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Sensitivities at future et e~ colliders

@ The projected /updated integrated luminosities at the CEPC, FCC-ee

and ILC.
Integrated luminosity ( ab~!) [ CEPC | FCC-ee | ILC
/5 = 160 GeV - 10 |05
/5 = 240 ~ 250 GeV 5 5 |15
/s = 350 GeV - 15 |02

For event generation, we use MG5_aMC_v2_4_3. The following basic cuts
are imposed at the parton-level:

Myt~ <3, E,>2GeV, AR;>02, Am,:,- <10 GeV, (15)

where ARj; = \/(77,- —nj)? + (¢i — ¢;)? with i,j = uE, v and
Amy, - =My, — mal.

@ Pythia6: parton shower and hadronization

@ Delphes-3.4.1: detector effects

e October 27, 2018 16 / 36
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Sensitivities at future et e~ colliders

The detector parametrization for muon momentum resolution and
electromagnetic calorimeter (ECAL) energy resolution are

A
L 2PT 0.1% & w;ﬁ for |n| < 1.0 and 10 times larger for

PT
1.0 < |n| < 3.0;
AE 0.20
- — = ——®0.5%. for n| < 3.0.

E  \/E/GeV
for the CEPC and

A
PT _ 0.1% & w;ﬁ for |n| < 1.0 and 10 times larger for

_ PT
1.0 < |n| < 2.4;
AE 0.15

- — = ————— ®1%. for || < 3.0.

E  \/E/GeV

for the FCC-ee.
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Sensitivities at future et e~ colliders

In order to identify objects in the final state, we impose the following
pre-selection criteria:
@ A pair of opposite-sign muons are selected with E,+ > 2 GeV,
n,=| < 2.5 for the CEPC with a better muon identification than the
ILD-like detector performance: pr,+ > 10 GeV, |n,+| < 2.5, which is
used for the simulation at the FCC-ee;
o Exactly one photon with pJ- > 10 GeV and |7,| < 2.5 is selected;
o ARjj> 0.4 for i j= uE .
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Sensitivities at future et e~ colliders

0.12
o 5 =350GeV Vs =350GeV
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Figure: The normalized m,,+ - distributions for mar = 70 GeV, 300 GeV with
€/cw=10"2 and ¢/cw = 1073 at /s = 350 GeV. The distributions are not
sensitive to the total width and thus € for ¢/cy ~ 1073 — 1072,
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Sensitivities at future et e~ colliders

Based on the kinematical distributions, we further impose the selection
cuts:

Amys,~ <05~ 15 GeV, EP <5 GeV, (16)

where the Am,,+ - cut is explicitly shown in the table below. The missing
transverse momentum (ET*) cut is used to remove the SM backgrounds
7r77~ and W" W, which have larger ET'S.

ma FCC-ee (160 GeV) | CEPC (240 GeV) | FCC-ee (350 GeV)
[20, 40] 0.5 0.5 0.5
[50, 60] 0.5 1.0 1.0
[70, 94] 1.0 1.0 1.0

> 95 1.5 15 1.5
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Sensitivities at future et e~ colliders

The signal significance is evaluated using

) S €? L
VB~ B 0 Tt an

0.050 Solid: S/+/B =2
Dashed: S/A/B=5  L=lab™!

0.001 — FCC-ee(350GeV)
5x1074 — CEPC(240GeV)
— FCC—-ee(160GeV)

1x1074
50 100 150 200 250 300 350

my[GeV]
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Sensitivities at future et e~ colliders
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massless dark photon

The Lagrangian which discribles the photon, Z boson and massless dark
photon fields kinetic energy and their interaction with corresponding
currents is in the form of

1 1 1 1 1
Lo =— ZX’“/XW _ ZAWAW _ ZZWZW — EUCWXWA“V + QaswxuyZ’“’

, , , 1
oA + 5 Zp + X+ M2, 2" (18)
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massless dark photon

There are two ways which have been used to remove the kinetic mixing
term.

e Case a): Holdom, 1986. Dobrescu, 2005.

e Case b): Foot, He, 1991. Babu, Kolda, March-Russell, 1998.

1 —a2chW .
A \/1—0'2C2W \/1—02\/1—0262“/ A

Case a): Z | = 0 EQZ,?,V 0 7|,
X —OoCw \/E 5(

\/1—02C2W \/1—0’2\/1—0'262W
(19)

1 —a?spew —ocw .
A Vi-02y/1-028, +/1-023, Al

Case b): Z =1 o V1-023, 0 7 |
X \/;5_7 )"(/

w

1
\/1—0‘2\/1—0'2C2W \/l—azczw
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massless dark photon

The corresponding Lagrangians are

1o o 1o s 1 2, 1 ,1—0%Cye =
Ea = — ZX'L“/XM — ZA‘MUAH — ZZ“UZN + Emz 1_ 0_2 Z'u H
1 ~ stch > 1- U2C2W~
+ Jom(———=Au — Z,) + i ——=—2)
\/1—02C2W \/1—021/1—028‘/\/ V1-—o?
TW__; 7w Z,+ X)), (20)

+ i (————=Au + 1
1/1—0‘2C2W \/1—02\/1—0202”/
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massless dark photon

~ ~ v = 1—0°S,~, ~
Y T (O W L LR i
— 0
. ~ O'ZSWcW ~ ocw
+ Jom(AL Z, — X,
V1-02,/1-023, \/1- 028,
1-o?cy os 1
\ . W . .
+ i (F—=—=—2.) + i Z, + X
Vi-o2 " Vi—o2/1-022, " J1-022, "
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massless dark photon

Actually above two bases are related by

< & ) \/1—0%c, ocw (
)=
—ocw \/1— 028,

In gerneral we could have a rotation

(D-(s2)(F) 7 @

(22)

P3N
N————
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massless dark photon

The Lagrangian in the most general form can be written as
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massless dark photon

Redefine some parameters.
me = m%(1+ 2),
z=0° w/(1— 02)7
&, =cos? Oy = /(1 + 2),
v = miy/m3,
&= Vara = e(cs +ocwss/y/1 — 02,
o = BQeYM,
75 = (V2Grm3) A (&), — B,
8a = /il
gy = Vol — 2Q77),

\/1-0%%, (25)

f= .
'z v1-— J2C5 + ocwss
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massless dark photon

Then the interaction Lagrangian (without dark current) can be written as
Lint :jem +JZZ + Rjng/ 9

2
R— S,BV]-_U _UEWCB
Cg\/l — 02 +0’E‘Ws5

(26)

Then the po parameter, dark phton contribution to g — 2 and the h — X’
decay to h — ~~ decay ratio can be written as (tand = ocy/V1 — 0?)

1
(1 622 cos(§ —

= g~ (- FP et (G- )
dark photon _ Rg
e 21’

Br(h — vX)
vw=———=2R 2
Ryx Br(h — v7) (27)
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massless dark photon

Using below experimental results, we get constraints on next page.

Aa, = a2® — M = 268(63)(43) x 1071,

i
Aae = aZ® — M = —87(36) x 10714,
po = 1.00039 + 0.00019. (28)

We have Rz < 3.62 x 1071 in order to satisfy data on electron g — 2.
For a special case: R= 0, we have

2:1—\/P>0 A \//T—EQW (29)

g

B O Fwm
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massless dark photon
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e we study dark photon search using e"e™ — YA — yuTu~ for a dark
photon mass my/ as large as kinematically allowed at future ete™
colliders.

@ We perform a detailed detector simulation with selection cuts based
on a realistic muon momentum resolution.

@ We show that stringent constraints on the parameter ¢ for a wide
range of dark photon mass can be obtained at planed e e~ colliders,
such as CEPC, ILC and FCC-ee.

@ For a massless dark photon, we need a new parameter 3 to define the
physical photon and dark photon. This parameter together with
kinetic mixing parameter o could explan both the tightly constrained
g — 2 and the relative loosely constrained py parameter.
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Backup
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) O-NLO/O-’y('y,Z) =5x107°

Table: ratio of interference term to dark photon contribution at € = 10~2

72 (1075) . V5(GeY)
! 160 | 240 | 350
mAr(GeV)
1 31|31 31
30 6.0 | 54 | 52
60 12 1 93 | 81
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Sensitivities for CEPC and FCC-ee circular colliders

ATLAS/CMS

5<10°8  CEPC240GeV x=2

2+106 8 FCC-ee 350GeV x=2 ]

FCC-ee 240GeV x=2

1x _
LHCb pp prompt
5x107° a
W BaBfir2014
2x1077 N
1107 E= BaBar2017
— CEPC 240GeV assumes 0.63ab™!
5x108 E FCC-ee 350GeV assumes 2.6ab™! -
E FCC-ee 240GeV assumes 11ab™!
2x1078 = FCC-ee 160GeV assumes 47ab™! |
E LHCb pp prompt assumes 15fb~!
1x10° E ATLAS/CMS assumes 300fb™!
5x10°9} @ Ny ]
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