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Motivation
[ 1o}

Portals for Dark Matter Interactions

DM freeze out, my = 100 GeV, g- =86

¥ Thermal production mechanism 107

Dark matter (DM) is conventionally assumed
to be thermally produced in the early Universe

&~ Some mediators (“portals”) are typically ! ok

(o) =3x10%® cms |

required to induce adequate DM interactions 102 o?
with standard model (SM) particles 1012 b " Equirium {00
Y 1014 . L
¢ Inspired by the SU(3)¢ x SU(2), x U(1)y 10 , ((‘aev) o1

gauge interactions in the SM, it is natural to
imagine dark matter participating a new kind
of gauge interaction

' The simplest attempt is to introduce an
additional U(1)y gauge symmetry, whose
gauge boson mediates the interactions
between DM and SM particles
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Hidden U(1), Gauge Interaction

Assume all SM fields do not carry any U(1)y charges

&~ Minimize the impact on the interactions of SM particles
[Feldman, Liu, Nath, hep—ph/0702123, PRD; Pospelov, Ritz, Voloshin, 0711.4866, PLB; Mambrini,
1006.3318, JCAP; Chun, Park, Scopel, 1011.3300, JHEP; Liu, Wang, Yu, 1704.00730, JHEP; ...]

Such a U(1)x gauge interaction belongs to a hidden sector
\ Assume dark matter carries U(1)y charge

\ Mass of the U(1)y gauge boson can be generated by

‘ either the Brout-Englert-Higgs mechanism ¢~ an extra Higgs boson
[Higgs, Phys. Lett. 12 (1964) 132; Englert & Brout, PRL 13, 508 (1964)]

’ or the Stueckelberg mechanism ¢~ no extra Higgs boson
[Stueckelberg, Helv. Phys. Acta 11 (1938) 225; Chodos & Cooper, PRD 3, 2461 (1971)]

{1 Gauge invariance allows a renormalizable kinetic mixing term between
the U(1)x and U(1)y field strengths [Holdom, PLB 259, 329 (1991)]

<~ A portal connecting DM and SM particles
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Kinetic Mixing

€ For the U(1)y and U(1)x gauge fields éu and Z}; the gauge invariant kinetic
terms in the Lagrangian reads

Lawwa  Lamvsr  Seaurs 14 . 1 s, \(B
— ___npuv _Zgluvegl  _ TEpUveyl T uv uv € uvy
Ly = 4B B,y 4_Z le _ZB ZW— 4(B , Z )(Sg 1)(2;”)

@ Field strengths B,,=d,B,—9,B, and ZIZW =09,2,— 31,2[:

. The kinetic mixing term is parametrized by s, € (—1, 1), beyond which the
canonical kinetic terms have wrong signs

( Introduce & € (—m/2,7m/2) to express s, = sin e e ¢ e

Ly can be made canonical via a GL(2,R) transformation

B B 1 -t t, =tane
-u(Z) w=(t ) I @ @
Z Z 0 1/c, c, =cose

p u

1 s 1 1 1., .
VT Ve = «  Ly=—=-B"'B, —Z=Z"7’
K (sg 1) K ( 1) K747 T g wy
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Spontaneous Breaking of the U(1)X Gauge Symmetry

We assume that the U(1)x gauge symmetry is spontaneously broken by a
hidden Higgs field § with U(1)y charge q5 =1
9 SU(2); x U(1)y x U(1)x gauge invariant Lagrangian
u = (D*H)'(D,H) + (D*$)'(D,8) + w2 [HI* + u3|S |
— Al = ASI81 = A APISP
) H is the SM Higgs doublet with DMI:I = (au—igwlj‘aa/Z—ig’ﬁM/Z)ﬁ
D $ satisfies Dug = (Bu—igXZ;)ﬁ, where gy is the U(1)y gauge coupling
O fur>0 p2>0 4y>0 4s>0, and [Ays| < vV AxAg
¢ H and § acquire nonzero vacuum expectation values (VEVs) v and vg

¢~ Spontaneous breaking of the SU(2); x U(1)y x U(1)yx gauge symmetry
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Higgs Boson Mixing and Masses

€ In the unitary gauge, the Higgs field can be expressed as

N 1 0 A 1
HZE(V-FH)’ SZE(VS+S)

@ Mass-squared matrix for Higgs bosons (H,S): Mg = (

Ay v? JLHSVVS)
2
Ausvvs  Agvs

@ Diagonalization by a rotation with an angle 1 € [—71/4, 11/4]

£)-e )0 s
S Sy Cy J\s Agv2—Agvg
( Masses squared for the mass eigenstates (h,s)
! H S
m; = E[AHVZ+7st§+(AHv2—7tsv§)/c2n] n

1
m? = = [2agv? + Asv2 + (hsvE = Av?) ez, ]

h should be the 125 GeV SM-like Higgs boson e °
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Gauge Boson Masses

9 Mass-squared matrix for (ﬁu,Wi,Z;) generated by the Higgs VEVs v and v,

§224 —ggvi/a )

M?2=|—-g&'v?/4 §*?/4 , W* boson mass my, = =gv
2.2 2
8xVs

Q Taking into account the kinetic mixing s, and the diagonalization of the
mass-squared matrix, the photon y remain massless, while the masses of the
Z boson and a new massive neutral vector boson Z’ are given by
2
1,

2 _ a2 2 2
m, =m,(1+8yt.tz), m, = =
z 2L+ Swtets) 221+ Swt.te)

@ Direct contributions from the VEVs: m2 = (g2 + g2)v?/4, m?, = g2v?
A/
(' Weak mixing angle 6, satisfies §y =sin,, = —=——, &y =cosfy
gz + §/2

32£§WV2(§2 + g/Z)
c2v2(82 + g2)(1 —83,t2) — 4g3v?

Rotation angle & is given by tan2& =
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Neutral Gauge Boson Mixing

Q Transform the gauge basis (EH,WS,Z;) to the mass basis (AM,ZM,Z;)

B, Ay
Wi | = V(e)Rs(0w)R1(E) | 2,
2 Z,
1 —t, Cw  —Sw 1
V(e)= 1 , Rs(Ow)=|5%w &w » Ri(&) = Ce —S¢
0 l/ce‘ 1 55 Cg

[Babu, Kolda, March-Russell, hep-ph /9710441, PRD]

Gauge basis Mass basis
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Electroweak (EW) Current Interactions

O At tree level, the charge current interactions of SM fermions are not
affected by the kinetic mixing, remaining a form of

1 " _
Loc= —ﬁ(WJJ;{/’“ +He), Jyt= (U y"Vijdj, + iy i)
22
. . g 1
= v is still directly related to the Fermi constant G = —— = ——
Y P avam, V2

? Neutral current interactions become Lyc = jiyA, + 752, + 1.2,

- .l,l, _ - . __ AN A AL
) Electromagnetic current Jem = ZQfef}f“f withe=88'/+/82+ 82
f
ecs(1+38yt, tz) _ s
T add We ¢ w3 _ 2 _ 3 2 Lu
' Z current j, = St ;fy (TF —=2Qps, = T;vs)f + Ce_]DM
e(Swt.cr—sz) _ C
, o eSwleCe =S¢ U3 o a2 _ 3 _a w8 p
. Z’ current j,, _—2§W6W ;fy (Tf 2Q8y, Tf Ys)f —CwteCeipy + .. Jom
o 2 A2 A2 §Wt€t§
@ Dark matter U(1)4 current Jom OX 8x» SIESytlyT—F——
: 1 +5Wt€t£
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Independent Parameters

. na
@\ In the SM, the weak mixing angle obeys s2,c2 = ——— at tree level

V2Gpm2
¢ Use this relation to define a “physical” weak mixing angle 60, via the

best measured parameters a, Gg, and my [Burgess et al., hep-ph/9312291, PRD]
na

? Similar relation in the hidden U(1)y gauge theory: §%¢2 = —
ﬁGFmZ
52 22
G Subyihy =swoym, O 22 = WW
wlwimz = swewy WO S Tt

28yt 28y t. 2 m3,
? The angle & satisfies te = 1SW - |:1 + 1—r(%) ] with r = _22
—r my

@ Utilizing these relations, we obtain $,; and tz as functions of s, and m,
” Independent parameters can be chosen as {gx, mz, my, s, sy}

e e
\ EW gauge couplings § = — and §’' = — with e = v4na
Sw Cw
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Electroweak Oblique Parameters

3¢ Kinetic mixing s, modifies EW oblique parameters S and T at tree level

Q In the effective Lagrangian formulation, Zf f neutral current interactions
can be expressed as [Burgess et al., hep-ph/9312291, PRD]

e
S
Zff 25wCw 5 fY ( f st)f
0.15 Frrrr T T
1 aS [ —— Current ]
2 _ .2 Qo 2 2 F 3
S, =58yt —civ—sév( 7 chWaT) 0-105 Eggcee * E
0.05 |- i
¢ Applying it to the Hidden U(1)x gauge O_OOE
theory, we find aT = 2cz /1 + 8yt tr —2 _0_05; 4
AD A : . ]
CooSwit.t _010[ 150 .~"100 180 .70 k
woWhetg 010 : 5 ]
as =4(ck —sa)| $o —so + ——— i v
w w 1+Swt£tg ,0_15' HxmHmarli}fl‘nxgusunuHmumuumu
2 -0.20 -0.15 -0.10 —0.05 0.00 0.05 0.10 0.15 0.20
+4sy c aT s
452 c2 e s, rs2e?
For e €1, we have S ~ - T
a(l—r) 1—r a(l—r)
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Upper Limits from EW Oblique Parameters

« Current measurement: S =0.06+0.09, T =0.10£0.07, pgr =0.91
[Gfitter Group, 1407.3792, EPJC]

@ Projected CEPC precision: o3 =0.010, o;=0.011, pg; = 0.62
[CEPC Study Group, 1811.10545]

@ Projected FCC-ee precision: og =0.0092, o =0.0062, pgr =0.79
[Fan, Reece, Wang, 1411.1054, JHEP]

EW obl|que parameters EW oblique parameters

0.020 R ARRS ARAREEARSSREEEEEEE S B T B e e B e e e B
r —— Current 041 —— Current ]
s --— CEPC ] r —-— CEPC 1
oo >~ ~- FCCee ] [ ---- FCC-ee 1
~~~~~~~ s 03| B
L - ~. E C ]

[ -~ N
- N ]
W F S N 4
@’ 0.010 | RN i @ ]
F N B 0.2 g
L A ]
NN
L N \ _-—7
[ N\ =TT
N L=
0.005 (- \\ - T ]
F YA 0.1 P -
L N\ _,:‘" 4
F L P 1
NN RS REETE PR FETTE PETT FTTT P VA A T T
10 20 30 40 50 60 70 80 90 200 200 600 800 1000
mz (GeV) my (GeV)
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Dirac Fermionic Dark Matter

¢ Assume the DM particle is a Dirac fermion y with U(1)y charge g,
Q\ Related Lagrangian L,=iyy"Dyx—m,xx, Dyx = (Bu—iqngZL)x
¢~ DM neutral current ng =q,8xX7"x

}f Based on the kinetic mixing portal, y particles can communicate with SM
fermions through the mediation of Z and Z’ bosons

‘ In the zero momentum transfer limit k? — 0, interactions between y and
quarks ¢ =d,u,s,c,b,t can be described by an effective Lagrangian

q q
_ _ q gX ng ngz/
_ \% v 9y z
ﬁxq—Zqux)’“quuq, qu__ ( > T ) x x
q

C, m; my,

' Vector current couplings of quarks to Z and Z’

ece(1 4S8yt tr) kl Z,7'
q 3 Whetg 3 2 5
= —"(T’—2Q,s
& 28wew ( 1 Qus.)
e(Swtecz —sz)
q _ 3_ 22\ _ A
o= —2§w6w (Tq 2Qq8w) —Qqewt,ce q q
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DM-nucleon Interactions

? DM-nucleon effective interactions are induced by DM-quark interactions

— vV = N \ A \Y% \% V. _ A~V \%
Loy= D G ir"aNy,N, GV =2G6Y +GY,, G =G) +2G),

xd?
N=p,n
Further calculation gives X X ~q,8x
1
A 2 2 N
oV = 4 8xelwtecy(1+tzr) & —o oy
P Ce m%/ xn ~ cyrek?
q,8xecwe 1
v ~ X— ~ —
.For ek, pr_ 3 2
7 ~Que
) q q
¢ In the k2 — 0 limit, the kinetic mixing
factor £k? can only picks up the 1/k? pole in X ~q,8x
the massless photon propagator, while the ~ kz;Z
lower diagram vanishes because Z is massive _':22
~ —Sw€
o~ xq scattering is essentially induced by j]‘;M W1
~ 22
. n carries no net electric charge <~ G}’n =0 fe — iz

q ~&ué/(2cw)
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Direct Detection

Q G}’n =0# G}’p 7~ Isospin violation in DM scattering off nucleons
[Feng et al., 1102.4331, PLB]

lil Data analyses in direct detection experiments conventionally assume isospin
conservation <&~ constraints on the normalized-to-nucleon cross section Gf,

© Now the spin-independent (SI) normalized-to-nucleon cross section becomes

2
2 2 ”Ii.U}ZCAi[Z + (4 _Z)GZH/G}IP] 2 ni“;z(Aizz

ol =0 =0
N DM, A il , A

@ Reduced mass Uya, =m,my [(m, +my ) oo T

‘ X P scattering cross section

O yp = Wy (G Y/ ; ]

(_ For xenon (Z = 54) detection material, : T v»\“““""“\w\wi
E g A5

A; =1{128, 129, 130, 131, 132, 134, 136} = ,@@mk““‘ 3

Fractional number abundance of 4; in nature L. L d

7n; = {1.9%, 26%, 4.1%, 21%, 27%, 10%, 8.9%} WIMP mass [GeVI?)
[XENON Coll., 1805.12562, PRL]
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Phenomenological Constraints for g, =1

mz =500 GeV, m, =100 GeV, s.=0.01, 5,=0.1
T

3¢ Possible y y annihilation channels: SRR
- + _ ‘\,_/;/—'—’ =
ff: wTw > hihj: ZiZj’ hlZ) ol i \}()Z—>SZ/
with h; € {h,s} and Z, € {Z,Z'}
o A . . & <— 7’ resonance
T Experimental constraints and sensitivity 07 I .
s ; F ’_,,—""__— -~ XENONIT 1
#. DM relic abundance Qpyh® =0.120+£0.001 [ - i
£ —-~ Fermi-LAT
[Planck Coll., 1807.06209, Astron. Astrophys.] T | S A T
100 200 300 400 500 600 700 800
L .. . . m, (GeV)
#. 95% C.L. upper limits on DM annihilation ( :
my =0.9(2m, —my
cross section from Fermi-LAT y-ray observations °®pmr - U
of dwarf galaxies [Fermi-LAT Coll., 1503.02641, PRL] / 7 oo ]
05k 1 71 s, =0.01 ]
% 900 L z [T s=01
«* 90% C.L. exclusion limits on o from the . L oy m, my
Z0.4 e /]

XENONIT direct detection experiment
[XENON Coll., 1805.12562, PRL]

detection experiment [Mount et al., 1703.09144] 2500 a0 (ésc‘ilo)‘ T
m, (Ge

Zhao-Huan Yu (SYSU) Hidden U(1) Gauge DM Dec 2020 16 / 21

@ 90% C.L. sensitivity of the future LZ direct

/
) E A B




Motivation Hidde ige theory Dirac fermionic DM Complex scalar DM Conclusions
00 000 00 @000 o

Complex Scalar Dark Matter

¢ Assume the DM particle is a scalar boson ¢ with U(1)y charge q4, =1/4

Ly =(D"$)(Dud)— 2 + 25588 b + Ay ST + 25 (97 )
("} D,¢ = (au—iq¢gX2L)¢ ¢ DM neutral current ji, = q¢gX¢'ri(6—“>¢
{} Global U(1) symmetry ¢ — ¢9%¢ should be preserved to protect Jbm
€ Assume the ¢ does not develop a VEV ¢~ stable ¢ and ¢ particles

( The charge choice q4 = q5/4 forbids unwanted scalar interaction terms like
ST8T8T¢, §78T¢, §78Tp ¢, STpp, and ST, which would violate the global
U(1) symmetry ¢ — e'%%¢ after the U(1)x spontaneous symmetry breaking

1 1
_— 2 _ 2 2 2
The ¢ mass is given by my =y — EASqSVs — EAHW’
3 Kinetic mixing portal: mediation of the Z and Z’ vector bosons

Higgs portal: mediation of the h and s scalar bosons

Lyps = (Aggsyvs + AH¢cnv)h¢'r¢ + (AspCnvs — AH¢snv)s¢>T¢
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Effective DM Interactions

9 DM-quark effective interactions

.L_(-> _ + —
Loo= 2| Gh (9107 $ar,a+G5,0"daa), G, =

_dp8x (5583 . nggf)

q Ce m% m%/
mg[s c
s —_ 9|1 — -
Goq = ” [msz (As¢cnvs AHd,snv) 2 (As¢snvs +AH¢cnv)]
Q DM-nucleon effective interactions ¢ o0 ¢
— . RN el RN a4
Low=3 [GXN(¢T13“¢)NYNN + G;N¢'¢NN] ,r
N=p,n z,Z"  + L hys
|
‘ Similar to the Dirac fermion case, we have /\\
¢ 2 2 q a q q
v qp8xebwt.cz(1+tzr) v o ! L !
ép c.m2 > Yeon T ¢ ) é
ety ~ Il N e
A v, A
' Scalar-type effective couplings 1
A < form f e
s $q’q q are quark form actors !
G¢N_mNZ—m R GS ~GS /\\
q q ¢p én q a q q
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Direct Detection

- . ) 2.0 —y T — T e
? @N and ¢N scattering cross sections : ‘ o ]
2 2 GS s e
_ M¢Nf¢N _ _¢N v = ok S S ) ]
Ogn = o Jon =5~ + Gy Loror ]
T m¢ S b . —o1 m, =500 GeV k|
2 (2 s Lop e
P Hon N . G¢N GV = oof =001
Ty = —————— Iy = —— — < £ _
oN = P ¢N 2m¢ ¢N sk Ay =0.1
T 7LS¢ =-0.1 y
‘ The difference between fyy and fon N .
- . 103 102 101 100
comes from the arrow directions of the 9x
¢ /¢ lines in the Feynman diagrams | A
v - S 10"3:‘ - nxﬂgﬁglm
C G =0 & fr=fp= G5, /(2my) e
Normalized-to-nucleon cross section N N
o= et > s ey
N 2 42 oA
zziniM¢AiAi 7 ! 10 3 i
2 1048 L J
1049 NI Ll L
_ _ _ 2 10° 107 10 10°
HZf5p/fop + (Ai—=2Z)f 50/ fop] } o
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Phenomenological Constraints

. - et . s 7’
Q Special ¢ ¢ annihilation regions: R L — 7
[ --- XENONIT _d ]
h, s, and Z’ resonances [ -z |
—— Planck H =0.1
Z7Z,sZ, and ss thresholds - Fermiar 1%
oo CMS hosdo / -] s,=0.01
& LHC constraint on invisible _anp e SO 2 4 —ool
A & £ ‘ 1 MHe — Y-
Higgs decays: By, <24% ©@ 95% C.L. : o\ 1 255 =—001
[CMS Coll., 1610.09218, JHEP] F ) \\.\ 1 oy =1 TeV
4 N\ ] M=
@ CEPC sensitivity for invisible B il A\ | ms =250 GeV
Higgs decays: B, <0.3% @ 95% C.L. . i Pi o
10t 102 57 ss 10°
[CEPC Study Group, 1811.10545] my(GeV)
m, =100 GeV, s.=0.01 m, =250 GeV, s.=0.1
80 T T ML L B SLE N BRI R |
. 1400 [ ] / 7
70 b \\\ 9 | ‘/'/ 71
‘\\ 1200 | ,,’ y // ]
Seof 1 S i /‘/ // ]
8 g 1000 1 v /,’ 1
\;':‘50 F 4 2':' :’I .’/ // ]
S £ goof / L q
— - - XENONI1T g =0.01 I'I ; / ]
; F 2 ot |
I Y et
~-~ Fermi-LAT ’ 4 - Fermi-tAT ]
e App =0.1 oo A T
1000 2000 3000 4000 5000
m,(GeV)

1
* 500 : 1000 1500 2000 ‘2500
m,(GeV) ASd) =0.1
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Conclusions

@ We explore Dirac fermionic and complex scalar dark matter in a hidden
U(1)x gauge theory with kinetic mixing

@ The U(1)x gauge symmetry is spontaneously broken due to a Higgs field
@ The kinetic mixing provides a portal to dark matter
@ An additional Higgs portal can be realized in the complex scalar DM case

@ Dark matter interactions with nucleons are typically isospin violating, and
direct detection constraints could be relieved

@ We find that there are several available parameter regions predicting the
observed relic abundance and have not been totally explored in current
DM detection experiments
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Conclusions

@ We explore Dirac fermionic and complex scalar dark matter in a hidden
U(1)x gauge theory with kinetic mixing

@ The U(1)x gauge symmetry is spontaneously broken due to a Higgs field
@ The kinetic mixing provides a portal to dark matter
@ An additional Higgs portal can be realized in the complex scalar DM case

@ Dark matter interactions with nucleons are typically isospin violating, and
direct detection constraints could be relieved

@ We find that there are several available parameter regions predicting the
observed relic abundance and have not been totally explored in current
DM detection experiments

Thanks for your attention!
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