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Introduction/Motivation

Dark matter: gravitationally confirmed by a range of astrophysical observations,

but wide range of possibilities for its properties (mass and couplings)

Landscape of DM candidates has exploded in the past decade+
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many reviews: see e.g. Battaglieri et al. "17,
Gori et. al, Snowmass 2021 report

Here, interested in a particular category of theories:

“dark sector” paradigm with light DM, light mediator

dark gauge

group
G

X

Mediator/Portal dark matter

candidate

Standard Model dark sector

Many possible “portals” for interaction with SM (Higgs, gauge, neutrino,...)



vast literature: see e.g. Pospelov et al. '08,
. Davoudiasl et al. ’12, Curtin et al. '14, ...
Focus here on a certain sub-category:

Vector portal/kinetic mixing models

X F
Dark gauge group: U(1)p < Gp
Dark matter field X charged under U(1)p
(SM uncharged)
< X f

Kinetic mixing portal: B, A

2Cy
m=msp dark photon coupling to SM proportional to e.J};,,

correct DM relic abundance for m,,ma, ~0.1—1 GeV, ¢ ~ 10=3—?)



Model-building framework: origin of KM parameter ¢

Loop-generated due to new states: P

“portal matter” Ap By

| p

heavy particles charged under SM hypercharge and U(1)p

3
agpay m;
€ = Cw : - log
W92 Eﬁ Qy;{p; log (ﬁg )

finite and calculable ¢ —) ZQ}G—QDi =3

Holdom 1986,...



Portal Matter Theory/Phenomenology

Consider fermionic PM that in principle is reachable in current/near-future expts

mm) PM vectorlike wrt SM and U(1)p

(anomaly constraints, direct searches, precision EW, Higgs constraints,...)

mems) PM mixes with SM — same SM quantum numbers as some SM field

Distinctive collider signatures! f

decays to (highly boosted) SM fermion/jet /
P .

+dark photon or dark Higgs

compare usual vectorlike fermion case — ML\R\“‘»\_\

preferential decays to SM EW gauge, Higgs bosons Ap




Portal Matter Models ()

Rizzo 1810.07531
Kim et al. 1904.05893
Carvunis et al. 2209.14305,...

Minimal scenarios: Rizzo 2202.02222 (Snowmass report)

dark gauge group Gp =U(1)p

one dark Higgs hp, single PM vectorlike pair
llVLLH Ej: Lj:
“VLQ” T+ Bt Q*

\ 0.010F

Example: “maverick top partners s
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Portal Matter Models (ll)

Non-minimal scenarios: )

Extended dark gauge groups: Gp — U(1)p

Extended fermion PM and scalar content:

nontrivial fermion sets for anomaly cancellation
multiple vacuum expectation value scales
Rizzo, Reuter 1909.09160

Rizzo, Wojcik 2012.05406
Grand unification (-inspired) Rizzo 2209.00688,...

Extra dimensions/Kaluza-Klein PM Wojcik 2205.11545

Many BSM options )

More generally: KM/PM as model-building framework for BSM physics




Example: E; inspired dark sector Rizzo, Reuter 1909.09160
E¢ — SU(6) x SU(2); — SU(5) x SU(2); x U(1)g
27 — (5,2) + (5,1) + (1,2) + (10,1) (SU(5).SU(2);)
mmm) SM fermion content + vectorlike pair (5.5) + singlets

important point: SM neutral wrt (1), can’t arise from E, subgroup!

mmm) E inspireddarkgroup G, = SU(2); x U(1);, — U(1)p

Example: “flavorful” PM in Pati-Salam Rizzo, Wojcik 2012.05406

SM embedded in PS: dark gauge group: SU(4)p x U(1)p
SU(4)e x SU(2)1 x SUQ2) R PM as vectorlike 4t generation, singlets with respectto SU(3)r

Example: Kaluza-Klein PM Wojcik 2205.11545

SM and PM fermions propagate in bulk, together in 5D gauge multiplets
concrete 5D orbifold model with dark gauge group SU(2)



===) Rich phenomenology, differs from “standard” case with VLL, VLQ

minimal cases — dark gauge charges lead to distinctive collider signatures

non-minimal — also have nontrivial new gauge bosons, scalars, KK towers, etc...

Focus here on lepton sector )

lepton flavor portal matter

minimal workable PM scenario that can accommodate Aa, = (g, — 2)/2

(effect insensitive to DM details)

See talk here by George Wojcik

non-minimal extension with G, = SU(2)4 x SU(2)p

rich phenomenology, interesting framework for lepton flavor model-building




Dark photon models and muon g-2

exp QM 11 Abi et al. (Muon g-2), PRL 126, 141801 (2021)
Aa, = a," —a," = (251 £59) x 10 Aoyama et al., Phys. Rept. 887, 1 (2020),...

IF discrepancy is due to new physics )
can KM/PM framework provide a possible resolution?

(i) dark photon, no PM mixed with muon — too small Davoudias! et al. 1402.3620...

(vector coupling, small KM) ~ ¢

(ii) mix muon with single lepton PM pair — still too small! Rizzo 1810.07531,...
Field | SU@, U@y | Q|
l, = (Vf; IJL)T <2,_1> ¢
2
UR (1,-1) 0
Efn (1,-1) +1

S = vg + hp/V2 (1,0) +1 e



A minimal workable framework See talk here by George Wojcik

Wojcik, LE, Eu, Ximenes 2211.09918
Must couple new physics to both chiralities of the muon:

Fd | su@ux0y | 0
T - . = _ —+ R

1= (vh W) (2' _1) 0 Ly D =y dpHpg —yilLSTLE —y 1,80y — yhEL S — ynEL ST g
g —yt ITTHE:f -yt EH' Lt —y- T, HEZ —y=, E. H'LZ
Yretr R YrrLtrL R YrLetr R YrrLtr R

UR (1; _1) 0 _|___|_ + +_+ + = =
+ oo 57 1 +1 — My LpLp—MpE By —M, Ly Ly —MpEpEp 4+ hec.,
Ll_-.R = (NL_.R'LZ,R) <2, — E) -
S = vs+ hp/V2 (1,0) +1

po

Chirally-enhanced (dominant) contribution:

Ada. ~~ —ACL(ObS) (yEE/yH) ( 1 TeV ) ( 1 TeV )
' " 36 ) \M[ /yp ) \Mg [y



Wojcik, LE, Eu, Ximenes 2211.09918
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Similar mechanism as Carcamo Hernandez et al. 1910.10734, but very different constraints



Lepton Flavor Portal Matter

Extension to non-Abelian dark gauge group

finite and calculable kinetic mixing parameter €
origin of U(1)p charge quantization

origin of PM field content and mixing with muon
yiplv ~ O(few GeV) wmmp perhaps suggestive of yip ~ ¥r

distinguish lepton generations via their couplings to PM/dark sector fields



Lepton Flavor Portal Matter — extended model

Dark gauge group: Wojcik, LE, Eu, Ximenes 2303.12983

QD = SU(Q)A X SU(Q)B

SU(Q)AXSU(Q)B XZQ—>U(1)D XZQ—>Zé

(global) (®) ~ TeV (A4, Ap) ~ Ge
SU(2), x UL,
(1,0)
AA (1, O) 3 1 —1
Ap (1,0) 1 3 _1

H (2,1/2) 1

p—

+1



Fermion field content

SU(2), X ULy sv<z>A sv<2>B

Ly, eg (2,-1/2),(1,-1)
Y, ¥ (2,-1/2),(1,-1) 2 2 +1
V., Ve (1,-1),(2,-1/2) 1 3 +1
SLJSR (21 _1/2)1 (1; _1) 1 1 —1
SU(2)4 x SU(2)p x Zy singlets: SU(2)4 x SU(2)p x Z, charged:
mes) 1 SM lepton family mmmm) 2 SM lepton families
(identified with electron) (identified with muon, tau)

m=mmm) portal matter, VLL
(U(1)p charged) (U(1)p neutral)



Gauge Symmetry Breaking and Scalar Sector

Scalar potential** wmmsp V= Vg (H) +V (P, A B)

2
V(O Ax ) = —pi? TL'((I)T(I)) — 72 [Tl ((I) (I)) + h. c} —u3 Tr(A%) — pi Tr(AT)
A Tr(0F ) L2 ! <Iﬁ<1) L h.c:.] + ﬁ [Tr(cb*fq:-) Tl-(ifﬂ‘cl)) +h.c.] FATHAYL) By = e 398,
+A5 Tr ((I)T‘iI’) Tr(AF) +

"o [Tl((I)T(I)) Te(A%) + hie.| + Ar| Tr (@1 <I>) + A Te(BTALDAR)

A 2
—|—?9 [Tr((I)TAA(I)QB) — h.C‘.} + Ao Tl‘(Q'A) LA Tl‘((I) (I)) Tl‘(&_gl)

+% [Tl‘(ti:'*(I)) Tr(A%) + h‘cl + A3 Tr(A%) Tr(AF).

@) =va [ 00 Y (Aap) = ( U Az ) tanfa = va,/vas
O SlIl 9(1) ’ 'UAA‘_B O VA = \/_1.2 + _1.2
N .
U(l)p wemmy D 4 (2,0) x Dp(2, ) rA = UA/VD

Zé —) DA(E’;}T) X DB(E’;}T) X Z-z

**ignoring Higgs portal interactions — must be
highly suppressed (generic in these constructions)



Boson masses: ep = gacosfp = gpsinfp ra = vA/ve

My, ~epvgy ~TeV — map, ~raMz, ra < 1
_-_
~ TeV
Wli MWl ~ TeV —1 +1
Wik My, ~ TeV -1 +1
dark photon ) Ap my, ~ GeV +1 ¥

mp, = rars M«

m_-_

hy, hy, hy Mp1,n2,na ~ TeV
h* MZE ~ TeV +1 +1
h5, h6 Mh5,h6 ~ TeV —1 0

dark Higgs ) h myp3 ~ GeV +1 *



Fermion sector (second and third SM generations + heavy states)

Ly =y [Tr(\IJ_LHkIJR) + h.c.] + Yy [TI‘(?LHVR) + h.c.] + YIS [TI‘(EHSR) + h.c.]

+yp

+7'p

:Tr(kIJ_Ld)VR) —|—h.c.] + yp {TI‘ (\IJ_LTI)VR) —i—h.c.] + ypr [TI‘(W(I)TKIJR) —f—h.c.]

basis choice: (all couplings assumed to be real)

_Tr (TL:PT\DR) —i—h.c.} + YSE [Tr(TLSRAB) + h.c.] + YsL [TI‘(@VRAB) + h.c.]

~ . T+ o
yp =y cosf;, Yp =y sin 07 A'IL = Vp YT, CUb(QL — 9@)
, N N . I+
A[E — (U(I) yL SiIl(QL + 9(1))

j\[g — U(I) yE‘ SiIl(QE + 9(1))

Y E.SLSE.HS > 0

CO,—0psCOp—0gs S0, +04 > U

YH,YHV ;S0 +65 may be positive or negative



. ra < 1
Fermion masses: (second and third SM generations + heavy states) .

Fields | SU(2), x UQ)y
¥, Yr (2,-1/2),(1,-1) 2 Zh = +1 —

(\IJ(L,R)M, VL R),,: V(%,R))
V., Ve 1,-1),(2,—-1/2) 1

3 +1
Zh = —1 we—)
+ — —
5L, 5R 2, _1/2)’ 1,-1) 1 1 —1 (S(L-R)J lI’(L R)’V(L R)’ ‘I’(L R) V(L R))
VR 0 M} y%v 0 y§rave 0 YL TAVD
HU N+

MY = \65 yHY D\ , 0 yvfﬁ My, 0 0

" M }6— UHVIT; ﬂ'11(?) = | ySprave Mg y%v 0 0

Iy FMg = V2 0 0 0 y&f; M,
yserave 0 0 My e

v~ 100 GeV  Mi, ~vg ~ TeV

basis choice: YH,YHV:S0r+05 may be positive or negative (all couplings assumed to be real)



Scenario A

“standard” VLL )

portal matter ) L*,E* M, ME ~Tev -1 +1 ‘. ‘*
|
Scenario B
Two embeddings: whether muon has
, €p 7 U
, : B :
Z, = —1 (ScenarioA) or Z,=+1 (Scenario B) e, > T

| |

(resembles minimal PM scenario) (stronger couplings of muon to
dark sector gauge bosons, VLL)



Muon g-Z Three relevant chirality-flipping mass terms:

Scenario A

ep = T
€a 7 U

__ YsLYSE
Aay = 1672

Scenario B U

€p 7 U
e, =T
2

e
Aa, = -2 m, mgya? # #
Hoo16mp2  F




Scenario A

M+ = M}

YSEYSL

mpy << My

Unitarity

1.0

15 2.0 2.5 3.0

(Mp, M, M) = (1.3,1.5,1.8) M
(Oa.6rr) = (/8,3n/8) (n/4,m/4) (m/8,m/8)

mpgy > mr

Unitarity

0 =

NI

2 1 6
M; (TeV)

(M, M7, Mz) = (1.3,1.5,1.3) M,

Ysryse = 0.3,1,3,7.5

10



Scenario B

sin (g 4+ 0g) > 0 sin (g +0s) <0
(constructive interference) (destructive interference)
0.5 T T T T 1.0
—0D:27T/9
| —6p=m/4 ]

0.4 e 08F
—0p =7/4
0.6 —6p =2m/7

S S

3 2

0.4}

0.2+

2 4 6 8 10 2 4 6 8 10
M; (TeV) Mj (TeV)

(Mp Mp . Mg)=(1.3,1.5,1.8) M} (M, M, M;,,) = (1.2,1.4,1) TeV My, = 0.7 TeV



Collider Phenomenology

Portal matter direct production )

lightest heavy fermion state predicted to be PM M, < M} 5 < Mf

unless new decays via heavy scalars, gauge bosons

LE — p+ W

Scenario B

PM decays to taus — weaker limits

MZE > 895 GeV, ME > 1050 GeV

1.0

similar rates for scenarios A and B

sin 260 > 0

A = (1/8, /4, 31/8) |

02 04 0.6
My, /MF

0.8

1.0

My, = 1.5My,
M; = 1.3M;



VLL direct production (U(1)p neutral heavy fermions)

Scenario A Scenario B

o " 0 mfu
T(E® = 7,0+ h, Z,W) ~ MY x O ==

v2

v2 v2

m? 2
I'(EY = LY +h,Z W)~ Mp x 0( T mHV)

mmms) standard VLL bounds may be weakened if heavy gauge bosons and scalars
are kinematically accessible for 2-body decays

if so, distinctive signature: 2 EW gauge bosons emitted instead of 1

mmmm) can constrain myy  via decays of heavy VLL to lighter VLL



Monophoton search (muon collider)

hp o hp

e
Scenario A E{ P
pt T

'}”D ﬂ.+ AD

|

Pair production of dark photon, dark Higgs

upper limit on Yukawas:
perturbative unitarity

V5= 3,6,10,14, 30 TeV

50 discovery (solid)

20 exclusion (dashed) -

(Mp M, M) = (1.3,1.5,1.8) M}

10



Diboson production

At muon collider, pair production of
h5h5;h6h6;h5h6 thhi;hiAD;hihD hljghljg h4h4 ZDZD ZD]’LLQ Whi._EWiiF,l

1000. T . .
10.k ] \ Vs =3TeV
Vs =3 TeV N
~
1.} M+ = 1000 GeV \'s\\
' 100.} SRR
g ,é\ ........ \\\\\
O.l 3 ~— s\\
X g
Iﬁ ) ~~\~
© 0.01F 10.f — Ozp2p + Ozphy + Tzph, \\s\\
. -~-0zZpZp .M.."s,‘s
.. aZDhl ‘‘‘‘‘‘
10—3- T Zph, QD : 71-/4 =
O = (n/8,1/4,31/8) 1.} | . | | .
\ . . 1 2 3 4 5 6
4 S 6 Mj (TeV)

1 2 3

M, (TeV) (M M Mg) = (1.3,1.5,1.8) M}



Precision constraints

vectorlike new fermions === mild precision constraints

[+t
kinetic mixing ¢,_,, = 227w 40 (%{%{)
L Mg

epe Su [Mgz — M (5 MY

M
5| = +1 — 1—2 2 log —L_ I E
1272 siIl(QQD) Cv A{;r? n f\xfgz G + log mz) +( COS( QD)) og f\if; +( — )}

€Z—Zp —

e My, —my 2 10 GeV

Zp couples at leading order to taus or muons

A Y 4

Scenario A

Scenario B

expect stronger constraints in Scenario B



Neutrino trident production

v, N = v, = N —

pr_ ep((Mpp)? — (M p)*)
Tian sin QQD(MIIZE)? + (UEFE)Q)

|

lower bound on mass of Zp

(CHARM-II, CCFR, NuTeV)

(1+ 452 )gﬁﬂ(gﬁu+9§ﬂ) my 9pu(9s,—ak) m3,
OSMANP _ | | ¢ w a3 M3z, 93 Mz,
TSM 1+ (1+4s3,
1.020
- - = upper bound
! —ep = 0.8
1.015F ep = 0.9

(csm +onp)/osm
—
o
—
o

-t
o

1.008 5 08

1.0 1.2
MZD (TeV)
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Lepton flavor

(partial) lepton flavor symmetry (no theory yet of small Yukawa couplings)

SM charged lepton generations distinguished by dark gauge group couplings

preserved Z) isolates muon and tau lepton flavors

mmmm) FCNC mediationvia W),; hs¢ (suppressed)

charged LFV constraints easily satisfied

Extend to include neutrino masses, lepton mixing —
requires violation of the preserved 7

mmms) WOrk in progress



Summary and conclusions

Within general paradigm of light/secluded DM models

Portal matter — useful model-building framework for physics beyond the SM

rich phenomenology even in minimal implementations

Lepton flavor portal matter )

can accommodate muon g-2 (portal matter effect — largely agnostic to DM sector)

especially well-suited for muon collider probes

extended models provide intriguing setting for lepton flavor model-building
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Muon g-2 for minimal PM scenarios

both vector and axial vector couplings of muon to dark photon...

T L 202 22
—ecfin (1 =y = yys)nAp v~ (o) (%\%b (ijﬁ) )b)
, i _
(1) 2
/_\uff’ )~ 1071 (ﬁ) R(y,ma,) ly| ~ 0.01 —0.5

+ scalar and gauge boson contributions with PM on internal line...

e e 2
200 GeV
Aa'hp) 10710 -

i—E+ F—

100 AL 2 2,2
(A(z}) ‘ 4 Q'D 2 100 JI(I Uz e
Aay, P~ —(2x1077) (m) | Z m?

M AR it p-

still too small to accommodate the muon g-2 anomaly

1L

Rizzo 1810.07531



Constraining the minimal model:

At LHC: PM decays — repurpose slepton searches
Mz > 895 GeV, M; > 1050 GeV

Y5, YT, YL : perturbative unitarity
can do better at a (multi-TeV) muon collider: probe PM masses up to \/:/2

+ o+ .
Y- Y1, constrained by monophoton searches

+ : :
Yr.e more challenging — only enters in PM decays to other PM

L hp " hp 7 Ap

Ap I A D



SU((2)4 x SU(2)g x Zy model Wojcik, LE, Eu Ximenes 2303.12983

Minimizing the potential:

1 )
P — 5 (Re ®g + i Im Py) + Z To (Re P, +ilm ) App = Z To A

A.B Ta = 04/2
a=x,y.z a=x,y,z
SU(2)4 x SU(2)p rotations: set @ vev diagonal and real
(Re ®g) = vg(cos by + sin g ) (Red.) = vg(cos g — sin by ) 0<fbs <7
(A%) = TavSSoACoa 504 (A%) = rAVSSo,Sh 4S04 (A%) = TrAUVSSoACo, V< Oa<m/z

. Y 0<Osp<m
(AR) = raveco,CerSos <A‘B> = TAVDCOA SpS0s (AR) = rAVSCo. Cop

0 < ¢ap<2m
3 inequivalent classes of vacua, all CP-preserving: oreserved subgroup

(i) ra=0 U(I)D X /9

(ii) "I"A#Ojo<9&<’}'T/2j s =20
mm) (i) 7A F#0,0<0A <7/2, 04 p=1/2

oA = op = 0. (simplicity)

U(l)p = D,(2 0)x Dg(%, 0)

7t wmy D), (3,7) % Dp(2,7) X Zs
need both triplets!!



A "2 212
VA = \/ VA, T UAL

Scalar masses:
tanOa = va, /VAg
8 degrees of freedom: 6 real scalars 71—¢ 1 complex scalar ;= ? oA/t
rA = UA VB
lj\_[ h* M hio4 — "7‘1’2,44’11 h=* j\jh, 5 — COS QI\-[ j\jh,i j\[ he — Sin 9}\_ 1 j\[ h=* ra < 1

Mp, = rarsMy= ‘029 ﬂ.-f‘ > ‘(526%_\‘ ri~ O (1)

Wi = hy = cosOa (A% — rave cosOa) + sinOa (A% — rave sinfa)

Gauge boson masses:
ep = gacoslp = gpsinfp

My, = V2vsen csc(20p)

] Tz Tz 1 . .
Ap = —sinfpWji +cospWp. ma, = V2 rasin20p My,

Zp =cosOpWi +sinfpWpg

Wi admixtures of W3 5 Myw, = sinf, Mz,  Mw, = cosy, Mz,

cos 260, = cos20p \/1 + sin? A tan 6p



Parameters of the extended model

(eps A1y Mz, Mp, 5 4 My, 00,0p,0A, 011)

(M7, ME lyuv|s lyul lyscl lysel)

sign(ypv, ym, sin(0p + 0g),sin(2604))

Dark photon and dark Higgs masses (sub-GeV)

Other scalar quartics either expressible in terms of other parameters or
only enter four-scalar interactions not of interest here
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