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A still unresolved issue

What is dark matter?
And if it is composed of new particle(s), what are their properties?

Thousands of papers, multiple experiments, no clue yet
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What is dark matter?
And if it is composed of new particle(s), what are their properties?

Thousands of papers, multiple experiments, no clue yet

One possibility: build a dark sector using the same fundamental principles of SM

Dark sector —» new gauge group

The SMis a gauge theory == {Dark matter —» (massive) mediator of a new force

Ingredients:
* a new gauge symmetry
+ a way to break it spontaneously —» massive gauge boson(s)

+ aresidual conserved symmetry (U(1)p, Z,,...)
—> the lightest particle transforming under it (U(1)p-charged, Z,-odd ...) is stable
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A still unresolved issue

What is dark matter?
And if it is composed of new particle(s), what are their properties?

Thousands of papers, multiple experiments, no clue yet

One possibility: build a dark sector using the same fundamental principles of SM

Dark sector —» new gauge group

The SM is a gauge theory == {Dark matter —» (massive) mediator of a new force

Ingredients:
* a new gauge symmetry
+ a way to break it spontaneously —» massive gauge boson(s)
+ aresidual conserved symmetry (U(1)p, Z,,...)
—> the lightest particle transforming under it (U(1)p-charged, Z,-odd ...) is stable
and that would be enough in theory. But we'd like to detect it. ..
+ a portal with the SM
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Which kind of gauge group?

Abelian
* AU(1)p group: £ = Vpu, V"
A problem:
Abe.,'lian —> kinetic mixing => not stable ’}a Py
Solution: p ;J,‘L“ /;r/

« Sequester U(1)p = an exact Z,
VE — —V&  (Charge conjugation)

Vp is stable, now make it massive:
« SSB —> complex singlet S (S L, S*)

L= DS + p5ISI = AslS|*

my,, = V2gpvp

V5 is a DM candidate

Need to interact with the SM:
« Higgs portal = V(®y, S) = A|®y|?|S|?

Widely studied

Lebedev, Lee & Mambrini 1111.4482,
Farzan & Akbarieh 1207.4272,
Baek, Ko, Park & Senaha 1212.2131, ...

Non-abelian

« Various possible gauge groups
£ = Vgullvgua

« No renormalizable kinetic mixing

Limiting to SU(N):

« complete SSB with N — 1 complex
scalars = preserved Z, x Zj

symmetries Gross et al 1505.07480

v/ “ are all DM candidates

Still can have Higgs portal
V(@u,Sij,. ) = > il ®ul’STS; + hec.
ij
Also widely studied

Hambye 0811.0172, Diaz-Cruz & Ma 1007.2631,
Fraser, Ma & Zakeri 1409.1162, Ko & Tang 1609.02307, ...

Minimal vector DM scenario
where the Higgs portal can be small or absent*?

Non-abelian with fermion portal

*No need to avoid Higgs portal, but new fermions can address current anomalies
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Construction of the
Fermion Portal Vector Dark Matter
scenarios
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Connecting the dark sector to the SM

Vo

D+
SU(2)p Vo= v,
v

Massless SU(2)p gauge bosons
we need to give them mass

wt
. . ot u v UR
SO R V= || T ]S w=(%) (@,0), &

1 - —
:—(vvw) 7 (B’ + 1Du®nl* + 2 @) — M@ ) + 7 i M = 0N B M+ he)

2
( Vi)
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Connecting the dark sector to the SM

0
V€+ <p0D+l
SU(2)p VP =1V op = o T
v Do
L (0
SSB: () = —= (m)
wt

u v UR
d L \¢/ dr er

= 4 Bu) + D ®ul* + i @By — N 2u) + B SN = RN Bu N+ e
(VB2 + D@l + 1 @)y @p — Ap(@},0p)?

|
ﬁz*z(W,w)z

1
4
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Connecting the dark sector to the SM

0
VD+ (p?)Jrl
U(2)p Vo= v, op = o 2
vy D=}
* Not protected by any symmetry
. SSB i
Higgs portal: ‘])/i/‘['//‘['/‘ﬂ])/) V(q)D) ’ 50(4) - SU(2)d‘ag
unbroken global symmetry
« All the new gauge bosons are stable
Hambye 0811.0172
wt
¢+ u v UugR
U2)L, x U(1 V= | W ,B oy =
( )L ( )Y 1% W37 1% H (¢0 d L \e), dr e

1, 1 oM. -
L= (W) = (Bu)’ o+ 1Du®u” o+ 1 B @ — M@ @i)* + 1 i M = 0 @ [+ hc)
— V)2 + 1D, + i) n — Ao (@) )
7/\(1,”‘1‘/7(1);/(1),_1, (l)jr)(l),,

can be small
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Connecting the dark sector to the SM

1%

0
D+ [%2) 1
SUQ@)p Vo= | V3, Bp = wf* 2
v D—;

Kinetic mixing: ~ Vh"“W;

u v UR
d L \¢/ dr er

Lo M . _
L= (W) = (Bu)’ o+ 1Du®u” o+ 1 B @ — M@ @i)* + 1 i M = 0 @ [+ hc)
,,(%) + [Du®pl + 1pPhPp — (@), Pp)?

4 f
7/\‘[‘11‘1’”(1)//(1)’7' ‘l’“‘l’/)

can be small
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Connecting the dark sector to the SM

1%

0
D+ %) 1
SU@2)p VP = [ v8, Pp = wol”z
vy D=}

) S g

T y ‘ &
Kinetic mixing: <Y V5 "W’ &1 (0“)u®m®}; (") i@

wt

+
SUR)xU(l)y Vu=|Ws |,By Dy (ZO)
W

[ o ;
L= (W) = L (Bu) + D@ @0y — N(@f @) + 7 i ™ — (™ @ i+ e
— (VL + IDu@pl + 1p @@ — An (@} @p)’

n . y RW b
t \//I/U a [ .
—Aoya, P, (b“(b,) -V [)A((r )@ ( v ,w‘l’,,‘l’H + A W/”/ 1”,( )”(DH/
can be small

suppressed
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Connecting the dark sector to the SM

1%

D+ o 1
SU@2)p VP = [ v8, ®p = wé”z T = (‘fﬁ)
vy D=}

« fundamental of SU(2)p
— interacts with V)
Introducing a fermion

wt 4
o 1) u v u
() x U(1) Vi = ﬁi »Bu = (¢0) (d)L (e)L dﬁ eR

Lo 1 . _
L= (W) = (Bu)’ o+ 1Du®u” + 1 B @ — M@ @i)* + 1 i ™ = 0 @ i+ hc)

—7(1/,?,’,) + |Du®p|? + LB — Ap (), ®p)? + Vipw

Rw

+ a .t KRB t
] ] nva a ]
7/\(1,”(1‘/,(1),/(1)/-/ ‘l)“‘l’/) — ]//) o) Dk (o )/,;/(l)/)/ (—\: B/,,,(l),/(l)/-/ \4

w0 ”)[/<le>

can be small suppressed
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Connecting the dark sector to the SM

@ Mg TU
U@p vo = | 3, o= | 07| w= (7{;) |
vy D=}

« fundamental of SU(2)p
— interacts with V72
Introducing a fermion - Vector-like*
— no anomalies

* abelian case with VL fermions in
DiFranzo, Fox & Tait 1512.06853

wt
_ (ot u v UR
UQ)LxU(l)y Vu= ﬁi »Bu = (¢0) (d)L (e)L dg er

Lo 1 . _
L= (W) = (Bu)’ o+ 1Du®u” + 1 B @ — M@ @i)* + 1 i ™ = 0 @ i+ hc)

—7(1/,?,’,) + |Du®p | + puh®S®p — Ap (], Pp)? + ViPV — My T

Rw

y KB t
pvag a ot
Aty @l Pu Of8p — VIO (0")uPo (Tb/w(l’,,(l’H n

w0 ”)[/<le>

can be small suppressed

Luca Panizzi A fermionic portal to a non-abelian dark sector 10/47
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Connecting the dark sector to the SM

I ; B
Pl —Mg U
SU(Z)D VD — Vgo dp = 0D+2 U (IZ’D)
“h 1 (U

. 0
Vi - »
N %
* fundamental of SU(2)p > 0%
— interacts with V1) /?Q/\\{g,
Introducing a fermion . Vector-like %Mo
— no anomalies AN
» Charged under U(1)y ‘/éf\@
. — interacts with SM %\f
SUQ)L x U(l)y  Vu= $ B on= (% (Y vK *ww
’ ' o Wi o 1=\ ¢ djp\e) drer v

L, 1 M. _
L= (W) = (Bu)’ o+ 1Du®u” o+ 1 BB — M@ @i)* + 1 i N = 0 @ [+ hc)

1, p _ _ _
—ZL(V,?,’,)2 + |Du®p | + puh®S®p — Ap (], Pp)? + ViPV — My T

S KB RwW b b
i i pra g a > i i
7/\(1,”(1‘/,(1),/(1)/-/ ‘l)“‘l’/) — ]//) (l),)’,\(ﬂ' )/,;/(l)/)/ (—\:[)/,,,(l),/(l)/-/ - —\4 ‘V//,/‘l’”,(ff )[,‘(DH,

can be small suppressed
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Connecting the dark sector to the SM

o0 My TV |
SUQ)p Vo = [ v dp= | Ptz = (¥ v
K 2y @ Y
=35

*

The fermion portal

wt
SUQR)L xU()y Vu=|Ws |,Bu Pn
e
1 1
L=— (W) = S (Bu) + DBl + 1 BBy — N(@]

)’ + 7MiM = G Bu M+ hec)

—7(1/,?,’,) + Du®p|? + 5B — Ap (@ Pp)? + ViV — My U — (v U Bpfe™ + h.c)

, , KB KW b =+ b
i pra a f |
7/\@”(1‘/,(1),/(1) ‘l)“‘l)/) — V ,)/ (fT )/\/(l)/)/ (TB/”’(D//(DH - \4 ‘V//,/l ,( )[’,‘(I)H,
can be small suppressed
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Connecting the dark sector to the SM

0
Yo+ (p(L))Jrl L)
SUQ2)p Vo= v, Dp = o T U = (¢)
=35

[ = - .su | * allowed because the fundamental of SU(2) is pseudo-real
A problem: « explicitely breaks the global SU(2)giag

wt
_ (ot u v u
wocaor w-(i ) e (§) ()0, Ha v

1, 1 oM. ~

L=— (W) = L Bu) + D@ + @ BBy — N(@f )’ + 7 i ™ — (0™ @ [ + e
1, p ' . _ _ _ .

—Z(v,{?;,)z + Du®p|? + 5B — Ap (@ Pp)? + ViV — My U — (v U Bpfe™ + h.c)
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Connecting the dark sector to the SM

1%

D+ o 1
SU@2)p VP = [ v8, ®p = wé”z T = (fﬁ)
vy D=}

A problam -«n:w;ﬂ Impose U/(1)2°" = /A0 with ¥, # 0 for SU(2)p doublets

wt
_ (ot u v u
SUQL x U(l)y  Vu= x By Ou= (¢0) (d)L (e)L doen YD

Lo 1 M . _
c:7<ww>z = 4 Bu) + D ®ul* + i @By — N 2u) + B SN = RN Bu N+ e

_ - (VDz

nv

)2+ [Du®p|* + 1h @l ®p — Ap(Ph,Pp)? + ViV — My TV — (v U Bpfg™ + h.c)

Rw + ;

i pva a b
7/\%',,‘1'/;(1)//(1) (l)/)(l’l) - ]/ ,)/( )s’\/(bl)/ ( \2 [>/,,,(l’//(b v” v (b//,(f" )//(bH/>

can be small suppressed
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Connecting the dark sector to the SM

1%

D+ o 1
SU@2)p VP = [ v8, ®p = wé”z T = (‘fﬁ)
vy D=}

\/E diag

When (25) = - (0 ) | SSB: SU()b x U™ — U(1)58 with conserved 0p = T3, + ¥
-~  r

(analogy to SM)

diagonal part

wt
_ (ot u v u
SUQL x U(l)y  Vu= & By Ou= (¢0) (d)L (e)L doen YD

Lo 1 . _
c:—zva)z = 4 Bu) + D ®ul* + i @By — N 2u) + B SN = RN Bu N+ e

_ - (VDI

nv

)2+ |Du®p|? + uh®L®p — Ap (@), ®p)? + Tip¥ — My TV — (Y U DpfM + h.c)

Rw

+ a .t KRB t
] ] nva a ]
7/\(1,”(1‘/,(1),/(1)/-/ ‘l)“‘l’/) — ]//) o) Dk (o )/,;/(l)/)/ (—\: B/,,,(l),/(l)/-/ \4

w0 ”)[/<le>

can be small suppressed
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Connecting the dark sector to the SM

VO+ @0 l
U(2)p VR = | vi, dp = go‘l))+7 T — (lf;))
Vo D3

If Yp = 1/2 for SU(2)p doublets
and Yp = 0 for SU(2)p triplets

Zy = (—1)2 | subgroup of U(1)o;

wt

¢+
U xU(l)y Vu=|Ws |,Bu by = (¢0)
.

u v u
(@), C), G v

Lo 1 . _
(Buw) + 1Dy @ + 12 @fi oy — MN@fi@n)* + 7™M i M — 0PN @u M+ hec)

L=——(W 2=
HUMES
—7(1/,?,‘,) + Du®p|? + 5B — Ap (@ Pp)? + ViV — My U — (v U Bpfe™ + h.c)

i wagt ( a KB : K
,/\(I'u‘l‘/)tb/‘/(by (b/‘)(b/) — V//) (b,)‘,\ ()P (\—[1[}/,,,(1)//(1),1, 4+ \_‘Lu o ) //(g )/,/(I)HJ

can be small suppressed
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Connecting the dark sector to the SM

0
Vs w(DJrl ¥p
SUQ)o Vo= |V, ap=[ 2t \1/:(‘ )
0 AN ool P
V[)f S 2
If Yp = 1/2 for SU(2) doublets Tl

~ The only* Z,-odd neutral massive particles
and Yp = 0 for SU(2)p triplets

are the D-charged gauge bosons V3 ,
Zy = (—1)2 | subgroup of U(1)o; =3 dark matter

W+ *unless W is a neutrino partner

+
e SO US| 1 ot it = (¢ ) (Z)L (Z)L Zﬁ eR (el
1

¢0
W
; 1 M. _
L=— (W) = S Bu) + D@ + 1 BBy — N(@f )’ + 7 i ™ — (0™ @ [ + e

1 ; I + _ _ _ .
*Z(V,[,,)f,)z +[Du®p* + phPh®n — Ap(Ph®p)? + Vih¥ — My TW — (v UL Ppf™ + h.c)
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Gauging the global U(1)

A dark electroweak sector

Extend the dark sector with a U(1)yp (dark hypercharge). Same scalars @ and ®p.

G=Gsm x Gp =SU2)L x U()y x SU2)p x U(1)yp — U(1)em x U(1)p
Conserved charge from the unbroken U(1)p symmetry: Op = Tsp + Yp

One assumption: SM fields do not carry Qp charge
The only Qp-charged state is V), = W) == stable === DM candidate
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Gauging the global U(1)
A dark electroweak sector
Extend the dark sector with a U(1)yp (dark hypercharge). Same scalars @ and ®p.
G=Gsm x Gp =SU2)L x U()y x SU2)p x U(1)yp — U(1)em x U(1)p
Conserved charge from the unbroken U(1)p symmetry: Op = Tsp + Yp

One assumption: SM fields do not carry Qp charge
The only Qp-charged state is V), = W) == stable === DM candidate

Renormalizable, gauge-invariant kinetic mixing between U(1)y and U(1)yp can be generated

1
0
e " B* 1—e2 cos O, —sin6; \ [ B"
—Lxm = §BuvB" + §Bou By + 5B, By (BO‘“)_(— —525 1>(sin O cos by Bg
no vV 1—e2
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Gauging the global U(1)
A dark electroweak sector
Extend the dark sector with a U(1)yp (dark hypercharge). Same scalars @ and ®p.
G=Gsm x Gp =SU2)L x U()y x SU2)p x U(1)yp — U(1)em x U(1)p
Conserved charge from the unbroken U(1)p symmetry: Op = Tsp + Yp

One assumption: SM fields do not carry Qp charge
The only Qp-charged state is V), = W) == stable === DM candidate

Renormalizable, gauge-invariant kinetic mixing between U(1)y and U(1)yp can be generated

1
0
_ ) 1—c2 cos 0, — sin 6, B!
_ 1 1 e Bz _ e « 3
—Lxm = 3BuuB" + 1Bpuu B+ 5B, B (B%)(—L 1>(sin0k cos O Bg
\/1752

Mixing between all O- and Qp-neutral bosons

2 _Alo,.n (P+g)P = o 4
my =0 Mz =7 |:g ts (1 + (PN T e +0E0
myp, =0 2

2 2.2 2 12N 2
_ b [,2 ” s v —(sp+8p)vp 2 4
Mz =% [gD e <1 * @+ —(G+epvh © )} + 06
2 massless and 2 massive vectors

Connections with dark-photon phenomenology
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The model components
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The fermionic portal

The Z,-even fermions mix due to the SM and new Yukawas
—Lr = (M oy M+ y U PpfSM 4+ he) + Mg TT  with ¥ = (f/f’)
(®n) (®p)
X X v
YA 0
fi i ' YL YR M=%
 — > - > > Y My
y y My

Z,-0dd ¥p is DM-SM mediator Z,-even 1 mixes with SM
Vit
cosOpr sinfpr\ (f

.fShd
(7).~ (xan) (),

%D v ),

The hierarchy between mass eigenstates is always my < my, < mr
The portal can be with any SM fermion(s) and with any number of VL fermions
maybe a portal in the lepton sector can explain anomalies and muon (g — 2)?

A fermionic portal to a non-abelian dark sector
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The gauge sector
diagonal mass shifts
dy and ®p are only charged under their gauge groups === No gauge mixing at tree-level

m m &,
0 = =2
Vie ~ VR T 2P

Luca Panizzi A fermionic portal to a non-abelian dark sector 23/47



The gauge sector
diagonal mass shifts

®y and ®p are only charged under their gauge groups === No gauge mixing at tree-level

m =m = g—Dv
Vor o~ 2 P

v/ \%4

Different loop corrections: Vo Vo
(Vhy = Vpand Vo, = V) Cj >
v/ \%4
2 m2 _ m2
my, — myr S0 Wp g for mp 3> myg, my,

3272 myp,

The Z,-even gauge boson V' can only decay to ff, or VpV}; if mf, - mf/,l) is large enough
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The gauge sector
diagonal mass shifts

®y and ®p are only charged under their gauge groups === No gauge mixing at tree-level

m m gDv
0 = = VD
Vbt VOD() 2

v/ \%4
Different loop corrections: v v
(Vhy = Vpand Vo, = V) Ci ) b b
v/ \%4

2

g mp—m,
D D >0 for mp>>mf,mVD

my, —myr =~ E—
P 3212 my,

The Z,-even gauge boson V' can only decay to ff, or VpV}; if m% - mf/,u is large enough
z '\/\/\/\@W\/\»Z figh
Modifications to SM W W
different for Z and W > ( )

fo B2

Possible explanation of W mass discrepancy?
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The gauge sector

kinetic mixing in the broken phase

€, €zv
V/W/\@WWZ,y V"\/\/\/\@W\/\»Z,’y B %V;’WF‘“’ + VL2

Luca Panizzi A fermionic portal to a non-abelian dark sector 24/47



The gauge sector

kinetic mixing in the broken phase

W@WWZ v V'W/\@VW»Z Y —Lin = LV, P+ Ly, ze

my,
The kinetic mixing matrix is function of fermion mass ratios r; = #and Tepp = ”‘,’F{) :
: YD
10 ———Av 4 2 9 5 2
1—e2 —€2 s | Mypp "MFMF my _ gDeQ/ AV
Ay~ zv €y = 5 | —>2—5>—In =% +2In = F (ryryp)
veM [ 01 - ]_:zv_‘ with 167 (= mp)my, Z mm: 1672 D
AV zv 28D zv
00 ———— €zv = 64 2cy ]:qluql('/ ’ln)JFQ/sW]:(//?(’/ ’w:)

,2,2
=<4y —<zv
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The gauge sector

kinetic mixing in the broken phase

€, €zv
V"\/\/\/\@W\/\»Z,'y v'w@wwzm B %V;’“,F*“’ + VL2

The kinetic mixing matrix is function of fermion mass ratios r; = ,'Lfand Tp
N ’AS)D

m

vp .
n mp "
10 ——Av 4 22 2 2
J1—€2, —€2 o mg Mop | — 8D av )
01 - & = . w =67 | Gaoaer - o F 2 g = S P O )
1—e2 _¢2 with FUf 7 p F :
AV T €Zv . .
i _ _s8p zv - 2 IV
00 m €zv = 64m2cy ]:q'IIJqu(’/? ’“1)) + Qfsw]:q'/z(’h ’«‘1))
T AV 2y

F M)

2
F i realnruc) sﬁ,ﬂr.z{rﬁw_

F N
[ [ L )
04 0.6

"
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The gauge sector

kinetic mixing in the broken phase

V"\/\/\/\@W\/\»Z N V"\/\/\/\@W\/\»Z v —Lxum V’ SR 4 6ZVV’ ZH
”l/
I

The kinetic mixing matrix is function of fermion mass ratios r; = =0
10 ——v 420 >
1 8D¢Y, "pp —"MFME m _ 8D Ay .
o1 e/%v v ) = ]Mf ("’%ET”@ mf% +21In meFj| = lﬁwff (rp,
- witl -
‘—é/zw_é%v 7v 2 L7V
00 1 " = 647‘, ]:q'IIJqu(rH ryp) + OrswF o (175 Ty))
- AV7 zv

S5y Faml,
Fahealrifu) . PR

< ~

7 /Generically small or of order one -
i ;/ if fermion mass ratlos are not too different -

AL o [/ A\ 1027

A\ :

/ ll |
i
95 = \W f

-3l LM LA UL -3l
003 107 10° [T
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The gauge sector

kinetic mixing in the broken phase

€av €zy
v Zy v 2 —hw = Vi B =V, 2

Z and V' mass mixing

12 Y2 1,2 m VA

-~ 5 V' smie€ . IT: (¢==0) 7

Before KM: M7, = 4(g1 -i;g ) 2 ) with e, = THT—— = ()
Mgy i80VD m? 3272e, M D
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The gauge sector

kinetic mixing in the broken phase

& €zv
14 Z,y v Z,y —Lxm = %V;’WF‘“’ + 7 Vw2

Z and V' mass mixing

10,2 2y.2 1 2 emn ZV 2
. 1 L IT =0 7
Before KM: #£3, = ( 406 & MU ) with e, = TLTD _ dwp g
fmfelv 28pVD ity 327 2¢y,

10916 7 (1.7 y5)

T

. - 2.1 | This can be dangerously large

z;‘ s | (notice that the z-axis is in log scale)
1072 - \
i 4
s |
%0 02 04 06 08 10
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The gauge sector

kinetic mixing in the broken phase

W@WWZ v V'W/\@VW»Z Y —Lin = LV, P+ Ly, ze

Z and V' mass mixing

L(,2 Y2 12 m VAR
. (g"+ Vo o smje . 7l (¢7=0) 3 /
Before KM: M, = 4(g1 ng ) 358 ) with e, = L — = D }—Z\ (rf, Py )
2Mpezy 780VD m 3272e, M D
2, 12y2 2
(874" )v" ezy —2mz ey,
2 T &2 KM (gz + g'Z)VZ - 1—e2,—e2 _—
. — KM Y 1 = =
After KM: Mz, = (V™)™ bz, viM = 1 2o e G,
. spvpt(e”+g )W ezy —dmpezy ezy
symmetric > 3
I—<hv—<zv

mieh, — (&8 + g Wew
— (&2 + g2V

diagonalized for eay,zv ~ €, ~ 0 by tan260,y ~ 260, ~ +2 o
8pVD
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The gauge sector

kinetic mixing in the broken phase

€ €zv
V"\/\/\/\@W\/\»Z,'y V"\/\/\/\@W\/\»Z,’y B %V;’WF‘“’ + VL2

Z and V' mass mixing

ey, — (& + 8%)ew

tan20zy ~ 260,y ~ +2
8pvp — (& + 82

Mass eigenstates:

12

2
ity

1&g+ g [1 + 62, (1 - %)] modification to the SM Z mass

20 2y 2
my = 38hvh [1 + &y + (0zv — ez)? (1 - %)]
sp'D
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The gauge sector

kinetic mixing in the broken phase

€ €zv
V"\/\/\/\@W\/\»Z,'y V"\/\/\/\@W\/\»Z,’y B %V;’WF‘“’ + VL2

Z and V' mass mixing

ey, — (& + 8%)ew

tan20zy ~ 260,y ~ +2
8pvp — (& + 82

Mass eigenstates:

12

2
ity

’2 \'2 g .
L+ [1 +62, (1 = %)] modification to the SM Z mass

20 2y 2
My~ 38HVD [1 + €y + (0zv — ezv)? (1 e )]
SD'D

modified covariant derivative

—ieQA, — i [CE(TS = Qsﬁy)fguTngv} Z, —i |:gDT13)*€Q€Av + — (75 — Q.ny)wzv = Ezv)i| VL

/! A

New Z interactions « vV interacts with all SM fermions
with the dark sector « EM multipole interactions of DM with atomic matter
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The gauge sector

kinetic mixing in the broken phase

€ €zv
V"\/\/\/\@W\/\»Z,'y V"\/\/\/\@W\/\»Z,’y B %V;’WF‘“’ + VL2

Z and V' mass mixing

ey, — (& + 8%)ew

tan20zy ~ 260,y ~ +2
8pvp — (& + 82

Mass eigenstates:

m o L(g 4 g [1 + 0%, (1 - %)] modification to the SM Z mass

20 2y 2
My~ 38HVD [1 + €y + (0zv — ezv)? (1 e )]
SD'D

modified covariant derivative
. .| 8 2 3 . 3 8 2 ’
—ieQA, — i c—(T3 — Osy)—8pTp0zv | Z, — i |gpTp—eQeay + C—(T; — Osy)(Ozv — ev) | V,,

Analogous (more complicate) mechanism in the gauged U(1)p scenario
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The scalar sector

v =+ 4/\DM2*2>\<§>H<I>DM%
EW + Dark AAD=AG &,

symmetry breaking INPE—2N D, @) 2
vp = :l: D 2H D
DT,

8 degrees of freedom: 6 massive gauge bosons, 2 physical scalars h, H
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The scalar sector

ANpp2—2Xp 5 1D

2
=3} 5,

EW + Dark
symmetry breaking

8 degrees of freedom: 6 massive gauge bosons, 2 physical scalars h, H
Tree-level mass matrix

Aoy
A2 2HTDyy ) M2 2 A—mvd X
2 sinfg = 4 [27H- " p7D

Mg = 2 my, —m
wp  Apvp o,

Aeye)
2

m%’H =\ + ADV%) E= \/()\vz — )\[)V%))Z + )\%I)HLI)DVZV%)
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The scalar sector

v =+ 4App?— 2>\<1>H<1>DM§)
EW + Dark 3 4AAp— /\cI>H<I>D
symmetry breaking

Al — 2>\<1>,.,<1>Du

vo =y [ =%

®H®p
8 degrees of freedom: 6 massive gauge bosons, 2 physical scalars h, H

Tree-level mass matrix

Aoy
)\V2 —HDy,y . m2 V2 X —m2v3 X
Mg = ( ) L sin g = 4 /274" p7D

Ay d —
#VVD )\Dv%, M~

mh 0= PILEE >\1)VD T \/()\v = )\[;VD) 4 )\q) oY v%)

Loop mixing ALWAYS present (even if suppressed)
BoH e eeoh H H interacts with any massive SM state
’ ’ h interacts with the dark sector
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Summary of particle content

Scalars [SUQ)L U1y |SUQ2)p || Z2

+
()| -

2|

Wol
p+1 _
dp = 2 1 ( 2 :
L (WUD)‘ ) ‘ + Fermions |SU(2), U(l)y [SUQ)p||Z2
SM
()| 2 oee] |
d, 7
Vectors |SU@2). Uy |SUQR)p || Z2 uM, M 1 2,0 1 n
SM  )SM 1
W N dM, 6 1 -1 1] +
W= | W, 3 0 1 + (P _
W + ‘I’*(w ! & 2+
Bo | 1o | 1 |+
o (Vs -
Vi = | Voou 1 0 30 ||+
v, -
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A case study
top portal without Higgs mixing at tree level

What's with I'm doing a
the beer? case study.
e
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Case study: top portal w/o Higgs mixing

U = (1p T)" with m; < my, <mr and sinfs =0
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Case study: top portal w/o Higgs mixing
U = (1p T)" with m; < my, <mr and sinfs =0
gp = 0.05,0.5  strong or weak cosmological constraints

Representative benchmarks: ¢ mr = 1600 GeV

my = 1000 Gev}heavy enough to evade LHC constraints
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my, (GeV)

Case study: top portal w/o Higgs mixing

U = (1p T)" with m; < my, <mr and sinfs =0

gp = 0.05,0.5  strong or weak cosmological constraints

Representative benchmarks: ¢ mr = 1600 GeV

my = 1000 Gev}heavy enough to evade LHC constraints

T

95=0.05
1000 [m,=1600 GeV
F[my=1000 Gev

Luca Panizzi

L P N N E N R S i
200 400 600 800 1000 1200 1400 1600

Kinematic limit

Small mediator-DM mass gap

my, (GeV)
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my, (GeV)

Case study: top portal w/o Higgs mixing
U= (ip T)T Wit and sinfs =0

strong or weak cosmological constraints

gp = 0.05,0.
Representative benchmarks: ¢ mr = 1600,6GeV heAvy enough to evade LHC constraints
my = 1000 GeV

: : T
9p=0.05

1000 [m,=1600 GeV
F|my=1000 Gev

500"
[ A o
L X e
™ L‘(\ﬁ?
3 ‘(\\0/

100/

Med/ator mass bounded from below and above

50 | |

K
10| &
v A
S <
5I:EI S S S S S S S S S S B W Wt EA.
200 400 600 800 1000 1200 1400 1600

my, (GeV)
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Case study: top portal w/o Higgs mixing

U = (1p T)" with m; < my, <mr and sinfs =0

gp = 0.05,0.5  strong or weak cosmological constraints
mr = 1600 GeV

heavy enough to evade LHC constraints

Representative benchmarks:
mp = 1000 GeV

9p=0.05 - .
1000 {21600 Gev // Mediator mass bounded from below and above
[|ma=to00Gev | o Light DM in non-perturbative region
500 o
5 é‘@ 6\\ .
[N
O o
3 ‘(\\01 1
S /
[0 /
O 100f | 1
N E ; E Vb, 14 Vb, v’
& 50 ]
." | mpoeimv
; 1 —V > 50%
10l 1
Z‘i:,' non-perturbative oS
SLE Ew:
71000 1200 1400 1600

200 400 600 800
my, (GeV)
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Case study: top portal w/o Higgs mixing

U = (1p T)" with m; < my, <mr and sinfs =0

gp = 0.05,0.5  strong or weak cosmological constraints

Representative benchmarks: ¢ mr = 1600 GeV }heavy enough to evade LHC constraints

mp = 1000 GeV
9p=0.05 .
1000 - [ m, =1600 Gev Mediator mass bounded from below and above
Fmi=1000 Gev ~ Light DM in non-perturbative region
00T oo 1 Large kinetic mixing when my, ~ my
(\/‘“’/;‘(\,49" 1 {fAV or ezy or ezv} > 0.1
/9, i
>
> ;
g 100; CLarge KM / -
N | W
g 50|
10t £
WA non-perturbative 0=
200 400 600 800 1000 1200 1400 1600

my, (GeV)
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Representative benchmarks:

X% e
of o
/9,
> ;
o) K
g 100 E CLarge KM
s B
& 50 !
10!

(1T,

WO L
S

b AN AALRLLLN LS
5 200 400 600 800 1000

Case study: top portal w/o Higgs mixing

U = (1p T)" with m; < my, <mr and
strong or weak cosmological constraints
}heavy enough to evade LHC constraints

gp = 0.05,0.5
mr = 1600 GeV
my = 1000 GeV

£
non-perturbative =
&

1200 1400 1600

my, (GeV)
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Luca Panizzi

sinfg =0

{fAV or ezy Or ezv} > 0.1

— Mediator mass bounded from below and above
Light DM in non-perturbative region
Large kinetic mixing when my, ~ my (but not only)

T
T~

- —
90=0.5 )
F=TE00 GeV

1000 - {m,,=1000 Gev

Large KM

non-perturbative
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Case study: top portal w/o Higgs mixing

U = (1p T)" with m; < my, < mr and

gp = 0.05,0.5
Representative benchmarks: ¢ mr = 1600 GeV .
my = 1000 Gev}heavy enough to evade LHC constraints

R

P —
90=0.05

sinfg =0

strong or weak cosmological constraints

Mediator mass bounded from below and above

1000 :fm,=1600 Gev
[ mi=1000 Gev Light DM in non-perturbative region
00T o Large kinetic mixing when my ~ m (but not only)
Q9 0’ LHC constrains my,, for m;, — my, = m
‘Q\?‘/ 1 (bounds almost independent on gp, my and my)
S /
8 100/ | g t
~ £ P —— 1 1
a £ \TLarge KM ] 8 5 Vb [Emiss
E> Y tt+E’ I = Vb T
So0p «— | g NS
: Recast
;' A. M. Sirunyan et al. [CMS], Search for top squarks and dark matter
q N . - particles in opposite-charge dilepton final states at /s = 13 TeV,
105} > €7 Phys. Rev. D 97 (2018) n0.3, 032009, arXiv:1711.00752 [hep-ex]
A non-perturbative 0S|
& B ML DN 1B
00 400 600 800 1000 1200 1400 1600

2
my, (GeV)
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my, (GeV)

Case study: top portal w/o Higgs mixing
U = (1p T)" with m; < my, <mr and sinfs =0
gp = 0.05,0.5  strong or weak cosmological constraints

mr = 1600 GeV }heavy enough to evade LHC constraints

Representative benchmarks:
mp = 1000 GeV

e
9p=0.05
1000 | m,= .
et Mediator mass bounded from below and above
o= . . . .
500" - . Light DM in non-perturbative region
W .
oS Large kinetic mixing when my,» ~ my (but not only)
0\\0 N0~
g‘“ﬁ LHC constrains my,, for my, — my,, > m
¥y
‘(\/ (bounds almost independent on gp, my and my)
100/ | Very weak direct detection constraints
P RQlage kM ——7 mostly for m,, ~ m, or m;,, ~ my and light DM
| - y D D g
B t+ET direct detection
50+ |/ e Vb Vb Vb Vb
o u, Y pe e
i 0T Ho o 9o
- . i Qg
:. B - gy %"g
10 S g g
ot/ non-perturbative ol E. Aprile et al. [XENON],
5§ LALALL €, Dark Matter Search Results from a One Ton-Year Exposure of XENON1T.
200 400 600 800 1000 1200 1400 1600 Phys. Rev. Lett. 121 (2018) no.11, 111302, arXiv:1805.12562 [astro-ph.CO]
my, (GeV)
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Case study: top portal w/o Higgs mixing

U = (1p T)" with m; < my, < mr and

sinfg =0

gp = 0.05,0.5  strong or weak cosmological constraints
Representative benchmarks: ¢ mr = 1600 GeV .
P 4 heavy enough to evade LHC constraints
mp = 1000 GeV
9p=0.05 .
1000 -{m,=1600 Gev Mediator mass bounded from below and above
[ mi=1000 Gev - Light DM in non-perturbative region
500p o ‘Q Large kinetiq mixing when my: = my (but not only)
O o’ LHC constrains my,, for m;, — my, = m
‘Q\{/ (bounds almost independent on gp, my and my)
2 2 Very weak direct detection constraints
@ 100/ Fiarge i - (mostly for my;, ~ m; or my, ~ mr and light DM)
IS 500 ; = direct detection . VD% \N‘PVD VDWVD
Ll \ LT G o SOom
f { p I
g g
Welbrmmmrs 5 8 g
AT non-perturbative e 8 1 Vb Vo Vi Vb
EL OO Ay s S B
57200 400 600 800 1000 1200 1400 1600 4
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Case study: top portal w/o Higgs mixing
U = (1p T)" with m; < my, <mr and sinfs =0
gp = 0.05,0.5  strong or weak cosmological constraints

mr = 1600 GeV }heavy enough to evade LHC constraints

Representative benchmarks:
mp = 1000 GeV

L A T B i S

Mediator mass bounded from below and above

my, (GeV)

90=0.05 —
1000;m,=1eooeev
£|mk=1000 Gev Light DM in non-perturbative region
00T o - Large kinetic mixing when my, ~ my (but not only)
R S 4 LHC constrains my,, for m;, — my, = m;
‘(\\0 (bounds almost independent on gp, my and my)
y Very weak direct detection constraints
100: CLarge o (mo.stly for my;, w my; Of my, 'v mT.and light DM) | *
50: i {F+EPS direct detection Indirect detection constrains light DM
[l e Vb v’ Vp swaw>—1t  Ip 8
N ) E I >'Uﬁ§‘b‘5{'
[ } b Vb \d Vp w7 1p 8
3 2
0% ‘ 3 /
s Q
s : o« (s )
5§ l_l_l_l_l_A_A_I_I_A_A_I_IL ,,,,,,, Ew. S bM
N. Aghanim et al. [Planck],
200 400 600 800 1000 1200 1400 1600 Plan%k 2613 resugts VI. ]Cosmologlcal parameters,
Astron. Astrophys. 641 (2020), A6, arXiv:1807.06209 [astro-ph.CO]

my, (GeV)
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my, (GeV)

Case study: top portal w/o Higgs mixing
U = (1p T)" with m; < my, <mr and sinfs =0

gp = 0.05,0.5  strong or weak cosmological constraints
Representative benchmarks: ¢ mr = 1600 GeV }heavy enough to evade LHC constraints

my = 1000 GeV
9p=0.05 .
1000 - [ m, =1600 Gev Mediator mass bounded from below and above
£|mk=1000 Gev Light DM in non-perturbative region
500 - — Fatin miyi ~
PSS e i Large klneth mixing when my, ~ mz (but not only)
9 o LHC constrains my,, for m;, — my, = m;
‘(\\0 . (bounds almost independent on gp, my and my)
/ Very weak direct detection constraints
100: Ciarge o (mo.stly for my;, w my; Of my, 'v mT.and light DM)
505 s ETs | e Indirect detectl_on constrayns I|ght DM
[]! Strong constrain from relic density
; —+ the model “lives” on the red contours (Qbck)
P )
104 5
A 7 non-perturbative _indirect s
5§ l_l_l_l_l_a_a_l_l_l_t_l_u ,,,,,,, E
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my, (GeV)

Case study top po

R T e e e

s == o s G
9p=0.05)
1000 :[77=T800 Gev
£ [m=1000 Gev
500 - © — -
F S <°‘ & overabundant relic density
B\ 6\40
‘(\\0 .
,I /
100: CLarge KM
50: ‘,' t+ET . direct detection
10 &
N non—bérturbé(iva indirect detecti A
5EL E]
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mr = 1600 GeV
mp = 1000 GeV
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relic density
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Strong constrain from relic density
—+ the model “lives” on the red contours (Qbc)
— overabundant region shrinks for larger gp

— and ID constraints vanish
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my, (GeV)

Representative benchmarks:

P —
90=0.05
£|mr=1600 Gev
£|my=1000 Gev

R S

Case study: top portal w/o Higgs mixing

U = (1p T)" with m; < my, < mr and

sinfg =0

gp = 0.05,0.5  strong or weak cosmological constraints
mr = 1600 GeV ’
my = 1000 Gev}heavy enough to evade LHC constraints

I R A AR

tFeEpe

non-perturbative _indirect

direct detection

200 400 600

Luca Panizzi
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my, (GeV)
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tp>MT

Mediator mass bounded from below and above
Light DM in non-perturbative region

Large kinetic mixing when my, ~ my (but not only)
LHC constrains my,, for m;, — my, = m;
(bounds almost independent on gp, my and my)
Very weak direct detection constraints
(mostly for my;, ~ m; or my, ~ mr and light DM)
Indirect detection constrains light DM
Strong constrain from relic density

—+ the model “lives” on the red contours (Qbc)
overabundant region shrinks for larger gp

and ID constraints vanish
— effedtive (co-)annihilation processes
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my, (GeV)

—]
—1 Zoom on the small mass gap region | T
. [ T e
Case StUdy' top po - (S S ’ overabundant
U = ([D T)T with m L \ relic density
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my, (GeV)

—]
—1 Zoom on the small mass gap region | T
. (s
Case Study. tOp po B ’ overabundant
U = ([D T)T with m L relic density
gp = 0.05,0.5
Representative benchmarks: ¢ mr = 1600 GeV ES 0.100 - V]
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my, (GeV)

—]
—1 Zoom on the small mass gap region | T
. (s
Case Study. tOp po B ’ overabundant
U = ([D T)T with m L relic density
gp = 0.05,0.5 N
Representative benchmarks: ¢ mr = 1600 GeV ES 0.100 - "’fa<ﬂ5yz,;,;,; ]
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; —+ the model “lives” on the red contours (Qbc)
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my, (GeV)

Case study: top pg £()
U = (ip T)" with m v’
¢p = 0.05,0.5 )
Representative benchmarks: ¢ mr = 1600 GeV .
mp = 1000 GeV gp = 0.05, my, = 1599 GeV, mr = 1600 GeV
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9p=0.05 "
1000 -{m;=1600 Gev Med 10 107
£ m.=1000 Gev Ligh S 107 10-6
500 - e D 15-10 n
P SE SF overabundant relic densi Larg Q10 107 L
Q9 ;6\,4'9’ (LbEE S 101 104 "
N0, -
‘0,’ Ver 10712 —— oneloop {1073
g 10713 —— treelevel j,,.»
100 ClLare i cornn O S Sl C I
50' ." tt+ET'SS _direct detection_ Indl 200 400 600 800 1000 1200 1400 160]0
[]! : Stro my, (GeV)
i — thermouor—vos oo TousoroaTs =Ty
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] — and ID constraints vanish
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my, (GeV)

Representative benchmarks:

—
95=0.05
1000 :{m,=1600 Gev
£|my=1000 Gev

R S

Case study: top portal w/o Higgs mixing

U = (1p T)" with m; < my, < mr and

sinfg =0

strong or weak cosmological constraints

gp = 0.05,0.5
mr = 1600 GeV ’
my = 1000 Gev}healvy enough to evade LHC constraints
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overabundant relic density

_direct detection_
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my, (GeV)

Mediator mass bounded from below and above
Light DM in non-perturbative region
Large kinetic mixing when my» ~ myz (but not only)
LHC constrains my,, for m;, — my, = m;
(bounds almost independent on gp, my and my)
Very weak direct detection constraints
(mostly for my;, ~ m; or my, ~ mr and light DM)
Indirect detection constrains light DM
Strong constrain from relic density
—+ the model “lives” on the red contours (Qbc)
— overabundant region shrinks for larger gp
— and ID constraints vanish
— effective (co-)annihilation processes
— on the Hp pole, exclusion from ID
The mediator 75 can be long lived, and V’ too

just a simple realization of the model template
multiple features and signatures
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Case study: top portal w/o Higgs mixing

¥ = (1p T)T with m; < my, <mr and sinfs =0

Full five-dimensional parameter space: gp, mv,,, my, mr, my,

just a simple realization of the model template
multiple features and signatures
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Vb

Case study: top portal w/o Higgs mixing

U = (1p T)" with m; < my, <mr and sinfs =0

Full five-dimensional parameter space: gp, mv,,, my, mr, my,
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just a simple realization of the model template
multiple features and signatures

Luca Panizzi A fermionic portal to a non-abelian dark sector 46 /47



Fermion Portal Vector Dark Matter
FPVDM

Summary

->

v

vV

A model of non abelian vector DM with a fermion portal which does not require
the Higgs portal

A template scenario with new collider and cosmological implications

Case study in the top sector with multiple phenomenological predictions

Different possible origins of the Z, parity

to study (LFU, (g —2)u, mw...)

fi, Fi

fo, Fa

Study of different

Role of the new scalar in the

Further analysis of and scenarios for
Study of the gauged extension with the
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