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Motivations

2 accessible sector of NP could be light and feebly interacting (FI) with SM

2 Dark Sector: a natural theoretical framework for physics of Fl Particles

P made by particles neutral under SM gauge interactions

P might contain Dark Matter, but not necessarily

9 observing DS in lab experiments require existence of portals (vector, scalar, fermions)

» mediated by: renormalizable and non-renormalizable (effective) interactions
2 DS particles naturally feebly if coupled to SM via non-renormalizable interactions
2 DS might possess rich internal structure and its own interactions

2 could contain light or massless gauge bosons — dark photon (acting as vector-portal)
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Dark Photon scenario

The vector portal
U(l)a X U(l)b

Free Lagrangian |

1
Lo = _ZFQMVFéLV o ZFbMVFéLV - %Fapyplfw + mass terms
Interactions with matter fields S""' Df

L=ed,A} + e’J;LAg

Fields A_and A_ can be diagonalized (in canonical form) up to a rotation

1 Dark Photon
(Aﬁf) _| Vi=e 0 ( cosf —sind ) (A’”)/
AH
1 ~—» Photon

Al N sinf  cosf

1 — g2

If both U(1)xU(1) unbroken (zero mass term) — freedom to rotate — {j

» B. Holdom, PLB 166B, 196 (1986)

» B.A. Dobreascu, PRL 94 151802 (2005); [hep-ph/0411004]

» M. Fabbrichesi, EG, G. Lanfranchi, “The physics of the Dark photon”
SpringerBriefs in Physics 2020, [arXiv:2005.01515]
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Lagrangian after diagonalization o

Freedom to rotate

, | €cosf _ e cos 6 '
L = _mJ#—I—e(st—m) Jp,]A”
[ e/sinf esin @
+ _—\/l—ngM—l-e(cosQ—F m) Ju] A
Unbroken U(1). x U(1)s
A’ couple to both SM and A couples only to SM
Dark sector fields fields
1 l
/
e ee |
[,, _ J! - J ] A/u 4= 6] AM | same as massive
p v DP

Vi—eZ ¥ 1 —g2 (see next slide)

example
sinf = 0
sinf) = ¢

Massless Dark-Photon scenario
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Dark photon A’ couple only
to its own Dark Sector

2

Photon A couples to both SM and
Dark sector (millicharge)

o

/
,—1_€2JM—|—

L= e’JLA’“’ -

millicharge

B. Holdom, PLB 166B, 196 (1986)
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Massive Dark Photon scenario U(1). X U(1)s

1) Stuckelberg mass term

1 1
Lty = —§M3AWA§ — §M§A5NA§ — My MyAg, Al

2) Mass term via spontaneous symmetry breaking of U(1) (Dark-Higgs)

In both cases, NO freedom of rotation and angle 6 is fixed to

dv'1 — &2 5 = My/M,

sin @ =
V1 —25e + 42
Photon and DP couple to both sectors
1 ¢/ (1 — de) e(0—c¢)
L' = J 4+ —LJ,| A

VIi—20e+2 | Vi—e * y1i—e2 "
1 i

Sioeg o (e A"

If only one U(1) is broken, 3 — 0 = sin # = 0 and we recover the standard massive DP
scenario

€E (see previous slide fOf' comparison)
e —F e
\/1 — &
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Summary of tree-level DP interactions

Photon Dark-Photon

/
A, A,
e , e/
EE
@ @
SM DS
sinf = ¢, cos =+/1 — €2

/
Ay A,
EE
e/
@ @
SM DS
sinf =0, cosf =1

Masslegé Dark-Photon

less explored scenario

E. Gabrielli

Massi;e Dark-Photon

most of experimental searches focus on
massive DP scenario (tree-level couplings)
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Kinetic mixing with hypercharge
Massive DP scenario /

~ £ ~
L=— F' BH
2cosby H

o= Diagonalization involves 3 fields W?,B, A

Wg’ Cw SW —SwE Zp,
]_?“ = —SW CwWw —CWE Ay
AL tW{f 0 1 A;_L

difference with ordinary mixing of U(1)_,,, is that now Z acquires a

EM’
millicharge coupling to Dark sector, proportional to t, = tan[ fw]

LD —eeJlA +eectw]Z, +JVA,

P After integratina our the Z fields — the massive DP to SM fields is
recovered ~ —eg

other implementations of massive DP scenario considered in the literature
(see backup slide)
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Main production mechanisms of (massive) Dark Photons \

(tree-level couplings) = = =

\e : = e—-—"\N\/\z A“
et | AL
Z List does not end here...
Bremsstrahlung Annihilation 1-|00p induced prOCGSSGS
— via resonant Higgs

Ay .
M q{: A and Z boson decays,
4, : FCNC fermion decays, etc
q

(see later slides)

Meson decay Drell-Yan

e Bremsstrahlung e~ 7 — e~ ZA" (A1)

® Annihilation et e v A’ (BaBar, KLOE)
v
e Drell Yan q7 — A'(— T4~ or hTh™)  (Hen)

T
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Detection of massive DP is based on its decay modes

P With visible final states 771 4/ > 2m,

Searching for e+e- or u+u—
j> resonances

1 Am? 2m?
F(A’—>€+€_):§a52mA: 1— M (1-|— mf)

 Collider experiments sensitive to regions & > 10_3 DP decay
displaced vertex

* Beamdump (¢~ 7 — e~ ZA’) experiments sensitive to regions £ < 10_3

4

* Detectable rate (visible) proportional to £
(require high luminosity colliders)

Ay 7 A, g

* long lived DP — require long decay volumes

visible
P Invisible decay W< X
* Detection relies on missing momentum/energy techniques A, %

* Being independent on DP decay, rate scales as 82 invisible
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From arXiv:2005.01515 Massive Dark Photon

Limits on visible decays
Current limits (dilepton resonances)

|||||||I L1l
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(refs see backup slides)

Figure 3.3:  Existing limits on the massive dark photon for m 4 > 1 MeV from di-lepton searches at
experiments at collider/fixed target (Al [176], LHCb [177], CMS [178], BaBar [179], KLOE [180, 181, 182,
183], and NA48/2 [184]) and old beam dump: E774 [185], E141 [186], E137 [187, 188, 189]), v-Cal [190, 191],
and CHARM (from [192]. Bounds from supernovae [193] and (g — 2). [194] are also included.



From arXiv:2005.01515

Future prospects

Massive Dark Photon

Limits on visible decays
(dilepton resonances)

o=

10~ 1072

I :’: I
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Vot Gl gt
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# LHCb: 15 b (solid), 300 fb™' (dotted)
U

L}

vy [Fe-
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__ —=<J u RN
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Coood ol vl 1w
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sensitivity of future colliders:

m,. [GeV]

® mainly covers large-masses and large-couplings range

® fully complementary to low-mass, low-coupling regime where beam-dump and
fixed target experiments are more sensitive
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From arXiv:2005.01515 Massive Dark Photon

Current limits Limits on Invisible DP
|

w 1072

Lo

aBar (2017)
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(refs see backup slides)

Figure 3.5: Existing limits for a massive dark photon going to invisible final states (a, >> ae?). Existing
limits from Kaon decay experiments (E787 [222], E949 [223], NA62 [224]), BaBar [225], and NA64(e) [226].
The constraints from (¢ — 2), [115] and (g — 2). are also shown.
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From arXiv:2005.01515 Massive Dark Photon

Future prospects Limits on Invisible DP
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Limits on massive DP with mass below MeV

1074 e o,
= COBE/FIRAS ™

o 7B g aaa g a3 (refs see backup slides)
107 1w e o™ o o 10 Wt ot 0 1
(refs see backup slides) m,. [MeV]

Figure 3.7: Current limits on massive dark photon for m 4 < 1 MeV. Bounds from cosmology (COBE/-
FIRES [229, 230, 231, 232]), light through a wall (LSW) [233], CROWS [234], CAST [235], XENON10 [236],
SHIPS [237], TEXONO [238], atomic experiments (Coulomb, Rydberg and atomic spectra [239]) and as-
trophysics: Solar lifetime (SUN-T and SUN-L), red giants (RG), horizontal branches (HB) [240, 241, 214].
Additional limits under the assumption that the dark photon is the dark matter: The curve “Dark Matter"
includes the combination of the constraints from the references discussed in the main text.

P> Light Dark Photon (mass << MeV) , invisible, is very much constrained at tree-level

P> Effective loop-induced couplings could dominate at low energy (depending on the DS scale)
for invisible DP
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massless dark photon (invisible)

the massless dark photon is not
the massless limit of the massive dark photon

no tree-level couplings with SM fermions (can be rotated away -
| we need a specific

+ |\ Scalar-messengers benchmark

Dark-fermions rjj

coupling to SM particles induced at 1-loop C>

[hep-ph/0411004]

only massive dark-photon can have tree-level couplings with SM fermions via kinetic mixing

P> Same loop-induced couplings holds also for massive DP

E. Gabrielli ATLAS — CDM subgroup meeting, June 19202315



A simple UV complete
benchmark portal model to Dark Sector

® scalar messenger fields (same quantum N. of squarks & sleptons)
® dark-fermion fields (SM singlets replica of SM fermions)

® messengers and dark-fermions both charged under U(1)
(dark photon)

® Yukawa-like interactions communicate between DS and SM fermions

f; N . .
inspired by radiative-Yukawa couplings model of Flavor

EG, M. Raidal, PRD 89 (2014)
1405.5196 [hep-ph]

SM fermions — »

Y

dark-fermions

N 4, ——» Scalar-messenger fields
Qi " S

E. Gabrielli ATLAS — CDM subgroup meeting, June 1%2023 16



Minimal (new) fields content
Same replica also in lepton EW sector g\ gauge group

~ [Fields[[Spin[SU©@) L [U)y[SUB)JU@), | = 2500ae
sl o | 172 [ 1/3] 3 |- |
?nceaslggngers< 5’%@ 0 1/ 2 1/ > L "4,
S?; & d 2/3 : "9 > U(1), charges
_| S|l 0 0 4/3 3 “qu,
Dark Q" || 1/2 0 0 0 qD;
fermions QU'IZ 1/2 0 0 0 qu, J
Scalar singlet —»| S0 0 0 0 0 0
\ S, needed to preserve at quantum level vanishing
tree-level operators for the Yukawa couplings

P Dark fermions are Dirac (SM singlet) fields
P Messengers have same Quantum N. of squarks and slepton of SUSY models

P Dark-fermions and messenger fields both charged under U(1), (dark)
trasmitted to SM Yukawa'’s

Can solve Flavor hierarchy problem g at 1-loop via messengers

2T 1

DP interactions in DS > Mp. = A exXp < — —+ — ﬁ/} Y ~ M A
dynamically generate = & 3a(N)g? 4 ! Qs /
exponentially spread Dark fermion masses
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Simplified model with Flavor Universal portal interaction — supported by MFV hypothesis

Ny
E N
Lius = 9o | D [3.Q%] S +Z 1QR'] St
=1
| Ny Ny
! = 7yl U, —i MD; D;
_|_ U 7 S 7 + D 1 S 7
T 2H ;[ RQL] e ;[ - L] R + Lepton sector
' )
g % o + AgSo (H'SPSy + H'SPSP:) + hec,
[
MS — AS(SO) —» §,vev
Diagram generating D-type Yukawa Magnetic-dipole interactions of DP with SM fermions
Y, couplings &, (FCNC and Flavor conserving)

1405.5196 [hep-ph]

I

I

I

A
D; 7/ AY 1
Sr

AN

SR Q dr,

# Messenger mass-eigenstates
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Messenger spectrum (assuming flavor universality)

L9 = 0,510"5 — STM3S + sso(HIsysy + sy sy)
~ after S, gets a vev
S=(sp.sm) ps = As(So)
2
m5 A
M2 — L
S A mp A = pgv

Simplified LR universal model
My >~ Mp = M » average mass

Messenger mass spectrum eigenvalues

m?t -: mQ (]_ == f) f — A/m2 mixing parameter

P similar features of squarks and sleptons spectrum of tipical SUSY models
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Effective Lagrangian for magnetic-dipole interactions of DP (dim.5 operator)

Model independent parametrization

absorbs messenger 5 A, s crrrﬁ;
couplings and ST

loop factors

Dark-U(1) coupling T SR Ss dr - Q dar

/ \ SU(2),x U(1), invariant way

A, scale of same order of heaviest

messenger or Dark-fermion mass
running in the loop

Err i 17 ; 1] ‘ v
L= WL O (D%, + 675 DY) Hyfy F* + He

P This is the leading coupling of massless DP to SM fermions (lowest dim. operator)
P This effective coupling is also present in massive DP scenarios

1) might dominate with respect to tree-level mixing (for light dark photons)

2) different production mechanisms respect to tree-level mixing
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massless dark photon

o 10° [from 2005.01515]
o
= 10°k" e quarks
S il o e 5 - A2 From SN
=3 ; :
< e : 5 2
10° : g < 4.3 x 10° TeV
e Vo dy,
10fFi o :
1 u
107! =t —=
107k | 1
-3 : .
0 i —=wor],
107 s sty =011 1
1052 P e e e e
2 4 6 3 10 12
A [TeV] 10”! Al
T — S — IU"2 E
Bremsstrahlung of massless DP N stass (€) : L
- ; i from electrons in a star and from 10~ % —a,=001]; 1
X : < ——-,JJ: nucleons in a supernova 10~ e =000 |1 -;
N I N = H =
= :?T l{}l—ﬂj i i 1 i i i | | | i 1 [ i i | i [ [ | [ I L
S M L leptons | 2 4 6 8 10 12

L_ A [TeV]

BBNe Big bang nucleosynthesis. A cosmological bound for the dark photon operator
comes from the determination of the effective number of relativistic species in addition to those of
the SM partaking in the thermal bath—the same way the number of neutrinos is constrained.

SN e Supernovae. An additional limit is found from the neutrino signal of supernova 1987A, for
which the length of the burst constrains anomalous energy losses in the explosion.
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Laboratory bounds on DP magnetic-dipole interactions

Magnetic-dipole operator of massless DP to SM fermions contributes to spin-interaction potential

V(r)

apv?de,di,
AN4AP3

0o, -0p—3 (0, 7)(op- ’?‘)}

P From 23 P,-23 P; transitions in helium He

P From macroscopic forces between

<

Bounds

=)

") Electrons

~ C> Electrons and
nucleons

2005.01515 [hep-ph]

A2
Vapdy,

= 872 GeVe

A2

> 1.61 TeV?
Vapds,

A2

0\ 2 2
(2" 0 g )
m

> 1.94 TeV?

p i dS iy

P From contribution to g-2 afl = _g%
w

electron

AZ ,
) 2 0.075 TeV
A/ &Dd&

A? 5
Jagdl = 0.27 TeV

E. Gabrielli

A2 4
-

—»

muon

> 0.5 TeV?

2

,/aDdﬁ"/_f

to explain current discrepancy in muon (g-2)
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DP couplings to neutral boson sector of SM

Results apply to both massless and massive DP (via higher dimensional operators)

® Not constrained by astrophysics bounds

® Effective couplings to Higgs boson — dimension 5 operators — UV non-decoupling !

® Effective couplings to Z boson — dimension 6 operators — UV decoupling
® Being induced at loop are sensitive to less constrained couplings
® Higgs-Photon-DP coupling same as for massive and massless dark-photon scenarios

Discovery channel for both massive and massless DP scenarios!
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invisible DP signatures at colliders

EG, Heikinheimo, Mele, Raidal, PRD 90 (2014)
Biswas, EG, Heikinheimo, Mele PRD 93 (2016), PRD 96 (2017)
Biswas, EG, Mele, Symmetry 2002, 14 (8), 15222

:
e H—yyp—y+Er B

/..\\ . .
(' main discovery channels

Fecee e T — H Vi > (backup siides) >~ — non decoupling
T features !

(see next slides)

recee €T — ZH — Z(H = vyp)

W Z decay Z — YYp - evading Landau-Yang theorem
Fabbrichesi, EG, Mele PRL 120 (2018)

+

L Via e'le — }/ '}/D — '}/_|_E (backup slides) Casarsa, Fabbrichesi, EG, PRD 105 (2022)

\ Via electron magnetic-dipole couplings
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other DP productions mechanisms

Via FCNC magnetic-dipole interactions (apply to both massive and massless DP)

| ] ,
& Via FCNC processes f —7 f YD f =1, b, c,s,T,U
(not shown) EG, Mele, Raidal, Venturini, PRD 94 (2016)

- channels not yet explored in top, bottom, charm, and tau-lepton sectors

- sensitive to both massive and massless Dark Photons
- s-d transitions:

K+ — 7r+ 7170 Yb relevant for NA62 Fabbrichesi, EG, Mele, PRL 119 (2017)

L Via polarized muon decay !J+ — e+ Yb

(not shown)
— possibility to disentangle spin via measurement of positron polarization

Fabbrichesi, EG, PRD 104 (2021)
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H — v

® Both massless and massive (invisible) DP give rise to same signature:
resonant mono-chromatic photon + transverse missing energy (neutrino like)

® If observed at LHC this signature cannot arise (mainly) from SM fermion loops
via e-mixing

___ = -

AVAVAVAVAY AVAVAVAYAYAY,
e s 1D ge 1D

P For the massless case, there is no tree-level couplings — so it is vanishing

» For the massive case, via mixing is suppressed — BR ~ ¢ x BR(H — vv)
— outside the sensitivity range of any present and future experiment (¢ < 107(-3) )

P However, it can proceed via UV new heavy physics running in the loop (next slide)

® The discovery of H — v, signal would be a direct observation of long-range
forces in the DS and an inairect evidence of NP coupled to both the SM and DS
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H % /Y/YD Why it is relevant for DP discovery

scalar messenger fields

A
S
q/,'(\/\/\/\/\/\, . /,Ir\/vvv\/\,'}/D g YD
i > S ’ \
ﬁ+———</ i s H-—--<: s H --{ i
S,\\ E S;\\ : \‘\‘_ ’/”
AN '}/D “’\/\/\/\/V\/y e }/
Quantum amplitude1
_ % 1
M'Y’YD — A Tuf/(kla kg)é‘fl (kl)SQ (]Cg)
Yo m?};{
I'(H = vy,) =
( ) 321 A2
_ R4)5)
Non-decoupling behavior (at fixed &) for messenger masses 1M, — OO
6my 1 — &2
A — § )< f <1 . Th. upper bound
" R\/ao, &2 -0
D
: 5 lightest messenger
V is the SM Higgs vev m mass
39 f < ]_ m’g ~— Phen. upper bound
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Messengers contribute also to H — Y7y and H — Yo Vo

Same structure of amplitude as for photon-DP but with a different scale A

H — v H =

! !

R oy a R
A'w — A’Y’YD R_o & A’YD’YD — A'wD @ E

R, and R, contain products of U(1) charges

Ro = 3N.(€2 + €2) Ry = NeYoiy (@, + a3)
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Monophoton Exotic Higgs Signature I

EG, Heikinheimo, Mele, Raidal, PRD 90 (2014)

Invisible decay

H—=~yvyp H—=2Zvp H =707

Effective Lagrangian l i
0 C’}”}’ Cz Zy C'r g
EDPH ~ _( DF;WF;:/H _|_ DZW/FDH _|_ DDFD}LVFD H)
v (% U
Op Rﬁl 612
CZ — R-.C . " ’m{D Z 152 = 52
Yo Zy“yyp  —® (small mixing € limit) ] i
9 ~
by = D0 R, = product of U(1) charges
R, ~0.045

L dark-fine structure constant Q., could be large (potentially allowed if DP is massless)

Ll Messenger contributions to H-y—y (constraints from decay H — vy , see next slides)
Messenger contributions to H-gluon-gluon (constraints from Higgs production =& < 0.88 )
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H —~vvp @LHC

@ DP production mechanisms via H~yvyp effective vertex

gg + VBF analyzed in
EG, Heikinheimo, Mele, Raidal, PRD 90 (

. X Qw ™ Biswas, EG, Heikinheimo, Mele PRD 93
- fusion
----- :> pp — /‘)/ —|— ET Challenging — large QCD
g i bckg of jets faked as f

Vector Boson

FB
fusion ol
) ATLAS, CMS
0 pp—= v+ Er+jets AL
Z associated ATLAS, CMS
production run2

= pp — ZH — (Z— 00 (H — vyp)
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Model independent parametrization of BRs
pure messenger contribution to the width

"
v
BR,, = BRM i
D 13 SM 7’
L+ T, BRY, I'™(H — vy)
r r =
BR,, = BRSN_0 " = TS(H > yy)
DD piai SM yy
1+ T'YD'YDBR’Y’Y
2
1+ v./T T —» parametrizes
BR,, = BR>Y (1+x WgM , DD invisible decay
1+ TFYD,YDBRW (@D)
Plepesiy = — ) r
YYD Ao Y
X = 1 - peremetizes elaive sign of SM vs NP il
[m
SM 2 g = Fszli/[
099—>H — Jgg—>H (1 o X\/ ng) T
Fm
- 99
T LBM SM — — X/ T, 99
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BR predictions in a simplified model (1 messenger)

Biswas,EG,Mele [arXiv:2206.05297] observed upper limits

0.03 ———————————————————— @ 95% C.L.
+ CMS Run 2
| CMS — BR<2.9 %
0.025 N=1 messenger :
' [arXiv:2009.14009]
X = +1
e
Q 0.02}
s Py =015 _
?\ = = -
T o015} B Dl B 8y g ATLAS — BR< 1.4 %
ay ATLAS , ~ —— [arXiv:2109.00925]
pory [ Run 2 =’ 7y =0.05
~ oo , . Wt o =
_ % @ ) === excluded by H — yy
L g e b @ 95% C.L.
0.005
o

Allowed regions of BR, consistent with all model parameters and LHC constraints,
for minimal model, naturally lie below 1%
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0.01

0.008

0.006

BR(H — 77p)

0.002 ¢

Inspired by Flavor model (radiative Yukawa)

N=6 EW mcssengcrs‘ J

x=+1

0.002

0.0015 ¢

BR(H — 77p)

0.001

0.0005

|N =6 colored messengers
T4y =0.1 x=+1
’ S <
7 ~
! » 5
F Tyy = 0.05 L
] e = == e
’ . - ~
o ro =0.02 T o
d o o o i
F &= =
A
I ® -
| 5 .8 s 0.18 (_BR'inv L e
[ 005 Ol - - =7 % =000
1/ o 0.01 -
0 0.1 0.2 0.3 0.4 0.5

Allowed regions of BR, consistent with all model parameters and
LHC constraints, naturally lie below 0.4 % (EW mess.) and 0.3 % (colored mess.)

FUTURE PERSPECTIVES @ LHC and future hadron colliders

E. Gabrielli

2206.05297

BR,, (%) |3ab~'@14 TeV | 15 ab—'@27 TeV
significance 20 SO 20 bo
CMS inspired | 0.012  0.030 | 0.0052  0.013
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Z =y

Induced by DP magnetic-dipole interactions with SM fermions
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Possibile due to the magnetic-dipole
® J P - Fabbrichesi, EG, Mele PRL 120 (2018)]

coupling of DP Z _> ,.)/7

) generated at 1-loop, sensitive to
dark magnetic-dipole couplings of

all SM fermions f — run over all SM fermions
A, TR 7.k
f | v
dark photon field strength f 7K 7,k

~——m magnetic-dipole vertex

B |andau-Yang theorem forbids Z 4 2 photons — amplitude vanishes
avoided due to distinguishability of photon and dark-photon interaction vertices (blob)

& massive dark-photon couples also via magnetic dipole interaction
(results apply to both massless and massive)

i tree-level coupling of massive DP via mixing with photon is vanishing due to LY theorem
C. finite due dimension-six operators O; are
|

3 gauge invariance

e Oiln) = B BRe4v .
Lepr = > GiOy(x) :

Cola) = Z,,B%4A%,,
=1 Os(x) = Z,uB A", .
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/ Dark-U(1) charge
. dy ~1/2
L= Z T (d +W5d£) Yy B e

— large but perturbative
couplings in DS

ig=*

2.92 0y

aD — 0.1
(A/TeV)?

A —1Tev
4 % 10—

BR(Z — v¥)~ (|das|? + |dg|?)x 1078

.

LEP upper bound of BR(Z — v§) ~ 107° dyr = 0.1

— small couplings in DS

M. Acciarri et al. [L3 Collaboration|, Phys. Lett. B 412, 201 (1997); O. Adriani et al. [L3
Collaboration], Phys. Lett. B 297, 469 (1992); P. Abreu et al. [DELPHI Collaboration], Z. —6
Phys. C 74, 577 (1997); R. Akers et al. [OPAL Collaboration], Z. Phys. C 65, 47 (1995). 1072, or non-perturbative

dynamics in DS

1013 of Z boson events at the FCC-ee
expected 10°-10* of Z — 77 events
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Z—y +X

kd Main characteristic signature:

P isolated mono-chromatic photon (EY ~ Mz/2) + missing energy (neutrino-like)

kil Best place to look for: e+ e- colliders as FCC-ee

P monochromaticity of photon mostly maintained (Z peak), slightly sprea  ote— 5 7 v+ X
initial beam radiation

il once a signal is observed — possible to disentangle dark-photon from other
scenarios that could mimic same signature Comelato, EG, PRD 102 (2020),

2006.00973 [hep-ph]

. L Cobal, De Dominicis, Fabbrichesi, EG, J.
X light boson invisible decays Magro, Mele, Panizzo PRD 102 (2020)

’ spin-1 (Dark-Photon) 2006.15945 [hep-ph]
[ spin-0 (ALP — effective couplings yy and Zy )
[ spin-2 (like KK gravity with low energy scale),..
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Cobal, De Dominicis, Fabbrichesi, EG, J.

Z _> f)/ f_)/ @ FCC—ee Magro, Mele, Panizzo, PRD 102 (2020)

3

i x10 2006.15945 [hep-ph]
-'GC: g FCC-ee YY (scaled) i §<103
L|>.| 15005_ Vs =91.2 GeV, 150.0 ab I bek ‘g 1000 FCC-ee |97 (scatea)
- Selection g b [ Vs =91.2GeV, 150.0 ab™ ~
- ETE HYETE 8001 selection Ty
10005 BR(Z = 47) = 05 -
- B » peak smeared 6001
- due to ISR Z
500 400
; ! ! o 200:_
QO 30 40 50 60 :....|....|....|.,..1....|1,..1....|....
E, [GeV] 90 50 60 70 80 90 100 110 120
m; [GeV]

transverse invariant mass simplifies here A = 2p7,

upper limits on BR at 95% C.L.

BR(Z — v¥)
Vs L (ab™1) My E,
LHC 13 TeV  0.14 8x107% 5x107°
HL-LHC 13 TeV 3 I3l Ix107
FCC-ee 91.2 GeV 150 2% 10~ Sxip™Y
CEPC 91.2 GeV 16 7x 107" 8x 107!

Spin analysis: possibility to disentangle spin-O from spin-1
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Conclusions

4 Present and future experimental searches mainly focused on massive DP searches

based on tree-level interactions. Strong constraints hold on DP couplings
for masses below < 1 GeV. High energy colliders can test larger couplings and higher
masses. Low mass range might be more sensitive to loop-induced interactions.

4 Massless DP scenario more appealing from theoretical side

4 DP can mediate long-distance interactions among U(1) charged DM constituents
— supported also by cosmological and astrophysical observations

4 Massless DP scenario less constrained — interact via effective higher-dim operators
with SM (not fully explored) different signatures required (invisible)

4 H— 7YY promising DP discovery channel at LHC due to non-decoupling effects
for both massless and massive scenario (require dark-sector mediated interactions)

d BR <1.4% (ATLAS) and 2.9% (CMS) upper limitsonBR @ 95% C.L. —
one order of magnitude weaker than allowed range

- _1
4 Future perspective at LHC BR,, (%) |3 ab™ @14 TeV | 15 ab™ @27 TeV

and ECC  significance 20 5o 20 50
CMS inspired | 0.012  0.030 | 0.0052  0.013
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E. Gabrielli ATLAS — CDM subgroup meeting, June 1* 202341



H. Goldberg and L. J. Hall, “A New Candidate for Dark Matter,” Phys. Lett. B174 (1986) 151. .
[467(1986)] References on self-Interacting DM models
B. Holdom, "Searching for ¢ Charges and a New U(1),” Phys. Lett. B178 (1986) 65-70.

B.-A. Gradwohl! and J. A. Frieman, “Dark matter, long range forces, and large scale structure,”
Astrophys. J. 398 (1992) 407-424.

E. D. Carlson, M. E. Machacek, and L. J. Hall, “Self-interacting dark matter,” Astrophys. J. 398
(1992) 43-52.

R. Foot, “Mirror matter-type dark matter,” Int. J. Mod. Phys. D13 (2004) 2161-2192,
arXiv:astro-ph/0407623 [astro-ph].

J. L. Feng, H. Tu, and H.-B. Yu, "Thermal Relics in Hidden Sectors,” JCAP 0810 (2008) 043,
arXiv:0808.2318 [hep-ph].

L. Ackerman, M. R. Buckley, S. M. Carroll, and M. Kamionkowski, “Dark Matter and Dark
Radiation,” Phys. Rev. D79 (2009) 023519, arXiv:0810.5126 [hep-phl. [,277(2008)].

J. L. Feng, M. Kaplinghat, H. Tu, and H.-B. Yu, "Hidden Charged Dark Matter,” JCAP 0907 (2009)
004, arXiv:0905.3039 [hep-ph].

N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer, and N. Weiner, “A Theory of Dark Matter,” Phys.
Rev. D79 (2009) 015014, arXiv:0810.0713 [hep-ph].

D. E. Kaplan, G. Z. Krnjaic, K. R. Rehermann, and C. M. Wells, “Atomic Dark Matter,” JCAP 1005
(2010} 021, arXiv:0909.0753 [hep-phl].

M. R. Buckley and P. J. Fox, "Dark Matter Self-Interactions and Light Force Carriers,” Phys. Rev.
D81 (2010) 083522, arXiv:0911.3898 [hep-ph].

D. Hooper, N. Weiner, and W. Xue, “Dark Forces and Light Dark Matter,” Phys. Rev. D86 (2012)
056009, arXiv:1206.2929 [hep-ph].

L. G. van den Aarssen, T. Bringmann, and C. Pfrommer, “Is dark matter with long-range interactions
a solution to all small-scale problems of A CDM cosmology?,”" Phys. Rev. Lett. 109 (2012) 231301,
arXiv:1205.5809 [astro-ph.CO0].

J. M. Cline, Z. Liu, and W. Xue, "Millicharged Atomic Dark Matter,” Phys. Rev. D85 (2012) 101302,
arXiv:1201.4858 [hep-ph].

S. Tulin, H.-B. Yu, and K. M. Zurek, "Beyond Collisionless Dark Matter: Particle Physics Dynamics for
Dark Matter Halo Structure,” Phys. Rev. D87 no. 11, (2013) 115007, arXiv:1302.3898 [hep-phl.

E. Gabrielli and M. Raidal, “Exponentially spread dynamical Yukawa couplings from nonperturbative
chiral symmetry breaking in the dark sector,” Phys. Rev. D89 no. 1, (2014) 015008,
arXiv:1310.1090 [hep-ph].

M. Baldi, "Structure formation in Multiple Dark Matter cosmologies with long-range scalar
interactions,” Mon. Not. Roy. Astron. Soc. 428 (2013) 2074, arXiv:1206.2348 [astro-ph.CO].

F.-Y. Cyr-Racine and K. Sigurdson, “"Cosmology of atomic dark matter,” Phys. Rev. D87 no. 10,
(2013) 103515, arXiv:1209.5752 [astro-ph.CO].

J. M. Cline, Z. Liu, G. Moore, and W. Xue, “"Composite strongly interacting dark matter,” Phys. Rev.
D90 no. 1, (2014) 015023, arXiv:1312.3325 [hep-ph].

X. Chu and B. Dasgupta, "Dark Radiation Alleviates Problems with Dark Matter Halos,” Phys. Rev.
Lett. 113 no. 16, (2014) 161301, arXiv:1404.6127 [hep-phl.

K. K. Boddy, J. L. Feng, M. Kaplinghat, and T. M. P. Tait, “Self-Interacting Dark Matter from a
MNon-Abelian Hidden Sector,” Phys. Rev. D89 no. 11, (2014) 115017, arXiv:1402.3629 [hep-ph].

M. A. Buen-Abad, G. Marques-Tavares, and M. Schmaltz, “"Non-Abelian dark matter and dark
radiation,” Phys. Rev. D92 no. 2, (2015) 023531, arXiv:1505.03542 [hep-ph].

E. Gabrielli ATLAS — CDM subgroup meeting, June 1* 2023 42



References on massive DP searches

[176] H. Merkel et al., “Search at the Mainz Microtron for Light Massive Gauge Bosons Relevant for the [222] ET87 Collaboration, S. Adler et al., “Further evidence for the decay K™ — w2, Phys. Rev. Lett.
Muon g-2 Anomaly,” Phys. Rev. Lett. 112 no. 22, (2014) 221802, arXiv:1404.5502 [hep-ex]. 88 (2002) 041803, arXiv:hep-ex/0111091 [hep-ex].

[177] LHCDb Collaboration, R. Aaij et al., "Search for A" — p" 1~ Decays,” Phys. Rev. Lett. 124 no. 4, [223] BNL-E949 Collaboration, A. V. Artamonov et al., “Study of the decay K+ — 7 v in the
(2020) 041801, arXiv:1910.06926 [hep-ex]. momentum region 140 < Py < 199 MeV/c," Phys. Rev. D79 (2009) 092004, arXiv:0903.0030

[178] CMS Collaboration, A. M. Sirunyan et al., "Search for a narrow resonance decaying to a pair of [Eep-sa},

muons in proton-proton collisions at 13 TeV,". [224] NA62 Collaboration, E. Cortina Gil et al., “Search for production of an invisible dark photon in &
decays,” JHEP 05 (2019) 182, arXiv:1903.08767 [hep-ex].

0

[179] BaBar Collaboration, J. P. Lees et al., "Search for a Dark Photon in e*e~ Collisions at BaBar," Phys.

Rev. Lett. 113 no. 20, (2014) 201801, arXiv:1406.2980 [hep-ex]. [225] BaBar Collaboration, J. P. Lees et al., “Search for Invisible Decays of a Dark Photon Produced in
ete™ Collisions at BaBar,” Phys. Rev. Lett. 119 no. 13, (2017) 131804, arXiv:1702.03327
[180] KLOE-2 Collaboration, F. Archilli et al., “Search for a vector gauge boson in ¢ meson decays with [hep-ex].

the KLOE detector,” Phys. Lett. B706 (2012) 251-255, arXiv:1110.0411 [hep-ex].
[226] D. Banerjee et al., "Dark matter search in missing energy events with NA64,” Phys. Rev. Lett. 123

[181] KLOE-2 Collaboration, D. Babusci et al., “Limit on the production of a light vector gauge boson in no. 12, (2019) 121801, arXiv:1906.00176 [hep-ex].
phi meson decays with the KLOE detector,” Phys. Lett. B720 (2013) 111-115, arXiv:1210.3927 .
[hep-ex].

[229] A. Caputo, H. Liu, S. Mishra-Sharma, and J. T. Ruderman, “Dark Phc

[182] KLOE-2 Collaboration, D. Babusci et al., “Search for light vector boson production in Inhomogeneous Universe,” arXiv:2002.05165 [astro-ph.CO].

eTe” — pT "y interactions with the KLOE experiment,” Phys. Lett. B736 (2014) 459-464,
arXiv:1404.7772 [hep-ex]. [230] A. A. Garcia, K. Bondarenko, S. Ploeckinger, J. Pradler, and A. Sokole
[183] KLOE-2 Collaboration, A. Anastasi et al., “Limit on the production of a new vector boson in and (dark) photon conversion in the inhomogeneous Universe,” arXiv:

Fom : tr— wi ; " W 2 ) .
B s v M i il s i S L [231] S. J. Witte, S. Rosauro-Alcaraz, S. D. McDermott, and V. Poulin, “Da

arXiv:1603.06086 [hep-ex]. i .
Presence of Inhomogeneous Structure,” arXiv:2003.13698 [astro-)
[184] NA48/2 Collaboration, J. R. Batley et al., “Search for the dark photon in 7° decays,” Phys. Lett.

B746 (2015) 178-185, arXiv:1504.00607 [hep-ex]. [232] S. D. McDermott and S. J. Witte, “Cosmological evolution of light dat
[185] A. Bross, M. Crisler, S. H. Pordes, J. Volk, S. Errede, and J. Wrbanek, “A Search for Shortlived Rev. D 101 no. 6, (2020) 063030, arXiv:1911.05086 [hep-ph].
Particles Produced in an Electron Beam Dump,” Phys. Rev. Lett. 67 (1991) 2942-2945, [233] K. Ehret et al., “New ALPS Results on Hidden-Sector Lightweights,” F
[186] E. M. Riordan et al., “A Search for Short Lived Axions in an Electron Beam Dump Experiment,” Phy 149-155, arXiv:1004.1313 [hep-ex].
Rev. Lett. 59 (1987) 755.
S prey [234] M. Betz, F. Caspers, M. Gasior, M. Thumm, and S. Rieger, “First resu
[187] J. D. Bjorken, S. Ecklund, W. R. Nelson, A. Abashian, C. Church, B. Lu, L. W. Mo, T. A. Weakly Interacting sub-eV Particle Search (CROWS)," Phys. Rev. D 8

Nunamaker, and P. Rassmann, “Search for Neutral Metastable Penetrating Particles Produced in the
SLAC Beam Dump,” Phys. Rev. D38 (1988) 3375.

[188] B. Batell, R. Essig, and Z. Surujon, “Strong Constraints on Sub-GeV Dark Sectors from SLAC Beam [235] J. Redondo, “Helioscope Bounds on Hidden Sector Photons,” JCAP 0i

arXiv:1310.8098 [physics.ins-det].

Dump E137," Phys. Rev. Lett. 113 no. 17, (2014) 171802, arXiv:1406.2698 [hep-ph]. arXiv:0801.1527 [hep-ph].
[189] L. Marsicano, M. Battaglieri, M. Bondi', C. R. Carvajal, A. Celentano, M. De Napoli, R. De Vita, [236] H. An, M. Pospelov, and J. Pradler, “Dark Matter Detectors as Dark F
E. Nardi, M. Raggi, and P. Valente, “Dark photon production through positron annihilation in Lett. 111 (2013) 041302, arXiv:1304.3461 [hep-ph].

beam-dump experiments,” Phys. Rev. D 98 no. 1, (2018) 015031, arXiv:1802.03794 [hep-ex].
[237] M. Schwarz, E-A. Knabbe, A. Lindner, J. Redondo, A. Ringwald, M. Schneide, J. Susol, and

[190] J. Blumlein and J. Brunner, “New Exclusion Limits for Dark Gauge Forces from Beam-Dump Data,” G. Wiedemann, “Results from the Solar Hidden Photon Search (SHIPS)," JCAP 08 (2015) 011,
Phys. Lett. B701 (2011) 155-159, arXiv:1104.2747 [hep-ex]. arXiv:1502.04490 [hep-phl.

[191] J. Blumlein and J. Brunner, “New Exclusion Limits on Dark Gauge Forces from Proton Bremsstrahlung [238] M. Da“i!?"'- S. Demidov, and D. Gorbunov, "Constraints on hidden photons produced in nuclear
in Beam-Dump Data,” Phys. Lett. B731 (2014) 320-326, arXiv:1311.3870 [hep-ph]. reactors,” Phys. Rev. Lett. 122 no. 4, (2019) 041801, arXiv:1804.10777 [hep-phl.

[239] J. Jaeckel and S. Roy, "Spectroscopy as a test of Coulomb's law: A Probe of the hidden sector,” Phys.

[192] S. Gninenko, “Constraints on sub-GeV hidden sector gauge bosons from a search for heavy neutrino
Rev. D82 (2010) 125020, arXiv:1008.3536 [hep-ph].

decays,” Phys. Lett. B 713 (2012) 244-248, arXiv:1204.3583 [hep-phl].
[193] J. H. Chang, R. Essig, and S. D. McDermott, “Revisiting Supernova 1987A Constraints on Dark

Photons,” JHEP 01 (2017) 107, arXiv:1611.03864 [hep-ph].
i 2. [241] H. An, M. Pospelov, and J. Pradler, “New stellar constraints on dark photons,” Phys. Lett. B725
[194] M. Pospelov, “Secluded U(1) below the weak scale,” Phys. Rev. D80 (2009) 095002, (2013) 190-195, arXiv:1302.3884 [hep-phl.

arXiv:0811.1030 [hep-ph].
E. Gabrielli ATLAS — CDM subgroup meeting, June 1* 2023 43

[240] J. Redondo and G. Raffelt, "Solar constraints on hidden photons re-visited,” JCAP 1308 (2013) 034,
arXiv:1305.2920 [hep-ph].



Bounds on massless DP from Galaxies formation

) DP can induce long-range interactions of DM constituents (more refs. in backup slides)

® may solve the small-scale structure formation problems in cosmMolOgy sim (oo M. Vosisberer, J. Zowia and A Loch,

Mon. Not. Roy. Astron. Soc. 423, 3740 (2012).

i i i J. Fan, A. Katz, L. Randall and M. Reece, Phys. Rev.
J pred|Ct dark discs of gaIaX|eS Lettéll(l, ncfm, 211383; ?20?31,1) arX1vef§g332$1 ’

D obstacles on long range DM interactions come from collisionless dynamics of galaxies

2 bounds from merging galaxies formation

. . \ . Agrawal, Cyr-Racine, Randall, Scholtz
O Ellipticity profile inferred from NCG720 galaxy gives:  JCAP, 1705 (2017), 1610.04611 [hep-ph]

(subject to a number of
0.01 2/3 uncertainties and assumptions)

DM mass

- ——a fine-structure constant of U(1) dark-photon

Ackerman, Buckley, Carroll, Kamionkowski,

previously stronger bound from soft-scatterings  pro 79 (2009), 0810.5126 [hep-ph]

GNmEN Gnym2iN
I\éa; < 50log N
D

—» n. of DM particles

200

P Recent results on galaxies formations from N-body simulation in self-interacting
DM cosmologies (using predicted ellipticies and DM density in central regions)
support weaker bound above
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Massless DP and DM relic density 2005.01515 hep-ph]

P If DM is subject to long range U(1) interactions ;X X
candidate for DM depends on the value of DP coupling ! >VW< "
to SM fermions into which they might annihilate . q 7 .

f !
9 s — channel t — channel
! A/ 2o :> ’
XX — A A (Uxx—hél’A'rU) - 2D : Ann
"X X
annihilation
Relic density
2.5 x 10719 Gev—2
4" h2 ~ for ap ~ 0.01
(Jxx—>A’A’U>

[ Only a percent of critical density for DM masses up to <1 TeV (all light DM have been
annihilated). Ruled out! Supported also by the limits on galaxy formation

2

b DM with masses above > 1 TeV can be DM <J _,U> . 2"me
Dominant annihilation is not in DP but in SM fermions Xx—ff m2S
. . . | 10 TeV \ 2
Critical relic density reproduced if Qwa% ( ) ~ (.1
m
A/ S \A .

Loop-induced couplings of DP to SM fermions messenger mass (see next slides)
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DP production at Future e+e- colliders

improved sensitivity on Higgs-photon-DP coupling

ete” — Hp

provides a better sensitivity

ete” = ZH — Z(H = vyp) 1
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ete”™ — H~Y — bby /5 =240 GeV

10
Biswas, EG, Heikeinheimo, Mele | L=10 ab-1
JHEP 06 (2015) [arXiv:1503.05386] a
8
E L
- 6
g L
< 50
Q
E L
& 4
2 I
' 20
2
0

C. and Czs

Cig > 1.9 ~ BR(H — 7¥) > 3BRsu(H —yy) ~6x107

Czy>27 = BR(H — Z%) >9BRsu(H — Zv)
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ete” — ZH — (" pu=qq)(vy)

Biswas, EG, Heikeinheimo, Mele, PRD 96 (2017) \/g :240 Gev
br—— — = = T *r r r T P
[ ,v” y L=10ab-1
! e 50 -
St o
) ,/”’

e

w

95% CL exclusion |

sh/(5+B)

N

e"e">ZH combined
\/; =240 GeV, 10ab™

—i
T

0 L 1 1 1 1 1 L | 1 L L 1 1 L " 1 L L 1
0.0000  0.0002  0.0004  0.0006  0.0008  0.0010
BR(H = 11)
------ dimuon+vy + F
------ dijet+y + £

combined
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wru =y —v+FE |

Significance Significance
zZ z
6
Bl R she il mn i e S
4! 4]
3| 3
2 95% OL 1 o T 95% CL
|
1 1§
%o 80 100 120 140 160 ™Y1 %00 250 300 350 400 450 500 MVl
Vs =3TeV Vs =10 TeV Casarsa, Fabbrichesi, EG, PRD 105 (2022)
2111.13220 [hep-ph]
DP ALP DP ALP
P dipole — /v
Limit 141 TeV 112 TeV | 459 TeV 375 TeV [’DP = ( TR N) F

1
| 2A
Discovery | 92 TeV 71 TeV | 303 TeV 238 TeV /

DP field strength
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