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Experimental overview of (selected) dark sector results

Minimal dark photon searches

- Visible decays
- Invisible decays
- Prompt & displaced vertex

Muonic dark force Zg

Dark Higgs

Higgs portal Zg

Future prospects
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Simplest dark sector scenario: add a new U(1) gauge symmetry, with
associated charge carried by dark-sector fermions

- Spin-1 gauge boson “dark photon™ A' (or Yg, or Zq in non-minimal models)
can mix with SM photon, providing a “portal” to the dark sector.
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Kinetic mixing: 5 € FZV F TVRY Initial State Radiation ) P
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€ is the strength of the kinetic mixing ’ So'\r/l
\ Dark Matter
« could be as large as 10* for ma’ in the GeV range, X
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Lifetime TA’ ~ 1/(€2mp)

 visible decays can either be “prompt” (relative to experimental resolution) or
“displaced” (relative to production vertex)

... however, dark sector could be much more extensive, with one or more
Abelian or non-Abelian interactions, fermions and Higgs bosons



- Dark photon
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Experimentally, the important feature is a reconstructable narrow A’
resonance in a clearly defined topology, i.e a “bump hunt”

« E.g. search for decay of e'e— yA' via A' — yy orinto SM particles
- “visible” A' — ['I" , decaying promptly or with a displaced vertex

“Invisible” A' decays, with A' mass determined from missing energy constraints




‘s Visible dark photon decays ?

BABAR search for e'e— yA' with A' — [T
(I=e, ) using 516 fb™ of data

“Continuum” production, hence can use all
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available CM energy data

Dark photon width well below detector resolution
hence use simulation templates to model signal
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background, i.e. low reliance on simulation

Phys. Rev. Lett. 113, 201801 (2014)
arXiv:1406.2980 [hep-ex]
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‘s Visible dark photon decays ?

Phys. Rev. Lett. 113, 201801 (2014)
arXiv:1406.2980 [hep ex]

e Scan di-lepton invariant mass in the range
0.02 GeV <mp'<10.2 GeV

S—

sol A' — e'e |
e Obtain 90% C.L. upper limit on mixing WHM |
strength € as a function of A' mass at level h 1
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=« Invisible dark photon decays ?

Phys.Rev.Lett. 119, 131804 (2017)
B Factories provide an excellent arXiv:1702.03327 [hep-ex]

environment for missing energy searches

Initial State Radiation

* Precisely known e’e initial state

 Hermetic detector and good missing energy
reconstruction

Search for invisible decay of
> A' - yy viae'e— yA'

* Final state contains only a single
isolated photon in the detector

* A' mass determined from photon
energy and CM energy:

The PEP-II/BaBar B-Factory 2
Run: 77482 \\ mA/
W\ >k k
Txmeslamp 7f.4fff77f.4934a3/a 9 f4703:R — PR—
Date Ta k s t Dec 22 21 42 58 707985000 2007 PST 'y beam 1 E 1
HERBGOOGVLER 3113c;v beam




‘s Invisible dark photon decays ?

NOT what B factories were designed to do... s 08327 thomad D)
* “Open trigger” intended to target higher-multiplicity BB hadronic decay events
 Single photon trigger only implemented during final running period (53 fb™")

- L1 (hardware) : 1 or more clusters with Ej; > 0.8 GeV

- L3 (software): Two trigger lines: EY* >2 GeV or
E,* >1GeV and track veto

Backgrounds frome'e” — yy and e'e — e’e v events with undetected particles

« Offline selection aims to suppress events = @Egsgra 77 T T
. e = > 4 ) Background | E
containing additional detector activity S uf Low Miss E

BDT: - Signal cluster shape parameters
- Additional calorimeter energy

- Properties of the second most energetic
cluster: E*, 0*, AD*

- Properties of muon system cluster

aiaataaaaboseadoanatanialag
WO-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%

. . -0.8 0.6 -0.4 -0.2 0 0.2 0.4
(E*, 0*, AD®*) closest to the missing BDT response

momentum direction




=*= Invisible dark photon decays

. . . Phys.Rev.Lett. 119, 131804 (2017)
Signal yield extracted from fits to the arXiv:1702.03327 [hep-ex

photon recoil mass S M) =621 Gev
e b Local significance 3.10
. . . ) 3 2.5F Global significance 2.6
» Mass resolution driven by calorimeter resolution B0
o 2F

Pull

« Background ultimately limited by detector hermeticity 15
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" Dark photon @ LHCb  [§i8%

Vector portal production of visible dark photon Huv1710.02867 thop-ex]

(13 TeV pp 1.6b7")

« Same production and decay kinematics for
A'—p'p as y* - pw

If t(A") is small A' — p'u” are “prompt” and
kinematically indistinguishable from y* — p'yw

“Bump hunt” in pu'u” spectrum:

10’

i@ isolation ‘ prompt-like sample
applied pr(p) > 1GeV,p(p) > 20 GeV

LHCh

6
10 s = 13TV

5
v prompt ptp”
10* e
vt B hh+ hig
10° i
£
10° ; \(./

i |
10°

Single or double mis-ID m(pp”) [MeV]
or muons from B hadron Isolation applled above ® to reduce jet backgroun

decays (Drell-Yan y* —>u L dominates)

Candidates / o[m(u*u™)]/ 2
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e Dark photon @ LHCb  [§i8%

Phys. Rev. Lett. 120, 061801
arXiv:1710.02867 [hep-ex]

Alternatively, large ta’ ~ 1/(¢°ma’) can lead (13 TeV pp 1.6 fo”)
to observable displaced vertex: D i ettt
g LHCB Bl long-lived excluded ]
* Require individual muons to be inconsistent with i _z
originating from primary vertex, and use detailed vertex 7
detector (VELO) map to veto material conversions 6
107F =5
« Use BDT to suppress background from B hadrons - ‘ | 4
(based on presence of additional tracks) 3
2
P 90% CL exclusion regions on [m(A’), £2| 0 1
Wl ] T T 50 300 350 ¢
i m(A’) [MeV]
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« Relatively small
regions of parameter
space ruled out by
displaced vertex
search, but sensitivity

T R expected to improve

10 107 ! 0 ) [Gev] substantially with

addition of data

LHCb

@ 1 vHeb

- Previous Experiments

Long-lived A' search restricted to 214 < ma' < 350 MeV
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Phys. Rev. D94 011102 (2016)
arXiv:1606.03501 [hep-ex]

Muonic dark force

Non-minimal dark sector models can permit additional interactions
between dark boson and SM particles

« Dark boson Z' which couples only to second and third generation leptons
(SM fields are directly charged under dark force)

Motivated by various anomalies observed in the muon sector
e g-2 discrepancy

e could also account for dark matter as sterile neutrinos by increasing their
cosmological abundance via new interactions with SM neutrinos.

“Z'-strahlung” production of a dark sector Z'ine'e — p'Ww

e'e — W7z, Z —-pu

However, no model assumptions in analysis;
results are more generally applicable

12



" Muonic dark force

Search for a di-muon mass peak in arXiv:1606.03501 ep-ox

—|— - + - —|— - ; :""I""I""I'"'I""I""I""I""I """"
CC _)MHMH &50002 * Data
5 i [ e'e — wwuw
* QED combinatorial backgrounds, as well as 5 4000 Oee v
. + - + - _:I__) e*e” - qq gq=u.d,s,c
peaking backgrounds from e’e — n'n J/iy and p, £ 3000 e

but very little reliance on MC
2000

* No signal observed; cross section limits obtained at 1000
90% C.L. at level of ~0.2 fb below my of 10 GeV
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First direct experimental limits on Z' coupling; excludes most of region favoured by g-2 results
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= Dark Higgs <o

GELLE

Phys. Rev. Lett. 114, 211801 (2015)
arXiv:1502.00084 [hep-ex]

Dark U(1) spontaneously broken by Higgs mechanism,
resulting in one or more dark Higgs bosons h'

 Three possible scenarios:
- mp < ma'leads to long-lived h' (decays to SM fermions)
- mA' <mp <2mar; h'— A'A™, with A* — ['f

- mp>2ma'; h'— AA e’ A

Belle analysis considers the third case

* Production via "Higgs-strahlung” in
e'e — A'h' with h'— A'A’ o= A

 A' decaying to SM or invisible particles

Previous BABAR study
Phys. Rev. Lett. 108, 211801 (2012)
arXiv:1202.1313 [hep-ex]

14
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Experimentally, higher multiplicity final states and additional

Dark Higgs

mass constraints results in very low QED backgrounds

* Vertex constraints enforce “prompt” production

* Require multiple pairs of oppositely charged particles

« Use event kinematics to determine missing mass in

“invisible X” channels

-

/[O

BELLE

Phys. Rev. Lett. 114, 211801 (2015)

. Final:szcate Events Final-state Events
Search for 13 final 3(c el 1 2(pT ) (eTeT) 1
states including 3(@#‘) 2 2(uiu‘)(vri7r‘) 1
PR () 147 2(rTmT)(eTe) 5
MISSIng Snerdy 2t )| T | 2wt |6
Channels 2(e+e_)(7'r+7'r_) 2 (e+e_ (M+;L_)(7T+7T_) 7
2(ete™)X 572 (eTe ) (uTp™)X 30
2(ppT)X 20
mom-fi[ m,.=0.3 GeV/c? 106 m, =0.5GeV/c?
3 107F
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Higgs portal Z4 ATLAS

EXPERIMENT

JHEP 06 (2018) 166
arXiv:1802.03388 [hep-ex]

Dark gauge boson Zq4 produced in decays of SM Higgs:

z
A z
€ZZ¢A<
Vector portal: Higgs portal:
SM Z mixing with Zd SM H mixing with dark sector scalar S

(mixing parameter K )

4 lepton signature, each with two opposite-sign lepton pairs:

« Require mi2 = mZ; * Require consistent di-lepton
search for di-lepton or mass in both pairs,
resonance in ma4 m42 and m34

More generally, these are model-independent searches for H — ZX
and H — XX, with X — 'l interpreted in a dark sector context

16



§ EXPERIMENT
arXiv:1802.03388 [hep-ex]

JHEP 06 (2018) 166
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Future

. LHC
Run 1 | | Run 2
LS1 EYETS
1314 Tev A0
splice consolidation
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——— R2E project
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" =

Substantial new data with
upgraded detectors to become
available in the coming decade

« LHC Run3 ~300fb”
* Bellell ~50ab”’

| Run 3
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energy
injector upgrade crvolimit 5t07x
cryo Point 4 inferaction HL-LHC installation Inuor;“i;\noaslwt
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. Belle |}

arXiv: 1808.10567 [hep-ex]

Belle Il will operate in a similar experimental environment to previous
generation of B factories, but at considerably higher luminosity

* Active experimental effort to study dark sector (see talk by C. Hearty)

- Development of hardware and software triggers for low multiplicity
channels (e.g. single photon)

- Detector performance studies (e.g. Calorimeter hermeticity)

107 T <l B ] E

Invisible dark photon anticipated «w [ i
to be competitive with relatively ool :
little data
G P Belle Il simulation 20 fb_>- i

* BABAR result based on ~50 fb™ - ]
* Improved calorimeter hermeticity v _ E
10° . .

1
m,, (GeV/c?)
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=.*= Visible dark photon prospects

0 0 + - Phys. Rev. Lett. 116, 251803
D*" — DV%e y

A' N + - arXiv:1603.08926 [hep-ex]
(prompt and displaced) HH .
05 | 7 Similar
TNV i MAMI ' Y e\ methodology
BaB can be used by
10—6 aBar
KLOE _LHCb e prompt CMS and
3 = ATLAS (bump
1077 AT Avex £ /3 =i = hunt in di-muon
‘* LHCb D* e E =5 = spectrum)
-8 ka1 , E B E SE =
10 HPS :/E £ = =
2 =1 plod Iy ¥2S)  Y(@S)
€ . .
10-9 HCb s pre—module Belle Il projection
10710 Orsay, U70
HCb pp post—module
= LHCb pp assumes 15 fb~1
1071 = LHCb D* assumes 15 fb™!
Charm, Nu—Cal, E137, LSND s ‘
10—12 I T | 1 1 L1 1111l 1 1 L1 3 aal 1 1 L1 1 1311l 1 1 L1 11
0005 001 002 005 01 02 05 1 2 5 10 20 50
my [GeV]
- >

Light meson Dalitz decays
n’, 1 —e'ey
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Conclusions

Experimental searches are providing a unique window on
the existence of a possible light dark sector

« Searches typically “bump hunts” in distinctive decay topologies,
with relatively little model dependence or reliance on simulation

- Either dedicated searches or “re-casting” of related Z'
searches

* Future experiments and search techniques (e.g. LHC data
scouting) promise interesting sensitivity to low mass and long-
lived mediators

- Belle Il (see talk by C. Hearty) and LHC run 3

21



Backup slides
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Dark matter

150 1E 0657-56
- NGC 6503 :

Chandra 0.5 Msec image

Radius (kpc)

Although astronomical evidence for non-
luminous dark matter is overwhelming, all

. . . . Dark
measurements to date are gravitational in Neutrinos Matter
nature o

. . Photons
e Clearly DM does not interact via strong 15%

or EM forces

Atoms

 Not known if DM interacts via weak 12%

13.7 BILLION YEARS AGO

force or the (SM) Higgs field (Universe 380,000 years old

23



WIMP-candidate searches

‘WIMP miracle” suggestive of possibility that dark matter may
relate to TeV-scale new physics

« Dark matter candidate with weak-scale masses and couplings would yield
correct relic density

ATLAS SUSY Searches™ - 95% CL Lower Limits ATLAS Preliminary

May 2017 V5=7,8,13ToV
Model &[T,y Jets E‘T‘hs JLam) V§=7,8TeV [ VE=13TeV| Reference
MSUGRA/CMSSM 03euA2r 240jetsl3b Yes 209 185TeV  mia=mie) 150705525
\ 0 26jets  Yes 864 () <200GeV, M(1% gen. 2™ gen.d) ATLAS-CONF-2017-002
a, ! (compressed) monojet  1-3jets  Yes 3.2 MEHT)<5 GaV 160407773
28 24301 o 26jets  Yes 361 M(T})<200GeV. ATLAS-CONF-2017-022
22, 2-0qP g W= [ 26jets  Yes 261 MT{H200GeY, mi=)=0.5(m(T»+m(z)) ATLAS-CONF-2017-022
2, g e /Ry Y 4jets - 364 M(TI)<400GeV ATLAS-CONF-2017-080
22, 7—qqW: 7ijets Yes 864 m(T) <400GeV ATLAS-CONI-2017-083
% S8 (INLSP) 127+04¢ 02jets  Yes 32 160705979
S GGM (lno NLSP) 2y - Yes 3.2 er(NLSPp<0. 1 mm 1606,00150
B GGM (higgsino-bino NLSP) 4 15 Yes 203 M(})<050GeV, er(NLSP)<0.1 mm, 10 1507,05400
= GGM (higgsino-bino NLSP) 14 2jets  Yes 13.0 m(7{)-680GeV, cr(NLSP)<0.1mm, /-0 ATLAS-CONF-2016-066
GGM (higgsino NLSP) 2epu(?d  2jets  Yes 203 MLSP)=430GeV 1503,03290
Gravitino LSP o monojet  Yes 203 MG)-15 % 10 eV, m@=m(z)=1 5TV 150201518
§8 @ gobhitt o 3 Yes 381 m{ifB00GeV ATLASCONF-2017-021
2 gt Olen  3b  Yes 364 i 200G8V ATLAS CONF-2017-021
B0 gz bt Oles 3 Y 201 m(E)B00GeV 1407.0600
Dl Iy o1 o 2b Yes 361 m(i)<420GeV ATLASCONF-2017-008
L8 bbbt 2eu(8)  1b  Yes 361 |k L 275moGev (E1)-200GeV, mitt)=miEly+100GeV ATLAS CONF-2017-030
§§ Aifl, r'.—w?. 02e.p 1-2h  Yes 47133 |H 117-170Gev [N 200-720 GeV! m(¥) =2mfi), mii)=55GeV 1209.2102, ATLAS-CONF-2016-077
AR, R xwl;n or et} 02e.u 02jets2b Yes 203361 |/ 90-198GeV [ 205-950/GeV m(i)=1 Gev 1506.08616. ATLAS-CONF-2017-020
§, S adi,# ook [ monodet Vas 32 iz mii =5 GeV 160407773
3 Af(natural GMSE) 2eu(? 1b 203 m(\”)>1weev 14085222
g hhhoh+Z Bepu(d 1h vas 36.1 . 290-790GeV m(i)=0GeV ATLAS-CONF-2017-019
Db, b +h 1-2en 4b Yes 361  320880GeV m()=0GeV ATLAS-CONF-2017-019
iz, (2% 2eu 0 Yes 2381 m(\")=o ATLAS-CONF-2017-039
RIRT, X —Enew) 2epn 0 Yes 361 m(\ I ;=o m(Z,7)=0.5m pemii)) ATLAS-CONF-2017-039
8 X 1), -0 21 - Yes 361 m(iy=0. M(z.H=0.SmCiT)em(iy) ATLAS-CONF-2017-036
s g L), 7l EGy Sen 0 Yes 361 m(r*;—m(v") m(x‘e)-u m( S(m(it)em(E)) ATLASCONF-2017-039
o ‘E o T3 WA 2Jeqp  02jels  Yes 361 £ d ATLASCONF-2017-039
? ‘W)?AI,X, JoSLBWW/tlyy emy  02b  Yes 203 270 Gev m \ x 7 decoupled 150107110
?} 50 ol dep 0 Yes 203 635 GeV m.;-m(x w) m") 0. m(7.7)=0.5(m(i2)sm(i)) 14055086
GGM (wino NLSP) weak prod., ﬁayd Tepty - Yes 203 W 150705496
GGM (pino NLSP) weak prod., Y] »G ~ 2¥ - Yes 203 | 590 GeV' z?<1 mm 1507.0545G
Direct ¥{¥7 prod., long-lived tj Disapp. tk  1jet Yes 361 e )m(i)~160 MeV, (i =0.2ns. ATLAS-CONF-2017-017
Direcl 147 prod., long-lived ¥{ dE/dx tric - Yes 184 [£7 495 GeV' (i )m(i)~160 MeV. (i )<15 ns. 1506,05332
'E 2 Stable, stopped g R-hadron 1] 15jets Yes 279 |2 850 GeV' (V=100 GeV, 10/8<r(Z)<1000's 13106584
& Stable 2 R-hadron trk - - 32 1606.05120
%E Metastable § R-hadron dEidxik - - 3.2 mei{=100 GeV, r>10ns 160404520
& GMSB, stable r,x’brrrf.u»r(a 7 12 - - 191 537 GeV 10-anp<50 14116795
= 7 GMSB.IT %G, longrlived T 2y - ves 203 i 440 GeV 1ttt <3 s, SPSE model 14005542
2,50 reev ey dsplecfeupn - - 203 @ 10Tev 7 <cr(i)< 740 mm, m@=1. 3oV 150405162
GGM 22, ¥ »ZG displ. vix +jels - - 20.3 P! 1.0TeV 6 <cr(i)< 480 mm, m(z)=1.1 TV’ 1504.05162
LFV pp—¥; + X, ¥r—ep/er/ur qeTyr - - 3.2 32011, dix/inan=007 160708079
Bilinear RPV CMSSM 20489 03h Yes 203 MEEMGE), crrgp<t mm 14042500
L] »Wi” X, seev, ey 3 - Yes 133 m(iﬂ'Moo(kv u0 6k =1.2) ATLAS-CONF-2016-075
217, X -0 1= TTVeneTyr 3eptr - Yes 203 m(02am(i), 40 14055086
n>_ 3% aaq 0 45lageRjets - 14.8 ER(I)=BFKb}=BR(c)47% ATLAS-CONF-2016-057
€ g-.qqf“,x“ —aqq 0 45lage-Rjets - 148 mi})=800 Gev ATLASCONF-2016-067
22, 30X — aaq leu 810jets/04h - 361 1TeV, 41240 ATLASCONF-2017-013
. gty fi—bs lep 810jetsi04b - 361 mGi)=1TeV. dszs 20 ATLAS-CONF-2017-013
i f|—bs o 2jets+2b - 15,4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084
Ay, hi—bl 2ep 2b - 36.1 BRI —be/py-20% ATLAS-CONF-2017-036
Other Scalar charm, 2t} 0 2c Y 203 I Fl 510GoV 1 200GV 150101225
*Only a selection of the available mass limits on new slalos or =
pho};qomona is shown. Many of the limits are based 10! 1 Mass scale [TeV]

simplified models, ¢.f. refs. for the assumptions rmdo

.but no convincing evidence of TeV-scale new physics which would
provide stable dark matter candidates
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WIMP “direct” searches

Similarly, no indication so far of WIMP dark matter in dark matter

direct search experiments

1073¢ = 1

1077 BN~ PDG2018 10~
gm‘” 1072
S, 1039 [E-CRESST 2015) 107
810—40 \ T DAMALIERA — 10—4%.
5 CDMSLite2 (2015 \ ‘ =
2107 ‘\ ..‘ 107 $
§ 10_42 SuDC\(D‘\A%( 2014) ‘]0_6 g
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If DM is too light, it may
need its own mediator
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. Dark sectors

Maybe dark matter is not specifically related to solution to problems of
the SM and is, in effect, a distinct “sector”

» Dark sector fermions which carry charges for non-SM gauge interactions, possibly
acquiring mass via dark sector Higgs etc.

 EFT provides a number of “portals” to access this dark sector
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Dark sector can be probed via mixing of the portal mediators with SM bosons
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