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1) Kinetic mixing and the dark photon
2) A light & dark Z’ boson PART 1
3) Decays of Y(1S) to dark matter




The general idea: kinetic mixing y-A'

P. Fayet, Phys. Lett. B 95, 285 (1980),

Dark photon first proposed in
P. Fayet Nucl. Phys. B 187, 184 (1981).

> (Holdom, 1986) A boson belonging to an additional U(1)' symmetry would mix
kinetically with the photon:

M u
Al Ao

> The kinetic mixing is a term in the Lagrangian expressed by EE FZV F™

> For the dark photon to acquire mass an extended Higgs sector can be required to
break the new U(1)' symmetry.

Note: € is the strength of the kinetic mixing and it is supposed to be small,
10°-107?, the smaller the value of € the longer A’ lifetime (i.e. long lived).
The Mass of the new boson should be in the range few MeV to few Gev (Nima

Arkani-Hamed et al. Phys. Rev. D 79, 015014, 2009).



Consideration about dark sectors

A'= dark photon, h = dark Higgs boson, x= dark matter

Most dark sector models require an additional U(1) symmetry responsible for the
“Interactions” between dark sector particles and SM particles through its gauge boson A' .

P. Fayet, Phys. Lett. B 95, 285 (1980),
P. Fayet Nucl. Phys. B 187, 184 (1981).
1/\FY [uv  B. Holdom, Phys. Lett. B 166, 196 (1986)
A A EE uv
‘ [ v Kinetic mixing strength

M(A') ~ GeV scale — mixing with the photon, decays to SM final states possible

M(A") ~ EW scale — mixing with Z°, effects in rare decays (Y, B, ..) through loops?,
decays to SM final states possible

M(A') ~ TeV scale — effects in rare decays (Y, B, ..) through loops!

M(h,)~ GeV scale - dark higgs-strahlung, rare decays

M(X) ~ GeV scale: B - Xxx,B—VXx; Y(1S) - XX;Y(3S) = XXv, A" = XX

Invisible B/Y decays not accessible at hadron colliders — Belle Il

'Remember the lesson from the past, new heavy particles are first seen
indirectly or in loops: Z° charm, top



Dark photon searches in e+e- collisions:
BABAR, KLOE, BESIIl, Belle/Belle I




Dark photon searches in e+e- collisions
KLOE, BES lll, BABAR & Belle + Belle Il

e,u ,h

A'= dark photon.
A' decays to SM final states through kinetic mixing (if allowed by kinematics). Low multiplicity
final states. 2 charged tracks and 1 photon, prompt.

B. Batell, et al.
“A'" decays depend on M, : Phys. Rev. D 79, 115008
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Dark photon searches in e+e- collisions
KLOE, BES lll, BABAR & Belle + Belle Il

Most dark sector models require an additional U(1) symmetry responsible for the
“Interactions” between dark sector particles and SM particles through its gauge boson A' .

P. Fayet, Phys. Lett. B 95, 285 (1980),
P. Fayet Nucl. Phys. B 187, 184 (1981).
L/E\FY pmv  B.Holdom, Phys. Lett. B 166, 196 (1986)

v Kinetic mixing strength
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Dark photon searches in e+e- collisions
BES Il

v Vs=3.773GeV
e’(e)

W
Physics Letters B 774, 252 (2017)
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Dark photon searches in e+e- collisions
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Dark photon searches in e+e- collisions

KLOE-2 _
- F. Cucciarello
ICHEP 16

T

2:NCLS/Eeff
H-IT-L

Nopg = UL on number of U-boson

candidates at 90% CL (CLg
technique )

H— dﬂ'fr'n"'y/dM-rr-Jr
T o(nta— —owta— ,M)

I=[cY dMgy

€off = 2 — 40%
Systematic error < 1%
L=1.93 fb~1

Phys. Lett. B 757 (2016) 356
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Dark photon searches in e+e- collisions

KLOE-2

YISR
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NogpLg = UL on number of U-boson

candidates at 90% CL (CLg

technique )
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uu

Systematic error < 1%
L=1.93 fb~!

Phys. Lett. B784 (2018) 336-341,
arXiv:1807.02691 [hep-ex]
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“The combined upper limit, obtained after averaging the
statistical fluctuations by a smoothing procedure, excludes
values of €2 greater than (13-2)x10~"in the U-mass range
519-987MeV".



Dark photon searches in e+e- collisions
BABAR

BaBar, ArXiv: 1406.2980 [Hep-EX]
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A'= dark photon, L= long lived light gauge boson.
A' decays to SM final states through kinetic mixing (if allowed by kinematics). Low multiplicity

final states. 2 charged tracks and 1 photon, prompt or displaced vertex decay. Could require
dedicated trigger to increase efficiencies, especially for the displaced vertex case.

“AI ” decays depend on MA' ;f’)z —ere—_——\\\i
0.20
0.10 + oo
W
-Decays to leptons require M, >1.02 MeV/c? o '
-Decays to hadrons require M, >0.36 GeV/c? 22?
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ArXiv:0903.0363 [hep-ph] M ,.[GeV/c?]



Dark photon searches in e+e- collisions

BABAR See R. Essig et al. JHEP11 (2013) 167.

e'(e)

e(e’) ‘A'~<XX

A'= dark photon, yv= dark matter particle (neutral under SU(3)xSU(2)xU(1))

A' decays to dark matter. One on-shell (mono-energetic) or one off-shell (broad spectrum)
photon with different gamma spectrum .

radiative production in e+e- collisions ,
only one photon in the final state with Ey:(s—MA,)/Z\E (on—shell)
No existing limits

Requires high rate single photon trigger, not available in Belle, however the analysis is
ongoing using photon conversion. The BaBar Collaboration implemented a single photon
trigger ( arXiv:0808.0017 [hep-ex]). Single photon trigger available at Belle II. 13



Dark photon searches in e+e- collisions
BABAR

1072

103

10

e'edyA'>yee,yu'u, prompt

P.R.L. 113, 201801 (2014)

102 107
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e+e'-)yA'—)yX)_( *

103

BABAR 2017

P.R.L. 119, 131804 (2017)

1072 107 1 10
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104 —
103

*The level 1 trigger required a single energy cluster > 800 MeV in the laboratory frame.
Rate: 350 Hz (8% of the total) at a typical luminosity of 8 x 10 running on the
Y(2S) or Y(3S) resonances

14



Dark photon searches in e+e- collisions
BABAR vs. Belle

e'ed>yA>ye'e,yu'w, prompt e e IYAIYYY *
m w 1077 ——

.E78l7:El9l4.9lll T LR |

102

1072 107" 1 10
m,. (GeV)

— See Belle Il Physics book for the Belle Il details: arXiv:1808.10567
*The level 1 trigger required a single energy cluster > 800 MeV in the laboratory frame.

Rate: 350 Hz (8% of the total) at a typical luminosity of 8 x 10 running on the
Y(2S) or Y(3S) resonances.

15



BABAR: invisible channels

BABAR: BABAR:
Phys.Rev.Lett.107:021804,20 arXiv:0808.0017
0 ~ ; _
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FIG. 2: 90% C.L. upper limits for B(Y(15) — yA") x B(A" —
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FIG. 3: 90% C.L. upper limits for B(Y(1S) —= vxX)-




Invisible Y(1S) decay searches In e+e- collisions

BABAR vs. Belle vs. Bellell > e oY(3S)
Y(nS): bound state of a b quark and a b antiquark 3(4.4%)
_ ! Y(3S)»a' ®wY(1S
BR(Y(lS)—)V\/) _27G My(1s) 4 ., 2_ » (35) Tiﬂ (1S)
o 2 2 (—1+—sm ew) =4.14Xx10 Y (1S)~invisible
BR(Y(1S)»e’e’) 64m a 3
BR(Y(1S)3v¥)~9.9x10"° > eeaY28)
> Low mass dark matter particles however might might play a Y(ZS)_)JE, mY(15)
role in the decays of Y(1S), having Y(1S)-xx if kinematic Y (1S)=invisible
allowed. [Phys. Rev. D 80, 115019, 2009] Belle? Simulation
Y(3S) - Y (1S),
> Also, new mediators (Z', A% h°% or SUSY particles might Y(1S)~ w
enhance Y(1S) - vw(y). [Phys. Rev. D 81, 054025, 2010] T a20365, n30.0h0552372

Y={-0,00. 0,00, -0,03}
Hother: MCParticles[0] (Upsilon{35))

> In absence of new physics enhancement, Belle2 should be
able to observe the SM Y(1S)-wv

~900 MeV available for PM

//x‘

Charge=-1,. PDG=-211 {pi-}

My(3s):10-355GeV/C2’ MY(25)=10.023G6V/C2, MY(15)29.460GQV/C2 pT=0,344016, p2=0,118851

Y={-0,00, -0,00. -0,03%
Hother: MCParticles[0] {Upsilon{35}):

e

~540 MeV availablefor P__ !



Invisible Y(1S) decay searches in e+e- collisions

BABAR vs. Belle vs. Belle Il

svv) 27G'M; 2
BR(Y(15) V+V_> = vis) (14 2 gin?p, ) =4.14x 10
BR(Y(1S)»e'e) 64w a 3

BR(Y(1S)»vv)~9.9%x107°

> Low mass dark matter particles however might might play a
role in the decays of Y(1S), having Y(1S)-xx if kinematic
allowed. [Phys. Rev. D 80, 115019, 2009]

> Also, new mediators (Z', A% h°% or SUSY particles might
enhance Y(1S) - vv(y). [Phys. Rev. D 81, 054025, 2010]

> In absence of new physics enhancement, Belle2 should be
able to observe the SM Y(1S)-wv

A signal of Y(1S) — invisible is an excess of events
over the background in the M_distribution at a mass

equivalent to that of the Y(1S) (9.460 GeV/c?)

M’=s+M_. —2sE""

—P e e Y (35)
J(4.4%)
Y(3S)»>a ' mY(1S)
y
Y (1S)-invisible
—» e 2Y(2S)
J (18.1%)
Y(2S)»n 7Y (1S)
J
Y (1S)-invisible

Belle2 Simulation

Y(3S) - m*rY(1S),
Y(1S)—- wv
Charge=1, POG=211 {pi+?
pT=0,420385, pd=0,000092372

Y={-0,00. 0,00, -0,03}
Hother: MCParticles[0] (Upsilon{35))

Charge=-1,. PDG=-211 {pi-}
pT=0,344016,. pd=0,118351

W={-0,00, -0,00, -0,03}

Hother: MCParticles[0] {Upsilon{35}):

18



Events / (0.004GeV/c?)

Invisible Y(1S) decay searches In e+e- collisions

BABAR vs. Belle vs. Belle |l

M2 = s+ M.+ —2/5ECMS

[belle]: http://arxiv.org/abs/hep-ex/0611041

(1 week running @ Y(39))
700 '

A

600

2.9 @ Y(3S)

500
a00 57707
300

200

100

0 H
9.4 9.42 9.44 9.46 9.48 9.5
M (Gevic?)

TtmnT—

[babar]: http://arxiv.org/abs/0908.2840

(2 months running @ Y(3S))
rr+r T rrorrrroroT T

28.5 b @ Y(3S)3

I|II|IIII|IIII|IIII||III|IIII|I ldllllllll

| L T R S T A !
9.46 9.48 9.5 9.52
M, (GeV/c?)
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http://arxiv.org/abs/hep-ex/0611041
http://arxiv.org/abs/0908.2840

Events / (0.004GeV/c?)

Invisible Y(1S) decay searches In e+e- collisions

BABAR vs. Belle vs. Belle |l

ﬂ[f = 5+ ﬂ,{ﬂJrﬂ__ _ 2\/§ECA{S

[belle]: http://arxiv.org/abs/hep-ex/0611041
(1 week running @ Y(39))

700
2.9 @ Y(3S)

A

600

500

-

400

300 |~

200 | Iy’

100 | my=yye
0 1 H ¥ | 1 1 i l ! L 1 I i ¥ ¥ | 1 1 H l 1
9.4 9.42 9.44 9.46 9.48 9.5

M (Gevic?)

©
)]
N

Ttmo—

[babar]: http://arxiv.org/abs/0908.2840
(2 months running @ Y(3S))

T I T T T I T I T T T | T T T | T T T =

28.5 b @ Y(3S)3

I|II|IIII|IIII|IIII||III|IIIIII ldllllllll

L ] ! L | | L . L | L | !
9.42 9.44 9.46 9.48 9.5 9.52
M, (GeV/c?)

No signal was observed over the expected background and upper limits have been
obtained: BR(Y - wv) < 3x10* (BaBar) and BR(Y —vv) < 3.0x103(Belle).

At Belle 2 one would expect to collect >200fb* of data @ Y(3S) (ongoing discussion for
Y(2S) data taking and trigger) allowing one to reconstruct between 30 and 300 events,
assuming 10° (SM)<BR(Y —invisible)< 10* (NP) and Belle efficiencies. 20


http://arxiv.org/abs/hep-ex/0611041
http://arxiv.org/abs/0908.2840

Invisible Y(1S) decay searches In e+e- collisions
BABAR vs. Belle vs. Belle Il

M2 = s+ M.+ —2/5ECMS

Tt
[belle]: http://arxiv.org/abs/hep-ex/0611041 [babar]: http://arxiv.org/abs/0908.2840
(1 week running @ Y(3S)) (2 months running @ Y(3S))
700 — A L l_:"'\ - 17T T 3
w0 E . 29fb'@Y(@S) 1 X800p 28.5 fb* @ Y(3S)3
N - " . $ 700§ E
o N 1 © E
> 500 — = —
) - ] - .
S 400 | E = E
§ 200 |- D Z E_ _
<D : - :
100 W Z = E
ISP IS IS I I AP AN SN G AL I . 7] E . Lo T
%.4 9.42 9.44 9.46 9.48 9.‘|48 915 9.52

Mo (Gevic?) M, (GeV/c’)

o

Irreducible peaking background when final states go undetected (i.e. detector supports,
beampipe etc.) in the process Y(3S)2n n'Y(1S),Y(1S)>undetectedf .s.

. : : . : 21
Q: Can advanced machine learning techniques separate reduce this irreducible

Background? Tests are planned..


http://arxiv.org/abs/hep-ex/0611041
http://arxiv.org/abs/0908.2840

Invisible Y(1S) decay searches In e+e- collisions
BABAR vs. Belle vs. Belle Il

Events / (0.004GeV/c?)

Belle2 Simulation

Y(3S) - Y (1S),
Y(1S) - u*p (along the
beampipe, invisible)

Charge=1. PDG=211 {pi+:
pT=0,47504, pd=0,376706
¥=(-0,00, 0,00, -0,01
Hother: MCParticles[0] {Upsilon{35})

B Charge=-1,. PDG=-211 {pi-:
pT=0,295407, p2=0,07Z2508
e Y=(-0, 00, 0,00, -0,0L1}
\ Hother: MCParticles[0] {Upzilon{35))

9.52
(GeV/cd)

Irreducible peaking background when final states go undetected (i.e. detector supports,
beampipe etc.) in the process Y(3S)+n ' n Y (1S),Y(1S)- undetectedf .s.
22



Invisible Y(1S) decay searches In e+e- collisions

BABAR vs. Belle vs. Belle |l
BR(Y(1S)»v¥) 27G' My
BR(Y(1S)»e"e’)

641 o

BR(Y(1S)»vv)~9.9%x107°

2

= (—1+§sin2ew) =4.14%x10""

allowed.

enhance Y(1S) - vv(y).

> Low mass dark matter particles however might might play a
role in the decays of Y(1S), having Y(1S)-xx if kinematic
[Phys. Rev. D 80, 115019, 2009]

> Also, new mediators (Z', A% h°% or SUSY particles might
[Phys. Rev. D 81, 054025, 2010]

> In absence of new physics enhancement, Belle2 should be
able to strongly constrain the SM Y(1S) - wv

No signal was observed over the expected background and upper
limits have been obtained: BR(Y - vv) < 3x10* (BaBar) and

BR(Y - vv) < 3.0x103(Belle).

Process ‘ Lini(ab™1) ‘ €

| N(Y(15)) | Ny(is)—uw

;‘?\r:\." 1 ]

—» e¢'e2Y(3S)
J(4.4%)
Y(3S)»>a ' mY(1S)
y
Y (1S)-invisible

—» e 2Y(2S)
4 (18.1%)
Y(2S)»n 7Y (1S)
J
Y (1S)-invisible

Belle2 Simulation
Y(3S) - Y (1S),
Y(1S)—- wv
Charge=1, POG=211 {pi+?
pT=0,420265, pd=0,000592372

Y={-0,00. 0,00, -0,03}
Hother: MCParticles[0] (Upsilon{35))

-

Charge=-1,. PDG=-211 {pi-}

pT=0.,344016. p2=0,115851
W={-0,00, -0,00, -0,033

Hother: MCParticles[0] {Upsilon{35}):

23

Y(25) = 77 Y(15) 0.2.Y(25) | 0.1-0.2 [ 2.3 x 105 | 230-460 6900-13300
Y(3S) = ntx Y (19) 0.2,T(35) 0102 | 32x 107 | 32-64 945-1890
Y(45) = 7 7 Y(15) 50.0,Y(4S) [ 0.1-02 | 5.5 x 10° | 5.5-11 165-310
Y(55) — 77 Y(15) 50.Y(55) | 01-02 | 7.6 x 10° | 7.6-15.2 228456
v1srT(28) = (sp)mta-Y(15) | 50.0, Y (45) | 0.1-0.2 | 1.5 x 105 | 150-300 4500-9000
V15T (3S) = ()T a-Y(19) | 50.0, T(45) | 0.1-0.2 | 3.5 x 107 | 35-70 1050-2100




Translating Y(1S) — invisible search to dark matter limits

Extrapolation based on ArXiv: 1511.03728, 1404.6599

-30 ‘ 10-30_ T T TTITT]
107F SRS DL LA L AL [ comsii(Sicon) - F5: GMS (MonoPhoton) N
— DAMA( W,ol onCh 0 - L —— DAMA(W/lon Chan) - - - F5:ATLAS ]
32 PICASS:)(;DI-: 2) " i — — DAMA(wi/o lon Chan.) F5: ATLAS (MonoPhoton) —
107 —— SIMPLE = 33 CRESSTII — F5:Y(1S) = XX |
coUPe 1 0 [ ——— CoGeNT (2013) $3:Y(1S) » XX .
B — PICO y — —LX V3:Y(18) = XX —
- F9: ATLAS — i SuperCOMS .. F5: Fermi ’
i — FQ:Y(WS) XX T [~ —— CRESSTII ' -
-35 ' - - ) F5: CMS (MonoJet)
1 0 C — V5:Y (18) XX -
C\'I_| | F9: Fermi.
E = meees V5: Fermi
O n
R
a4
Cl.b(ﬂ B

102 10 1 10
m, [GeV]

107 10" 1 10
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The L -L_model in the context of dark sector searches: a dark Z’
The model is a new gauge boson, Z’, which couples to L, — L,. The interaction Lagrangian is
L= g2 pu+gd "2, — g0V Z vy + 9 e Z, v L.

The equations for the partial widths are,

N2 2 2
My 2M AM
I(Z — ¢ty :L 1 ¢ 1— L 9(M, —2M
(2" — ) 127 T M2, M2, (M )
N2
M
( veve) 2n
2T (Z "> v, V)

BR(Z' - invisible)=

2T (Z'»>v,v,)+T(Z'»un)+I(Z'»>t7T)

Partial width results and BR derived from eqn. 2.12 of Essig et al. JHEP02(2015)157,
arXiv:1412.0018 [hep-ph]:

2
Ne 1 — 4&
24mm g, 'mQZD

2

L(Zp — ff) = (m%, (91 +9%) —m7 (—69L9r + 97 + 9%))

> The branching fraction to one neutrino species is half of the branching fraction to one
charged lepton flavour. The reason is, of course, that the Z’ only couples to left-handed
neutrino chiralities whereas it couples to both left- and right-handed charged leptons.
> For M,, <2M, Br(Z’ - invisible) =1. 5
> For 2M, <M,, <2M_Br(Z’ — invisible)~1/2
> For M, >2M_Br(Z’ - invisible)~1/3



The L -L_model in the context of dark sector searches: a dark Z’

> The branching fraction to one neutrino species is half of the branching fraction to one
charged lepton flavour. The reason is, of course, that the Z’ only couples to left-handed
neutrino chiralities whereas it couples to both left- and right-handed charged leptons.
> For M,, <2M, Br(Z’ - invisible) =1. 26
> For 2M, <M,, <2M_Br(Z’ — invisible)~1/2
> For M, >2M_Br(Z’ - invisible)~1/3



The L -L_model in the context of dark sector searches: a dark Z’

> Final state: p*p- +nothing

> The branching fraction to one neutrino species is half of the branching fraction to one
charged lepton flavour. The reason is, of course, that the Z’ only couples to left-handed
neutrino chiralities whereas it couples to both left- and right-handed charged leptons.
> For M,, <2M, Br(Z’ - invisible) =1. 27
> For 2M, <M,, <2M_Br(Z’ — invisible)~1/2
> For M, >2M_Br(Z’ - invisible)~1/3



Z' - Invisible, Belle 2 event display (MC simulation)

M,=1 GeV/c? ; M,=4 GeV/c?

M,=8 GeV/c? M,=9.7 GeV/c?




Cross section for Z’ - invisible

10

=0.01
2 .

2

5 3

3

o(e'e’ — utu Z'(— invisible) [fb], g'
3

- Cross section provided by MadGraph for e*e” - y*yz’, Z' - \)“\_)Ll and multiplied by a factor 2 to account for

VAR VTGT as this is the other channel that contribute to the invisible decays of Z'.

- Itis assumed g’ = 0.01, cross section for different values of g’ can be obtained by considering that:
...the production process involves exactly one insertion of the g’ coupling in the matrix element, then we know that the
Cross section is proportional to g’. Let’s say you use g’ = 107 to generate events in MadGraph. Then, if | want
the cross section for g’ = 107, | simply take the cross section output by MG and multiply by (102)>...
...private conversation with B. Shuve. 29



Cross section for Z’ - invisible

0.01
]

(I ........ G{EJ'E' — Z'{—} invisible} [fb], g'=0.01

2
I Ilﬂﬂ]

_——— gle'e — uu Z'[fb], g'=0.01

2

—y

ol ol vvod ool o ol vl

3

Parameter space
region not
accessible

'(— invisible) [fb], @'

N.m-z
_

- Cross section provided by MadGraph for e*e” - y*uz’, Z' - vlﬁu and multiplied by a factor 2 to account for

VAR VTUT as this is the other channel that contribute to the invisible decays of Z'.

- Itis assumed g’ = 0.01, cross section for different values of g’ can be obtained by considering that:
...the production process involves exactly one insertion of the g’ coupling in the matrix element, then we know that the
Cross section is proportional to g’. Let’s say you use g’ = 107 to generate events in MadGraph. Then, if | want
the cross section for g’ = 107, | simply take the cross section output by MG and multiply by (102)...
...private conversation with B. Shuve. 30



Belle Il, expected sensitivity for Z’ - invisible

- Based only on expected background and luminosity
- Expected upper limits to g’ value at 90% C.L.
- Bad mass resolution on the signal at low masses affects final sensitivity

10" E—— Belle 120 16" —
| —— — Belle Il 20 fb', BF[Z'— ¥ x]=1
| ——— Belle Il 2 ab'
| — — Belle ll 2 ab", BF[Z 3 x]=1
: | ——— Belle I 50 ab’
P 2 e e e 2 e
102 __ ...... ........... ﬁ ........... l

10

- Does not account for all the efficiencies (but sensitivity scale as L4...)

- Red band shows the preferred (x20) region of the parameter space assuming the
muon g-2 anomaly being generated by a Z’ boson.
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Belle Il 2018 data, event display

Belle 2 event display
run # 3236
Event #493624




Belle Il 2018 data, event display

Belle 2 event display
run # 3236
Event #493624




What about (charged) Lepton Flavour Violation

We consider now a different model, in which the Z' does not couple only to e
and u, but it couples to all leptons and we allow for lepton flavour violation.

See for example arXiv:1610.08060 or ArXiv:1701.08767
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What about (charged) Lepton Flavour Violation

+

(&

final state:e” e’ n’ W final state:e” w +invisible (+c.c.)
See for example arXiv:1610.08060 or ArXiv:1701.08767

> Complement the search for low mass Z’ and low mass dark sector
> Alternative way to look into cLFV, complementing ongoing searches

> Work in progress at Belle Il
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What about (charged) Lepton Flavour Violation

+
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final state:2e" 2w final state:e” u +invisible (+c.c.)
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> Complement the search for low mass Z’ and low mass dark sector
> Alternative way to look into cLFV, complementing ongoing searches
> (Almost) background free

> Get a search for doubly charged bosons for free

> Work in progress at Belle Il
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What about (charged) Lepton Flavour Violation

+

€

final state:2e 2w

final state:e” u +invisible (+c.c.)

See for example arXiv:1610.08060 or ArXiv:1701.08767

> Complement the search for low mass Z’ and low mass dark sector
> Alternative way to look into cLFV, complementing ongoing searches

> (Almost) background free
> Get a search for doubly charged bosons for free

> Work in progress at Belle Il
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Dark photon searches in pp collisions:

ATLAS, CMS, LHCb

2\ ;
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Dark photon searches @ ATLAS

« Dark photon searched in the so-called “Higgs portal” in
* The Higgs boson decays to dark fermions; dark fermions decay to
« 1) A Hidden Lightest Stable Particle and a dark photon
« 2) A Hidden Lightest Stable Particle and a dark scalar
 The dark scalar decays to a dark photon pair

L) TYPFO L) TYPE1 L) TYPE2

V.. EMCAL
i [ HCAL
m MS
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Dark photon searches @ ATLAS

ArXiv: 1409.0746v2
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Long lived particle searches @ ATLAS

. arXiv:1811.07370 [hep-ex]
« Similar techniques as shown before
« Search for macroscopic decay lengths of scalar particles under different assumptions

~

p scalar
P

* The analysis strategy includes:

p Higgs
X

1\
|

Iy
|
ITR\

o I W o

I n

¥ 4]
I
—

f
f
f

f

P

|

f

1) the case of two observed isolated vertices coming from two long lived particles,

2) The case in which only one decay vertex is seen in combination with other activity in the
detector. This is to increase the sensitivity (probability to observe two long lived particles
inside the detector is small for decay lengths grater than 5m).
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Long lived particle searches @ ATLAS

. arXiv:1811.07370 [hep-ex]
« Similar techniques as shown before
« Search for macroscopic decay lengths of scalar particles under different assumptions
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Long lived particle searches @ ATLAS

. arXiv:1811.07370 [hep-ex]
« Similar techniques as shown before
« Search for macroscopic decay lengths of scalar particles under different assumptions
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Long lived particle searches @ ATLAS

arXiv:1811.07370 [hep-ex]

« Similar techniques as shown before
Search for macroscopic decay lengths of scalar particles under different assumptions
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Dark photon searches @ CMS

CMS Experiment at LHC, CERN

« Select 4-muon events
Data recorded: Fri Jun 24 19:30:08 2011 CDT

* Look for di-muon Fun/Event. (57074 | SRR
iInvariant mass bump
at low mass in isolated
muon pairs

CMS 2011 Vs=7TeV L, =53fb"
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Search for Higgs boson decays to a dark photon pair plus X ®



Dark photon searches @ CMS

CMS 2011 Vs=7TeV L, =5.3f"

Look for two mu+ mu- pairs
to have the same mass

Exclude SM H decays with
~1% BR to muon-jets
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Dark photon searches @ CMS

102 20.7 fb™! (8 TeV)
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arXiv:1506.00424 [hep-ex]

“This search constrains a large, previously unconstrained area of the parameter space.
Unlike the other results in the figure, the CMS and ATLAS limits are model-dependent
and only valid under the assumption that B(h - 2n1 - 4u + X) £ 0”



Dark photon searches @ LHCb
- Uy, prompt and displaced searches

ngy [m(A")]
2Am

ni[m(A'),e% = & Flm(A)] e [m(A'), 7(A')]

Phys. Rev. Lett. 120 061801
ArXiv: 1710.02867 [hep-ex]
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Dark photon searches @ LHCb 14TeV: pp— D= DqA'(€7 € )reco

Preliminary studies for run 3: from ~20215 [ "7 — ggm'a@ne'g Eﬁ-typ'eg ]
L k20 Mey 0 onstraine -type) J
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* low mass dark photon in the reaction: il _
D> Doy |
*() 0 A, 2 3/2 005 j
I'(D")»D A — (1 MA,> 1)
*() 0 _ o 2 ! A oo ;
F(D )—>D Y Am?, QL b L
m, - [MeV]
1010_' LHCI|) Prolmplt Dli—II\J;(;n'Spectrum | Total
« Prompt and displaced vertex decays of ol TR e R B R ]
the dark photon in the mass region[2m, ,50 GeV /c”] /\ A | DY/FSR
in the reaction: 1% i S
r r o 7 vL\// \J
pp2>XA', A'2u A '
- ’ 10° .%\\—/// —
+q- 1 2 4ml Zml : TN—~7
[,~T(A"2I'l)==ae m,1—(1+—) oL
3 mA , mA , No i50. <P With iso. .
104—| . Ly ‘ 0T
02 0.5 1 2 5 10

my, [GeV]

ArXiv:1603.08926 49



Dark photon searches @ LHCb
Expected sensmvuty durmg run 3: from ~2021
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Dark photon searches @ LHCb
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Conclusions

The lack of solid experimental evidences for WIMPs might imply that DM belong to
a more complicated dark sector with dark interactions/dark forces.

Many diverse experiments currently searching an planning searches for dark
forces/dark sector.

Searches are of general interests and many people are joining the effort.
The “Dark Sectors 2016 Workshop: Community Report”, arXiv:1608.08632,

summurise the strategies and the experimental opportunities for the next 5-10
years.

THANK YOU FOR YOUR ATTENTION! 52



Eff. contact operators in for dark matter in Y(1S) — invisible

ArXiv: 1404.6599

Name Interaction Structure Anmnihilation|Scattering
F5 (1/A%) X* X §yug Yes SI
F6 [f];';'lz]j'}-“'}-axq'}-}iq No No
F9 (1/A%) X o Xqouq Yes SD

F10 [f]j';"iz]XU“"'}-:”X@GPE,Q Yes No
S3 (1/A2)dm(dT0,d) g7 g No SI
V3 | (1/A2Im(Blo.BY )ty No ST
V5 | (1/A)(B)B, — BLB,)jo""q Yes SD
V6 |(1/A)(B)B, — B,B,)go""v°q Yes No
V7 (1/A2)BY 9" Buqytq No No
Vo | (1/A2)emr B9, B,gv,.q No No

TABLE I. Effective contact operators which can mediate the decay of a JPC — 17— quarkoninm
bound state. We also indicate if the operator can permit an s-wave dark matter initial state to
annihilate to a quark/anti-quark pair; if so, then a bound can also be set by indirect observations
of photons originating from dwarf spheroidal galaxies. Lastly, we indicate if the effective operator
can mediate velocity-independent nucleon scattering which is either spin-independent (SI) or spin-

dependent (SD).
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