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Motivation
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Plenty of evidence on the existence of
dark matter (DM), but its precise
nature and origin remain elusive.

Presence of DM is

Dark Matter 26.8%

RS A 08.3%

inferred via

gravitational effect only.

M. Agunaretal (AMS Collaboration) best——d v

AMS: Positron fraction
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Motivation

® New physics models beyond the Standard Model (SM) include the possibility of light weak interacting

DM hidden sectors

v The DM hidden sectors couple to the SM particles viathe so  ~ - w & -~ & " @ @ H
called “portals” w J_owm J|_w J| MJ T
‘999 O
. . W_;Lﬂj
Portal Particles Operator(s) T\
| — . . |
« ” k ph € B Flmw "‘"';
Vector ark photon —5eoca Buv R o |§
“Axion” | Pseudoscalars | £ F,, F*, £Giu G, %TP’]{“’}(E’QP g'. ‘g - B | : ? f'w!“ :
“Higgs” ark scalar (uS + \S?)HTH — Standand Model
“Neutrino” |Sterile neutrinos yvnLHN N

v' These new particles can be accessible by high intensity ete
collider experiments, such as BESII1 and KLOE experiments, if
their masses are in the MeV-GeV range.

Hidden Sector
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BESIII and KLOE Experiments

Symmetric e*e- collider experiments running at tau-charm and ¢(1019) mass regions, respectively.

Physics objectives: study the light hadron spectroscopy and search for new physics phenomena.

BESIII Experiment

Multllayer drift chamber (MDC)
He/C;Hjg (60/40)
* 43 layers
Momentum resolution ¢,/p =~ 0.5% @ 1 GeV
* Spatial resolution o, ~ 130 pm.

Super conducting magnet
v 1 Tesla

Time of Flight (TOF)
2 lawer plastic scintillators
~ 80 ps (barrel)
. O'T ~ 110 ps (endcap) (~65 ps
after upgradation with MRPC)
Particle id

Muon system

* 9layers of RPC
P> 400 MeV/c

* dR¢=14-1.7cm

Electromagnetic calorimeter (EMC) (CsI(TI))
— 6240 crystals overall

* o(E)E = 2.5%

* 624(E)= 05-0.7cm

[Nucl. Instrum. Meth. A614, 345-399 (2010)]

**BESIII also plans to replace the inner part of the
drift chamber by the three layers of the CGEM

detector soon.
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Th‘ KLOE pr‘riment Drift cham.ber

< Gas mixture: 90% He + 10% C,H,,
% 3p,/ pe <0.4% (0>45° )
% O,, ¥ 150 pm ; 6,~2 mm

Electromagnetic calorimeter
*+ lead/scintillating fibers
+“* 98% solid angle coverage
% o / E=5.7% / \(E(GeV))
% 6,=57 ps / W(E(GeV)) © 100 ps
* PID capabilities

KLOE-2 run
DA®NE (KLOE run) DA®NE Upgrade

DA®NE: new interaction scheme
X Large angle beam crossing ‘ \ -

X Crabbed waist sextupoles - [ e Lo

KLOE-2:
X Detector upgrade (yy taggers + GEM inner tracker + low-6 EMCs)
X Extension of the KLOE physics program [Eur. Phys. J. C 68 (2010), 619]
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Datasets

BESIII: collected large data samples at several energy KLOE/KLOE-2 experiment (the
points between 2-4.6 GeV. Frascati ¢ factory): collected the
102— T T T 1 T T 1 e s B T T T data at '\/E = m, 4 = 1. 019 Gev
g | I [ | A dspers 5
F PDG 2015 ¢ id s : ¢
_ e ] 3 loop pQCD 1 v KLOE (2001 — 2006)
o0k 0000 it B e Naive quark model = ° -1
a : 3 i : ‘, T : 2.5 fb data at ¢ peak
i / | o O1R 1
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Dark gauge boson

» DM hidden sector introduces a new U(1)
interaction or dark force carrier (e.g. dark-photon
A, Uory).

N. Arkani-Hamad et al, PRD 79, 015014 (2009)

DM A T
/-

A I

DM 0

No anti-protons!

mpM~TeY  MeV <my < GeV

s Could explain the features of astrophysical
observations (such PAMELA, AMS etc.).

2019/11/12

Standard

Model

AL =eF*“Fp

¢ = Kinetic mixing strength.
Op = O&

o = fine structure constant

B. Batell, et al, PRD79, 115008 (2009);
R. Essig, et al, PRD80, 015003 (2009)

i i
Lo
600 800 1000 1200 1400 1600
Dark Photon Mass (MeV)

200 400

O The dark U(l) symmetry could be

spontaneously broken, by a Higgs mechanism,

adding a dark Higgs boson (h") to the theory.
PRD79, 115008 (2009)
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Dark gauge boson searches @ BESIII/KLOE

Electromagnetic Dalitz decays

e* a*

v' BESIII

J/\V_)Y,n/n,’ y’—>e+e' Phys. Rev. D 99, 012013 (2019)

Phys. Rev. D 99, 012006 (2019)
(This talk)

Preliminary

(This talk)

Jy—Un’", U—-ynd

v" KLOE/KLOE-2

—v'1n, With n—ntnn%/n0n0r°
Y1 n

ete- annihilation

https://physics.aps.org/articles/v7/115
v' BESIII

ete >y Y, Y —Itl"  Phys. Lett. B 774, 252 (2017)
(This talk)
v KLOE/KLOE-2

e'e —Y1srY s Y €€ pLB 736, 459 (2014)
et —Y,srY» Y U PLB 750, 633 (2015)

ete—Y,erY’, Y =T PLB 757, 356 (2016)

+A- 4 4 +, .- + -
PLB 706, 251 (2012) / PLB 720, 111 (2013) S YigRY ) ¥ W /T PLB 784, 336 (2018)
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» First search for dark photon via electromagnetic Dalitz decays @

1.3 billion BESIII J/y data _
Main-background: Jhyy—e*en(")

» Search for a narrow structure in the m,+,- distribution of data

e
r r r + -
Jy—yM’, y"—e’e" [Phys. Rev. D 99, 012013 (2019)] Jhy—y'n, y'—e*e (Phys. Rev. D 99, 012006 (2019))
g ; 100 @ I S e e
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Dark photon search via J

» Combined results of 90% C.L. upper limits on BF and ¢ (w and ¢ mass regions are excluded)

B(J/w = n'y) xB(y' = e*e”) <(1.8-20.0)X 108 B(J/y — ¥'n) x B(y = e*e”) <(1.9-91.1) X 108
£<3.4X103-2.6X%X103 €<103-1072
1 L] I I L] I L} | 1| | | | | | I | | | | | ] I __ (a)
e 0.3 w 1 -
$ 02 E
2 04 i ¢
m ' ! £.107
S
=
qg- 1.0 (by = o
o 05 -
adohf
10" "
w"}-: AN """nﬂ 102
L L '
1 L L I L L L | Il [l [ L I [ L L L I -
10° 0.5 1.0 1.5 2.0 L N
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Search for a dark gauge boson decaying to yzn° via J/wy—ya’n’

BESII

» Many models suggest that a dark gauge boson (U") could also couple predominantly to quark
Phys. Rev. D 89, 114008 (2014), Phys. Lett. B 221, 80 (1979)

> BESIII performs the search for U” in the decay chain: Jiy—Un’", U —vya®, n°—yy using 1.3 B J/y data

Upper limit @ 90% C.L.
BESIII Preliminary

——data
[ ' sideband

M J/y—yrn’
B/ v-on
iy’

‘BESIII Preliminary

AT

2

—

Events(0.02GeV/c?)
S

02040608 112141618 2
M, (GeV/c?)

T2 TTa e e 2 22
M, (GeV/c?)

No evidence of U" signal is found
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Dark U boson search In e*te—yn*a

Entries / 2 MeV

Results based on 1.93 fb1

Select two oppositely charged tracks (50° < 6, < 165)

Use an untagged photon technique (6, < 157, 6, > 165) —) - - |-
Estimated backgrounds from the sideband data. !/
Good agreement between data and Monte Carlo in the p-o t‘i.é s S P NS =
interference region -
x Upper limit @ 90% C.L.
301 I . 10— WA OE T -
250 [ b 3 No evidence of -
:260-55l! 7 .
[ 200 . 1 U boson signal
200 panp - Memume is found gt

60[!.?75 0.78 0.785 0.79 0.795 &

150 |-
100 -
B "mObserved spectrum ]
50 " oy PHOK. GS IF P smeared
B + residual background i
0 AT T R R,

0.6 0.7 0.8 0.9
M (GeV)

{1

10—7

0 200 400 600 800

My (MeV)
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4 K.

> Search is based on whole KLOE data-set (1.93 fb1)

Combined search: ete—yr*n/yutu

» Analysis is similar to e*e—yn*n (estimated the data from the sideband data)

Events/2 MeV

Entries/0.002GeV
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x10°
— T T T
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- %2 /ndf: 26.34 /14

o —— side-band fit B
F o data =
- e excluded data .
oot v b b e b e b b
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u
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Dark photon search via ee—y,.rYy’, v =1

Use an untagged photon method to perform this analysis
via initial state radiation processes:

HH

e+e- 4 4 + - +A- 4 I I
—NisrY » T R EC—YisrRY Y — H
= tagged: untagged:

E e*e’y MC photong:;s EMC photon leaves the detector
o~ L+
o % i data / '§ e
& 3 e (2 2
o e : BS 8
= 3 § .- TAGGED E
2 o ® qof > S ;]
1= = 5 s
(3 @ [
I i 2 ]

- \( boarders of EMC

data/MC
data / MC

sl Lo Lo Lo baowa b o by | P
16 1.8 20 22 24 26 28 30 32 34
m,., [GeV/c?]

m [GeV/c"’] ’

Dominant QED backgrounds: e*e™ — y,grl*1™ (I = e, u)

. 102
Search for a narrow structure in m;+;- spectrum

2000

Combined statistics, including |
systematlc uncertalnty

1500 « No evidence of v g | |

20 production - \
S 500 . I” V ‘m( 10° :
= |
E m‘ v hh M H . - Set 90% C.L.
g -sool M upper limits using
5 -1000F + data-fit

1500F. — S-=% the TRolke method.

| I L 1 Nucl.Instrum.Meth., A551, 493-503 (2005) 10% il
20005t 1

M PR PRI AP BRI B Al
1.6 1.8 2.0 2.2 24 26 28 3.0 3.2 34 102 10" 5 10
m,. [GeV/c?] m,. [GeV/c’]
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Search for a dark Higgs boson h” via Higgs-strahlung

process efe—hn'A’
+ Al

o x e?aap/E%,,

Three main cases:

a. my, <my, Whereh’islong lived and A" decays to lepton-pair or hadrons.
KLOE [Phys. Lett. B 747, 365 (2015)]
(This talk)
b. my, < my, < 2my, where h” —A’A™ and A™ decays into leptons.

c. my, > 2my, Where h” —A’A"  BaBar [PRL 108, 211801 (2012)],
Belle [PRL 114, 211801 (2015)]
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Search for dark Higgsstrahlung in ete—p*p- and missing

KLOE analysis is for m,r < m,r, where h’ is long lived

— e*e" —>Uh
10° — e'e” > utu ()

arbitrary units

« Data: 1.65 fb! at the ¢ resonance; 0.21 fb! off-peak

« Look for A" - u*u~, with missing momentum vector
pointing at calorimeter and no extra calorimeter cluster

Cross-section: ~ _ waga’:cz ( . m_%,)—z J ,\( | M m_%,)
8

[ ( ms, m%,) 12m%,] e
XAl =, —)+ — - -0. ?5 -0.5 -0.25 0 0.25 0.5 0.75 1
s s s 1 Phys. Rev. D 79, 115008 (2009) cos®
with A(A, B,C) = A2 + B? + C? — 2AB — 2AC — 2BC 6%6" — ereptIr
ete” —efe '
¢ — K'K — pfuwy

suppressed by cut on & < _ B
ifetime. (\~90 cm) % ;\t 020017 ot peak ¥
% 4001 ||i'||||| l g
¢ — ffnn’ = "|'|”| |||l:\I 5
* Characterize " “ o :
events by M N
y Hp | 200k I| | | ¢:|'I| ! |||’|h!' | 2
and M, .. Bin M 1 l. ...
size such that |”|"| ||| ‘ ( ‘ L
signal is mostly ! al M b
Contalned In 1 ok 100 200 300 400;€ﬁ 600 700 8 900 1000 o 1000 03
H (MeV) M (MeV)
bln' ete — ity )iﬁ

ete” — utw
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Search for dark Higgsstrahlung in ete—p*p- and missing

* Use 5X5 bin method to predict background in each bin. Scale factor from MC.

« Limits on ape? range from 10-° — 108, First limits for my, < my,

ol (o]
2 0 my.=55MeV ‘A ¢ m, =250 MeV
s 0 m,. =100 MeV S | m m, =400 MeV
A m,. =205 MeV e m =500 MeV
¢ my. =310 MeV I ¢ m =700 MeV
® m,. =430 MeV A m =900 MeV
10—8__ 10—8__ ¢°°° ¢°#° .q.- .
) : . - - . -
L . L] . . . .o ®
*¢ ; N o 4 ' e o
-9 -9
10 | o 10 |
M I S S S R TR S S RN TR SR T R R T | I T S T SR T S E R S TR R SR S S I T S |
200 400 600 800 1000 0 100 200 300 400 500
m;; (MeV) m,. (MeV)
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Search for invisible decays of light
mesons in J/y—V(=o,0)P(=n())

R %%
4
recoil direction@
7 7’
e
v' BESIII y B &t
’ /,a *
_ , J/d; ’ A .
Invisible decays of 1 and " mesons Phys. Rev. D 87, 012009 (2013) %

Invisible decays of ® and ¢ mesons Phys. Rev. D 98, 032001 (2018)
(This talk)

tag direction

n—on'nn’oryy
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Invisible decays

> Quarkonium states (qg) can annihilate into vv via virtual Z° boson
B(w — vv) = (2.79 + 0.05) x 10713
B(¢ » vv) = (1.67 £ 0.02) x 10711

Phys. Rev. D 98, 113006 (2018)
mode S-wave p-wave

» Branching fraction of invisible decays of —a —3
quarkoinum state might be enhanced in the BR(T(15) = xx) | 4.2 x 10 1.8 x 10

presence of light DM particles. BR(Y(1S) - vi) |[99x10°°

\ I . BR(J/¥ = xyx) 2.5x107° | 1.0 x 10~*
BR(J/¥ — vi) 2.7x 107"

@ @ BR(1 = xX) 34x107° | 1.4 x 10~*
BR(n" = xx) 3.7x1077 [ 1.5 x 107°

X P v« BR(ne = xx) 1.3x 1077 | 53x 1077
BR(xc0(1P) = xx)| 2.7x107® | 1.2 x 107"

BR(¢ — xX) 1.9x107% | 7.8 x 107°
BR(w — xX) 72x107% | 3.0 x 108
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Computed by assuming the same cross-section
for the time reversed processes:

a(qq — xx) =~ o(xx — qq)




Invisible decays of @ and ¢ mesons In J/\y—no/¢

BESIT

» First search for Jiy—nw/d, o/dp—invisible using 1.3 billion J/y events

> Define recoiling mass against n: My, ,;; = \/ (Ecp — Entn—10)? — Bt -0

Only n—n*nn® decay mode is utilized for this measurement < NS‘;’g =14+3.6
g
[—— iy data B Jhy—ynMC © |
8- . . pi
— | Jiy—ém, o—anything MC [l J/v—en, o—anything MG <
c}._-?_ H ] Signal MC (w—sinvisible) || 1 Side-band data %
% 6 [T signal MC (¢—invisible) g
o : Ll:J. L m L I:llll
s - e A . -
S 4r 00 "
= - Meooi (GeV/C?)
Q2 -
s oF 5
o — 8
N > N? =14+3.6
Sl 1 G 8 sig
% 4 0.6 D 8 1 1.2 =
recnll (GEV.-’CZ) S 4r
2 I
> Fitto MY,_,;; to extract the signal yields g °F ‘ gl
8 -ﬁ ; be
> No any obvious signal is found. 4 06 12
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Invisible decays of @ and ¢ mesons In Jiy—no/¢

BESIT

» Set the 90% C.L. upper limits on the branching fraction after including the systematic uncertainties.

1

——— Stat + Syst errors

o
oo

—— Stat errors only

0.8

o
(2]

Illlllllll

0.6

©
~

ST

0.4

Wllll

Normalized Likelihood

Normalized Likelihood

g 90% CL 90% CL
0.2 v Bayesian 0.2 Bayesian
f el T ob . integral |
0-5 0 5 10 15 20 -2 0 2 4+ ] 6 8
B(@—sinvisible)/B(o—n'10) (10°9) B(¢—invisible)/B(0—K'K') (107
B(w — invisible) _5 B(¢p — invisible) —4
P TP— < 8.1x10 2@ = KK <34x%x10
B(w — invisible) < 7.3 x 107 B(¢p — invisible) < 1.7 x 1074

v Published in Phys. Rev. D 98, 032001 (2018)

First experimental limits on the invisible decays of  and ¢ mesons.
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Search for di-muon decays of a
light Higgs boson (A°)

v BESIII

" %

A

Y(3686) » wtm~J /Y, ]/ = yA®  Phys. Rev. D 85, 092012 (2012)

J/p - yA° Phys. Rev. D 93, 052005 (2016) 2
(This talk)
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An Introduction to the light Higgs boson

® A light Higgs boson is predicted by many extensions of Standard Model, such as Next-to-Minimal
Supersymmetric Standard Model (NMSSM).

» NMSSM contains a total of three CP-even, two CP-odd
and two charged Higgs bosons.

» The lighter state of the A® is defined as:

. .
A [PRD 76, 051105 (2007)]

L, : Singlet 1077
Non-singlet
=
<
> Coupling of fermions and the CP-odd Higgs A° 1
. m, - > 1078
Lin =—A°d(i75)d, d=d,s, b, et =
I‘|fntf :_AOU(U/S)U u-= u C t ve’ e VT
tan ﬂ _ u Ratio of the VEVs of the up and E. Fullana et. al, 10"
down-types of Higgs doublets Phys. Lett. B 653, 67 (2007)

d

» Can be detectable via radiative decays of Jiy and Y'(15)
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[Phys. Rev. Lett. 39, 1304 (1977)]

5 tanf=10, u=150 GeV, M, ,4=100,200,300 GeV

I Ll T | I I T T l I L I L l I T I

., BrU/w - YAO

\/

arX|v 0712 00163

-05 0.0 0.5
Non singlet fraction Cos0,
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Light Higgs boson search via J/y—yA°, Al—>nu

Use 225 million Jhy events

collected by BESIII experiment to

Effective Yukawa coupling

B(V — yA?) GFm%CQCD miﬂ
Y ---»Q perform this study. BV = ITT) /\/_m - m3,

: ———
. . . - — S
- No evidence of A production is 1~ e 358:::?;:5;8;
r= 2m,,, e found - BESI —BESIII(ta{nB=1:?)_III ;
l L] L] L] I L] L] L] L I L) L] Ll L] I L] L] L] L I L] L] L] L) I L] L] L L] I I_
| — Observed limits i
- = Expected average limit .
- [ Expected limit (68%) -
) Expected limit (95%) 3
10° - n L L L L I |
< F ; [ ]
= C ’ i ]
IS . N 7
: — - - .
o . ]
o i ] - _
10 E . . E B (b) ]
- Upper limits @ 90% CL using - S N S T T
N Bayesian approach i ° os 1 0 2 28
i y PP ] m, (GeV/c?)
TR BT BT BT SRR BT i » The combined results of BaBar and BESIII reveal

0.5

1 1.5 2
m,. (GeV/c?)

2.5

3

» The results are 5 times below than the previous BESIII

measurement

2019/11/12

[PRD 85, 092012 (2012)]

that the A% is constrained to be mostly singlet in

nature.

» Published in Phys. Rev. D 93, 052005 (2016).
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Summary

> Both BESIII and KLOE have a very rich programs for the new physics searches beyond the SM.

» Produces many results on the Dark matter searches:
v Dark gauge boson searches:
BESIII KLOE/KLOE-2

Phys. Rev. D 99, 012013 (2019) ¢_,Y'n’ with n—>7t+7t'7|:0/7t07t07t0

r r r +A-
Jy—ymin’, y'—e'e Phys. Rev. D 99, 012006 (2019) PLB 706, 251 (2012); 720, 111 (2013)

+a- N +11- [t
Jy—Un", U—yn® Preliminary e —yrY Y — K /ntn

PLB 736, 459 (2014); 750, 633 (2015); 757, 356 (2016); 784, 336 (2018)
e'e >y Ry, Y=l phys. Lett. B 774, 252 (2017) e*e—N'A'  Phys. Lett. B 747, 365 (2015)]

v" Searches for invisible decay of light mesons via J/iy—VP at BESIII  Phys. Rev. D 87,012009 (2013); 98, 032001 (2018)

v" Search for a light CP-odd Higgs boson at BESIII  Phys. Rev. D 85, 092012 (2012); 93, 052005 (2016)

» Exclude a large fraction of the parameter space of the new physics models beyond SM.

» Ongoing study at BESIII related to the dark-sector:
v" Light Higgs boson search via J/y—yA®?, A’>—invisible

» Many more to come with recently collected 10 billion of the J/y data-set.
http://bes3.ihep.ac.cn/doc/3313.html
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Thank you!
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Back up Slide
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Calculation of € Iin Dalitz decays J/iy—n/n’e*e

BESII

Branching fraction of J/Apy—ym0 Dark photon mass

\ Mixing coefficient /
3
By _ L N2 (mfy, m] o, my)

= €210 ()

ny 3 2
Branching fraction of JAp—yn0) A2, m2, m?) = (1 + By — AT
ancning rractuon or J/y—ynm 1, M3, M3 m2 — m2 (m? — m?)?
Form factor for JAp—y*n() transition M. Reece and L. T. Wang

; JHEPO07, 051 (2009
evaluated at y’ mass (2009)

2

2—
|F /" (m;‘f,)|2 - AZ — m2, m;’;, AT=m, o5
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Event selection and calculation of € in e*te—y,.gY", v —I*I

Event selection: ¢”¢” _)”i.“_}’fs.k and €'e” —’€+€_}’m
Calculation of €

distance to interaction point Ry < 1.0em
Mixing parameter
Rz < 10.0 cm Determined
exclusnon limit Dark photon mass

acceptance 04rad< 6< m-04rad
to supress background PID

do(e ¢ =W ST Vi) = 3 s_. EL
# charged tracks =2 do(e*e” —y* y,SR —=I'Tyg) 2N/ a 6m
total charge =0

Number of decay modes of dark Mass resolution,

# phOT.QI'IS = 0 (untaggEd analySiS) photon containing phase space determined with MC
Fine structure
constant

missing photon angle <01rador>m-0.1 rad

J. D. Bjorken, R. Essig, P. Schuster, and N. Toro, Phys. Rev., D80, 075018 (2009)

1C kinematic fit X% < 20
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Light Higgs boson search via J/y—yA°, A—>pu*p

BESIT

AP can decays into DM (neutralinos) or SM particles, such as p*y-

1.000
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| —
w1y
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Y -
i

tang=20 — — —

""3:0.100

3.0.050
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I

(e

M 0.010
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0.001 '
0 12

Phys. Rev. D 81, 075003 (2010)]
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Light Higgs boson search via J/y—yA°, Al—>nu
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» Perform the ML fit to the m,4 distribution at 2035 mass points in the steps of 1-2 MeV/c2.
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Search for a dark gauge boson decaying to yzn° via J/wy—ya’n’

BESII

Extracted signal yield in the step of 10 MeV/c?

20 —
- (a)
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w
= 0
10
-20:— \
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o + (b)
Q D
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f'U e® e .‘- %
O __ % o e
= 0;'7"‘:
C -
o 2,
(V) -
R v
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The significance , S = sign(NSig)\/ —2InLy/Lpax, 1S observed to be less than 30
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Search for a dark gauge boson decaying to yzn° via J/wy—ya’n’

BESII

Set the upper limit using the Bayesian approach

—
1

N=10.0
M, = 1000MeV /c?

Normalized likehood value
©O O o o
N LN (@)] o
|

10 15 20 25 30
N(J/y— Un'—> ynon')

o
o
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Search for a dark gauge boson decaying to yzn°® via J/yw—yzn‘n

BESII

Systematic Uncertainties

Source(J/p —) U'n' - yrn'n' (%)

MDC Tracking 2.0
Particle identification 2.0
Photon reconstruction 5.0

5C kinematic fit 0.4
n' mass window 0.2
7% mass window 1.1
MC efficiency BESIII Preliminary | | o
B(n' » ntnn) 1.6
B(m' = vy) 0.5
B(r® - yy) 0.03
Number of J /3 events 0.54
Veto ° 1.1
Total 6.0

2019/11/12 LDMA'19 at Fondazione Querini Stampalia - Venezia



