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Outline

e Long-lived (LL) dark photons @ LHC

e Timing detector

e LHCb
[Du, ZL, Tran, 1908.xxxxx]

e Millicharged particles @ electron colliders

e Bellell
e STCF
e BESIII

e BaBar [Liang, ZL, Ma, Zhang, 1908.xxxxx]



Long-lived (LL) particles @ LHC

LL particles in a variety of BSM models
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Enhance LLDP production xsec

feeble coupling suppressed
g for LLDP collider signals?

We construct a model in which LLDP is produced
via a different channel from its decay

SM extended by a dark sector w/ two U(1)
gauge bosons & one Dirac fermion

[Du, ZL, Tran, 1908.xxxxx]



SM extension with two U(1)

Extending SM w/ 2 U(1) & Stueckelberg terms

—4Lp = X,

2(%01

mlelBM

leu>2

—4 Ly = C’EW - 2(8u02 + moea 5, + WQCM)Q

U(1)e: X, in hidden sector, m; ~ GeV, €1 ~ 107

U(1)w: C.in hidden sector, m, ~ TeV, €, ~ 102

mmel»> GeV dark photon A’ & TeV Z’



LLDP production @ LHC

hidden sector fermion W charged under 2 U(1)
(9 X, 4+ gw Cp)pyH 4

LLDP production via Z/Z’ process

W is DM candidate



Mass matrix of neutral gauge bosons

4 by 4 mass square matrix in V = (C, X, B, A3)
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/ 2 2,2
O O g iv g 4”1)

mass eigenstates E = (Z’, A, Z, A) via Vi = O; E;

Det(m2)=0 = massless photon mode



Vector & axial-vector couplings

v & a couplings between bosons & fermions

fru(v] —vsal) FEL + o Yy p EF
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2” = gw O1; + grOa;

E — (ZI’ A’, Z, A) A’: dark phOtOﬂ
Z’: hypercharge-like



Experimental constraints

CTo=1m, m;=3GeV, m,=700GeV, ap=0.18, gy =1
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DM relic abundance is suppressed in freeze-out



DP radiation in the dark sector

DP: 3 GeV 10 _
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pythia simulation

[recent dark radiation analysis: see. e.g. Chen, Ko, Li, Li, Yokoya, 1807.00530]



dark photon lifetime

1 meter

Mma (GeV)



dark photon decay branching ratio
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Precision timing detectors in HLLHC

CMS timing detector (phase 2)

between tracker & calorimeter cee also: ATLAS &
ot = 30 ps; pileup reduction & LLP LHCb upgrades

[https://cds.cern.ch/record/2296612/files/LHCC-P-009.pdf]



Time delay for LLP

[Liu, Liu, Wang, 1805.05957]
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Detector cuts for LLDP
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lepton: pr > 3 GeV

time delay: At > 1 ns
DP:0.2m<Li<1.17m&z<3.04m

ISR jet: pr > 30 GeV & |n| < 2.5



Time delay distribution
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DM production c @ LHC

o(pp—-xxj) (pb)
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Z-diagram dominates



Detector efficiency

LLDP events under detector cuts per WW FS
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Time delay reach on LLDP
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Different oyroq Versus different &,

10° CTo=1m, m; =6GeV, my = 15GeV, ap=0.18, gy =1
| | | | |

101 Z mass shift

5 5.5fb~1
10 2507b

S e e e e e e e e =
10 30007b "
10~ S = max|10, 5V B]
107>
1076
10—7- | | | | |

200 400 600 800 1000 1200 1400

mz (GeV)

[Du, ZL, Tran, 1908.xxxxx]



LHCb sensitivity on LLDP

“ordinary” DP
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Millicharged particles @ electron colliders

e Bellell
o STCF
e BESIII
e BaBar



Constraints on millicharge

Millicharged particles have been searched for extensively
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Millicharged DM & 21 cm

21 cm @ EDGES
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Millicharge @ colliders

very small ionization mono-photon @
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due to millicharge electron colliders
[ZL, Zhang, 1808.00983]
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Belle Ii

7 GeV electron collides w/ 4 GeV positron

£

Super conducting coll

...... ' 2980
{ 1020 E e m—— 1960 , i

2> ?g; N 1000(CDC)~47 =Tt e Vi W ._‘,ﬂ1 930(ECL flange)"\x AL e e .. ‘ }[?
| ‘ 940(ECL flange) :‘ 1650(CDC) ) Y0NS p
\

735(CDC) ﬁ ‘ 1590(CDC) )% , b
AU e e lab frame

12.4° < 0 < 31.4°
Ny Al 32.2° < 0 < 128.7°
i ) Aber . r J _ 280 | Tk b 1 30 . 70 < 9 < 1 5 5 . 1 @)

L cDC

S 1200TOP) < < T

| R1167(CDC IDS)

F

W .. [1808.10567]

=
0694 | |
0734

R

l

410886
|
8
[

)

— BG due to ECL gaps

reducible BG ™1 pg gue to non-coverage at beam




Gap and beam BG in Belle |l

[taken from Ferber’s talk]

DESY. Dark Sectors at Low Energy Colliders (Torben Ferber)

B: Invisible Dark Photon searches
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Reducible BG & cuts in Belle li

bBG cut in the CM frame £ < vs(Aer — 1)
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Belle Il sensitivity on millicharge

8-yr data w/ diff cuts
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o vs colliding energy

low-E collider is better for sub-GeV particles
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[BESIII, 1707.05178]




Different STCF colliding energies

STCF low-E mode: better for low mass
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BaBar sensitivity on millicharge
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high-E data has better sensitivity to light mass



Collider sensitivity on millicharge
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Summary

e We construct a BSM model in which the long-
lived dark photon signal is greatly enhanced

e \We propose to search for millicharged particles
at electron-positron colliders

e Belle Il, STCF, BESIIl and Babar have sensitivity
to the parameter space of millicharge that is
otherwise unexplored



