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One example: Twin Higgs

Chacko, Goh, Harnik (2005

Top Mirror top
carries SM gauge charges carries mirror gauge charges
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Mirror copy of the relevant particles




Collider signatures?



E.g., SM Higgs decay into twin particles

mirror QCD

Mirror B-mesons

(68)

Higgs decay into mirror quarks via
Higgs mixing




E.g., SM Higgs decay into twin particles

Cheng, Jung, Salvioni, YT (2015)

MIrror process

vector meson decay via photon mixing

Mirror mesons SLOWLY decay into SM particles



If the coupling is so small => Long-lived particles
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Normal story: smaller coupling => bad

Signal Visiblility

New physics - SM coupling



Signal Visibility

Long-lived Particle (LLP) search

Not the main focus before
but increasingly being studied!

decay length
~ detector size

New physics - SM coupling

Muon System



LHC search of displaced muon pairs

& (6),

h A

ol

Using CMS displaced
di-muon search
(1411.6977

Decay slower

Cheng, Jung, Salvioni, YT (2015)
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e.g., dark hadrons couple via photon mixing

vector meson has a ~ m scale
upper bound on decay lifetime
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Dark shower signals

Example: from Twin Higgs models

twin hadron mass ~ SM mesons (MeV to GeV scale)

seudo-scalar 1
P . Q vector

NS

Ll+
< through photon mixing
l'l:
Cheng, Jung, Salvioni, YT (2015)

through Higgs portal

Craig, Katz, Strassler, Sundrum (2015)
Curtin, Verhaaren (2015)
Cheng, Jung, Salvioni, YT (2015)



Dark hadrons can be quite soft

If Higgs decays into > 4 dark mesons,

each of the dark meson has pT < 20 GeV
Easy to get low pT signals from dark hadrons

Not easy for ATLAS/CMS ( ?), easier for the LHCD!



Mass

Mass / lifetime of dark mesons?

large possibilities of mass & lifetime

ifetime



Mirror sector setup prefers ~< GeV LLP mass

Mass

{ Possible solution to

I Mirror world setup

| GeVi _ .
i Naturalness problem, asymmetric DM, astro anomaly, E

ifetime



How long do dark hadrons have to live?

Hidden hadron lifetime (e.g. from photon mixing)
for ~ GeV meson, dark photon search => ¢!, > 10um

through photon mixing

-1 < '
. e B 7
F.
L e | : \ f 2
. N - . "4 7 'l :
= * ) 4t - § 4 L
- “ g H T 1 5 S
\ E a : T | . ’ »
v B - - ” »
; . - S 3 'I .’
¢ eaed - ST - 2 ’l 'o'
: . - | L’ "..l I
I & ‘_h;'-! "\.-_,. ’b. : ‘o' .
10~ PRI M
- _-re "
L v vector < °®
i . D o
w L bty
W AN
- v'.-'\‘
\ RN
b N
:
Y

meson o

Red: po—sZp— 1"
Blue: h=ZZp-4¢
Sold: LHCS, 20ib
Dashed: LHC14, 300040
Dotted: 100 TeV, 3000vib
EWPT w/ Central Values @ ILCIGgaZ
B | as currently measured (pumple dotted)
E137/CHARM assuming x&y = O (green doned)
l-l'in.nl \ lllllld 1 llllll 1111118 1|nuul 1
10 102 10 1 10" 10 10°

3 2 “
e GeV m; \4 (103 GeV
CToy & 0.1m (mé,g) (20GeV) ( € ) ([\QCD)




In general, lifetime can be >> LHCDb size

Mass

{ Possible solution to

if Mirror world setup
| GeVij

existing constraints

BBN

on portal coupling

~ 10Mm | 10°m



e.g., dark hadrons couple via photon mixing

vector meson has a ~ m scale
upper bound on decay lifetime
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LHCb VELO can be large enough

Mass

{|Possible solution to

Mirror world setup
| GeVy

existing constraints cosmology
on portal coupling bound

~ 10dm L



Good at constraining ~ cm scale lifetimes

LLP to jet jet

LHCb-PAPER-2016-065

Displaced hadronic jets ATLAS 1504.03634 2/tb of 7 & 8 TeV data
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Displaced muon search at LHCDb

We adopt cuts from the dark photon analysis proposed In

P. llten, Y. Soreq, J. Thaler, M. Williams, W. Xue, 1603.08926

L (ut) ! [2,5], p(u*) > 10GeV, pr(ut) > 0.5GeV

: : 2
Muon id efbciency !, ! 0.5C

L") ! [2,5], pr("y) > 1GeV (r ! [6mm, 22 mm

Higgs decay ZO mode
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LHCb constraint on the exotic Higgs decay
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Pierce, Shakya, YT, Zhao(2017)



Signal Production Rate

Z0O decays into dark hadrons

#I

when average muon pT ~ 3 -9 GeV
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A rough comparison to the ATLAS/CMS searches

when average muon pT ~ 3 -9 GeV
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Different ““portalsO connect SM & Dark

scalar glueball

scalar meson

vector meson

Higgs portal
9 A h
g::]>- ...................
R h

photon portal

colored mediator

(p-)scalar meson

T

heavier
SM fermions

charged fermions
(e.g., muons)

SM quarks




Dark hadrons can easily decay hadronically

Low mass (< 10 GeV) hadronic LLP decay is hard to
search at ATLAS/CMS (?)

In LHCD, If decay Pnal states are hadrons that are
easy to identify, such askaons, pions, baryons,E
sub-GeV hadronic LLP decay can be achievable



E.g., displace decay Iinto D-mesons

Based onthe LHCb B°! D™D~ seard$08.06620

Consider D*f s K'1*1¢% DYl K21t
(9.5% Br) (8% Br)
track pT > 0.1 GeV, D-meson HT > 1.8 GeV
2 reconstructed D-mesons DV p > 10 GeV, total D-meson pT > 5 GeV
I'> 10C"p

1 D-meson + 1 DV (>= 3 tracks)

2 DV (>= 3 tracks)



HV decay into D-mesons
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More exclusive search on the LLP decay

Shuve, Pospelov, YT, Vidal, Zurita (in progress)

different signature, but similar idea
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background can be low
with tight isolation cuts
+ mass resolution + kaon id
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Signal Efficiency I'#

+ Look at H or B yields for m(S)=1.2 GeV/c?, and
BR(S - K*K") =1
= Kpr>0.5GeV/cand 2 < n < 5 for every kaon
= S decay location 2 < p <25 mm, z < 400 mm

(p in cylindrical coordinates)
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very”2 preliminary: with 15/fb of data, probe the 2S cross ~ 2 fb



Backup Slides



SM Twin

Vi — Yg
SU(3) x SU(2) _ SU(3) x SU(2)
gauge couplings gauge couplings

EWSB scale V ! EWSB scale f

Other Yuakwa couplings /7 \./ Other Yuakwa couplings

U(1)y coupling Y U(1)y coupling



Low pt requirement

Good for high multiplicity decay from a light mediator

For a 500 GeV ZO decaying into 30 mesons, average meson pT ~ 10 Ge}

q —————» «— ( 2 <n <5 atLHCb

7' ‘ — dark shower

For 500 GeV ZO, geometrical acceptance ~ 30% of ATLAS/CMS



Quark-combination model +
Longitudinal Phase Space Approximation

See the discussion inHan, Si, Zurek, Strassler (070)

! !
qq—’T 4g¢qg —
PT 4 18— 1
yq — -
Mz

Assume the mesons have auniform rapidity distribution
along the original ggbar => gives longitudinal momentum

For transverse momentum, Prob ! | exp(" p%i/bz)"( Bri)



Energy spectrum from different S/H schemes
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Multiplicity from different S/IH  schemes
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