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Introduction

[FCC layout, from CDR]

* FCC-ee: electroweak, Higgs, top factory
Z, WW, hZ, tt runs

.
.
|

5 x 10?2 Z boson decays (Tera-Z)

= LHC shape D Study boundary Molasse Carried
=== FCC shape [ Limestone molasse

e Much more than (exquisite) precision measurements:

unique opportunity to probe light new particles in the 1 to 100 GeV range

o A few existing studies but much remains to be explored, to strengthen physics case
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New light particles at Tera-Z: examples

Heavy neutral leptons Axion-like particles

C\ FUTURE z factory
CIRCULAR

COLLIDER

ete- > Z> N
N-> e- +{W+* jj}

a — vy, ptp~, bb, invisible

[Bauer, Heiles, Neubert, Thamm 1808.10323]
[Cacciapaglia, Deandrea, lyer, Sridhar 2104.11064]
also invisible dark photon: [Cobal et al. 2006.15945]

[J. Alimena @ Snowmass EF09, https://indico.fnal.gov/event/51673/] i km r
[Blondel, Graverini, Serra, Shaposhnikov 1411.5230] nght dar atte
Y
et
X2 X1
Z
Magnetic inelastic DM
1 _
_ v e X1
A XZO-'M X1 B,uv
MIDM

. . [Liu, Wang, Wang, Xue 1712.07237]
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This talk

e Z-pole run of FCC-ee as portal to dark sector

e Dark QCD with non-renormalizable couplings to Standard Model (*hidden valley”)

[Strassler, Zurek 2006]

e Avariety of potential signatures: from prompt to long-lived decays, from few-body

final states to “dark-jet” topologies
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This talk

e Z-pole run of FCC-ee as portal to dark sector

e Dark QCD with non-renormalizable couplings to Standard Model (*hidden valley”)

[Strassler, Zurek 2006]

» Specific motivations from approaches to hierarchy problem:

Neutral Naturalness Relaxion
V(¢)
Twin Higgs A
49, : 49, " :
(RO : 7
AT AL : AR
VeV Vau L 5w
' r nv
Standard Model 7, Dark sector 32w f
[Chacko, Goh, Harnik 2005] [Graham, Kaplan, Rajendran 2015]
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The dark sector

e Dark QCD with confinement scale A
e N light dark quarks 1, SM singlets
e N heavy dark quarks () , with SM electroweak charges

Lov =QYYrH + QrYvrH + Q. MQg + ¥ wir

YY?
w, Mv < A — (N? —1) pNGBs “dark pions”
H . Y (0
Q M = TeV heavy mediators
H -7 v (2

[Cheng, Li, Salvioni, 2110.10691]
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Dark pions H oo

Q
e Integrate out heavy fermions O H - E

LypT ~ (@RYTM_2Y7“¢R) (’iHTDuH) + (@L?TM_%N/WM%DL) (iHTDuH)

—wwaRwLY*M 'Y pp|H|?

Higgs portal (dim-5)

o N = 2 flavors: dark pions 74 ~ 9io, Y59

: , / : Y

|
|

JPC — O—‘|‘ JPC — O——
composite “scalar”
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Dark pions H oo

Q
e Integrate out heavy fermions O H - E

LypT ~ (@RYTM_2Y7“¢R) (iHTDuH) + (EL?TM_2?VM¢L) (iHTDuH)

o N = 2 flavors: dark pions 74 ~ 9io, Y59
Neutral naturalness models
A 7 f prefer chiral structure

Y ~

...................... YNytN17YNO7MNTeV

|

Z portal dominates
[Cheng, Li, Salvioni, Verhaaren 2018+2019]
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e Integrate out heavy fermions O

Dark pions H

.
S a
~
-
~

LypT ~ (@RYTM_2Y7“¢R) (iHTDuH) + (EL?TM_2?VM¢L) (iHTDuH)

o N = 2 flavors: dark pions 74 ~ 9io, Y59
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M? M/Y\? (100 GeV
~ 10 T
V2f, ’ eV(TeV) ( fa )

smallest possible effective decay constant
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Composite ALP at FCC-ee

*preliminary®

Y
A
a
2¢” a > NJQ v} (f) NQwvi T} (f)
ch'w a f
[Bauer, Neubert, Thamm 1708.00443]
2 2\ 3
BR(Z — va) = 10~ 1 10 TeV 1 — mg [Cobal et al. 2006.15945]
fa my

Suppression of the effective coupling makes it challenging, even for smallest values of f,
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Dark jets at FCC-ee

e But for GeV-scale dark sector, typical event results in dark jets:

5

M2

~

Yy iH D, H

decay to dark parton macroscopic  visible
dark sector  shower/hadronization lifetime signal

(> millimeter)

TeV\*
M

BR(Z — ) ~2 x 107*Y* (—
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Light dark pions are long lived

108 W~ 2.4 PeV fr=1GeV |
| naive expectations -
for parameters ’ Y 1
M ~1TeV
10+ ]
100 \ . ]
Ts# [m] | K o

TN |

0.01+ ]

v ]

jo-aLmetmalme s | | A
0 2 4 6 8 10

cT between 10 meters and 1 millimeter » natural long-lived particle target
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Which signatures?

cf: I%( f) isospin-violating couplings
a — ,u+,u_ always > few %
a— 7 7Y dominates
: “a I
i — \/'/\
0.100¢ Tt w =
0.010¢} = L
BR(a — X) : oot
0.0011 unaccounted for: __
1074 3 :
10'5mo R ' ' ‘ . A o
[Cheng, Li, Salvioni, 2110.10691] 0.0 05 1.0 15 20 25 3.0
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Dark jets at FCC-ee

* No studies are available yet for “dark pion jets”

e a— ptp~ signal has similarities with N = 1 flavor dark QCD  icheng, Li, Salvion, Verhaaren 2019]

P pseudoscalar, very long-lived

A

N = 1: no Goldstone bosons, lightest mesons are <:
V' vector, mixes with (transverse) Z

» Z — P = jaark Jdark — (V = 070 )py + X

* Projection based on LHC tracker performance [cvs 1810.10069]

e Require > 2 lepton tracks per dark jet, main background is 7 — bb
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Dark jets at FCC-ee

* No studies are available yet for “dark pion jets”

e a— ptp~ signal has similarities with N = 1 flavor dark QCD  icheng, Li, Salvion, Verhaaren 2019]

N = 1: no Goldstone bosons, lightest mesons are <:

»

Efficiency

10.0 20.0

5.0 solid:
dashed:
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P

pseudoscalar, very long-lived

A

0

vector, mixes with (transverse) Z

Z = ’lp@ — jdark jdark — (‘A/ — £+£_)DV + X

Benchmark: mp =my =1 GeV
(Np) _ 1
UVv> - 3
~ 7 mesons per jet
Nirack =2 9, Nirack,e = 0,1
Nirack = 3, Nirack, ¢ = 2
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Dark jets at FCC-ee

* No studies are available yet for “dark pion jets”

e a — u'u~ signal has similarities with N = 1 flavor dark QCD  (cheng, Li, Salvioni, Verhaaren 2019]
P

N = 1: no Goldstone bosons, lightest mesons are <: .

P pseudoscalar, very long-lived

V' vector, mixes with (transverse) Z

» Z = Ph = Jdark Jaark — (V = £ )pv + X

Efficiency
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Dark jets at FCC-ee

* No studies are available yet for “dark pion jets”

e a— ptp~ signal has similarities with N = 1 flavor dark QCD  icheng, Li, Salvion, Verhaaren 2019]

P pseudoscalar, very long-lived
N = 1: no Goldstone bosons, lightest mesons are <:

A

V' vector, mixes with (transverse) Z

» Z — P = jaark Jdark — (V = 070 )py + X

e Are hadronic modes feasible, possibly requiring 2 displaced vertices per event?

BR(a — mT 7~ 7%) ~ O(1)
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Outlook

e Direct production of light BSM particles is key target for FCC-ee Z-pole program.

However, much of the physics potential is yet to be explored

* Decays to dark QCD sectors predict a host of possible signatures.

Here, focused on dark jets made of long-lived dark hadrons

To do:

e Signal characterization and phenomenological/experimental analyses
e Comparison with other probes:
» electroweak precision @ FCC-ee
» proposals for LLP-specific experiments @ LHC and beyond
» direct reach on mediators @ FCC-hh (from EWino-like to emerging-jet like)

Ennio Salvioni
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Light dark sectors

e Neutral naturalness: natural electroweak breaking without new QCD-charged particles.

Instead, the “top partners” are charged under a dark color symmetry:

[Chacko, Goh, Harnik 2004]

t s Kf s
H H "" C:" Zo ~
.@ b e tewiaea. Y S Uy
YY1 i

¢ has no Standard Model charges

[Cheng, Li, Salvioni, Verhaaren 2018]
QWSQ— [Cohen, Craig, Giudice, McCullough 2018]

“\

Couplmg

Dark QCD confines at ~ GeV

@dark@SM

Coupled to SM by irrelevant operators ~ IYe

GeV v



Hadronic decays of light ALPs

T
e ALP has non-trivial U(3) representation up to 3 GeV, P+
a — P(V — PP) dominates g .0 f g
e No pomomo coupling — T'(a — 3m) < I'(a = mym_mp)
m—
e Distinctive pattern compared to other scenarios
1; VT~ T ~ |——— T :
| K'RK'm +K I N
1 i} ("K 7 +K K" \/'/\
0.100 1\ I
L ( 4
| - i i
0.010} = |
BR(a — X) | oty 1
0001 3 ata F”ﬁ(]
1074} / / I
im 0 m My ,/’ W E
107507 ' il O N s ' ' !
0.0 0.5 1.0 1.5 2.0 2.5 3.0



Tree-level quark EFT

e Integrate out heavy fermions O

Lrrr ~ (YT MY y*¢r) ((H D, H) + (b, YTM Y y#4) (iH D, H)

— Yrwpp + 0, YTM Y r|H|?

- N (YY YYD + (Y = )\ A
['(Z — yp) <2 MeV MZO.?TeV( AT ( 3)+( )>
(LEP+SLD)
N N Tr(YYTYY i)\ /2
BR(h < 0.13 M >0.4T
( V) » >0 eV< >

(ATLAS 2020)

allows Y or Y~ 1
M ~ TeV :

~

h bound allows Y ~ Y ~ 0.1



Ultraviolet motivation/1

e Tripled Top neutral naturalness: accidental SUSY of the spectrum

[Cheng, Li, Salvioni, Verhaaren 2018]

m — M
(mass)? =
M2+yt2h2 . ==zz=z===
T SU3)a x SU(3)p x SU(3)c x SU(2) x U(1)

yih? } -

ta,uy
Y, P°
0 1

visible dark (x2)

~

Y=y, Y=0, M~TeV

Z portal dominates



Ultraviolet motivation/2

* Non-QCD version of the relaxion: new fermions generate backreaction potential

V(4) [Graham, Kaplan, Rajendran, 2015]

YY (h)2
ith  A* ~drfs — 1
wi fs A

e Setup is common to different approaches to Higgs naturalness

» compelling choice to study theory of dark pions (N > 1)

—Luv =Q YUrH + QpY YL H + Q, MQg + ¥, wir + h.c.



Dark jets at LHCb

Dark jet searches access

new direction in parameter space
1 [Pev] ° g

01 02 05 1 23 &7

0001 SRR R . -SSR SRR PRI S == [ R 1 m o m
i : 7 — invl
lo.7 bound
1074L
05
| 0.4 L
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R 03 &
BR(Z — ) 2
' LHCb 13 Te =
1076L 5 0.2
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Few-body final states at FCC-ee: prompt

Z — (P — bb)(S = Vff— Lff)

0.30

(1) m(P, V, 8) = 20, 20, 30 GeV
(I m(P, v, 8) = 30, 30, 45 GeV
background

0.25¢

0.20;

0.15¢

0.10+

fraction / 2.5 GeV

0.05¢

0.00
50

Mpp [GeV]

mg —my| < 0.5 GeV, mp, € [mp — 10 GeV, mp + 5 GeV], Mo < 85 GeV.

foa 1/4 Fae 1/4
(I) M 254TeV (%S) , (I) M 2 5.2 TeV (%S) , (GigaZ)



Few-body final states at FCC-ee: long-lived

Z — (P — bb)py(S = VIf—ff)

ct. [cm]
P
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1E
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[Cheng, Li, Salvioni, Verhaaren 2019]

M 2 20 TeV @ Tera-Z



