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Abstract: Hoop conjecture suggests that microscopic black holes can be produced in collisions of high energy particles if the fundamental gravity
scale is lowered to the electroweak scale in extra dimension models. This opens up the possibility of studying extra dimensions in collliders and
neutrino telescopes. In this talk, 1 will introduce the unique signatures associated with black holes from cosmic neutrino-nucleon scattering in
|ceCube-Gen2. These signatures include new topologies, distinct energy distributions and unusual ratios of hadronic-to-electronic energy deposition.
| will also discuss the study of dark sector in future colliders through the investigation of the production and decay of microscopic black holes and
the implications of these black holes for the early universe.
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Overview

i

wi
Ninggiang Song )

@ Introduction
@ Discovery of Microscopic Black Holes at Neutrino Telescopes
© A Black Hole Portal to Dark Matter at Colliders

I

@ Black Hole Imprints in the Early Universe

@ Conclusions
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Large Extra Dimensions (LEDs)

3-D brane o
/ Ninggiang Song 2 .
\eptons:
gravition
quarks: NN\ \\\NN\>
gauge poson
]
Aa—Dimensions
e

ADD, PLB429(1998), PRD59(1999)086004
Arkani-Hamed, Dimopoulos and Dvali (ADD), 1998

® SM particles confined to the 3-D “brane”
® Gravitions can propagate in the 3+n-D “bulk”
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Large Extra Dimensions (LEDs)
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gauge poson® ® Solve the hierarchy problem
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Microscopic Black Holes and Hoop conjecture

i
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BH production only allowed if the impact parameter

b < bmax = 2FH(E(:*.M, n, M*)
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Microscopic Black Holes and Hoop conjecture

2 rH Ninggiang Song

@
p
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Equivalently, BH production is allowed if | Ec, = M,

BHs can be produced in high energy [Iaarticle collisions:
® Cosmic neutrino-nucleon scattering
® High energy cosmic ray detection
® Cosmic ray-cosmic ray collision
e pp collision in FCC

® Hot plasma in the early universe

Perimeter Institute Seminar Ninggiang Song

Pirsa: 20100023 Page 8/59



Microscopic Black Holes and Hoop conjecture
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Ninggiang Song 4
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BH production allowed if the impact parameter b < by«

For pp collision the cross section

Ld
oPP—BH _ / du Vrbﬁlax E fi(v, Q)fi(u/v, Q)
M2 /s u ;
i

D. Dai et al. Phys.Rev. D77 (2008)
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Hawking Radiation

Wi

Ninggiang !;ongII -

v,e,l, 7,q
Graviton

BHs may decay to all possible degree of freedom, including SM
and possible BSM particles
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Ty (TeV)

Hawking Radiation

Song, Vincent PRL 2020/arXiv:1907.08628

4B T T 7
n=1 n=4 dN/dM,
350 n=2 n=>=a
n=3 —n==6

10 20 30 40 50 60 70 80 90 100
M, (TeV)

Perimeter Institute Seminar

¢ Hawking temperature

B n+1

 Arry(Mgy, n, M,)

o IGraybody distribution spectrum
dE w dw

dt > exp(w/Tpy) F1 27

Ty

Ninggiang Song
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Current Limits o

n=1 killed 0 =
J(ad\(\ \‘ ‘\\\\kq\’c\ Ninggjang Song _ .
Method Reference -4 lngm(E:’/pV) log,o(L/m)
Grav force  [26] 2 12.5 —-4.36
SN1987A [27] 2 13.4 —6.18
3 124 -9.10
NS cooling  [2§] 1 -4.35
2 -9.81
3 —11.6
4 —12.5
3 -13.0
6 —-13.4
CMS [29] 2 13.0
3 12.9
4 18|M,>5~10TeV
5 12.8
6 12.7
Mack, McNees PRD 2019/1809.05089
Perimeter Institute Seminar Ninggiang Song
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Current Limits o
wiv

Ningdgiang Songl I

e
\0{\8 - 5@\

- _ n=1 killed R
n = 1 is excluded by gravity at the solar 2 ¥
SyStem Scale Method Reference % log,,(E./eV) log,,(L/m)
Grav force [26] 2 12.5 —4.36
Some energy Scales SN198TA [27] 2 13.4 —6.18
: 3 124 —9.10
® Fcppy =5 TeV =, /QmPEU NS cooling  [28] 1 ~4.35
T 2 —9.81
é Elr_,/ = 13 P(‘\’
3 —11.6
® Frpmp =13 TeV at LHC 1 —12.5
D —=13.0
® Frp~ 100 TeV at FCC 6 ~13.4
.. CMS 9] |2 13.0
® £, ~50 EeV at GZK limit I
= Ecp ~ 300 TeV 1 128 | M, > 5~ 10 TeV
5 128
6 225]
Perimeter Institute Seminar Ninggiang Song
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Overview

v~

Ninggiang Song ad

@ Discovery of Microscopic Black Holes at Neutrino Telescopes
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High Energy Neutrino Flux 2
‘ -

- PREEL R R S LA Dep. Energy| Time | Decl. | R.A. |[Med. Angular| Event
= ve vy ivr =111 E 2 Ninzii s 4
| - (MJD)|(deg.)|(deg.)| Error (deg.) | Type inggiang Song ¢ | T —
F 107k 1 55351 | —1.8 | 35.2 16.3 Shower
| e 17 +I . 282.6 254 Shower
@ FT | ] _ ; i
T‘ F ;_|_' A 127.9 <14 Track
L | 169.5 7.1 Shower
& L.
o : = i —
110.6 1.2 I'rack
78_ =
?I.J 10 L 133.9 0.8 Shower
g F 15.6 24.1 Shower
’“:i - 182.4 13 Track
el 151.3 16.5 Shower
("?1 10_9:— 5.0 8.1 Shower
uy : 155.3 16.7 Shower
TT“: [ CRAN o 1 3] 206.1 9.8 Shower
-+ ' | 67.9 <19 Track
o 265.6 13.2 Shower
—10| BND200k inteerated ( E
S 10 F 200 nte grat 3 287.3 19.7 Shower
é L ] 55799 | —22.6] 192.1 194 Shower
B I 1 300 | 14.5 2474 11.6 Shower
< 55024 | —24.8| 345.6 1.3 Track
10—t P vl B el i 1l 7 50.7| 76.0 0.7 Ehower
5 6 v 8 9 10 11 5 : 3 7 i ?
10 10 10_ 10 10 10 10 20| 141733 | 55929 [—67.2| 38.3 10.7 Shower
Neutrino energy E, [GeV] 21| 30.2%3% 55037 |—24.0 9.0 209 Shower
. 22 : 55042 | —22.1| 293.7 12.1 Shower
GRAND Collaboration/1810.09994 ‘ e ‘ -
23 55950 : <19 Irack
- B 24 55951 15.1] 282.2 15.5 Shower
¢ Atmospheric neutrinos already 2 55067 |-145|2860| 463 |Shower
. 26 55079 | 22.7 [ 143.4 11.8 Shower
deteCtEd In |CeCU be 27 56009 |—12.6| 121.7 6.6 Shower
28 56049 | —71.5] 164.8 = 1.3 Track

® Need larger detector for cosmic
neutrinos: GRAND IceCube-Gen? lceCube Collaboration/1311.5288

P-ONE...
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lceCube-Gen?2

v

2000 =
Ninggiang Song
.
IceCube Lab 1500 —
50 meters s

1000 —

IceCube Ai
86 strings, 60 500 —

&
DeepCore -0
£ 0
6 strings optin
for low energii

1,450 meters

| Eiffel —500 =
4- 324
2,450 meters
2,820 meters 1000 - °°
(o] o]
i oo o o] 0 Gen2
bedrock —1500 = o ® IceCube
| | | | | | |
2000 1500 —1000 500 0 500 1000
x [m]
v Gen2-Radio lceCube-Gen2 ® l|ceCube s IceCube Upgrade
—_— _0. ....... -
5 km 1 km 250 m 25 m
lceCube Collaboration
Perimeter Institute Seminar Ninggiang Song
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Pacific Ocean Neutrino Experiment (P-ONE)

;

Ninggiang Song &

Om —

-2660 m

P-ONE Collaboration/2005.09493

Ninggiang Song
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High Energy Neutrino Flavor Compositions -
o

Ninggiang Song 4 '-

Pontecorvo—Maki—Nakagawa—Sakata

J
Ve Uel Ue2 Ue3 1 (0:1:0)
V| = U,u 1 Up.2 U[_L 3 V2
Vr UT 1 UT2 U‘r 3 V3 4__"“”1,13':”""

(1:2:0)

From the source to the earth

neutron

Am3L
Pa® =) UsUgUy U eXP(—fZ—EU)
i
Vr

= Z |Unil?|Usi |
f arXiv:1412.5106

The flavor composition at the earth is constrained regardless of the
flavor composition at the source

decay
(1:0:0)
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Event Topologies at IceCube: Track -
wie

Ninggiang Song i '

v, Charged Current (CC)
Vn v

W+
/’/
p? n X icecube.wisc.edu
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Event Topologies at IceCube: Shower

Neutral Current (NC)
14 vV

YA
_ o %g ' .
/\ %%o“\ ;
p,n X 1y

ve Charged Current (CC) .8
Ve €

icecube.wisc.edu

/\
p,n X
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Event Topologies at IceCube: Double Bang

vl
vy Charged Current (CC) Nngajang Song [l Ty

Vs T

=
H_

' T ] H\.uut‘qu' u'__uu SEPID

o0
ocoe

icecube.wisc.edu

T travels certain distance before
decay inside the detector

v
-T = decay
* . vertex
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Event Topologies at IceCube: Black Holes

& Ninggiang Song

< il doublebang

All Standard Model topologies are expected in black hole events
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Black Hole Production Cross Section
i

10—23 : Ninggiang !;ongI -

- = =M, =2TeV

10790}
M, =3TeV

o=t .. &, 2. 0. ...
10° 106 107

10° 1010
The v — N scattering cross section

1
gvN—BH _ / durh?, Z fi(u. Q)

M2 /s
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Reconstructed Flavor Composition From Black Hol

i
Ninggiang Song
— 100

180

_ ® more events expected from the

Q .
160 5 same flux if M, =3 TeV

2
o 2 ® more tracks from p, T

o

p=3

® rarer double bang due to energy
20 =
asymmetry condition
0 0.2 04[1?. 0.6 0.8

Mack, Song & Vincent JHEP 2020/1912.06656

shower track double bang
ve SM 28.58 Q0 0
v, SM 2.31 8.31 0
v, SM 5.07 5.39 2.83
All Flavor Total SM 35.96 13.70 2.83
All Flavor Total BH 6G2.96 36.36 0.20
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Standard Model Events vs Black Holes

10 b Ninggiang Song 'y
~ 1073}
D
g
s
=)
=
g
= 1074

10_41 1 | !

108 10™¢ 10 162 10°
Y

Standard Model:
o y—=1-— E//E,,

® cross section peaks at large E;

Most neutrino energy is transferred to final state lepton/neutrino

Perimeter Institute Seminar Ninggiang Song
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Standard Model Events vs Black Holes

Y

Ninggiang Song
10-% T T T

-
10 L gluon
E WAWWWINY W, 7
=

%10“ p’n k\yaej'N:Taq
Graviton
10~ L . . .
107 10-° 10~ 10-2 10° I
Standard Model: Black holes:
e y=1-F/E, 'BH produces_Nw6w20
primary particles

® cross section peaks at large E; . [ N
| ~ Ly

Lepton energy in black holes tends to be smaller than in SM!
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Muon Energy Ratio in BH Tracks

[ ) L . l¥ra &= S Ninggiang Song
oTracks s o
: I’/L? —1. TeV “ B, CC, log flat
5 gl e B M,=3 TeV, log flat
105 » ‘-U*:LE Tg;\" 5 3 ‘ﬁ.’.‘ 02+ Jv, CC, E? r
M, } - R = i
M=10 TeV o sFSor s wpls p R St W, | = 1
— i sgﬁb‘?&m& © Yy .‘%,_:.: g:.; i r
g SM . s, ot ind 0.15) i
2 §lo°?;a@m“§%%% FRE - i
S L. o w0 g cupeTE Ry Sl e 5
s‘ 19 -ZSCEJ"Q %%@ﬁﬁ;@%ﬁ%“.ihqfﬁ-%b'ﬂih o ™ g
S Bp A wris o b £ .,
= * I‘:’,-‘"‘ :-‘40‘ ;':'f.: 1‘:’-\"': g . ;
= 2 R AT A 2
o P AR T
c 10 i 2 e ¥ Y . 0.05
S 2 e B
3 f’.-’f’.‘.“ s cegwrmg o .J .l._f.. P e gy 4 ppadn
= 10° 10° 10 101 -0 p
shower energy g, toral -6 -4 2 0 9 1

Tracks are produced in v, - CC:
Vur + 00— p(1) + X

e SM: Ep{ > Epadron
® Black holes: Epadron > E,

Lower track energy to shower energy ratio expected in BH events

Perimeter Institute Seminar Ninggiang Song
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Energy Asymmetry in BH Double Bangs

vi

Ninggiang Song

Nalthlae RPanac
S ee HOUDIC Dartgs
101 . A=1TeV I 4 2 o
M,=2 TeV ERNE AL 83
. M,=3TeV 83
lUE [« M,=10TeV Dn : \'.;
= & g %
Eqé\ i ;C. a4 EH g:
@10 %ng;g“?@ ag 5% : % L4
o ’ e, I3 g °
10 5 ety $ 7
D‘) ’J Lt )
e & -BH
¥e!
gog loz : : — .
= 10 108 108 1010
N 1st bang energyg, (Gev)
Double bangs are produced in v CC: e SM: F; < E,
v n—1+X
Tt T By e Black holes: E£; > E>
energy asymmetry: EA = —
Ei+ E
Perimeter Institute Seminar Ninggiang Song
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Energy Asymmetry in BH Double Bangs

‘ Natithle RPanac
o 1. CC AU JTC L)C"IHD
100 M,=1TeV
o M,=2TeV .
o M,=3TeV °
1080 ° M, =10 TeV
=)
'Q:
[&nlﬂ“ ------- =
a o
(o
Q 10% H
(@)] 3 .
UL Y
0
o 10° | - I
c 10* 109 10% 1010
™~

1st bang energyg, (Gev)

Perimeter Institute Seminar

Ninggiang Song
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Energy Asymmetry in BH Double Bangs

o
Ninggiang Song
. Natihlae Ranac 0.6 — . . : .
e U ICT DAl |93 o
s l, ; - - CC, log flat —
10 M,=1TeV g 0.5 | EEIBH M.=3 TeV, log flat
4'1\':1-*:2 IE\JI ) 1 v CC, E2 ‘
M,.=3 TeV I 3BH M,=3 TeV, E 2 |
1080+ M,=10 TeV £ 04}
s s BH
PO
Q P
= & 02
g 10 [ X
- 0.1
c . -BH
0 .
o 10° ' - : B
(_% 10t 10° 10° 1010

1st bang energyg, (Gev)
E,—E ®SM:Ejp<O

try: Ea= —F
energy asymmetry: Lp Ei +E; e Black holes: E4 >0

Mostly positive energy asymmetry expected in black hole events
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Cherenkov Light Echos -

i

108 : ‘ : ; : Ninggiang Song
prompt
107 F shower ]
%3]
[~
=
= 6
o 10°F muon 7
| -
o decay
- echo neutron
= 5
o0 107 capture
— echo
=
=
= 10
| |

10° 10° 107 10°
Time [s]
Li, Bustamante, Beacom PRL 2019/1606.06290
Particles from neutrino-nucleon interaction deposit their energy
promptly within 107 s, secondary muons decay at ~ 1 — 10 pus,
and neutrons are captured at ~ 200 pus

Perimeter Institute Seminar Ninggiang Song
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Cherenkov light echos

- g

wiw

Ninggiang Song

107 | | | | | ® Electromagnetic shower: electrons
and gamma produce EM showers,
featured with less muons and
neutrons in the final states

® Hadronic shower: hadrons produce
hadronic showers, featured with
topious muons and neutrons in the
final states

dL/dlog,t

1077 1078 1077 1079 10°° 10°* 1073

t(s) ® Muon echo and neutron echo are
closely correlated

Perimeter Institute Seminar Ninggiang Song
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Cherenkov light echos

3 Chmaare
10 °F I TTOVVCT O '
—_—NC
; —_y, CC
e v, CC
®) ——BH M,=3TeV
=) = = =Single Hadron
&
X
[us]
Q
o
4
v
il
S| '
o Ve
- g FA
(8] i . ¢ i
10° 10° 107 10 10° 10"

1st peak energyz, (Gev)

Perimeter Institute Seminar

e

vi -

Ninggiang Song "

ve CC: Energetic EM shower with
less energetic hadronic shower

v CC: EM shower or hadronic
shower depending on decay product

NC: Energetic hadronic shower

)

Black holes: Energetic hadronic
shower with less energetic EM
shower

Ninggiang Song
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Event Topologies at IceCube: Black Holes

v-,‘ -

& Ninggiang Song

double bang

All Standard Model topologies are expected in black hole events

Perimeter Institute Seminar Ninggiang Song
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More Exciting Topologies!

wi™

Ninggiang Song
I

o
e ‘{f o
@
b -
£ £

multitrack n-bang

kS g
. o RNy e
\;-...,, . ' \’.;./" :

£

kebab double black hole bang

® Multitrack: BHs produce multiple muons or taus
® n-bang: BHs produce multiple taus decaying in the detector
® Kebab: Multiple taus decay in the detector along with a track

® Double BH bang: BH decay product produces another BH

Perimeter Institute Seminar Ninggiang Song
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Analysis

i

Ninggiang Song i

BH
cosmogenic v
SM
Perimeter Institute Seminar Ninggiang Song
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Analysis

——

v.‘ -

Ninggiang Song

BH—BlackMax—Pythia

cosmogenic v

SM Pythia
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Analysis

v i

Ninggiang Song

/shower

fluka track
”
BH—'BIackMax—'Pythiaézdouble bang

/shower
cosmogenic v
fluka _track -
SM Pythia double bang
Perimeter Institute Seminar Ninggiang Song
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Analysis

e

™

Ninggiang Song

/shower

| /ﬂuka track
BH—'BIackl\/Iax—-Pyth|a4double ba
/shower likelihood|—discovery/exclusion
cosmogenic v
/ﬂuka track -
SM Pythia double bang
Perimeter Institute Seminar Ninggiang Song
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Black Hole Discovery Prospects

10°

104

10°

102

10! B 1z -

30 ]

_ 50 |

100 . ! ! ! ! ! !
1 2 o 4 5% 6 T 8 10

M, (TeV)

Mack, Song, Vincent JHEP 2020/arXiv:1912.06656
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Overview

© A Black Hole Portal to Dark Matter at Colliders
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Dark Matter

400
@ FEilers et 3l 2018 (this work) — -=+=+ T linear fit bulge
Huang et al 2016 v all stellar compenents + halo thin disk Ninggiang Song
350 Lepez-Corredoira et al. 2014 halo: NFW-profile fit thick disk
7  Kafle et al 2012 2ll stellar components
300
250ka LEL. )
o sympm.’atir'wmll
E 200 d
130
100
ol
) - = —
0 ) 10 15 20 25
1810.09466 ki

® Dark matter makes up ~ 27% of the
universe, and ~ 85% of matter

® Dark matter is weakly interacting
® Fermion Mpy = 100 — 190 eV 1903.01862

® Boson Mpy = 10722 —10=%0 eV
2001.04403

Perimeter Institute Seminar Ninggiang Song
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Dark Matter Candidates -

N

Ninggiang Song _I

Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV ueV mev eV keV MeV GeV TeV PeV  30Mg
o | | | | | | | | T I D ST S
s | | | | | | | | L L N L A R |
——
QCD Axion WIMPs
% - > €— > &
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
—————s < >
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
E==p € - >
Post-Inflationary Axion Asymmetric DM

Freeze-In DM
>
SIMPs / ELDERS

<

Beryllium-8
>
Muon g-2
ey

Small-Scale Structure

€ > <>
Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing

] | | | | | | _ . . . | ! | >
L | | | | | I | I L DR AR il I
zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV  30M,
UC Cosmic Visions 2017/1707.04591
Perimeter Institute Seminar Ninggiang Song
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Dark Matter and XENONT1T Excess =

Observation of Excess Electronic Recoil Events in XENON1T 3

E. Aprlle, J. Aalbers, F. Agostini, M. Alfonsi, L. Althueser, . D. Amaro, V. C. Antochi, E. Angelino, J. R. Ang Ninggiang Song ) .
Baudis, B. Bauermeister, L. Bellagamba, M. L. Benabderrahmane, T. Berger, A. Brown, E. Brown, S. Bruer
M. R. Cardoso, D. Cichon, B. Cimmino, M. Clark, D. Coderre, A. P. Colijn, J. Conrad, J. P. Cussonneau, M.
A. Di Giovanni, R. Di Stefano, 8. Diglio, A. Elykov, G. Eurin, A. D. Ferella, W. Fulgione, P. Gaemers, R. Ga
Hasterok, C. Hils, K. Hiraide, L. Hoetzsch, J. Howlett, M. lacovacci, Y. ltow, F. Joerg, N. Kato, S. Kazama, |
Landsman, R. F. Lang, L. Levinson, Q. Lin, S. Lindemann, M. Lindner, F. Lombardi, J. Long, J. A. M. Lopes
Mahlstedt, A. Mancuso, L. Manenti, A. Manfredini, F. Marignetti, T. Marrodan Undagoitia, K. Martens, J. Mz
Messina, K. Miuchi, K. Mizukoshi, A. Molinario, K. Mora, S. Morlyama, Y. Mosbacher, M. Murra, J. Naganot
Palacio, B. Pelssers, R. Peres, J. Pienaar, V. Pizzella, G. Plante, J. Qin, H. Qiu, D. Ramirez Garcia et al. (2

We report results from searches for new physics with low-energy electronic recoil data recorded with the XENON1T dete
an unprecedentedly low background rate of 76 + 2, events/(t y keV) between 1-30 keV. An excess over known backg
towards lower energles and prominent between 2-3 keV. The solaraxion model has a 3.5¢ significance, and a three-dimi
reporied for axion couplings to electrons, photons, and nucleons. This surface Is inscribed in the cuboid defined by g, <
g(,fg:?,'{ <4.6x 107 and LaeLay < T.0X 1072 GeV~! | and excludes either 8ae = 0 or ggegay = Laels

:z S ® Neutrino magnetic moment/non-standard
% wf ]l |l ] || neutrino interaction?
% H_H a8 O ! _
g " l ”|||| Iy ® Solar axion/dark photon?
| | e ® Axion/dark photon dark matter?

I SRidata
I S S ® Boosted dark matter?
B s e ® Exothermic dark matter?

Energy [keV]

Bramante, Song/arXiv:2006.14089, accepted by PRL
arXiv:2006.09721
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There exists the possibility of the “Nightmare”
scenario where DM and SM only interact via gravity.

However, we can still probe particle dark matter if
large extra dimensions exist.

1didn't say that,
but probably...
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Microscopic Black Holes at Colliders

r~

Ninggiang Song

2t

@

b

—@
: p

BH production only allowed if the impact parameter

b < bmax = 2!’H(E(:‘.1\[. n, M*)

The cross section

1 -1
_Pp—BH _ /W/ du/ %wbﬁlaXfo(v, Q)f:(u/v. Q)
. *‘S J U ‘,J
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Invisible Decay

.,,j\l

h Ninggiang Song

1, q
Graviton
dark matter

® Neutrinos, gravitons and dark matter may not be seen in
future colliders

® Dark matter adds to the missing transverse momentum
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Invisible Decay

. —
»

Ninggiang Song

. Py /) e Npy = 1: a scalar
e gluon * Npp = 4: Dirac fermion
iy, W, 2 ® Npp = 20: simple dark sector
7
P 1y q ® Npy = 118: a copy of SM
Graviton
dark matter =
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Invisible Decay

v

Ninggiang Song‘ ,ﬁi‘

it .gluon
0.6 .
/
P
* Graviton 0.4 |
dark matter e
i
® Npy = 1: a scalar g
® Npy = 4: Dirac fermion

® Npy = 20: simple dark sector
® Npy = 118: a copy of SM

N, + Ng + Npum
Nyis + N, + Ng + Npm

Fraction of invisible decay f,, =

Perimeter Institute Seminar Ninggiang Song

Pirsa: 20100023 Page 49/59



Standard Model Background

) e
~+jets, W/Z + jets, tt production CMS, arXiv:1303.5338 Nigaiang Song

CMS (S =8TeV L=12.11Mt CMS (S =8 TeV L =121 fb?

é; Multiplicity N2 7 Multiplicity N> 8
2 ¢ Data 3 ¥ Daa
=
- — Background Background
-ilia
E Uncertainty ‘-‘-; Uncerainty
i - My = 15TeV. My =5.5TeV,n=6 - My, =15TeV.M " =55Tev.n=6
: M, = 20 TeV, M =50 TeV, n = 4 i My=20TeV, M™ =50 TaV, n = 4
el —-My=25TeV. M =45 Tev.n=2 — My =25 TeV, M 45TeV,n=2
10F
10
r g, ey
T
- 2 1™
= i 1.r‘L
L g
1] l = | L o
| PR PTET P | i N A T | PP s | Y| A P T e TS P Y

saaalowsalosnalusaalannilsy

. - PP . (PO DTS P Pare T (yET P
2000 2500 3000 3500 4000 4500 5000 5500 2000 2500 3000 3500 4000 4500 5000 5500
S (GeV) S. (GeV)
CMS (S=8TeV  L=12.1f0" 0 CMS {§=8TeV  L=121f0’
= >
L‘g Multiphcity Nz 9 .3 Multiplicity N= 10
=1 ¢ Data I=ilig ¢ Data
= Background = Background
ilO: b uUncertanty ; uncernainty
> >
u My=15TeV. M) =55TeV.n=6 i M, =15 TeV. M 55TeV.n=6
My = 2.0 TeV,M™ = 5.0 TeV, n = 4 BG cee My =20 TeV, M™ =5.0TeV,n =4
—-My=25TeV. MI"=45TeV,n=2 10 —-M;=25TeV, M =45 TeV,n=2
lnb— -
ik Sy 4 1 48 ;
5 L
Lol o s clallat o b R, v, 142 Pl o e e e PR
T € 4
o gl By
! | T FEUTE FYRTY FRTTE FAUTI FRETY FETTE I L | PR PRTTY ETRTY FTETY FRTRY FTERE FTUTe I
2000 2500 3000 3500 4000 4500 5000 5500 2000 2500 3000 3500 4000 4500 5000 5500
S_(GeV) S (GeV)
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Results —
i

Ninggiang Song.

p, from 103 BH simulations (DM+SM) and 10° BH simulations (SM)

:100 L L - I LEET ] L) 3 LI e R X | x ] Tl PRk
Np=1 2 extra dimensions
350l |Np=4 1
[ JNp = 20
5 Np =118 i
300 i
Moy | V/PM.gravitons
250 + \ ol
200 | \ 1
150 | V,graVitonS | -
100 + \ B
50 ‘ |> ; 1
= ; [
0 L 1 a1 | L PR T BN | I 1 iater e 1 L AT, T B S n L Lo
107! 100 10! 102 10° 10%

. 0
missing transverse momentum(GeV)

As Npps increases, mean p, rises sharply
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Sensitivity
i

1(]05 ‘ —— ‘ I ‘ - Ninggiang Song R

Npar = 20

108 7 Npy =118 -:-l.‘ 3 7

10! 107 10° 10*
N,

Song, Vincent PRL 2020/1907.08628

Only O(100) to @O(10000) BHs required to resolve the dark sector
if Npp > 4, well within the luminosity reach of FCC
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Overview

e

wir
Ninggiang Song h

O

@ Black Hole Imprints in the Early Universe
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LED Black Holes in the Early Universe

dH

Ninggiang Song }
10*
1020 T = \‘ ﬁ
i
1 =
o] M.=10Tev ! |
o ! ';:
% ____________________________________ b o \33; 1023 |
S 100 — 2Ty =M, N Y &
—men=2Ty=M,/2 - =
—n=4,Ty= M, : s
10090 - o en=4,T) = M, /2 | =
—_—n =6,Ty) = M, :
- wp =, Ty = M2 |
10 20 1 10-’3 I I L
10° 107 10 10° 10" 10°
T, (GeV) Mpn(g)
® Microscopic BHs created in particle collisions in the plasma
® BHs produced at 7., < M, due to Boltzmann distribution
® BHs accrete instead of decay if Tgy < T
® BH mass after accretion only depends on T at production
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Lifetime of Black holes

1 040 . . . ‘ Ninggiang Song

| === =0 —n=4
i n =2 n==~6
- M, = 10TeV

ol

)
(5]
(=]

- Age of Universe
- CMB

Yy
B ///’l

lifetime(s)

—
-]
[

1020 e —
1010 1020

Mpn(g)

The lifetime of LED black holes can be much longer than 4d black

holes, depending on the number of extra dimensions
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Extragalatic Photon Background

|
10" T

\ Ninggiang Song

102 \
X

10— N — —f

10~

PPBH / DM

n-F

Lot 1oH 1012 10t 104 1% 1016 1017

PPBH ,/ PDM

n =2 n=23

10 10¢ 108 1Y 1012 101 1010 10
arXiv:2005.07467 M/g
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CMB Constraints

Ninggiang Song I

0.2 ‘
-==fpn =107°
- fer =1078
1ooaf fpr =107
= Mgy = 10Mg, n = 4, M, = 10TeV _
I =
R i e s B
gt o
s o
S
= -0.1
G5
0
_02 ! | |
1 0 : 102 10:! (1] 3‘[1 JIL: l'.il[) 'i‘l}
! 10~ fpg
® BHs inject energy into the plasma from Hawking radiation
® High-/ anisotropies damped due to Thomson scattering
® Implement LED BHs with modified ExoClass (arXiv:1801.01871)
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Overview

wi™

Ninggiang Song

@ Conclusions
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Conclusions and Prospects

i~

Ninggiang !;ongI

® Microscopic black holes @ neutrino telescopes

® Unusual reconstructed flavor composition
® Different event energy distribution

® New event topologies

® Radio/Cherenkov telescopes?

® Microscopic black holes @ colliders

® Increased p leads to discovery of dark matter DOF
® Dark matter mass/spin?

® Microscopic black holes @ the early universe

® Black holes accrete after microscopic production

® Photon emission changes extragalactic photon background
® EM emissions modify CMB anisotropies

BBN?

Constrain M, from observations?

Evaporation products/Planckian remnants as dark matter?
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