Nik[hef

Black Holes and SUSY

BND School 2025

Flavia de Almeida Dias

10 September 2025

¥ UNIVERSITY OF AMSTERDAM
“® Institute of Physics




UNIVERSITY OF AMSTERDAM INSTITUTE OF PHYSICS

Black Holes

10 April 2019 12 May 2022

Messier 87 BH Sagittarius A*

K\ . X
C AT A https://eventhorizontelescope.org/ N 1@1‘ ef

EXPERIMENT

F. de Almeida Dias - BND 2025 2 UvA



UNIVERSITY OF AMSTERDAM

YATLAS

EXPERIMENT

Black Holes?
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Could The Large Hadron Collider
Make An Earth-Killing Black Hole?

Ethan Siegel Senior Contributor

Starts With A Bang Contributor Group ©
Science

T'he Universe is out there, waiting for you to discover it

@ This article is more than 4 years old.

Every time we push the frontiers of knowledge, it comes with a risk, and it comes with

the prospect of a reward. The risks are many: failure to find anything new, futility of
the experiment to function as designed, and even the possibility of damage and
destruction if things go awry. But the rewards can be tremendous, including the
unlocking of new knowledge, the development of new technologies, and the

advancement of the entire human enterprise of science.
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Black-hole themed
Spotify playlist: https://

open.spotify.com/playlist/
6JXkGkPwiBOksHnbYGE
vvS?
si=cba2e97e1d704639
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In General Relativity

e A black hole (BH) can be formed when a large mass M is confined within a radius smaller
than the Schwarzschild radius Rs:
B 2M G

2

Rs

* Naively, a BH would only grow, by attracting more mass. However, taking quantum
effects into account, a BH behaves like a thermal blackbody with the Hawking
temperature:

1
kBTH — 47‘(‘RS he

where kp is the Boltzmann constant. In natural units, Gy =c=h=kg =1
and RsTy = (4711)1

= BH evaporate and emit photons, or massive particles if Ty is high
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* Conversely, two energetic particles collide with impact parameter smaller than R,
a BH can be formed with subsequent decay to particles

- U(E) ~ TR 52
* In LED scenarios, the Schwarzschild radius could be large.

Let’s estimate it using classical mechanics:

= Equate the kinetic energy of a particle travelling at the speed of light with gravitational
potential energy in 4+0 dimensions:

mc®  Gpm Mgy
N (1+9)
2 RS

= Using the relation (from previous module):

GN — 1/M]23l and GD — I/Ml()z+5)
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MpH
5
Mp
M s 1 [ Mpy\ T
ftg ~ Bli+5 = Hg~ —— ( BH)
MD-MD MD MD

* Now let’s compare this to the exact solution solving the General Relativity equations for a

flat spacetime in 4+0 dimensions:
1

R S T

(6) [ Mgy ] o1 (%)
R, = k(o) | Mpu <5+1>’ ko) =| 2227 A
Mp | Mp 0+ 2

The mass Mgy would roughly correspond to the total energy in a collision. If Mp =1 TeV,
where o is the BH production cross section per partons and s the total energy of the
partons participating in the collision. This would mean one BH per second of the LHC.
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e ABH at ~TeV scale will also have ~TeV temperature, and it’s lifetime will be 10-27 - 1025 s.

e If decay is approximately that of a classical black hole, it will thermally radiate with Hawking
temperature of:

(6 +1)

'y =
H 47 Rg

Evaporating isotropically and democratically into SM particles. The multiplicity of particles
emitted by the BH evaporation is given by:

Mpp Mpp
< N > = ~
s <2Eparticle> < 2CFH >

® The most stringent limits on microscopic black holes arise from LHC searches in high-

multiplicity final states.
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High Multiplicity Searches

e Simulated samples of semi-classical black holes in different scenarios:
= Non-rotating BHs
= Rotating BHs
= Rotating BHs with mass loss

e For each model, investigate Mp 2-9 TeV, 6=2,4,6
e Mp+1 TeV < Mgy <11 TeV
e Discriminant variable: St = p2iss + Y.V | pt,

= Scalar sum of pr of all N energetic objects in an event (jets, electrons, muons, and photons
with pr above a given threshold), plus pr™iss in the event, if it exceeds the same threshold

e Look into object multiplicities between >3 and >11
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e No excess above the SM expectation found
= Excludes MBH < 10.1 TeV (MD =2, 0 = 6)

= Similar ATLAS analysis with multi-jets excludes between
MBH < 9.0 - 9.7 TeV depending on MD, for 0 =6
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Supersymmetry

“One day, all of these will be supersymmetric phenomenology papers.”
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What is SUSY?

* Spacetime symmetry between bosons-fermions

= Make equations of force and matter similar

= Each particles gets a superpartner same mass/quantum

numbers

o Electron —> selectron (scalar electron)

*  Gluon —> gluino
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“At this point we notice that this equation is
beautifully simplified if we assume that
space-time has 92 dimensions.”
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The known world of The hypothetical world of
Standard Model particles SUSY particles
o “ r') Higgs Higgsino

- quarks squarks
® leptons ® sleptons

® SUSY force carriers

® force carriers
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Naturalness

= Radiative corrections by fermion loops have opposite signs to those by boson (Fermi-Dirac statistics)

- New fermions corresponding to known bosons with same mass and same coupling could cancel exactly the boson loop

Why is SUSY?

- SM fermion loop compensated by a corresponding scalar boson
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- If supersymmetry is broken (not exactly the same mass), can still solve fine tuning provided that mass difference of partners remain <1 TeV
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* Gauge-coupling unification

l/ozi
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e Dark matter candidate

a)

q = quark L = muon

d = squark v = neutrino

i = cnfi-quork )r(_z = chorgirTo (»-.»ATLAS
g = anti-squark X1 = neutralino - A EXPERIMENT

(lightest super-partner) http://atlas.ch
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Not everything Is shiny thougnh...

e Large number of new, free parameters (and particles!)

e Too heavy SUSY does not solve hierarchy!

= Ad-hoc SUSY breaking mechanisms

* Lack of experimental evidence

= Effects on precision observables
= On-shell SUSY particle production

= Cosmological implications =

YATLAS
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SUSY Phenomenology
* MSSM: Minimal Supersymmetric Standard Model

= LHC: squarks and gluinos (strongly interacting); lightest SUSY particle (neutralinos);

* Too many free parameters in MS5M

= Simplified models:
=  Set of basis: complicated SUSY spectrum can be decomposed in a set of simplified models
=  Scan of masses, to exclude cross sections

=  Combined results to draw conclusion about a more complicated model
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example 1 q example 2 q
q ’ P
’ -0 (] ~ ()
. \H - X1
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X1 i ; (I)
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q I
q q
Assume: only gluino and neutralino1 light Assume: only squark and neutralino1 light
all other susy particles very massive all other susy particles very massive
(so gluino =2 squark quark not possible) (so squark = gluino quark not possible)

Scan all gluino and neutralinol masses Scan all squark and neutralinol masses

Assume 100% branching fraction Assume 100% branching fraction
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More complicated simplified models

2 2 3 or 4 free masses

_ X
AT AS NikThet [l

F. de Almeida Dias - BND 2025 19 UvA



UNIVERSITY OF AMSTERDAM INSTITUTE OF PHYSICS

SUSY searches: Still not there...

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

March 2022 Vs =13TeV
- -1 - -
Model Signature  [Ladt[p™"] Mass limit Reference
L] L] L] L] L] L] L] L] I L] L] L] L] L]
G, G—¢¥1 Oe.u 2-jets  Ep> 139 1.85 m(¥})<400 GeV 2010.14293
» mono-jet  1-3jets  EF 139 g [8x Degen.] 0.9 m(g)-m(¥1)=5 GeV 2102.10874
O _ ,
S 2 g9k Oepu  26jets  EP™ 139 |2 5] m(@%)=0 GeV 2010.14293
& 4 Forbidden 1.15-1.95 m(¥})=1000 GeV 2010.14293
% 32, 3—qqWX| Teu 2-6 jets 139 g 2.2 m(¥})<600 GeV 2101.01629
e sz g—qa(COX) ee, i 2jets  EP™ 139 |2 2.2 m(¥})<700 GeV CERN-EP-2022-014
B 3z, goqqWZH) Oepu  7-11jets EPS 139 |z 1.97 m(X/?() <600 GeV 2008.06032
3 SSe,u 6 jets 139 |z 1.15 m(z)-m(¥})=200 GeV 1909.08457
S 5 ot 0-1e,u 3p EMS 798 |z 2.25 m(P))<200 GeV ATLAS-CONF-2018-041
SSe,u 6 jets 139 g 1.25 m(z)-m(X})=300 GeV 1909.08457
bib; Oe,pu 2b EPS 139 | B 1.255 m(¥})<400 GeV 2101.12527
by 0.68 10 GeV<Am(by ¥1)<20 GeV 2101.12527
w = biby, by—b¥3 — bhi) 0e,u 6b Eg?ss 139 | B, Forbidden 0.23-1.35 Am(¥5,70)=130 GeV, m(¥")=100 GeV 1908.03122
§ S 27 2b EFS 139 | b 0.13-0.85 Am(¥3,¥1)=130 GeV, m(¥})=0 GeV 2103.08189
(&) .
§..g i, =) 0-1 e, u >1ljet EMS 139 |7 1.25 m(tY)=1 GeV 2004.14060,2012.03799
< g iy, i > Wb, Teu  Bjets/Ab EMS 139 |7 Forbidden =~ 0.65 m(k7)=500 GeV 2012.03799
Q& A, i—=Tiby, T1>16 127 2jetsb EMS 139 |7 Forbidden 1.4 m(#1)=800 GeV 2108.07665
2 L ih R /e ik 0eu 2c  EP™ 361 @ 0.85 m(¥})=0GeV 1805.01649
RIS Oe,pu mono-jet  EF™ 139 A 0.55 m(f;,¢)-m(X})=5GeV 2102.10874
fii1, fi—t0y, X9—Z /) 1-2e,u 1-4b  EPS 139 | 0.067-1.18 m(¥3)=500 GeV 2006.05880
hi), h—oi +Z 3e,pu 1b ET™ 139 [ Forbidden 0.86 m(¥})=360 GeV, m(f,)-m(¥})= 40 GeV 2006.05880
XX viawz Multiple ¢/jets Eﬁ?ss 139 ,\'/z/i" 0.96 m(¥})=0, wino-bino 2106.01676,2108.07586
ee, pp >ljet EMs 439 | ¥R 0.205 m(¥)-m(¥})=5 GeV, wino-bino 1911.12606
XiX1 via ww 2eu EPS 139 | Xy 0.42 m(¥})=0, wino-bino 1908.08215
X0 via Wh Multiple ¢/jets ET™ 139 | ¥{/X) Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894, 2108.07586
> w5 XA vial /v 2e.pu EP™ 139 | & 1.0 m(Z,#)=0.5(m(¥})+m(t?)) 1908.08215
oS il 27 Eps 139 | F L AR L] INOAG0S] 0.12-0.39 m(?)=0 1911.06660
S firlLr, - 2ep Ojets  Ep> 139 |7 0.7 m(EY)=0 1908.08215
ee, it >1jet EMS 139 |7 0.256 m(?)-m(¥})=10 GeV 1911.12606
HHA, H—hG|ZG Oe,u >3b E%:%SS 36.1 | & 0.13-0.23 0.29-0.88 BR(Y| — G)=1 1806.04030
4eu 0 jets Eafss 139 H 0.55 BR(Y, — ZG)=1 2103.11684
Oepu >2largejets ET™ 139 | & 0.45-0.93 BR(Y, — ZG)=1 2108.07586
Direct ¥1X7 prod., long-lived X7 Disapp. trk ~ 1jet  EPS 139 | ¥ 0.66 Pure Wino 2201.02472
- X 0.21 Pure higgsino 2201.02472
» .
S ©  Stable g R-hadron pixel dE/dx EFs 139 |z 2.05 CERN-EP-2022-029
oS Metastable g R-hadron, g—qqt\ pixel dE/dx EP™ 139 | & [r(® =10ns] 2.2 m(¥})=100 GeV CERN-EP-2022-029
S8 -G Displ. lep EMss 139 | & 0.7 (f)=0.1ns 2011.07812
~ ‘ 7 0.34 7(f) =0.1ns 2011.07812
pixel dE/dx E7™S 139 # 0.36 7(f)=10ns CERN-EP-2022-029
XTI i ze—eee Bepu 139 Pure Wino 2011.10543
XXT 105 — ww)zeeeevy 4eu Ojets  EP™ 139 1.55 m(¥})=200 GeV 2103.11684
22, 2—q901, X = qqq 4-5 large jets 36.1 1.9 Large A7), 1804.03568
S i i), X - ths Multiple 36.1 m(¥?)=200 GeV, bino-like ATLAS-CONF-2018-003
& it, i—bX7, X7 — bbs > 4b 139 Forbidden m(¥¥)=500 GeV 2010.01015
hiy, 11—bs 2jets +2b 36.7 0.61 1710.07171
hiy, h—ql 2e,pu 2b 36.1 0.4-1.45 BR(i, —be/bu)>20% 1710.05544
Tu DV 136 1.6 BR(71—qu)=100%, cosf,=1 2003.11956
X130 10, X],—tbs, X | —bbs 1-2epn >6 jets 139 |} 0.2-0.32 Pure higgsino 2106.09609
L L L L L L L L I L L L L L

) X
- I *Only a selection of the available mass limits on new states or 107! 1
A A S phenomena is shown. Many of the limits are based on Mass scale [TeV] l e x

simplified models, c.f. refs. for the assumptions made.
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LEP Combination

hep-ex/060501 1

DO (Run 2)

arXiv:1203.0293

ATLAS 2016

arXiv:1701.07240

LHCb 2021

arXiv:i2109.01113

CDF 2022

Science
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W Mass

Overview of m#Measgrements (Matthias Schott)

""—' 2771 Standard Model I
_ " LEP/LHC/DO Aver.
® Measurement 3 5
_ ° _ Stat. Unc. —
» B Total Unc.
B Relative Unc.
-e m —
EW Fit: 80354+7 (w.0.)
—r — 803576 (w. M)
e t m= | CDF 80433.5+9.4
L oo i i | | .
80300 80350 80400 80450 80500 0.02 0.04 (+ 7 sigma)

m,, [MeV] Rel. Unc. [%]

N1@\nef

F. de Almeida Dias - BND 2025

21 UvA



UNIVERSITY OF AMSTERDAM INSTITUTE OF PHYSICS

e Affected by radiative corrections due to heavy quarks, Higgs, potentially
undiscovered particles
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e SUSY particles could run in the loop and change the value of W mass (or new
Higgs bosons, new strong interactions, ...)
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Summary

e (microscopic) Black Holes could potentially be created in colliders
if we have extra spatial dimensions

= Searches for semi-classical (high multiplicity) and quantum (2->2) black
holes part of LHC programme

e Supersymmetry could lead to interesting solutions to some of the
open questions in physics

= But unfortunately, it has not yet been seen by the LHC
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