ONAL SCIENCE CENTRE
D

Machine Learning Classification
of mini Black Holes and EW sphalerons
at colliders

Kazuki Sakurai

In collaboration with

A. Grefsrud, F. Koutroulis, A. Lipniacka, A. Papaefstathiou, R. Masetek, T. Sjursen

01/09/2023, Corfu Summer Institute



e Great effort on BSM searches @ LHC

e Signatures of various popular models

Introduction

have already been looked for (SUSY,
extra-dim, DM, LQ, W’/Z’, etc..

No New Physics Yet

Exotic sighatures

New analysis ideas

Machine Learning, ...

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

Status: July 2021

ATLAS Preliminary

JL£dt=(3.6-139)fbt V5=8,13TeV

Model 6y Jetsi ET™ [ratfm) Limit Reference
T T
@1 ADD Gy +g/q Oepry 1-4] Yes 139 |Mp n=2 2102.10874
S | ADD non-resonant yy 2y - - 367 |Ms n=3HZNLO 1707.04147
2 ADDOBH - 2j - 37.0 | My 1703.00127
@ ADD BH multijet - 23] - 36 | M Mp =3 TeV, rot BH 1512.02586
£ RS1Gu -y 2y - - 139 | Gmass 01 2102.13405
S BukRS Gy —» WW/ZZ  multichannel 361 [ Guxmass 23TeV kfMp, = 1.0 1808.02380
£ BukRS Gy > WV = fvqq 3 2ji1J s 139 | Grkmass 20TeV Mip = 1.0 200414636
& | BukRSgk -t i 21b =102 Yes 361 | Bk mass r 15% 1804.10823
2UED/ RPP. teu  22b23) Yes 361 [KKmass 18TeV Tier (1.1), A - 1) = 1 1803.09678
SSM 2/ - t¢ 2ep - - 139 |zZwass 51 TeV 1903.06248
«» S Z' s 27 - 36.1 2’ mass 2.42TeV 1709.07242
£ | Lepiophobic 2/ — bb - 361 |2 mass 21TeV 180509299
@ Leptophobic Z* — tt Oen 139 2’ mass 4.1 Tev rim=12% 2005.05138
_8 M W' — £y len 139 W' mass 6.0 TeV 1906.05609
©  SSMW oo it 139 [ Wrmass 5.0TeV ATLAS-CONF-2021-025
Q  ssMW' b - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043
& | HVTW' > WZ - (vggmodelB ey 2j/1J  Yes 139 | W'mass 43TeV v =3 200414636
O HVTZ' - ZH model B -2eu 12 Yes 139 | 2‘mass 3.2TeV =3 ATLAS-CONF-2020-043
HVT W’ — WH model B Qe >1b,32J 139 [ W mass 32TeV 3 2007.05293
LRSM Wg — uNg 2pu 1J - 80 Wg mass 5.0 TeV m(Ng) ~ 0.5TeV, g — gp 1904.12679
Clqqqq - 2j - 870 [a 21.8TeV n, 1703.00127
_ | Cligq 2ep - 139 A 3BTV i 200612045
O | Cleebs 2e 1b - 139 (A 18 Tev 2105.13847
Cl uubs 2u 1b - 139 (A 20TeV 1 2105.13847
Ol tett zlep =1b=1j Yes 361 [A 2.57 TeV. 4x 1811.02305
Axial-vector med. (DiracDM)  Oer7,y  1-4]  Yes 139 | Mg 21Tev =025, g,=1, m(y)=1GeV 210210874
=  Pscudoscalarmed. DiacDM) Oeury 1-4] Yes 139 [ 376 GeV =1, =1, m(x)=1 GeV 210210874
& Vectormed. Z'-2HDM (Dirac DM) O 'e,u 26 Yes 138 | Minea 31 Tev tanp=t, gz=08, m(y)=100GeV | ATLASCONF-2021-006
Pseudo-scalar med. 2HDM+a  multi-channel 139 | e 560 GeV tanf=1, g=1, mly)=10 GeV ATLAS-CONF-2021-036
Scalar reson. ¢ — ty (DracDM)  0-1e,u 1b,0-1J Yes 361 |ms 34TeV 04, 1-02, m{y)=10 GV 1812.09743
Scalar LQ 1% gen 2e 22 Yes 139 | LQimass 1.8 TeV B 2006.05872
Scalar LQ 2" gen 2u 22j Yes 139 | LQmass 1.7 TeV A=l 2006.05872
G | Scalar LQ3" gen 4 2b Yes 139 | LOymass 1.2TeV BLQY - br) ATLAS-CONF-2021-008
=~ ScalarlQ3 gen Oeu  22j,22b Yes 139 |LOymass 1.24 Tev. BLQ — v 2004.14061
Scalar LQ 3" gen 22epuz1721j21b - 139 LO; mass 1.43 TeV BLQE - tr) =1 2101.11582
Scalar LQ 3 gen Oe;217 0-2),2b Yos 139 | LOjmass 1.26 TeV. BLQZ - br) =1 2101.12527
VIQTT - Zt + X 2e/2uf=3epu 21b,21] - 139 T mass 14TeV SU(2) doublet ATLAS-CONF-2021-024
g.g‘n VLQ BB — Wt/Zb+ X multi-channel 36.1 B mass 134 Tev SU(2) doublet 1808.02343
8§ VLQToaToalTo - We+ X 2(5)/23 e 21 361 [ Ts3mass 1.64 TeV' B(Tys = W)= 1, ¢( Ty We)= 1807.11883
S :=r VLQ T — Ht/Zt Tepu 139 T mass 1.8 Tev SU(2) singlet, «; ATLAS-CONF-2021-040
VLQ Y - Wh leu 361 [ Ymass 1.85 TeV. B(Y = Wb)=1, co(Wb)= 1 1812.07343
VLQ B — Hb Oepu =>2b, 139 B mass 2.0 TevV. SU(2) doublet, xg= 0.3 ATLAS-CONF-2021-018
8 E) Excited quark q° — qg - 2] - 139 6.7 TeV only u* and d*, A = m(q") 1910.08447
£ S Excitedquark g° — qy 1y 1j - 36.7 53TeV only u* and d*, A = m(q") 1709.10440
S E  Excitedquark b — bg. - 161 - 36.1 1805.09299
w E Excited lepton ¢* 3 - - 203 A =3.0TeV 1411.2921
Excited lepton v* et - - 203 A=16TeV 1411.2921
Type Ill Seesaw 234epu  22]  Yes 139 910 GeV ATLAS-CONF-2021-023
LRSM Majorana v 2p 2j - 36.1 3.2Tev m(Wg) =4.1TeV, g = gr 1809.11105
Higgs triplet H** — W*W* 23,4 e, (SS) various  Yes 139 DY production 2101.11961
8 | Higgs triplet H** — (¢ 234e(SS) - - 870 GeV DY production 1710.09748
g Higgs triplet H*= — ¢t Beput - - 203 DY production, B(H* — ¢r) =1 1411.2021
Multi-charged particles - - - 361 | mulicharged pariicle mass 122Tev DY production, gl = 5e 1812.03673
Magnetic monopoles - - - 344 | monopolemass 237 TeV. DY production, g1  1gp, spin 1/2 190510130
Ve=13TeV  V5=13TeV L i
partial data full data 107! 1 10

Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
tSmall-radius (large-radius) jets are denoted by the letter j (J).

Sy rsorance

o, gt x 862> =0.050.008)
549, pesudscalr (o, g % SR-2) ~003008

§§ 2“‘

ki e, 5,025,918 01, 200 G,

RV gios o3 s

400 ) HIZ =3

RS OBH ) =1
o,
st 5,

94099, 9.5 €203,

exctes g s (. f =

M, V= L0, W
APVl Vi) =10

e, -
Vet o, St

310 w0l

[——

LS i), -0 5,

43 20 20 21+ 1)
ESEAT2106 10509 1+ )
om=aasTAY 080157 0 19)

w1039 2)
DSTTaN 191103947 )

oaseaTey 12

DISEOTSTRY] 1911 04969 3, = 4

ey 107 0270 1) 1a0m

asTaveios0zmn an [140 10t
SesaTe 200. 0521 2o+ 2) 700
" =S 0010052 2+ 20 70
« w3s=omTeuIon 076l (230 18707
" o=y 1030270 20,20 1401
N aseaTaon 0597 137101
" L88TeU2107.1201 (211 +57°) 101701
" oasusaTey 210302108 20,20 140701
" <28TEUIo01 0155 01+ 2210 ) 3600
. Q50T 21071002 0,11+ 245 137101
" LSTag2107.1000 (334457 10170t
" <oanTevni0r oa1 (=1 +pi) 1011
" 03T 90101553 0.1+ 221+ ) 3601
" TS0 TE 2107 10092 0,10+ 227 137701
" 5878016101006 o) Tt
" T om0 0 071 36100
M TS 11125 2+ ) 13811
" a3 90801713 ) 3607
" 3508TeW 101110151 0 4577 780
" SRR 52452021407 o+ v 10310
" O03BORTeY 151856302001 2 dspincod 137101
" CD08Te 1 45 40,3001 1 plcad e+ 5 13770
e IO s A 021012 (1 42 07,21+ 7
" aos=sETEY 00 0124 s 36101
. wa=ozae 15050105 2 38t
" T 5050105 2 Bl
" sTag1o10 1052 65 3601
" e 503 0607 2 361t
" gTag:anz 1046 2v.2n 360t
" T8R2107 13021 30+ 579 101761
" 016030903 23 3607t
" 13700
" 137101
" sTagezts 0670 137007
" 2= 1745502002 1+ 13700
" azaes2 1030210 ) 1010
" ey 5050027 2y 36101
" os=2sTEY 190103347 2 1760
" w613 000% 23 36t
" ZESATA oM 15 020012 v+ 13701
M S 36 01
o) =01 i asataw 20102100 2 1370
AT 2202 0073 .+ 71 sy
“ wsssaTeg o1 0300 21 1371071
" BT 15145020012 1+ 13700
" EEETaH S 45 £0 20012 v+
" s o1 305+ 20
" G02-16Te 1006 10505 (211 41+
" 108 Te 2202 0676 (3, = 4110+ 30,204 20,31+ 1,14 20,20+ 1)
" GonsOaTSTY 19120076 21
" am=ozTay 120675 2
" OCOREUISTaY, o pis 1021005 2
" ozsssTar10
" w2151 0041 @)
" o=z 1905 10331 24
. s 2102 070,
" a2=uaen 205 0670
" ST 2202 0075 1.+ 71
" wssgTe 1910347 21
. esTaua1120090 2w 20
" 137401
0001 0010 0100 To00

Lt

Mass scale [Tev]



Black holes @ LHC

- Many extra dimensional models (ADD, RS, ...) suggest the possibility
of producing micro black holes (BHs) at the LHC

e Once BHs (Mg > M.) are produced, they decay via Hawking
radiation, giving off the energy into all SM d.o.f. democratically

e The signature is spectacular at the LHC
- A fireball with many, ~ O(10), high pT jets and leptons

M. : fundamental
gravitational scale




Fireball in the SM

e Fireball-like signature is NOT unique for BH.

e Expected also in the EW sphaleron/instanton-induced process
in the SM

1 3 -
sphaleron (NCS=5,5,--.) EW sphaleron signature

vacuum

image of EW vacua [Y. Hamada]



- Can we discriminate BH and EW Spharelon at colliders?

EW Sphaleron

n=4R=(10TeV)!




- Can we discriminate BH and EW Spharelon at colliders?

- Can we tell which BHs?: number and size of extra-dims?

EW Sphaleron

n=6R=(10Tey)™!
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Challenge in multi particle events

- Too many features one can look at (heed some systematic guidance)
_|_

® more jets are overlapped each others #

e more leptons are rejected by isolation criteria

— Jets and isolated leptons may not be a useful
concept to talk about extremely busy events

= Machine Learning may be a solution

- Boosted Decision Trees (BDTs): good at finding features

- Convolutional Neutral Networks (CNNs): used for image recognition

hits in HCAL/ECAL
no need to define jets and leptons



Plan

* Mini Black Holes
e EW Sphalerons
e Machine Learning classification

e Conclusion



Black Holes

e BHs will be formed if one puts enough energy in a given tiny region.

¢ In D=4, the Shwartzchild solution is

d 2
ds? = (1—F—H> it —— 2402
(=)

e For a given mass M, the horizon radius is



Black Holes

e BHs will be formed if one puts enough energy in a given tiny region.

¢ In D=4, the Shwartzchild solution is

r l—r—H
r

d2
dS2= <1—F—H> dtz— ( d ) —rde%

e For a given mass M, the horizon radius is

_M Earth
]/'H ~ M2 I,.Hart ~ 8 mm
pl

* BHs can be formed in trans-Plancking particle collisions: « “hoop” conjecture

ﬁ@@mﬁw ’”H"’ﬁ

[K. Thorne ’72]




Extra dimensions 2reueoee

A

In D = n + 4, the Gauss law gives the gravitational potential ‘\g
# &
1 myni, +—<e——Mmf—>—

V(r) ~ M%*‘” o M..: fundamental gravity scale 4'%

v

- If n-extra dims are compactified with the radius R, once r > R, the dilution of
flux into the extra dimensions stops. At large scale, the potential is effectively

1 .
. >+ 7 4D Planck scale:
V(r) ~ = P M.~ > (RMP1> My ~ 108 GeV

For large R, the fundamental gravity scale is small!

N 1 2 3 4
R[mm] 102 102 107 1010 ... P M.~5TeV




Extra dimensions 2recueoee

- In D = n + 4, the Gauss law gives the gravitational potential &
+ Z/
1 myni, —m——>

V(r) ~ Mo el M.: fundamental gravity scale 47%‘

- If n-extra dims are compactified with the radius R, once r > R, the dilution of
flux into the extra dimensions stops. At large scale, the potential is effectively

1 .
. >+ 7 4D Planck scale:
V(r) ~ = * M. ~ E (RMP1> Mp, ~ 10'8 GeV

- For large R, the fundamental gravity scale is small!
Excluded directly by gravitational experiments R < 0.2 [mm] [EOT-WASH ’02]

2 3 4
02 107 100 .. | P M.~5TeV

N

R [mm]




¢ \We assume SM fields are (almost) confined on a 3-brane

[P. Kanti ’04]

Type of Experiment/Analysis M, >

M, >

Collider limits on the production B
of real or virtual KK gravitons 11,1213 1.45 TeV (n = 2)

Torsion-balance Experiments!4 3.5 TeV (n = 2)
Overclosure of the Universe 1° 8 TeV (n = 2)
Supernovae cooling rate 16-17,18,19 30 TeV (n = 2)
Non-thermal production of KK modes 2° 35 TeV (n = 2)
Diffuse gamma-ray background 1°:21,22 110 TeV (n = 2)
Thermal production of KK modes 22 167 TeV (n = 2)
Neutron star core halo 23 500 TeV (n = 2)
Neutron star surface temperature 23 1700 TeV (n = 2)

BH absence in neutrino cosmic rays 24

0.6 TeV (n = 6)

2.5 TeV (n =3
3TeV (n=6
5TeV (n=3

30 TeV (n =3

)
)
)
1.5 TeV (n = 5)
)
60 TeV (n = 3)

)

1-1.4 TeV (n > 5

We consider: n >4, M. > 8TeV

ny/



BH production

& e |
— rHN M>x< M*

1+n

s

e The partonic cross section is geometrical: Mgy : the minimum BH mass

6,(8) = cmrj(5) O35 — Mz

e The hadronic cross section: f;(x) : PDF of parton i

c~ 0O(1)

Opnm(Ep) = Y del de2 [0 £(x2) 6,8 8(5 — x,%,5)

i

=» o0, .gu(13TeV) ~0.11b MER ~ M. ~ 10 TeV



Thermal decay of BHs

- BHs (Mg > M.) decay via Hawking radiation, with the power spectrum

S . spin

J . angular momentum

dE(S) Z (S) wg dw
exp (w/Tg) £ 1 272

n . # of extra dim.

Emitted particles must travel through the (m+1) :
strong gravitational potential of the BH. Ty = Arry Hawking temperature

For observers far away from the BH, the

spectrum is distorted from the black bodly.

The distortion is parameterised by the (S)( ) (2wrﬂ)2j_25 (27 + 1) 47”%

T 9 O . W) = ;
greybody” factor > j,n ]F(l — s+ 2&)‘2 ‘ O (wTH)Qj—I—l + D ’2

[P. Kanti ’04]

22j+1 pim (s— 1/2)F(26 1— QS)F(]_S+1) F(Qj—|—2) ( 25_|_ 1— 2s>

C = D =
F(oz+6)1“(oz+6+S+Z§r11_8))1“(2j+1) [la=B+1-s)T (a—5+1 2S)F(j+s+1)
a:_;“’ﬁ B =3 n+1) [1—23—\/(1+2j) — dw?r H—Siser]

The spectrum carries the info of # of extra dim but in a intricate way!



EW sphaleron



EW Vacua

: 1
action: Sgw == 3 Jd“x tr [FWF ””] Fu=0,A,— 0,4, — A, A
gauge trans.: A, — U'[A, +i0,|U

avacuum: A, =0 < A,=U'9,U

e There are as many vacua as Uij (X)



EW Vacua

|
action:  Sgw = — 202 Jd“x tr [FWF ””] Fu=0,A,— 0,4, — A, A

gauge trans.: A, — U'[A, +i0,|U

avacuum: A, =0 < AM:UT%U SU2)> U=a+i(b-0)

a’® + b’ =1
e There are as many vacua as Uz’j (X)

topological gauge
/ \\ U(co) — 1

SUQ) = §3 «—— $32R3U {oo}

The map has distinctive sectors classified by the winding number!



1 3
sphaleron (NCS = E’ E, ) [F. Klinkhamer, N. Manton ’84]

\X

pertu rbé"}\k

o 7
@
2
-
O
%
s ﬂ
<
°
% /
2
o@ vacuum Ay u(x) = Un(x)TﬁuUn(x)
) X-0
Image of EW vacua [Y. Hamada] Un(x) = exp (W X2 — 2

)



1

3
sphaleron (NCS = 5-, E, ) [F. Klinkhamer, N. Manton ’84]

vacuum

Ap,u(x) = Un(x)70,Un (%)

. X0
Image of EW vacua [Y. Hamada] Un(x) = exp ("”” > pz)



EW Sphaleron events i o

2

g njn%
An = 15m _/ To | F | o




EW Sphaleron evnets i o

2

An = 2 / Tt |Fu B | d's = AN

1672 p .\

anomaly

SU(2) charged fermion



EW Sphaleron evnets i o

ANgr
N / Tr [F ﬁ’w/} diz — ANy 31l
n — 16722 [V /— ANQ% X avour

anomaly ANy,




EW Sphaleron evnets i o

ANy
7 3 ) Ang

An = 62 /TI‘ |:F,LLI/F'UJV:| d x/: AN, x 3 flavour
anomaly ANgi

» An is related to the change of SU(2) charged fermion numbers.

¢
éL - ée
A ‘ A g m
AB = AL =3ANc¢s tr Cr, IAnl = 1 transition
A(B+L)#0 creates 12 fermions
u;, —e—{|An|=1}—>—a;  altogether!
A(B—L)=0
CrL, ! »
l; tr




, = let+4j+ 17+ 2b+ E..
uu — o,utttdessbbb = lu'+ 4 +4j+3b+ E
= lut+4j+2i+ b+ E!

1SS

+ some EW bosons

Party at the LHC!
Confused with BH events?

tr
Cr, /.
A ' A
tr, CL
1% QALL n=-—1 ?ALL
Cyr, 1 é,u,
‘. .



Cross Section

= Sy, =P [ pg] | e=B o
C nw,Np m12/V 7% 47TmW
nw,nmp
* Optical theorem  -.. .. [Bezrukov, Levkov, Rebbi, Rubakov, Tinyakov ’03]
[Khoze, Ringwald '91], ... 1 T overvomdon Fg) —— — = —
- - Tesal i - High energy lower bound on Fy(E) — - ——+— |
il ~ 1 | . : 3
.. A?nalytlc estimate ---==------ -----
Im| @& N Nep |
. . -\ S :
e 1  \ S N B
- Semi-Classical method ----"""" B N ******************* _
L e
[Bezrukov, Levkov, Rebbi, Rubakov, Tinyakov ’03], e T
[Rubakov, Tinyakov ’92], ... b
10 100
,e° T Eay/My,
i i i ’ ~ 50 TeV
* Treating Ncs as a dynamical variable 0TeV

[Tye, Wong ’15 ‘16]



Collider event analysis

BlackMax: BH event generation (tensionless, non-rotating)

Herwig-7: Sphaleron event generation + parton shower

Delphes: Detector simulation



Event selection

N : # of all reconstructed objects (jets, leptons, photons) with p; > 70 GeV, || < 2.5

N
$,= Y ph + Ep

=1 1805.06013 359 1y (13 TeV)
> e B NN LN BN L L L L L L L
. . 2 .
Signal Region 0 10° N =5 { Data -
g —— Background shape g
N > 5, ST > TTeV _?_,) ..... —— Systematic uncertainties |
§ 1 02 il Normalization region =

LLI

* .

SM background well below 1

—
I IIE||I|

In the following, we always

impose this cut and do not EE ; i
worry about the SMBG 3 5 ,F E

3.0 35 40 45 50 55 6.0 65 7.0 7.5
S, [TeV]



# of extra dim.

BH|n2

M10

BH|n4
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Low level data

B Tracks

e An example EW sphaleron event B ECAL HCAL

¢ 50 x 50 pixel resolution

e Hits in ECAL, HCAL and Tracker
with > 1GeV

¢ [radians]




Machine Learning Classification

30 highest hits (E;, ¢;, 17;) in ECAL, HCAL, Tracker
First 8 hight pT jets (p;, ', n')

Boosted Decision Tree

(BDT)

[T.Chen, C.Guestrin '16]

classification

First 2 hight pT leptons (p~, ¢, n")

missing pT ( pjrfliss, gbmiss)

- ECAL, HCAL, Tracker hits in 50 x 50 pixel resolution

- 50 x 2 rondom shift in ¢ and sng(#) flip

Convolutional

Neutral Network
(CNN)

[K.H

» XGBoost

e, X.Zhang, S.Ren,

J.Sun '15]

classification

[data augmentation]

Pixels of image fed as input

» ResNet

Nye

@
A
W WWW
SO AN g

VY

PKS T R
204204
Na/ N\ a /A

Input Layer

WY

/

Output Layer

Hidden Layers



True Labels

BH_n6_M10 BH_n4_M12 BH_n4_M10 BH_n4_M8 BH_n2_M10

Confusion Matrix

XGBoost
Global accuracy: 51.96%

2596
86.53%

SPH_9

1017 479
33.90% 15.97%

545 475 589 365 886

18.17%  15.83%  19.63% 12.17% = 29.53%

SPH 9 BH_n2 M10 BH n4 M8 BH_n4 M10 BH_n4 M12 BH_n6_M10

Predicted Labels

True Labels

BH_n6_M10 BH_n4_M12 BH_n4_M10 BH_n4_M8 BH_n2_M10

ResNet
Global accuracy: 53.0%

2709
90.30%

SPH_9

276
9.20%

252
8.40%

156
5.20%

45
1.50%

102
3.40%

SPH_9

99
3.30%

1107
36.90%

732
24.40%

612
20.40%

BH_n2_M10 BH_n4 M8 BH_n4_M10 BH_n4_Mi2

468
15.60%

585
19.50%

591
19.70%

579
19.30%

639
21.30%

2631
87.70%

639
21.30%

Predicted Labels

699
23.30%

885
29.50%

BH_n6_M10



Results with ResNet

assume LHC observes true sphaleron events

In the signal region l

Pseudodata = SPH 9

109

10-"

95% CL exclusion -

; ‘
R
N

3 10-3 :
(U ]
E. :
1 0‘5 El -
10-61 e SPHO e BH_nd4_M10 _
BH n2_M10 o BH nd M12 ]
e« BH n4 M8 e BH n6_M10 :

1 0_7 . _ A X : ] : ) : : 1 )

1 20 30

Number of events

sphaleron hypothesis stays

for large observed events, as
it should be.

all BH hypotheses can be excluded
with high confidence with a small # of
events



Results with ResNet

assume LHC Qbserves true BH events
with n = 6, Mg, = 10 TeV

Pseudodata 4 BH n6 M10 _ -
e BH hypotheses with the same M’

100k
| : “— and different n cannot be excluded
10~} 1 with ~ 30 events
N 95% CL exclusion |
10-2j4 *
® 10-3 .
IC oo
> [ ]
Q g4 ‘- e : : : min
BH hypotheses with the different M
! El S m— ]
105 . | can be excluded with ~ 30 events at
| \. N | 250
10-5L e SPHO o BH_N4_M10 _
» BH n2 M10 e BH n4 M12 °
: \_ e BH n4 M8 e BH n6_ M10 |
107 L ————
10 20 30
T Number of events

sphaleron hypothesis excluded with < 10 events



Conclusion

- LHC and future high energy colliders may be able to produce mini BHs in
extra-dim models or EW sphalerons in the SM.

» The signatures of these objects are spectacular but very similar.
1. Can we discriminate BHs and EW sphalerons from observed events?
2. Can we tell the number and size of extra dim by analysing BH events?

- For both objects, the final state typically contains O(10) high pT objects and
the best way to analyse the data is not obvious.

« We used BDT and CNN-based ML analyses with XGBoost and ResNet.
- We found:

- Discrimination of BHs and EW Sphalerons is possible with a few events
- Discrimination of different Mgl}iln IS possible with ~30 events

- Discrimination of different # of extra dim is not feasible in this method
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* A “current” carrying the winding number:

1 2
K’u — @ENVPJUAV(GPAU + §APAU)

 One can show

1 %
/KO(An(X))dSCU — n, 16772 F,LWFM — a’uK,UJ

* This implies

t=00

1 -
/ E,,F'd'y

62 /8“Kud3:1:dt = [/Ko(t,x)dgx}
-

= n(t=00) —n(t=—00) = An

t=—00



The tunnelling rate can be estimated using the WKB approximation as

A

(nln + An) ~ e °F

Sk is the Euclidean action at the stationary point, which is given by

g, — 1 [ ar o Note that:

) 2 ~

f f(F::F)2d43?ZO
—_ n 4 r
_2—92‘/FFCZ .CC‘ — fFFd4xZ‘fFFd4CE|

2

= Z|an 2

g |

n | n-+1
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_ Am B The tunnelling rate 1s
o o ~ 10170 e

unobservably small



The barrier hight was calculated by
F.R.Klinkhamer and N.S.Manton (1984)

9
Espn = — W p (—mH )
e%%% myy

sphaleron

ESph

~ 9TeV (for myg = 125GeV)

« At high temperature, the sphaleron rate may be unsuppressed.

ESpjf:(T) )

Focexp(—

It plays an important role 1n baryo(lepto)genesis.

What happens for the high energy (zero temperature) case?



Cross-section estimate

LSZ formula:

(f1S1i) = Hd< )

[ijd4xne-fpnxn< emd)| QI T{ ) (x)) Q)

Path-integral: '
J@gb ¢, (x),(x,) N

(Q|T{¢1(X1)¢n(x”)} |Q> — ngb eiS[g]

e Matrix elements for An = 1 processes may be obtained by

stationary (instanton)

LS
iM(An = 1) = I@¢ an=1 P100)- (%) € configuration with An = 1
A)
I@qb € LSZ l
¢ = ¢; + 0P

19505 431(361)“'&1(%) €i5($+5¢)
Igqu els

LSZ




« The LO Matrix Element in the instanton background

M~ /DCIDWD¢Q(ZU1)"'C](xlz)W(yl)"'W(anW(Z’l)"'¢(Znh)eXp(—5E)
LSZ

[Ringwald ’90, Espinosa ’90]



« The LO Matrix Element in the instanton background

M~ /DqDWD¢C](fC1)"'Q(ﬂflz)W(yl)"'W(ynw)ﬁb(zl)"'¢(Znh)eXp(—5E)

1.S7Z
- Evaluate it at the In on configuration: / [Ringwald *90, Espinosa ’90]

771),UJV(3j — xO)y . / ~ (CU — 330)2 1/2
(x — z0)*[(z — %g)* + p] Pinst () = {(l" — Tg)? + p?

orientation position  size

a 2
WHE ~ L U.p
g

inst —




« The LO Matrix Element in the instanton background

M~ /DCIDWD¢C](ZC1)"'C](ﬂflz)W(yl)"'W(anW(Zl)"'¢(Znh)eXp(—5E)

1.S7Z
- Evaluate it at the In on configuration: / [Ringwald *90, Espinosa ’90]

771),UJV(3j — xO)y . / ~ (CU — 330)2 1/2
(x — z0)*[(z — %g)* + p] Pinst () = {(l" — Tg)? + p?

orientation position  size

a 2
WHE ~ L U.p
g

inst —

* Integration over orientation, position, size and phase-space:

o(nw,np) ~ /]./\/l|2-d<I>ps



« The LO Matrix Element in the instanton background

M~ /DCIDWD¢Q(ZU1)"'C](xlz)W(yl)"'W(anW(Z’l)"'¢(Znh)eXp(—5E)

LSZ
» Evaluate it at the In on configuration: [Ringwald ’90, Espinosa ’90]
W,ua N ZLU ﬁbw/(m—xo)y Qb 43?) ~ U{ ($—$0)2 1/2
R e (Ct ) I (z ~0)* +1p?
orientation position  size
* Integration over orientation, position, size and phase-space:
2
U(nw,nh) ~ /’./\/l| °dCI)PS
» Result [Ringwald "90, Espinosa ’90]
| o +103/12) 1
o n n ~ G2y T 2n € — -101 —-14
Lo(nw,nn) 422"y [ Fi632) ]nB!nHI G = 1.6 x 1071°1 GeV
10 dPp; o d%p; 24EI —mip) M dp, 4 5@ \"
" §a1=—11 (2m)° 2, & 11]1 (2“)32Ej My kD1 (27)°2E, (2n)'o (Pin - i=1 i j§1 P kgl pk)

The cross-section grows with energy and the number of final state bosons.



M~ /DqDWDCbC](xl)"‘CI($12)W(?J1)"'W(ynw)¢(21)"'Cb(znh)eXp(—SE)

V&\ > A 4 LSZ
FT TLSZ '
. 9 9 . 2% —a
AinStZ($i> J_) 4o P 2( szpzy 5 )eipz':co J_> daim 10'. 7727/57/’/ eipw:o
g p; (p; +~ My, g . D;
272 p?v

Hlnst (CL‘]) y ePiTo —27'('2,02”(} PUZED

(p7 +m3;)

e Multi-particle interaction under the instanton BG is (almost) a point-like vertex

nNH

4. 2 92 = V nW
iM ~ { 1P 77uu2pz o IPiT0 ] {_27T2p2?) eipj$0i|
9 D;
P (Q) ~ (@)
T

n-body phase-space

Such a vertex is highly unrenormalisable and high energy behaviour is not regulated.

Enhancement at large nW and nH.




Real time evolution [Heilmund, Kripfganz *91]

E(r)/mw ) \ . .
radial energy density * Prepare an *almost* sphaleron configuration,
N att=0, 10, 20, 30/mW deviated slightly to the unstable direction.

« Evolve it with EoM and observe the field
rump dissipates.

 Fourier expand (expansion in terms of fee
) particle modes) the final state and count the
number of W and H bosons.

E

15.¢ \ 4

gauge bosons O 1

10.¢

Higgs

, , . , k(M ]
1 2 3 4 5 6 W

wave number / mW



 The inclusive cross-section can be estimated using the dispersion

relations (optical theorem).

[Khoze, Ringwald ’91]

p / | \
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¢ nw ,Nhp mW aW

p \ 1 /
9 9 3 2 1
Fe) = 1— §e4/3 1—662 D) <4 — 3%) 33 In -t O(e¥/3 - const)
w52 (3\s o an\T? .
Ple) = Z 2 [ = 9 |1 2/3 d~0.15
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 The inclusive cross-section can be estimated using the dispersion

relations (optical theorem). Khoze, Ringwald 91]

1% d | N
b T ~BV _ gy Ple) dm
Im I Tw » = Z sy = i exp —&WF(G)
D \ I / WIth
‘ i’ 9 9 3 2 1
HOIy_grall ——> — 11— = - = <4 — Sm—2h> 3 1In = + O(e¥3 - const)
function 8 16 32 miy €
w52 3\s A\
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 The inclusive cross-section can be estimated using the dispersion

relations (optical theorem). .
(op ) [Khoze, Ringwald *91]
1% d | N
2 A ) ) P(e) A7r
Im A\ Iw Tw » G = Z O = —5 eXD [_cu F (¢)
I nw,np w 4
p \ /
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function »m 86 AL 166 5 Sm%/ e”/? In - + O(e const)
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1% d | N
D1 1 i A ) P(e) A
Im A\ Iw Tw » G = Z O = i exp [—&WF(E)
P ~N | e
Holy.grall _»-_ 1 _ _64/3 2 _ i ( ) 8/3 1 = 1 + O(e 8/3 const)
function 32 €
715/2 - P
— — /3 d~0.15
PO = Tog () (i) oo
= V5 My = VortW ~ 18.3 TeV
M, 0%7%
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 The inclusive cross-section can be estimated using the dispersion

relations (optical theorem). Khoze, Ringwald 91]

p 7~ | N
—L— X X P(e 47
[m P | o= o, - e |-
My (077,74
nw,np
D
; 1y 0 o) 3 2 1
Holy grail’_ _' = 11—y 2 2 (4 - 3m—;> ¢”*In — + O(c"? - const)
function 8 16 32 Miy €
T15/2 /3\ 3 ar\ %,
Pl = 1051 (§> g <a—) > 1+ 0] e
= V5 = VEr™ © 183 Tev
M() 027%

exponential suppression
disappears at E ~ Espn?

Cross-section grows
exponentially with energy!




4.3 p-values

To estimate the practical usefulness of our CNN classifier, we want to calculate how many events
we would need to detect to reject the hypothesis that the detected events are of a certain type. We
can do this by using the Pearson y? hypothesis test to calculate the probability that the difference
between an observed distribution and a theoretical distribution is due to random fluctuations. Our
theoretical prediction distribution is found by predicting across 15000 test events of each type.
The result is 6 histograms, each with 6 bins which are then all normalized. These histograms
can be compared against predictions over a pseudo experiment of m particles of a certain type by
calculating the y? test statistic of the sum of the squared differences between the two distributions.

k
N NZ(Oz‘/N — 0i)?/ pi (4.1)
i—=0

N is the number of observations, O; is the number of observations classified as class 7, k is the
number of classes and p; is the predicted probability of making an observation classified as 7. From
the y2-value the p-value can be obtained directly, setting the number of degrees of freedom in the
distribution to k-1. For this study k& = 6 as we have 6 samples.

To estimate the number of events we would have to observe at the LHC to exclude each class
using the CNN classifier we perform m = 3000 pseudo experiments for each N number of particles
detected in the range 2 to 35 and calculate the average p-value and the upper and lower error (Gpp,
Op<p) Of the average p-value:

1 m
D= - (pi)2 (4.2)
i=0
1 Mp>p
Op>p = (P — pi>p)° (4.3)
Mp>p 1=0
1 Mp<p
Op<p = (p— pi,<;ﬁ)2 (4.4)
<t 0

mpsp and my,<; are the number of pseudo experiments where the p-value was above/below the
average. p; > and p; «p are the i-th p-value of the p-values that are above/below the average.



