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IF WE TAKE STANDARD MODEL
TOO SERIOUSLY...

Bare mass and quantum corrections need to
cancel 34 decimal places to match
observations
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34TH DIGIT
OF PI

n=3.1415926535 8979323846 2643383279 5028841971 6939937510 ...

If I showed you a “new” constant ¥,
you'd say this is deeply connected to 1

X=3.1415926535 8979323846 2643383279 5022431232 3654386221 ...

But the SM says this is truly a coincidence
in the Higgs mass calculation!




The Naturalness Problem

“Unnatural” if unrelated numbers
just happen to cancel to
34 decimal places

Why 1s the Higgs Only a problem

sector so because Mpianck >> MH
?

unnatural: i.e. Why is gravity so much

weaker than the other forces?

The (Gauge) Hierarchy Problem
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REMEMBER:

Higgs likes to couple to heavy particles
(it's ~why they're heavy)

And these couplings give Am?2!

So the top quark
(heaviest SM particle)
1s the worst offender!
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To leading order fermions and bosons
contribute with opposite sign
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Problem: Our issue 1s that Am2 is getting really
big because it’s so sensitive to the UV cutoff

Am?* = Am? +

2
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Supersymmetry is pretty super

« TeV-Scale SUSY can solve a lot of problems
simultaneously

o Deflates naturalness problem

o Electroweak Symmetry Breaking just falls
out

e Gives hope for gauge coupling unification

e Convenient WIMP DM candidate in the
lightest SUSY particle (LSP)

e SUSY is the only mathematically possible
extension of the Poincaré group. Why
wouldn’t it be realized in nature? (HLS)
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

July 2020 Vs =13TeV
. ) -
Model Signature  [£adt [ Mass limit Reference
L] L] L] L] L] L] L] L] I L] L] L] L] L]
4d, 3¢t Oe,u 26jets EMS 139 |4 [10x Degen)] 1.9 m(¥))<400 GeV ATLAS-CONF-2019-040
o mono-jet  1-3jets EMS 361 0.71 m(g)-m(¥})=5 GeV 1711.03301
% 28, gqqq)”(? Oe,pu 2-6jets  Emiss 139 3 2.35 m(¥})=0 GeV ATLAS-CONF-2019-040
5 z Forbidderi 1.15-1.95 m(¥})=1000 GeV ATLAS-CONF-2019-040
% 22, 8—qqWx| Tepu 2-6 jets 139 |2 2.2 m(¥?)<600 GeV ATLAS-CONF-2020-047
L sz §—4q(COx] e pupt 2jets  EF™ 361 |2 1.2 m(z)-m(E})=50 GeV 1805.11381
2 gz g—qqWZi! Oep 7-11jets  EP™ 139 |2 1.97 m(eY) <600 GeV ATLAS-CONF-2020-002
3 SSe,u 6 jets 139 |z 1.15 m(g)-m(¥})=200 GeV 1909.08457
= 5 . Ny
= gz g0l 0-1e,u 3b EPs 798 | % 2.25 m(¥?)<200 GeV ATLAS-CONF-2018-041
SSe,pu 6 jets 139 |z 1.25 m(z)-m(¥})=300 GeV 1909.08457
biby, by —bX) jitE Multiple 36.1 | b Forbidden 0.9 m(E))=300 GeV, BR(HT))=1 1708.09266, 1711.03301
Multiple 139 | & Forbidden 0.74 m(¥))=200 GeV, m(¥%)=300 GeV, BR(:{})=1 1909.08457
biby, by —b¥s — bhY) Oe.pt 6b EEFS 139 |5, Forbidden 0.23-1.35 Am(PY.19)=130 GeV, m(¥))=100 GeV 1908.03122
25 27 2b EFs 139 | b 0.13-0.85 Am(¥3,77)=130 GeV, m(¥})=0 GeV ATLAS-CONF-2020-031
§ ‘§ ff, f1_>1,\?(1) 0-1e,u >1jet E?f” 139 17 1.25 m(¥)=1GeV ATLAS-CONF-2020-003, 2004.14060
B8 nfy, oW Teu  Bjetsib EMS 139 |7 0.44-0.59 m(¥})=400 GeV ATLAS-CONF-2019-017
qC) E— hif, h—=tbv, 1 —1G 17+1eut 2jets/1b E]n}iss 36.1 t 1.16 m(7,)=800 GeV 1803.10178
O 8 @iy, ok 1 cE, ok Oe,u 2¢ Epis 361 @ 0.85 m(¥})=0 GeV 1805.01649
=S _ . i 0.46 m(f,&)-m(E°)=50 GeV 1805.01649
0e,u mono-jet  EMs 36,1 f 0.43 m(7,,&)-m(¥})=5 GeV 1711.03301
i, f— S, -7/ ht° 1-2 e, 1-4b  EFS 139 | 0.067-1.18 m(¥9)=500 GeV SUSY-2018-09
B, hofl +Z Se,u 1p  EMS 139 |h Forbidden 0.86 m(E))=360 GeV, m(7,)-m(¥})= 40 GeV SUSY-2018-09
TR via wz Sepu Ei?ss 139 | ¥ /%S 0.64 m(r))=0 ATLAS-CONF-2020-015
ee, ppt >ljet EMS 139 | ¥/5 0.205 m(Fs)-m(¥?)=5 GeV 1911.12606
XiXT via ww 2e,u EMs 139 | & 0.42 m?)=0 1908.08215
L R via wh Olepu  2b2y EMS 139 | Xy Forbidden 0.74 m(7)=70 GeV 2004.10894, 1909.09226
= Q X vialp/v 2e,u EMms 139 | Af 1.0 m(Z,7)=0.5(m(¥; )+m(E)) 1908.08215
W= 2 700 27 EPs 139 | L. 7Rl N0H67013] 0.12-0.39 m(¥)=0 1911.06660
TLrlLg, 00 2e.p Ojets  EMs 139 |7 0.7 m(E))=0 1908.08215
ee, il >ljet EMS 139 |7 0.256 m(?)-m(¥))=10 GeV 1911.12606
HH, H—hG|ZG Oepu >3b ENS 361 i 0.13-0.23 0.29-0.88 BR(¥ — 1G)=1 1806.04030
depu Ojets  EP 139 H 0.55 BR(Y! — ZG)=1 ATLAS-CONF-2020-040
® o Direct¥i ¥ prod., long-lived ¥; Disapp. trk ~ 1jet  EMs 361 x 0.46 Pure Wino 1712.02118
é %’ b% Pure higgsino ATL-PHYS-PUB-2017-019
I
2 ‘% Stable g R-hadron Multiple 36.1 1902.01636,1808.04095
S 2 Metastable  R-hadron, g—qg¥\ Multiple 36.1 m(?))=100 GeV 1710.04901,1808.04095
B I Xt sze—eee 3eu 139 Pure Wino ATLAS-CONF-2020-009
LFV pp—¥:, + X, ¥r—eu/et/ut ep,eT,ut 3.2 A41,=0.11, A132/133/233=0.07 1607.08079
XU 105 — wwyzeceevy dep Ojets  EP™ 361 m(¥))=100 GeV 1804.03602
38, g_"]q/?(l)‘/\?(l) — qqq 4-5 large-R jets 36.1 Large 1, 1804.03568
E Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
€ 7 it ¥ - tbs Multiple 36.1 m(E))=200 GeV, bino-like ATLAS-CONF-2018-003
7f, i>bXT, XT — bbs >4b 139 Forbidden m(¥)=500 GeV ATLAS-CONF-2020-016
fif1, fi—bs 2jets+2b 36.7 1710.07171
fify, fi—qt 2e,u 25 36.1 BR(7, —be/bu)>20% 1710.05544
1u DV 136 BR(7 —qy)=100%, cosé,=1 2003.11956

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

*Only a selection of the available mass limits on new states or

107!

Mass scale [TeV]
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e Are there any opportunities left to
discover =sTeV-scale BSM at the LHC?

e Focus on scenarios where limits might
be weak, because of very large BGs



earc

Why haven't we
ound anything?
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e R-Parity: SUSY-partner-ness

R-PARITY CONSERVATION

P, = (— 1)3(B—L)+2s

e +1SM, -1 SUSY partner
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R-PARITY CONSERVATION

e R-Parity: SUSY-partner-ness
e +1SM, -1 SUSY partner

e Conserving Pr (multiplicatively) = Every
vertex contains even number of
sparticles

e Sparticle pair production at colliders

e Lightest sparticle (LSP) must be
stable (and could be DM)
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R-PARITY CONSERVATION

e R-Parity: SUSY-partner-ness PR — (— 1)3(B_L)+2S
e +1SM, -1 SUSY partner

e Conserving Pr (multiplicatively) = Every
vertex contains even number of
sparticles

e Sparticle pair production at colliders

e Lightest sparticle (LSP) must be
stable (and could be DM)

e Notice: If B and L are conserved
— R-parity conservead

e The vast majority of SUSY searches
assume this is conserved

23






2.5 Throw away terms we
didn’t like (in RPC)
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WHY CONSERVE R-PARITY?

e Why do we talk about R-Parity Conserving SUSY so much?

e “Stable LSP = DM”

e "B and L conserved in SM so why shouldn’t they be in SUSY?”
e When in fact:

e Even if RPV allows LSP decays, can still have gravitino DM or something
else

e B and L are only accidental symmetries in SM.

e Not fundamental symmetries of the SM. (SM even violates them non-
perturbatively)

e MSSM violates them unless you explicitly forbid it

e Seems more contrived to manually forbid couplings
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R-PARITY VIOLATING SUSY

Wgrpyv = uid, L; + — )\kaLEk—I-)\ 1. L QJDk+ )\ kUD Dy

L Violating B Violating

e General RPV superpotential in MSSM

PR — (_ 1)3(B—L)+2S

e Signature-generating machine
e At colliders:

e Allow for single-production of
sparticles

e Couplings allow LSP to decay
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R-PARITY VIOLATING SUSY

1 1
Wrpyv = puiH, L; + §>\z'jkLz'LjEk + X LiQj Dy + iA{;’kUiDjDk

L Violating

(/

B Violating
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R-PARITY VIOLATING SUSY
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R-PARITY VIOLATING SUSY

1 1
Wgrpv = piHyL; + §>\z’jkLz‘LjEk + )\;jkLinDk + 5)\
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R-PARITY VIOLATING SUSY

1 1
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R-PARITY VIOLATING SUSY

1 1
Wrpv = pidy L; + §>\¢jkLz‘LjEk + X LiQj Dy + iA{/’kUiDjDk
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SIMPLE EXAMPLE

Decay to two
quarks (—“jets”)

Quarks from

protons collide Fuse to become new

S heavy particle b
t
/! /!
323 323
b S
>
Time

e We measure the four-momentum of each jet

e Sum them to get the four-momentum of the new
particle

« Relativity tells us how to get the mass (p - p) = m?

e Plot this mass and our new physics signals will peak
at the mass of the new thing

e Backgrounds steeply falling distribution

—t ek
o O
[\V) w

do/dm; [pb/TeV]
o

(Data-Prediction)

137 fb™' (13 TeV)

m; >1.5 TeV
ml <2.5, IAnl < 1.1

e Data
—— Fit method
%%/NDF = 36.63/ 38
Ratio method
x%NDF =42.04/ 32
- --9g9 (2.0 TeV)
qg (4.0 TeV)
---qgq (6.0 TeV)

b
4
N
E
]
]
]
]
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LESS SIMPLE EXAMPLE

Protons collide

particle
p
t -

Pair produce new q

- )\//
P
» A\
q
>
Time

e Increasing multiplicity introduces combinatorial
issues

e Wrong combinations don’t contain peak-y mass
variables — Make signal harder to find.

e Brute-force & Add combinatorial background

Each decays to
two jets.
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LESS SIMPLE EXAMPLE

e Here — one of three possible p
configurations is correct )

e = 200% combinatoric B
background! p

e 3 Prob of extra ~uncorrelated

jets produced in the same event
e Even harder!

Time

0
)
3
<3
o
@

L oquio)

¢ oquo)




Pair 2 Mass [GeV]|

32

2000

ISOO

1000

SOO

o
o a @ -] o o
@
5 el o 2 =]
e . o ®
11 binati f four leading j s ’
A combinations or rour leca 1ng ]CtS 2 o
a o
MadGraph, P Level, 1 TeV S ?
!
R a rap , Farton Level, 1 1¢ tOp - . R . .
o a o a
o o 2]
a - o o =] a a
2 o @ @ @ @ o o, °© o o
o a o %o [} a
@ =3 o %o a a
o o o a @ & o @ o @ a® e ° a
2 g @ a Oooo =] o? o @ - % a a 8a . @ [} G
5 a a o g < ] =N o o ° o o
= o o8 o & IS ) - =} 5 o L@ @ & oo
@ o
o @ s oo ® .- 2 a B a 9 @ s o o 2 .
" o @ e o ® o & o oo @ ] o o @
D ® o - e e ? o g% © N Tae @ ® a
=S
50 o - a Doog o oo o °°Do o @ i ey 0 2 a
a 2 o, ?:!% e ° a g 8 3 900 @ ° : . (o) °
=] @ =] [==] Q
’ A T B, 0 0 ceetee o FraCtlon 1msiac: 30 6%) .
o o 2 =S . o
8 ®e o @ o &2 %o & g% o .
o S o oo 000%@0 0,0 % oo, g o @
2 an 0o o o " o 0% e e et % 0 om o .:FDOD o
“ o oo o a 2 @ 2, e o o 0° a0 : - -
o . o DS‘D o 2 % q:,S@ o ° oo DDD o Dom cBag - -*_‘Uo; o, @ o a0 E:-' o O o a
£ e @ o ° oo ¥ 30 000 ofe %o, o Céuno - @ 7 e oo wf . © oo S o o o 009
o o0 B a o G a - = a a o =}
=] @ o a g @ 0 e o @ a =]
o of; m @ o o¥og & & Dogm 2 0"1‘? ?ﬂooﬂmo‘gﬂo& S@cg:' D%‘b D%nﬂ: & %3‘%0900 woo- °8° @300 o © @ oo 0% fo o o soe o m %o @
° fa 0g ceo & 5@ o oB°% 3 |o ¥ & o O o oo DWD@@ 0.0 0 & a5 g a o oa
@ a o =l e] - =} Q o
o aBgo @ By o i ° s Fe %'oampﬂ% y mo&é‘agoa BT @ o o B g @00?% ° " A
o @ o T @ m G &
% SPVELES RCILIWE S AL - g oyn b S Wope 6P B0 S L8 7 S0 B o ° e o @e
@ =} o o od o
o @ a oo ° 00@0 DOD D & 0@0@ L cmoagﬂmo @ oy oogo%.g u:? o 3? 90 oo ° %00 o 5 ° =} we 9 o o
& o a e} ja2] a oo o} a 2 -] a o, a
880‘:‘ ®ef® @ g 2 apo :?:.3 - %é?a‘ﬁ &ED&D UE;BDE‘DBOC% g 0028909 o F %\3 e ey oaoaoa ° %a @ ®
o T o P eo.? wme "og a Gy bR © e OD&DE,O ] o @ og 0, 5 °
2 o o o8 %g o ] o 0 ) D% =) 2 ek g o ©
ag a ) o ol @ ® o -3 @ o P e @ afao o @
g @ oaog® 2 o B o o o o o =] o o o oo
of @ ?:\808 o ? e " @ LT §E‘DWB % ooc% SD%DSJDQD Dgaoaq%a o o %‘39 ¢ oo a%?;%;‘ E‘F‘gge' 5, 8 ® 8.—_,0 28 g0 @ ] ®
] g, 000‘90%03’0%0‘:'0@ Dmo‘:‘%oogﬁ‘?‘j%o“o %@,@3‘%9 o@goo ?300‘3%89@;&9 5T a S Zoa oeo Do n e @ 0, & 00 [= I
o 2 o @ o @
o 2 %09 a? o 00%00 DBOO% %00000 G2 cm g 8 D@oa%egs -8 O g, @ AL o 909'300@ o9 e aa & . o, o .
. %0%00 ° ey B % i 288 o0 0%00‘3 OE’O Ey BCF'.: @ an g DQQ@@ N o a o . © oo
R B e LN ODUB'DGDDO@DDEDQGB o 000% o o al ‘Eha a0 2o L W e 2 ®%0g o, . - a0 @ _ g® g o
pe® °F o @ efm g "o °o ODODQDO ®q -3 mmgc‘% oo % £ 03%90 ¢ o
- —_— =R s Yo %a o .
& a & a & 000 Q%CGD N Od:‘r.rf‘ g o, 8 5% 0%33 0@ o g ° ot . . ) R a
o0 0 e F e T mea®, 0P e e oo Toom . TACLION OULS1AC: 0
a o o - 83 o ] o w0 me? @ o g o oa T e m o Do ! . . -
N o a o ot 6590 @ %2 g o a % o ] o o
@ e o oo oo @ o [ -2 o o o a0 @ a
a o o f-bo o 2 o o - o @B @ of @a @ a o 8 E e P - o - €
. Ga % e 0B ° %009‘90 o ® - o Bpn @ @ a o® e & ° o o o
& " ° @ % oo @ %J o%cﬂ % e ] § st o a g o g2 @ % & o @
o o_ad o o @ [=] a
o @ oo o g @d 5 g g W@ @ 5 a & ] ) o ) =]
o - - T =] o o @ o s o8 ° °
=] a [} o o, g & £ o o o @ =]
=1 o a ? pom D@ a o =] o o a a =] o o
“ 2 a % ® e @ @+ o 0 & o o e e @ @
° ] fe o o =] =] 999 a” 2 e a o _— a
o ® ] @ a o ° o s © @ @ g ° a ] °
-] a ot o @ o
@ a o

1000

Pair 1 Mass [GeV]

Combinatorics start to annoy us
but aren’t the end of the world

2000
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“CLASSICAL”

COMBINATORIAL SOLN'S
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“CLASSsIcAL” COMBINATORIAL SOLN'S

: \
“AR2 Minimization”
min Z AR, +C }
g < A

combs
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“CLASSICAL” COMBINATORIAL SOLN'S

: \
“AR2 Minimization”
min Z AR, +C }
g < A

combs
“Mass Asymmetry Minimization”

. |my — my|
min
combs my—m,




“CLASSsIcAL” COMBINATORIAL SOLN'S

q
p b
q “ARZ Minimization”
)\

I\

“Mass Asymmetry Minimization”

. | my — m, |
min
combs my — ny

33



“CLASSICAL” 2Xx2

e Example of traditional analysis technique

e Use ARZ to try to get peaking mass

e Do a bump hunt in this mass

COMBINATORIAL

SOLUTION

ARZ

MINIMIZATION

Fraction of events / 40 GeV
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GET SIGNALS

TO PEAK

ATLAS SimUIation D mt~= 250 GeV
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arXiv:1718.87171
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-09/

“CLASSICAL” 2Xx2

e We can do this search but...

— pp%lff’t*] — Iq | | I | I | I | I
O
Z ATLAS Inclusive Signal Region -
ops e 0 103 ir prod. cr ion —
« Sensitivity pretty bad! < 1R\ 15 =13 Tev, 367 T cloppar prod. o1 secton 2
. . ~ — expected 95% CL limit i
e Limits run out at m(7) ~ 400 GeV B expected = o i
. 102 & expected = 20 —
e If stop just out of reach, very s .
natural theory - Allowed ]
10 Masses _
e [i.e. maybe RPV couplings have 1 —
prevented the discovery of a - .
i | BSM o Excluded
natura ] 107 Masses
E ﬁ
B ] | ] | ] | ] | ] | ] | ]
100 200 300 400 500 600 700 800
m-[GeV]
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arXiv:1710.87171



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-09/

“CLASSICAL” 2Xx2 p _

e But in order to get small ARz
lues, stops need to be gl pp = tt(+)). (t=>qq) :

highls i . V5(mg) =13(1) TeV |
highly boosted pT = N(p1, 0.2p7)

e Low signal acceptance!

e Throwing away a lot of the
signal...

e Can we do better?

e Can we scale this to larger
multiplicities?

37 arXiv:1710.87171
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2x1 2.X72 2><3 2x4 ZXS

But it could easily be that new particles don’t produce 4-jet events.
The new particles might like to decay to many more jets!
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2X 5-jet resonances 5
: 10

e Focus on “10-jet”, “2x5-jet” signal
e 126 ways to find the 5-jet peak (g2)

» + each contains extra 10 configs to find
intermediate peak ()

For the one “correct” view of this event,
there are >12k “wrong” views
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2x 5-jet resonances

e But lots of kinematic information exists shouldn’t need to brute
force problem...

e Yes, but have 10 four-vectors — Info in 10x4=40D feature space!
e Can’t construct useful variables by hand...
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ML

2x 5-jet resonances

Many HEP ML applications say “sig looks like BG. Let’s try a DNN.”
o Always remember: ML # Magic. Just a lot of Linear Alg

This is different: Sig and BG look very different.
e (It's just that they look different in 40D)

It's not that we have little information
We have way too much information!!! Large dim feature space.

?
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42 A Badea, W Fawcett, J Huth, TJ Khoo, R Poggi, LL — arXiv:2201.82285


https://arxiv.org/abs/2201.02205
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In fact;: LHC limits are
pretty bad out here

42 A Badea, W Fawcett, J Huth, TJ Khoo, R Poggi, LL — arXiv:2201.82285


https://arxiv.org/abs/2201.02205

IO y 47Tes
107!
Nested 3-TCS E
104~ )
12,500%
. (02 And it’s a shame...
10%-

Because this is really
well motivated...

In fact: LHC limits are
pretty bad out here

42 A Badea, W Fawcett, J Huth, TJ Khoo, R Poggi, LL — arXiv:2201.82285


https://arxiv.org/abs/2201.02205

42

Nested

And it’s a shame...

Because this is really
well motivated...

f_/\—\

All still possible in RPV SUSY:
500 GeV stops

In fact: LHC limits are
pretty bad out here 1.2 TeV gluinos
200 GeV Higgsinos

A Badea, W Fawcett, J Huth, TJ Khoo, R Poggi, LL — arXiv:2201.82285


https://arxiv.org/abs/2201.02205
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BACK TO 2X2

e Let's play with some Neural Nets to solve (relatively) simple problem

e What input structure?

e Some HEP applications use full 4-momenta:

P1 PN

se0e po0s
o

Input = {Ei,pxi;pyiapz’i}

FCN Describing inputs in orthogonal
coordinate system {E, p,, p,, P, }

Makes it easy for NN to sum inputs
But NN needs to learn how to
calculate masses!

Output




BACK TO 2X2

b1 PN Input = {mi,pTi, T)i sz}
‘{\'\R . W Input = { G Py, -1}
FCN
| Others might hand it {m, pr, 7, ¢}
Output

NN is told about masses and angles
But it then needs to learn how to
combine vectors!

A
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Construct a NN layer that knows
about relativity!

Input four-momenta — Knows
how to do four-vector addition,
calculate mass!

Don’t need a network to learn
physics we already know about!

NN is optimizing in physics basis

Send into “traditional” feed-
forward neural net to reduce
dimensionality of problem

NN w/ LORENTZ LAYER

P1 P2 P3 Pa P5
\ Input
I * s I Combinations
‘ . ‘ LOI'eIltZ
: Layer
Head
\ : Output

O 02?03 O4 |05 |Og |07 |03

—
ISR Score Comb. Score

A Badea, W Fawcett, J Huth, TJ Khoo, R Poggi, LL — arXiv:2201.82285


https://arxiv.org/abs/2201.02205
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CANNONBALL:

Combinatoric Artificial NN ON
(BAckronym) Lorentz Layer

Output not a single score.

Outputs interpretation of
event to choose the “best”
combination for us

Then traditional analysis
methods come in!

e [Including systematics]

NN w/ LORENTZ LAYER

P1 b2 b3 P4 s
\ Input
I * s I Combinations
‘ . ‘ LOI'eIltZ
' Layer
Head
\ : Output

O 02?03 O4 |05 |Og |07 |03

—
ISR Score Comb. Score

A Badea, W Fawcett, J Huth, TJ Khoo, R Poggi, LL — arXiv:2201.82285


https://arxiv.org/abs/2201.02205

e AR2 minimization does terribly
at getting the right pairing!

e CANNONBALL performs ~30x
better at large mass

e And is fairly robust to
mismeasurement of jets (€)
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Fraction of Events Correct

L0 pp — tt(j) — partons (RPV), MG5 aMC@NLO
. I I | I I | I I | I I | I I | I

0.8

\

CANNONBALL

0.6 F s

0.2 | :

0.4 L 0.3__ __

0.2 F ]

—~— AR” (C=1) ]

0.0 I 1 1 | 1 1 | 1 1 | 1 1 | 1 1 ] 1 .
0.3 0.6 0.9 1.2 1.5 1.8

m; [TeV]

A Badea, W Fawcett, J Huth, TJ Khoo, R Poggi, LL — arXiv:2201.82285


https://arxiv.org/abs/2201.02205
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e Dki: A measure of how much two PDFs

differ

e How well each method reconstructs
full four-vec of the heavy resonances
(1.e. getting the right comb. answer)

« CANNONBALL'’s big advantage is at

low stop pr

Dk (T'||P)

T
U
/Tlog <_P) dp

>y Tlog(%)

pT bins 7,¢,m bins

> DEP™(T||P,pr)

pT bins

pp — tt(j) — partons (RPV), MG5 aMC@NLO
! | ! | ! [ ! [ ! [

m(t)=1TeV, e=0.2
Truth

E i ~®~ (D, =0.00)

-~ CANNONBALL
E 0.1 - (0.16) _
. A Minimization
& - (0.43) .
S
ﬁ i AR (C=1) i
<3 8-
ey (11.01)
Q

O0re—e—0—0—0—0—0—0—0—0

A Badea, W Fawcett, J Huth, TJ Khoo, R Poggi, LL — arXiv:2201.82285



https://arxiv.org/abs/2201.02205
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e Better comb solns give peak-ier
mass distributions

e Easier to distinguish from
QCD+comb BGs

o This should translate to more
search sensitivity.

e Ongoing work

Normalized Event Density

pp — tt(j) — partons (RPV), MG5 aMC@NLO

m(t)=1TeV, e=0.2
—@- Truth
- CANNONBALL
- A Minimization
%~ AR” (C=1)

QCD Multijet
w/CANNONBALL

[

)

o
IIIII

—

<
N
I

[
-
S

A Badea, W Fawcett, J Huth, TJ Khoo, R Poggi, LL — arXiv:2201.82285
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e Better comb solns give peak-ier

mass distributions
pp — tt(j) — partons (RPV), MG5 aMC@NLO

e Easier to distinguish from o S B I B B
QCD+comb BGs = I m(@)=1TeV, e=02 ]
2 - = -@- Truth -
g i /"‘ - CANNONBALL
e This should translate to more A 1 A Minimization
e .0 o -3 L AR* (C=1) —
search sensitivity. = 10% oCD Matger
. ) - w/CANNONBALL .
e Ongoing work i
|U ]
5 \
ANy 0 O € < 0 .§ 10-4 - =
e X .
B oo )Xo Yo g -
- ]
° X< 9 € o
(] (] [ Z \
10 A
0 1.5 2

49 A Badea, W Fawcett, J Huth, TJ Khoo, R Poggi, LL — arXiv:2201.802205


https://arxiv.org/abs/2201.02205
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e Better comb solns give peak-ier

mass distributions
pp — tt(j) — partons (RPV), MG5 aMC@NLO

o Easier to distinguish from o S B I B B
QCD+comb BGs = I m(@)=1TeV, e=02 ]
2 - = -@- Truth -
8 i /"‘ - CANNONBALL
e This should translate to more A : A Minimization
e .0 o -3 L AR* (C=1) —
search sensitivity. = 10% oCD Matger
. ) - w/CANNONBALL .
e Ongoing work i
|U ]
)
'\ K 1 O € = 0 N —
- .
B oo )Xo Yo g -
- ]
° X< 9 € O
; ; ; I 1 1 1 1 I
1.5 2

Mass Asymmetry Min

Large off-peak
contributions...

49 A Badea, W Fawcett, J Huth, TJ Khoo, R Poggi, LL — arXiv:2201.802205
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e Better comb solns give peak-ier
mass distributions

pp — tt(j) — partons (RPV), MG5 aMC@NLO

e Easier to distinguish from o S B I B B
QCD+comb BGs = I m(f)=1TeV, e=02 ]
2 . = @~ Truth -
8 i /"‘ - CANNONBALL
e This should translate to more A : A Minimization
e_ 0 o -3 L ARZ (C=1) —
search sensitivity. = 10% oCD Matger
. ) C w/CANNONBALL .
e Ongoing work i
|U .
S \
'\ K 1 O € = 0 N —
| .
B oXoXeo Yo g -
= ]
° =X- 9 € O
U () 0 \ I I | I | I
1.5 2

M,y [1€V]

Mass Asymmetry Min
CANNONBALL

Large off-peak

contributions... Very close to best

case scenario (truth)

49 A Badea, W Fawcett, J Huth, TJ Khoo, R Poggi, LL — arXiv:2201.802205


https://arxiv.org/abs/2201.02205
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Does this approach scale?




Attack large dim feature spaces

If we think in this way, realize lots
of room for low mass new
particles from natural theories!

Hidden under the SM BGs and ,
combinatorial BGs created by ‘5,
our lack of 40D tools A

Not using ML to eke out a little
more exclusion power



Attack large dim feature spaces

If we think in this way, realize lots
of room for low mass new
particles from natural theories!

Hidden under the SM BGs and

combinatorial BGs created by »M "
our lack of 40D tools j
RO

Not using ML to eke out a little
more exclusion power

Trying to enable searches
that are really (really) hard
that might actually
DISCOVER something.



Thanks for your
attention!



s )




54

R-PARITY VIOLATING SUSY

1 1
Wrpyv = puiH, L; + §>\z'jkLz'LjEk + X LiQj Dy + iA{;’kUiDjDk

L Violating

(/

B Violating




R-PARITY VIOLATING SUSY

Wgrpyv = uid, L; + — )\ka [ Ek —|—)\ kL QJDk + = )\ kUD Dy
L Violating B Violating

* Low energy/Electroweak constraints

* Proton lifetime limits set very strict bounds
on simultaneous L- and B-violation here (for
light flavor couplings)

e Z boson line shape measurements set
some limits on L-violation in RPV

e Biggest constraints on (light flavor) A" come
from n-nbar oscillation limits

e hEDM<<1 also constrains certain A"




S5

Using pyTorch

e Training on NVIDIA Quadro RTX
w 8GB RAM using CUDA 11.5

Enforcing mass invariance by mixing
masses (democratically) in training
sample

e 180k events x 20 masses

Loss fn: Binary cross entropy,
minimized using Adam.

Learning rate of 1e-3 — playing with
dynamic learning rate

Batch size of 10k
30 combination layer nodes
3 hidden layers in head (200 nodes)

Average Batch Training Loss

Val/Train

1.0F
0.5F

0.5}

0.3}
0.2}

0.1F

0.6

0.4F |

m;=1[0.3,0.4,...,2] TeV |
£ = BCELoss(y, y)
pr smearing &

0.0

0.2

T B!

0.0 ——+—+—
1.5E

Epoch
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2 2 9 )
My = mH,bare T An/lSM T AWlBSM

What if we say each
particle has a partner
(“sparticle”) that cancels
off corrections

SUPERSYMMETRY

(SUSY)
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> 9
My = My

2 2
bare T An/lSM T AWlBSM

Minimally Supersymmetric
Extension to the SM

(MSSM)




R-PARITY VIOLATING SUSY

1

1 1
Wrpv = pilyL; + 5)\ijkLz'LjEk + X1 LiQ; Dy + iA{;’kUiDjDk

L Violating B Violating
4 q

q

e \" gives rise to all-hadronic b _ - q
final states at LHC g 95 0 \ 1/ q

‘;;»“ Xl )\
. . “"4;‘;‘ =0 \/

e B-Violating SUSY could "“«-‘..- X1 A q
easily hide at LHC D d

q
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» Papers have argued for low-level calo 3 Calorimeter image
images — CNN: 1885.18738 Eﬁ:__;if_ e Y 2 |
1711.83573 2l e s ) - _
- | " _\m. - l‘l 0>
« Could work, but overly complicates... £ Oh;' e 1 A |-:-|'- ”g
: l:'.L - i ‘7"5 Lat SN STy
» Most of the detector is empty! B - N e .
Inefficient! TR ue il B
212 & = -8 _-.—“—_ P l--
« Throw away all jet physics (*) and s of ;1-/(_ - \‘,- '-'11 0.0
: : . Sl wd WAL % o, o
tries to rediscover it. 5 ) 3 ] >
eta

e That’s not the problem I'm
interested in solving... 50x50 x 3 layers ~ 7.5k Dimensions!

(*) The work it takes to go from raw detector info to calibrated four-vector

58 Talk by SFarrell at SUSY Mini-workshop on ML



https://arxiv.org/pdf/1805.10730.pdf
https://arxiv.org/abs/1711.03573
https://indico.cern.ch/event/690857/contributions/2836269/attachments/1589350/2514446/Farrell_susyml.pdf

Instead, use huge
jet physics industry...

Distill calo inputs to well-
understood, calibrated 4-vectors.

Problem “only” 40D

Hand those 4-vectors to a NN
— Huge head start
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RPV MULTIJET

Look in the tails, see no

disagreement with background

hypothesis

Limits up to ~1.9 TeV in gluino mass

e (But also as weak as ~1 TeV!)

l

@

. ~ ~0 -0
production, §—qqx., X,— 499

—I Obs Lilmit |
e+ 100227 Obs Limit
— Exp Limit (+ 1o
Run 1 Limit

1T ©Q

:~'.
:.'.
'my,

II|III|III|III|III|III|III|II

----------

Vs =13 TeV, 36.1 fb™
ATLAS

00 1200 1400 1600 1800 2000 22
my [GeV]

l|lll|lll|lll|lll|lll|lll|lll|lll|lll|llL

SUSY-2016-22



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-22/

RPV MULTIJET

Look in the tails, see no

disagreement with background

hypothesis

Limits up to ~1.9 TeV in gluino mass

e (But also as weak as ~1 TeV!)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-22/

RPV MULTIJET

COULD BE A GLUINO SITTING THERE AT 1 TEV

THE LHC DREAN.

(JUST HAS THIS RPV TERM ONI)

e (But also as weak as ~1 TeV!)

SUSY-2016-22


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-22/

WE WERE A BIT OPTIMISTIC...

ATLAS NOTE @

o A

n»r->»

July 23,2010

Prospects for Supersymmetry discovery
based on inclusive searches at a 7 TeV centre-of-mass energy
with the ATLAS detector

4jets Olepton ATLAS
Preliminary © SM + SUSY SU4-

E o 7 TeV =~ SM BG

= 1—0— ® {op

10° % = single top

AW

vZ

m QCD light jets
QCD bjets

* DiBoson

5(SU4) ~ 100 pb
|
—T— m(@, ) ~ 410 GeV

L

—
o
™

The ATLAS Collaboration

Events /1 fb™

l IIIIIII| l IIIIIII| l IIIIIII| l IIIIIII| l IIIIII-FI [ |

//
///////////// ///////////// oA

10 /J// ///K/I///V// N //%%
0O 200 400 600 800 1000 1200 1400 1600 18002000

Missing ET [GeV]

62 ATL-PHYS-PUB-2010-010


https://cds.cern.ch/record/1278474
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Proton decay

(/

1 1
Wrpv = pidy L; + §>\ijkLz’LjEk + X LiQj Dy, + iA{;‘kUiDjDk

L Violating B Violating
( d 5?2
R u 112

5 /1112111122 4
Fp—>e+7ro ~ Mproton Z P‘ A | /m&;
i—2.3




SCANNING RPV
STRENGTH

Zero RPV coupling Moderate coupling: Large coupling:
= RPC case Diagrams still dominated by Direct decays if RPV
gauge couplings coupling dominates

over RPC vertices
LSP at end of RPC decay
chain then decays
(potentially displaced)
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IS THERE ANY REGION O :
SIGNATURE SPACE WE HAVEN'T COVERED YET:

gauge couplings coupling dominates
over RPC vertices
LSP at end of RPC decay
chain then decays
(potentially displaced)
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