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Koji1 Hashimoto |

Professor
Particle Physics Theory Group
Department of physics, Kyoto University

The research area "Machine Learning Physics" will begin
with the aim of discovering new laws and pioneering new

materials
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BO1 Akinori Tanaka (Riken AIP) Math and application of DL
BO2 Yoshiyuki Kabashima (Tokyo) Statistical data and ML
BO3 Kenji Fukushima (Tokyo) Topology and Geometry of ML
AO1 Akio tomiya (IPUT Osaka) Lattice
A02 Mihoko Nojiri HEP

Junichi Tanaka (ICEPP Tokyo, ATLAS)

Masako lawasaki (Osaka Metropolitan Belle Il )

Noriko Takemura and Hajime Nagahara (Data Science)
AO3 Tomi Ohtsuki (Sophia U) Condensed Matter
A04 Koji Hashimoto Quantum and Gravity
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Layout of the LEP tunnel including future LHC infrastructures. I
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FPGA= Field Programmable Gate Array
his4ml: HLS =its compiler
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* FPGA-as-accelerator library - Whole model on chip

* Model Compression essential Example: Resource Usage in
Jet Classification with RNNs
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H(bb)H(bb) most sensitive channel
for mx > 400/500 GeV
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QCD community have developed sofisticated thoeretical treatment about this.




s PARTICLE NET(1902.08570)

Convolution
Regular grid
0
EdgeC 011 %
. (a) Convolution on
Point cloud the regular grid.

? 7?72 .

? 72 points

ot P ¢

(b) Convolution on
the point cloud?

T v IR he(x;, xl-j) : REx RY - RY

Vv MIERIET —% (sparse data )
RO THEREIERZADDIEHED

: channel wise symmetric operation (&R K. 33, FRE )

ZEC AR k : TEDRFE  7~16




VBZH EICUTRBEFEDED A LUND NET(2012.08526)
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EdgeC 0111 J i3 \ /
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QCD community have developed sofisticated thoeretical treatment about this.
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: LundNet-3 —&—

LundNet-5 —o—
,,,,,,,,,,,,,,, RecNN (LCBC'17) 4~

Lund+LSTM (DSS '18) —a&—
ParticleNet (QG'19) A

~ Pythia 8.223 simulation
signal: pp->WW, background: pp->jj

anti kt R=1 jets, p>2 TeV, gy=0.7 | :

In k; cuts: @, -2, -1.5, -1, 0.5, 0, 0.5, 1, 1.5, 2

1
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resilience to non-perturbative effects

Figure 8. Performance —=%£— versus resilience to non-perturbative effects.
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Tagger Architecture Exploration JETM-2023-003/2024-002

Of all explored architectures in ATLAS, the physics driven Lund-net tagger
performs the best so far

- Better than standard transformers or symmetry driven PELICAN

- |s stronger hyper-parameter optimization needed?

- How does the modeling dependence fit into this picture?

L Partcle transformer ¥
- Are detector details important?

PELICAN & W feERBED S LN
Ry =) L SR e e
B U fzLundNet DA H3,

P

RiREND R RWERZ
L

N
-
o
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' ATLAS Simulation Preliminary

= Vs =13 TeV, W tagging

~ anti-k, R=1.0 UFO Soft-Drop CS+SK jets
P> 200 GeV, Inl <2.0

I LAS Simulation Preliminary

/s = 13 TeV, top tagging

anti-k, R=1.0 UFO Soft-Drop CS+SK jets
p, > 350 GeV, n| < 2.0

—
o
o

10°
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Background rejection (1/8;;'9)
Background rejection (1/ej )
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X FRE AN DBEL =

Vv bDOREFERIE. O—L2YITL—LIELSHEWVWET,

T— D7 L—L%ZE

fril

TB5(FH,. YV hDHZEZEBZDT %,

c F—EEETZZELTKELTSE (F—IHAIVROERTIESH OIS, EEL, )

s XY BMT—UZD5DZO—LYYARZICHO(RRBIEPEA. AETS—ICEVWHNBEWVSED)
Inputs p; — p; - p; permuation invariance F(zeT; )= me°F(T;), Use equivariant layer T, Z BTk

f=!

EWolexdinh & 5hnd,

O—LYYARERELE ITZE TRy N7 =01 F, BRI EDANRY N, RBWoERERZEH I, 77— %=
AR SRICEFIICOBELTWVWAZ EICRIGLTWS 0, =& LorentzNet 2201.08187 PELICAN

(arXiv 2211.00454) L-GATr 2405.14806 (Lorentz Geometric Algebra transformer)




”TRﬁ\NSFORMER” :SELF ATTENTION LAYERS

output size = input size

Attention(Q, K, V') = softmax(

b « NZUVRAT7A—=NDA7EDIE  TAttention Matrixy
A:rt;::ii::n (@K « ECORFOEDIE (W) RIEELRHEZFEINTZ
d E>THEKT %,
n \V/ st e IR DA & H TR DM EED S
K prriad ¢ X = XX EANDBEAEREILLTWVL

Yo d (feature€) Wy

Wy CMS will have jet trigger using transformer soon

input data(Z = /7 X)

constituent D1EF)=




BATHET—YELTVWSNBDHELDL LY

Table 2. Particle input features used for jet tagging on the JETCLASS, the top quark tagging (TOP) and the quark gluon tagging (QG)
datasets. For QG, we consider two scenarios: QGexp 18 restricted to use only the 5-class experimentally realistic particle identification
information, while QGyg,y uses the full set of particle identification information in the dataset and further distinguish between different

types of charged hadrons and neutral hadrons.

o - 2 Category Variable Definition JETCLASS TOP QGeyp QG
LE%EE)J =2 An difference in pseudorapidity n between the particle and the jet axis v v v v
Ao difference in azimuthal angle ¢ between the particle and the jet axis v v v v
log pr logarithm of the particle’s transverse momentum pr v v v v
Kinematics log E logarithm of the particle’s energy v v v v
log = éet) logarithm of the particle’s py relative to the jet pr v v v v
log BGeD) logarithm of the particle’s energy relative to the jet energy v v v v
AR angular separation between the particle and the jet axis (1/(An)2 + (Ag)?) v v v v
=y o ~ charge electric charge of the particle v — v v
2=ACIR partlde ID fd‘ C\: Electron if the particle is an electron (| pid|==11) v — v v
Particle Muon if the particle is an muon (| pid|==13) v — v v
identification = Photon if the particle is an photon (pid==22) v - v v
CH if the particle is an charged hadron (| pid|==211 or 321 or 2212) v — v Ve
NH if the particle is an neutral hadron (| pid|==130 or 2112 or 0) v - v 2
tanh dy hyperbolic tangent of the transverse impact parameter value v — — —
?Ej‘ gg/n\ 5 j_\'z Fo EE I%IE Trajectory tanh d hyperbolic tangent of the longitudinal impact parameter value v — — —
displacement Od, error of the measured transverse impact parameter v — — —
Od, error of the measured longitudinal impact parameter v — — —
“(1pid|==211) + (|pid|==321)%0.5 + (|pid|==2212)+0.2
DR T ) RN T ) o T e SRR e -
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But what is the connection to this picture??

Parton Shower

SUBJETS

S

O G
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QCD community have developed sofisticated thoeretical treatment about this.




XY NT—U%ZEDRICHEZZEZ S

» RYIDEHIRILF—EZE Partons(quarks and gluons) {y}

- BEDHBZP Y b P({x;} 1 {y,})

- YT hOHRO/\ROYV

P(hadrons in jets | parton ~ jet) = P({x;} | {y})

c BHOBEDHZDZANY M Z2HDOER

P({x;}, 171, (o) 1p1) ~ PUx; Y DPUAX Y} PUYe > Y51

y: I\—RBRERRKZS 1TeVEIREORAT—IL v NABEERS5100GeV AT —J)L /\ROVIF1GeV




particles

SUu bjets ’ * transformed particles

ya Cross attention P({xl-} ‘ {)’a})




QCDD7 77 h)E—aVv@EZESATcRY NT—D

ATTENTION —CROSS Attention IC &k % P(h| subjets) Sl
input X skip connection X=X+0

Particles

C .
w I I ross attention = 2
E _ & Global MAX
§ I I MLP mixer oolin
P 9
I I —MLP

(Extract global information)

*

&
* Local information via Subjets (V, K)



https://arxiv.org/abs/2404.14677

N
Cross
attention i
matrix
f f
| O i K
jet Wi

constituents

PEA

YRV
.f
V
WV

CROSS ATTENTION LAYERS

* restrict network to cross attention (subjet) x (jet
constituent) A=QKAT

* jet constituent Q

* subjet : parton shower, hadronization KV

e TV Ty NDOEEE(UN— MY v T —PEW
FDRT—ILOYEBZRIR) A, Wnd s>y A
HICALF(1GeVDRT —)L) ICERDITZE5EZ 5 EE
ZR-o>TW5.

subjet
kinematics

HKO2LPDLBUL




BEDNHZIHDICALTRZEDBEZEELCXY N T—UDHRL

Hard scattering Jet function Parton shower

LHC process REVILT FULTTTETTTITY

o(pp — a,b — Njets) ~ Hy | B BbHJk RSN,
L=

Ygeeennnn?®

4 EEEEEEEEEEEEEEEEERS

ETCDT—H5%F EHTself attention 5 & DS IEEIR U ALY

Q(constituent) x: Q(constituent) x
AV =( K(constituent) K(subjet) Y, Q b < b Vv b
QUsUb) X yrsubi) K(subi] = Q(subj) K(subj) V(subj) +

K(constituent)

—73 cross attention ICF 5 & Q(Dyy (1)) - K(Pyy (1))

WS DODEDEE UTHEERMNSHEZINDIDT, RT—=ILeIIIF*F—DH3YER
IS UEX TR T H5DICER
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I Skip-connections Skip-connections Mixer Layer :
[
: Channels l I
— Patches MLP 2
[
: = [ - P __(MLP1 = = MLP2 —» |
' ~  particles & g —{MLP1 /T_ Z [ MLP2
5 s \U A= ¢ MLP1 }—p 5 [ MLP2 |
2 % < |- teature - o
I < a - MLP 1 s MLP 2 I
A o al il
| ® 2 MLP 2 |
Q @
—+ =

MLP 1 : feature 12T ICEFR T B, MLP-Mixer (B ICF35ED
MLP 2: feature ICfEFHE Y. RIFEFHE S,

ZIWIVXLTEE




Performace comparable to Particle Transformer but much faster and lighter

Models AUC R50% #Parameter Time (GPU%)
ParT 0.9858 413+-16 2.14M 612
Mixer+subjet (CA)|  0.9856 392+-5 86.03K 33
(AK) 0.9854 375+-5 86.03K 33
(HDBSCAN) 0.9859 416+-5 86.03K 33
LorentzNet 0.9868 498+-18 224K
s 0.9869 : 45K ;

(Lorents Invariance)

*Subjet cone size R=0.3
*HDBSCAN is algorithm without distance measure




Performace comparable to Particle Transformer but much faster and lighter

Models AUC R50% #Parameter Time (GPU%)

ParT 09858 | 413+16 | 2.14MERIE
Vixerssubjet(CA)  0.9856  392+5  8603K | 33
(AK) 09854  375+5  B8603K 33
(HDBSCAN) 09859 416+5 86.03K 33

LorentzNet 09868  498+18 224K |
s 0.9869 : =T, :
(Lorents Invariance) | FAST

*Subjet cone size REGHGH PERFORMANCE WITHOUT

*HDBSCAN is aIgoriterJnSmt(ﬁoul’(Ocﬁ‘sEtNTS INVARIANCE

ance measure




APPLICATION 2
TOWARD GLOBAL EVENT ANALYSIS

Figure 2: Feynman diagram for the signal process.




cross attention motention for 2 fatjet events

45 i)

MLP & softmax

. J

CROSS ATTENTION

-

&

We can replace

transformer to

“mixer+subjet”
network

NSYRT A=Y~
AVl N b

1st Leading
jet

ADD
Transformer
2nd leading jet
jet kinematics

i3

step 2 :multihead cross attention

transform jet kin by

cross Att. [substracture]x [jet kin]

step 1 : multihead self attention
[substructure ]x[substructure]
[jet kin]x [jet kin]
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INPUT TO NETWORK : EVENT KINEMATICS

¢

Kinematical inputs (3, 6)
tatjet 1 = (my, 1, ¢y, pri» E1), 0,
tatjet 2 = (m,, n,, ¢», p1, E5), 0,
H candidate = (m,, 75, Q15 P17, E15), 015 = 0

NOTE :

1.”5 inputs for 4 momentum" ,

2. H candidate momentum as sum
of the fat jet momentum.

3. add "0" :the correlation beyond

mj~1 25GeV

fatjet 1 /

0: Ty NEIERDIEHRILDI=HDE

Mt

<4

-
L]
[}
- .
LJ
L
L4
R4
&
’0
o *

mj~1 25GeV

a subjet

i

beam direction




factor 5 improvement at the same acceptance.

LT — Auc (Jets only (self-attention))— 844% AT
= —— AUC (Kinematics only (self-attention))= 91.6%
S U8 — AUC (Jets+Kinematics (self-attention))=95.0% +  [|
; AUC (Jets+K1nematlcs (cross-attention))= 98. 8%
L e e T SN S S A | -
i
B!
O -
Q‘ 04 e L 0=3c O PP V. P UV AU . M
<>,
s
av
LT_‘ I i A D e e e e e e e e e
0.0 i e T I s o
0.0 0.2 0.4 0.6 1.0

Signal efficiency

Cross attention improves the rejection
efficiency significantly

False positive rate

IMPROVEMENT USING CROSS ATTENTION

(because QCD background is correlated)

Decay correlation is important

_________

——————————————————————————————————————————————————————————————————————————————

without 6

0.0

Rt R oo Y el 1.0
Signal efficiency




BRGEER  CKA BBt Z 6

HSIC(M,N) HSIC(M,N) =

CKA(M,N) = ~Tr(MHNH)

HSIC(M.M)HSIC(N.N) (d—1)
d event \/SC(’)SC(’) 1

1if they are same (no improvement)

= Network1 -

I CKA-Top jets
hldden Iayer X(d X hl) Embedding 0.66 0.56 0.31 0.4 0.53

FC1(MLP;)- 0.66 1 0.48 0.57

Efficient!

IllO

-0.8

FC2(MLP;)-  0.56 0.53 0.58
:Illlllllllllll. FCl(MLPZ)- 0.31 1 0.39 -06
: Network 2: Do we need this? FC2(MLP,)- 0.4 0.48 0.58 0.39 1
u . SkipLayer- 0.53 0.17 0.56

Attention 0.12 s
FC 0.12 : 0.047 0.07 I
hidden layer Y(d X h,) embedding [N o 039 I.
FCY(MLP;)-  0.61 0.65 0.64 0.55 ::
FC?(MLP;)-  0.61 0.76 0.62 0.68 "
FCY(MLP)-  0.48 0.65 0.76 1 0.57 oy
FC2(MLP,)-  0.49 0.64 0.62 0.57 1 0
OUtpUt SkipLayer - 0.46 0.43 04
Attention 0.19 . : 0.15 0.57 0.3
T T FC- 039 0.55 0.68 0.48 0.72 Io.z
M=XXIN=YY"l (& e @ @ e
®6 Q“\/ \@\/ \‘“\/ \@\/

ANBEHREx ANBREOBETEY 1 X NS SR AN S —
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Comparison to LEP data i

m Inclusion of NNLL potentially

| __ Thrust _ resolves the issue of needing { |
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VS =M, =912 GeV e s 301 an anomalously large value of
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e e (0s(mz) = 0137 in Pythia's 1) K>3 J—(CNNLLBEZ §
Monash 13 tune * i

arxiv:1404.5630, Skands, Carrazza, WA &ET
Rojo )

0.01} & i

|
I 1
_‘_‘I&

|
o
&
T 1T DI

ratio to data
corRrHROOHRHKHH
OO NI~POOLOON P~

A=k arv =0

m Some caution needed as no = | A : =
B ETH \ —
3-jet NLO matching, which is T,\EE}J.:. Er-@ash *D(yb—f :|:5Z

known to be relevant away !
as(mz) = 0.118 from the 2-jet region. s

dm

coFPEHFHOORHERH
OcOwONROIO®ON M

10

Colour is handled using the NODS scheme which gives full colour _
accuracy at NLL for global observables (includes those shown) m A comprehensive study of

shower uncertainties is still to
be done.

D R e
4

u)muuw-m
b byt gt bty - Y hor i gy by

....
e e . - -
"IN
R S D I 5

body v g
DN 0 -

iff not an ozéws

NNLL Parton Showers

*This should be taken as an average o
J.Helliwell (U.0.0)

WL ETTIVG TSI ) s N LTI 120 b i
- -y - » - - - ~
Wow et cw TR e "
.
A Bk e b

BOOST 2024




LUND PLANE®DEIE 3% & D HE (ATLAS 2004.03540)

ATLAS (s=13TeV, 139 fb”, p__ > 675 GeV
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Figure 2: The LJP measured using jets in 13 TeV pp collision data, corrected to particle level. The inner set of axes
indicates the coordinates of the LJP itself, while the outer set indicates corresponding values of z and AR.
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