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How things work?
Remember a simple regression problem: 

Schematically, it can be written out as (let’s put x0=1):  

  

!1 "

!0
#0

#1

y = w0 + w1x1



How things work?
Remember a simple regression problem: 

Schematically, it can be written out as (let’s put x0=1):  

  

y = w0 + w1x1

!1

!0
#0

#1
∑ #$!$ "



More observables?
What if regression will get multiple inputs.  

Fairly easy, we can represent it in a graphical way:  

  

y = w0 + w1x1 + w2x2

!1

!0
#0

#1
∑ #$!$ "

!2

#2
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More Regressions?

!1

!0
#0

#1
∑ #$!$ "

!2

#2

a0 %0

%1

We can add a similar to x0 term a0, we also assign weights v here. 

To represent a final calibration. 
  

y = b1(w0 + w1x1 + w2x2) + b0



What else can be added?

!1

!0
#0

#1
∑ #$!$ "

!2

#2

a0 %0

%1

∑ &$!$

%2

&2

&1

&0

We can add a second regression 

  

y = b2(ν0 + ν1x1 + ν2x2) + b1(w0 + w1x1 + w2x2) + b0



NonLinearities?

!1

!0
#0

#1
"

!2

#2

a0 %0

%1

%2

&2

&1

&0

We can add a second regression 

  
y = b2σ(ν0 + ν1x1 + ν2x2) + b1σ(w0 + w1x1 + w2x2) + b0

σ (∑ wixi)

σ (∑ νi xi)



NonLinearities?

!1

!0
#0

#1
"

!2

#2

a0 %0

%1

%2

&2

&1

&0

We can add a second nonlinearity? 

  
y = σ(b2σ(ν0 + ν1x1 + ν2x2) + b1σ(w0 + w1x1 + w2x2) + b0)

σ (∑ wixi)

σ (∑ νi xi)



Neural Network!

So we just need to have a very big hidden layer?  
(and in fact just use many logistic regressions)?



How to fit all the weights?

Growing Deeper



LeCun et al., "Backpropagation Applied to 
Handwritten Zip Code 
Recognition," Neural Computation, 1, pp. 
541–551, 1989

Training Neural Networks



Training Neural Networks

Most probably, we we 
will train a supervised 
classification, which 
means that we not 
only need images, but 
also labels.



Single digit

Each digit is represented by 28X28 point picture with different brightness. 
We can write it as a vector.



Ideal result:
[0.1, 0.2, 0.2 , 0.2, 0.1, 0.3, 0.5, 0.3, 0.2]

We have an untrained network and forward propagate an image, which is 
known to be “2” (remember, we have labeled dataset)

[0., 0, 1, 0, 0. 0, 0, 0, 0]

We know that that 
the ideal output 
should look like this:

https://www.youtube.com/watch?v=qtyiJTMcxao 

Forward propagation

https://www.youtube.com/watch?v=qtyiJTMcxao
https://www.youtube.com/watch?v=qtyiJTMcxao


Backpropagation

Ideal result:

Remember that we started from regression. 

[0.1, 0.2, 0.2 , 0.2, 0.1, 0.3, 0.5, 0.3, 0.2]

[0., 0, 1, 0, 0. 0, 0, 0, 0]

We know that that 
the ideal output 
should look like this:



Backpropagation

In fact, we know this shape, it looks like 
regression diagram. 

We also know how to obtain a good regression 
and update weights.  

But we know more than this. 

We know that the image is in fact 2. 

Output2=1

Hidden layer 2



Backpropagation

Output3=0

Hidden layer 2

In fact, we know this shape, it looks like 
regression diagram. 

We also know how to obtain a good regression 
and update weights.  

But we know more than this. 

We know that the image is in fact 2. 

We know even more than this: this number is 
not 3. 

We thus can simultaneously update the weights 
using a rule: 

    is called a learning rate 

Δw = α
∂ℒ
∂w

α



Backpropagation
In fact, to avoid our neural network to be trained to give only ”2”, we need to 
insert several different digits. 

We thus produce a new set of weights tor the last hidden layer. 



Backpropagation

Fixed in previous step

Now with previous layer, we can update the values in the same manner we did before.



Backpropagation
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Ideal result:

Fixed in previous steps
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$MBTTJʓDBUJPO RVBMJUZ FWBMVBUJPO� BDDVSBDZ

Ȃ (JWFO B MBCFMFE TBNQMFXℓ =
{
(xi, yi)

}ℓ

i=1

 yi ∈ {−1,+1}
 BOE

TPNF DBOEJEBUF h
 IPX XFMM EPFT h QFSGPSN POXℓ 

Ȃ -FU UIF UISFTIPMEFE EFDJTJPO SVMF CF a(x) = [h(x) > t] 	t�
IZQFSQBSBNFUFS


Ȃ 0CWJPVT DIPJDF� BDDVSBDZ

BDDVSBDZ(a,Xℓ) =
1

ℓ

ℓ∑

i=1

[a(xi) = yi]
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$MBTTJʓDBUJPO RVBMJUZ FWBMVBUJPO�
DPOGVTJPO NBUSJY

-BCFM y = 1 -BCFM y = −1
%FDJTJPO a(x) = 1 5SVF 1PTJUJWF 	51
 'BMTF 1PTJUJWF 	'1

%FDJTJPO a(x) = −1 'BMTF OFHBUJWF 	'/
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Ȃ 3BUFT BSF PGUFO NPSF JOGPSNBUJWF�

'BMTF 1PTJUJWF 3BUF BLB '13 =
'1

'1+ 5/
,

5SVF 1PTJUJWF 3BUF BLB 513 =
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51+ '/
,

Ȃ 8IJMF BDDVSBDZ DBO CF FYQSFTTFE
 UPP
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$MBTTJʓDBUJPO RVBMJUZ� UIF SFDFJWFS
PQFSBUJOH DVSWF
Ȃ 0GUFO h(x) JT NPSF WBMVBCMF UIBO JUT
UISFTIPMEFE WFSTJPO
a(x) = [h(x) > t]
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DPSSFTQPOEJOH UP WBSJPVT DIPJDFT PG
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Ȃ 5IF QMPU 513	t
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 JT DBMMFE
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 DVSWF

Ȃ "SFB VOEFS DVSWF 	30$�"6$
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4PVSDF� 8JLJQFEJB

%FOJT %FSLBDI �



$MBTTJʓDBUJPO RVBMJUZ� UIF SFDFJWFS
PQFSBUJOH DVSWF
Ȃ 0GUFO h(x) JT NPSF WBMVBCMF UIBO JUT
UISFTIPMEFE WFSTJPO
a(x) = [h(x) > t]

Ȃ $POTJEFS UXP�EJNFOTJPOBM TQBDF XJUI
DPPSEJOBUFT 	513	t

 '13	t



DPSSFTQPOEJOH UP WBSJPVT DIPJDFT PG
UIF UISFTIPME t

Ȃ 5IF QMPU 513	t
 WT� '13	t
 JT DBMMFE
UIF SFDFJWFS PQFSBUJOH DIBSBDUFSJTUJD
	30$
 DVSWF

Ȃ "SFB VOEFS DVSWF 	30$�"6$

SFʔFDUT DMBTTJʓDBUJPO RVBMJUZ

4PVSDF� 8JLJQFEJB

%FOJT %FSLBDI �



$MBTTJʓDBUJPO RVBMJUZ� UIF SFDFJWFS
PQFSBUJOH DVSWF
Ȃ 0GUFO h(x) JT NPSF WBMVBCMF UIBO JUT
UISFTIPMEFE WFSTJPO
a(x) = [h(x) > t]

Ȃ $POTJEFS UXP�EJNFOTJPOBM TQBDF XJUI
DPPSEJOBUFT 	513	t

 '13	t



DPSSFTQPOEJOH UP WBSJPVT DIPJDFT PG
UIF UISFTIPME t

Ȃ 5IF QMPU 513	t
 WT� '13	t
 JT DBMMFE
UIF SFDFJWFS PQFSBUJOH DIBSBDUFSJTUJD
	30$
 DVSWF

Ȃ "SFB VOEFS DVSWF 	30$�"6$

SFʔFDUT DMBTTJʓDBUJPO RVBMJUZ

4PVSDF� 8JLJQFEJB

%FOJT %FSLBDI �



$MBTTJʓDBUJPO RVBMJUZ� UIF SFDFJWFS
PQFSBUJOH DVSWF
Ȃ 0GUFO h(x) JT NPSF WBMVBCMF UIBO JUT
UISFTIPMEFE WFSTJPO
a(x) = [h(x) > t]

Ȃ $POTJEFS UXP�EJNFOTJPOBM TQBDF XJUI
DPPSEJOBUFT 	513	t

 '13	t



DPSSFTQPOEJOH UP WBSJPVT DIPJDFT PG
UIF UISFTIPME t

Ȃ 5IF QMPU 513	t
 WT� '13	t
 JT DBMMFE
UIF SFDFJWFS PQFSBUJOH DIBSBDUFSJTUJD
	30$
 DVSWF

Ȃ "SFB VOEFS DVSWF 	30$�"6$

SFʔFDUT DMBTTJʓDBUJPO RVBMJUZ

4PVSDF� 8JLJQFEJB

%FOJT %FSLBDI �



$MBTTJʓDBUJPO RVBMJUZ� JNCBMBODFE EBUB

Ȃ 513	t
 WT� '13	t
 � 30$ JT CBE GPS JNCBMBODFE EBUB� GPS ℓ = 1000

n− = 950 	IJHI CBDLHSPVOE OPJTF

 n+ = 50 	MPX TJHOBM


B USJWJBM SVMF h(x) = −1 	ǹUSFBU FWFSZUIJOH BT CBDLHSPVOEǺ
 XPVME
ZJFME�

Ȃ BDDVSBDZ(a,Xℓ) = 0.95 	CBE

Ȃ 513(a,Xℓ) = 0. 	0,

Ȃ '13(a,Xℓ) = 0. 	CBE


Ȃ $SJUFSJB CFUUFS TVJUFE GPS JNCBMBODFE QSPCMFNT�

QSFDJTJPO =
51

51+ '1
, SFDBMM =

51
51+ '/
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(FOFSBMJ[BUJPO BOE PWFSʓUUJOH

Ȃ 5SBJOJOH TFU NFNPSJ[BUJPO� GPS TFFO (x, y) ∈ Xℓ
 h(x) = y

Ȃ (FOFSBMJ[BUJPO� FRVBMMZ HPPE QFSGPSNBODF PO CPUI OFX BOE TFFO
JOTUBODFT

Ȃ )PX UP BTTFTT NPEFMǷT HFOFSBMJ[BUJPO BCJMJUZ 
Ȃ $POTJEFS BO FYBNQMF�

Ȃ y = cos(1.5πx) +N (0, 0.01)
 x ∼ Uniform[0, 1]
Ȃ 'FBUVSFT� {x}
 {x, x2, x3, x4}
 {x, . . . , x15}
Ȃ 5IF NPEFM JT MJOFBS X� S� U� GFBUVSFT� f(x) = wᵀφ(x)

Ȃ )PX XFMM EP UIF SFHSFTTJPO NPEFMT QFSGPSN 
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1PMZOPNJBM ʓUT PG EJGGFSFOU EFHSFFT
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.PEFM WBMJEBUJPO BOE TFMFDUJPO

Ȃ 8F IBWF GSFF QBSBNFUFST JO NPEFMT�

Ȃ QPMZOPNJBM EFHSFF d
 TVCTFU PG GFBUVSFT JO NVMUJWBSJBUF
SFHSFTTJPO
 LFSOFM XJEUI JO LFSOFM EFOTJUZ FTUJNBUFT
 ǿ

Ȃ .PEFM TFMFDUJPO� IPX UP TFMFDU PQUJNBM IZQFSQBSBNFUFST GPS B
HJWFO DMBTTJʓDBUJPO QSPCMFN 

Ȃ 7BMJEBUJPO� IPX UP FTUJNBUF USVF NPEFM QFSGPSNBODF 
Ȃ $BO XF VTF FOUJSF EBUBTFU UP ʓU UIF NPEFM 
Ȃ :FT
 CVU XF XJMM MJLFMZ HFU PWFSMZ PQUJNJTUJD QFSGPSNBODF FTUJNBUF
Ȃ 5IF TPMVUJPO� SFMZ PO IFME�PVU EBUB UP BTTFTT NPEFM QFSGPSNBODF
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5SBJO�WBMJEBUJPO
Ȃ 4QMJU USBJOJOH TFU JOUP UXP TVCTFUT�

Xℓ = Xℓ
53"*/ ∪Xℓ

7"-

Ȃ 5SBJO B NPEFM h POXℓ
53"*/

Ȃ &WBMVBUF NPEFM h POXℓ
7"-

Ȃ "TTFTT RVBMJUZ VTJOHQ(h,Xℓ
7"-)

Ȃ %BUB�IVOHSZ� DBO XF BGGPSE UIF
ǺMVYVSZǺ PG TFUUJOH BTJEF B QPSUJPO PG
UIF EBUB GPS UFTUJOH 

Ȃ .BZ CF JNQSFDJTF� UIF IPMEPVU
FTUJNBUF PG FSSPS SBUF XJMM CF
NJTMFBEJOH JG XF IBQQFO UP HFU BO
ǺVOGPSUVOBUFǺ TQMJU
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"TTFTTJOH HFOFSBMJ[BUJPO BCJMJUZ�
DSPTT�WBMJEBUJPO
Ȃ 4QMJU USBJOJOH TFU JOUP TVCTFUT PG FRVBM
TJ[FXℓ = Xℓ

1 ∪ . . . ∪Xℓ
K

Ȃ 5SBJOK NPEFMT h1, . . . , hK XIFSF
FBDI NPEFM hk JT USBJOFE PO BMM
TVCTFUT CVUXℓ

k

Ȃ "TTFTT RVBMJUZ VTJOH

CV = 1
K

K∑
k=1

Q(hk, X
ℓ
k) 	K�GPME


Ȃ -FBWF�POF�PVU DSPTT�WBMJEBUJPO�
Xℓ

k = {(xk, yk)} 	ZFT
 USBJO ℓ
NPEFMT�
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$SPTT�WBMJEBUJPO NFUIPE� ESBXCBDLT

CV =
1

K

K∑

k=1

Q(hk, X
ℓ
k)

.BOZ GPMET�
Ȃ 4NBMM CJBT� UIF FTUJNBUPS XJMM CF WFSZ BDDVSBUF
Ȃ -BSHF WBSJBODF� EVF UP TNBMM TQMJU TJ[FT
Ȃ $PTUMZ� NBOZ FYQFSJNFOUT
 MBSHF DPNQVUBUJPOBM UJNF

'FX GPMET�
Ȃ $IFBQ
 DPNQVUBUJPOBMMZ FGGFDUJWF� GFX FYQFSJNFOUT
Ȃ 4NBMM WBSJBODF� BWFSBHF PWFS NBOZ TBNQMFT
Ȃ -BSHF CJBT� FTUJNBUFE FSSPS SBUF DPOTFSWBUJWF PS TNBMMFS UIBO UIF
USVF FSSPS SBUF
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%FDJTJPO USFFT
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&OTFNCMJOH
0OF DPVME PSHBOJ[F UIF USFFT JOUP ǺDPMMFDUJPOǺ�
&OTFNCMFT�

Ȃ 4JOHMF %FDJTJPO 5SFF�
Ȃ 3BOEPN 'PSFTU� NFBO PG / EFDJTJPO USFFT QSFEJDUJPOT�
Ȃ "EB#PPTU� TFU PG / USFFT� " OFX USFF JT USBJOFE PO NJTUBLFT PG
QSFWJPVT CVJMU USFFT� 1SFEJDUJPO JT XFJHIUFE NFBO PG QSFEJDUJPOT PG
UIF TJOHMF USFFT�

Ȃ (SBEJFOU #PPTUJOH� TFU PG / USFFT� 1SFEJDUJPO JT XFJHIUFE NFBO PG
QSFEJDUJPOT PG UIF TJOHMF USFFT� 8FJHIUT BSF TFMFDUFE UP NJOJNJ[F
UIF MPTT GVODUJPO�

5IFTF BMHPSJUINT BSF FBTZ UP USBJO BOE QSPWJEF HPPE QSFEJDUJWF QPXFS�
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4VNNBSZ TP GBS

Ȃ 8F DPWFSFE POMZ ǺTVQFSWJTFEǺ NBDIJOF MFBSOJOH� SFHSFTTJPO BOE
DMBTTJʓDBUJPO� 5IJT UZQF PG MFBSOJOH OFFET MBCFMFE EBUBTFUT 	XIJDI
XF OPSNBMMZ IBWF GSPN TJNVMBUJPO
�

Ȃ 5IFSF JT BMTP B CJH QBSU
 XIJDI XJMM OPU CF DPWFSFE IFSF�
ǺVOTVQFSWJTFEǺ MFBSOJOH 	DMVTUFSJOH
 TPNF BOPNBMZ EFUFDUJPO
 BOE
ǺSFJOGPSDFNFOUǺ MFBSOJOH 	BHFOU CFIBWJPVS JO NFEJVN
�
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VELO
RICH1

TT
T-stations

RICH2
ECAL & HCAL

Muon Chambers

LHCb layout
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Problem:	identify	particle	type	associated	
with	a	track/energy	deposited	in	the	
subdetectors	
•  Charged:	π,	e,	!,	K,	p	
•  Neutral:	π0,	γ,	n	

	
Better	PID	performance	→	better	bkg	
rejection	→	more	precise	results.	
	
PID	also	used	for	trigger	(in	particular	for	
upgrade):	less	background	→	less	resources	
(less	bandwidth)		
	
High-level	info	from	subdetectors	+	track	
quality	info	→	multi-class	classification	in	
machine	learning	

PID	at	LHCb	



Global Particle Identification

�22

Problem: identify particle type 
associated with a track.

Particle types: Electron, Muon, Pion, 
Kaon, Proton and Ghost

Input observables: particle responses 
in RICH, ECAL, HCAL subdetectors, 
Muon Chambers and Track 
observables.  

Tracking 
System

ECAL & 
HCAL

RICH

Muon 
Chambers

!
"
#
$
%
Ghost



Quality Metrics

̼One-vs-rest ROC curves used to 
measure models quality.

̼Area under them (ROC AUC) are 
used as target metrics to select the 
best models.
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Technologies
̼Several possibilities were tested, all of them were inspired by the knowledge of detector responses.

̼Other approaches using Decision trees were also tested and brought competitive results. 
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Results
̼Using the above mentioned approaches 

we were able to decrease the error rate by 
up to 80%.

̼In addition to this, we were able to correct 
the detector acceptance function, which 
lead to a lower systematics.

�25Journal of Physics: Conference Series. 2018. Vol. 1085. No. 4. P. 1-5. 

http://iopscience.iop.org/article/10.1088/1742-6596/1085/4/042038/meta

http://iopscience.iop.org/article/10.1088/1742-6596/1085/4/042038/meta
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Flat	efficiency	approach	
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Generative adversarial networks

We want a realistic generation of the images with good randomisation.

https://medium.com/@jonathan_hui 

https://medium.com/@jonathan_hui


Generative adversarial networks

We can construct a network that has ever increasing number of 
elements in layers. Thus, we will be able to generate something out of 
random noise. How we can make it more realistic? 



Generative adversarial networks

We introduce discriminator! Another neural network that can can check 
that the image we produce looks real. 



Generative adversarial networks

For discriminator, we use a typical objective to discriminate between 
figures



Generative adversarial networks

For generator, we ask to make generation as real as possible:



Generative adversarial networks

And we can rewrite the objective into a single line:



Generative adversarial networks

Using this technique, we can generate «realistic» cats. What else?
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GEANT Simulated

GAN Generated

GEANT Simulated

GAN Generated

http://arxiv.org/abs/arXiv:1812.01319 

Realistic responses of detector?

https://indico.cern.ch/event/668017/timetable/
http://arxiv.org/abs/arXiv:1812.01319
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In fact, we do not care about 
the image - we need better 
description of the 
reconstructed observables. 

For example, prediction how 
particle identification of 
Cherenkov detectors behave.
Currently, the fast simulation 
of this kind takes 10s of 
milliseconds, while full 
simulation is around 10s of 
seconds.

Realistic responses of detector?

https://rich2018.org/indico/event/1/contributions/89/
https://doi.org/10.1016/j.nima.2019.01.031


/FFE GPS TUBUJTUJDT

Ȃ /FX FYQFSJNFOUT BOE
VQHSBEFT SFRVJSF B MPU PG
TJNVMBUJPO�

Ȃ 'VMM TJNVMBUJPO PG -)$ FWFOU
DBO UBLF VQ UP TFWFSBM
NJOVUFT�

Ȃ 8F OFFE UP TJNVMBUF CJMMJPOT PG
FWFOUT�
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#BZFTJBO PQUJNJ[BUJPO
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SHiP Experiment 

◊  Search for Hidden Particles 

◊  Post-LHC era experiment for direct search of very weakly 
interacting light particles 



Active Magnetic Shield 

◊  Absorber shape optimization: background suppression at 
reasonable cost 



Gaussian Process Optimization 

◊  Loss function includes both 
background level and cost 

◊  50+ configuration parameters 

◊  estimation in every point takes 
significant time  

◊  full GEANT simulation of 10+M 
muons passing through iron 

◊  loss function is very irregular in 
the multidimensional parameter 
space 

◊  Use Gaussian Processes 



Shield Optimization 

◊  The same background 
suppression 

◊  Twice lighter 

◊  save $$  

Advanced optimization methods 
rule in multidimensional space  

Journal of Physics: Conference Series. 2017. Vol. 934. P. 1-5
http://iopscience.iop.org/article/10.1088/1742-6596/934/1/012050/meta 

http://iopscience.iop.org/article/10.1088/1742-6596/934/1/012050/meta
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◊  Computationally heavy tasks 

◊  e.g. simulating shower development in the calorimeter 

◊ May be substituted by generative models trained on the 
original task 

◊  save orders of magnitude in computing performance  

◊  challenge is to keep physics performance high 

https://indico.cern.ch/event/668017/timetable/


$PODMVTJPOT

Ȃ UIF ʓSTU TUFQT JO NBDIJOF MFBSOJOH BSF FYUSFNFMZ FBTZ� XF TUBSUFE
GSPN B TJNQMF MJOFBS SFHSFTTJPO�

Ȃ NPEFSO NBDIJOF MFBSOJOH BMHPSJUINT IFMQ QSPDFTTJOH B MPU PG
JOGPSNBUJPO JO IJHI�FOFSHZ QIZTJDT�

Ȃ NPSF JOUFSFTUJOH BQQMJDBUJPOT BSF DPNJOH�
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