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- Introduction to HEP

searches
- Susy search:

- Susy hunt: Stop

- Higgs search:
- Double-Higgs
- H->27

Pedrame Bargassa

- LIP

- Why are these interesting

- How do-we hunt them:
Multi-Variate Analysis tools
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How do-we search for new particle

B SR s e G - — m
MontBlanc

- Collide protons: EiSll

Produce higher mass particles
which would not exist @ our
energies

- 1.e. if new ones would exist @
our energies/“temperatures”,
we would now since long time

;=)

T " m ” . " " ” - ~11000 rev/s

Muon
Electron

Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)
----- Photon

- Every 25 ns

- “Focus” of the beams:
10%* cm™s™

- Vs =13 TeV

) Electromagnetic
}_\! I' Calorimeter

Superconducting
Calorimeter Solenoid

Iron return yoke interspersed
Transverse slice with Muon chambers
through CMS “Ele 3

—
Beurney, CERN, Febricmsy 2004



How do-we search for new particles

Tet l(h}a -

- Reconstruct produced
particles:

- 1°* the daughter particles, .. -
having interacted in detector T <X aaas

> 2% From them, the mother

particles neutrino V¢ _J .2
ﬂ electron > Jer 2 (b)
- Reconstruct kinematics
CMS Experiment at LHC, CERN Er=44GeV/c,p = 1.8 CMS Experiment at LHC, CERN AN
\, | Data recorded: Sun Jul 18 17:44:17 2010 CEST Data recorded: Sun Jul 18 17:44:17 2010 CEST
e e e Er =44 GeV/c, @ = 1.8

X | Run/Event: 140385 / 90009543

\| Lumi section: 101
\ Orbit/Crossing: 26434904 / 101

\ Orbit/Crossing: 26434904 [ 101

b-tagged Jet
pe= 68 GeV/e,N=-1.7,p =2.2

b-tagged Jet
p:= 68 GeV/c,
pt=73GeV/c,n==-13 n==-1.7, p = 2.2

Electron p.= 41 GeV/c
n=04,¢p=-22

A A
Electron p.= 41 GeV/c
n=0.4,p=-2.2

P:=73 GeV/c,n=-1.3,¢p = -0.2

b-tagged Jet

Mt =77 GeV pe= 109 GeV/c,n = -0.6, @ = - 1.7
b-tagged Jet
pe= 109 GeV/c, 1 = -0.6, p = =1.7



How do-we search for new particles

M M

3b b - Sign wanted events

- Here, we are looking for events with
4 jets, 1 lepton & missing energy

- Careful ! SM does imitate this
/0 0%, signature while not being Susy...

/Y X

- Each measurable quantity in this event might be a precious source
of information, i.e. disentangle between Signal & Background

Data/L MC

- CMS Preliminary 35.9 b (13.0 TeV) X CMS Preliminary 35.9 fb' (13.0 TeV) CMS Preliminary 35.9 fb' (13.0 TeV)
Sio5L EE Multijet . X . Z(vV) + jets S10°=  mmm Multijet . X = Z(vv) + jets Z2o°t mm Multijet - X B Z(vv) + jets
T E = tI‘\%‘Iultiboson ‘?Jnfljee;op —— B;; Jets T - = tl\{lultiboson \?Jnfl‘?ez'sop - g;’t;— Jets %’ E == Multiboson a}ngl‘? Top — gY + Jets
- _— prEeE B = et B tt —— ets —— ata
1ot~ Signal=(300,270) 10°="  — signal=(300,270) 10° = signal=(300,270) 1
& 104 10°L
10%= -
E 10° = 103 =
10% = E
E 102 10°
10 =
E 10 10 S
1 E 1= 1
107 107 10";7
o] 0 100 [§) 0 100 200 300 400 500 600 700 800 900 1000
p. () [GeV] ETss [GeV]
2f— == 2 = 2 =
1.5— — E 1.5 = 1.5— 5
[ e e S SIS B 11— T R —] I = |
0.5 7 £ o8l & o SRihaae - SasveaTestE:
o 1 | | [=] o | £ pebt | I | | .O | | A il | | | | J
[¢] 20 40 60 80 100 [¢] 1 2 3 4 5 6 0O 100 200 300 400 500 600 700 800 900 1000




SUperSYmmetry

P. Bargassa, C. da Cruz e Silva, D. de Bastos

Pedrame Bargassa - LIP




SUperSYmmetry: What it is

Standard particles SUSY particles

I Quearks . Leptons . Force particles \J Sleptons o SUSY force
particles
Matter fields could also exist in bosonic form "‘*“‘“

Force carriers also exist in fermionic form

'SUSY:

Simple spin symmetrization
between what we know of matter
& force carrier fields/particles

Pedrame Bargassa - LIP
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k3.0 Pregent
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Coupling Constant Evolution
Standard Model
0.10 v Y T T

0.00 L L 4 L
. 4.0

\Gis Bee. ,;f 3
\ htﬁ_»\l-—"

History of the Universe

OQ'

&

S

Unifies the\ﬂlfferent

1nteractwf‘is... quite elegantly
c}\\ B ‘i'\ <
s .-._..Q'§ ; _"._;o¢$‘ \01. &
T o o aet
,@‘?_ }b‘& W et
‘g"“‘b “:}- ) 00.;-?_ \0 o
g ok s o™ L& aet
. e {'&ﬁcg 0\-“‘.' e \‘\" g
e@
&gcb Coupling Conatant Evolution
B SUSY Model
m-;%“o‘;ﬁ ' i '
"\egs*i
e
O ot e h

2.0 4.0
t=log(Q/M,)/2n




¥ e : f“ \ } d;sf\
SUSY | i & I
= \ Y

: H/as’ natliral bandldate(s) for the Cold D‘:
Sneutrino: Susy partner of the neutrmo W f, £
Neutralino: Mlxture of partners of neutr -_'..S_M_bdsp_ns

00000004y Lorgpgot--6-0-0-0p0 . dark energy 68%

Keplerian _
Prediction

10 20 30 40
Radius from the Center (kpc)




SUSY search: One of our best bets

ol

B -y Dol pc

\/!
| 0
"\ Dl ot 408 + i by
A [

SM

Mass difference of squarks:
Proportional to M 0= M, :
Strong mixing in the stops t,  sector

(tl might be the lightest squark)

Pedrame Bargassa - LIP
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SUSY search: Example of a challenge
- SM particles: We

P > Know them
» Measure them in the detector
- SUSY particles: We don't know
them ! i.e. we don't know their mass
— Affects all the kinematics of
the reconstructed events...
P %200
S
&80
éGO
%40
» We have to consider all mass 320

possibilities for the 2 unknowns of
this search:

Scan through the mass
plane & search for all 60
kinematic signatures of the
same signal

100

80

40 LEP excluded

50 100 150 200 250 300
Scalar top quark mass [GeV/c?]

Pedrame Bargassa - LIP



How do-we search for it

- Characterize signal versus background events
in any possible measurable

CMS
— i
B — 1 b f152(300,290)
— 1, > b ' §2(300,270)
107 . By CMS
C — 1, - b f1'§(300,250)
E — 1, > b ff'§7(300,220) 0.09 = e
- 0.08:— — 1 > bif'5(300.290)
I E — 1, > b {'§2(300,270)
T 0.07F — 1, > b §(300,250)
” 1 E — 1, > bff §(300,220)
10 = 0.06—
b 0.05
L 0.04F
103I|||1||l||||||_|_:_|||1|||||||||1||1||||||1||1| 0'03:_
0 5 10 15 20 25 30 35 40 45 50 C
p,() [GeV] 02
0.01—
0_ T ] T
0 20 40 60 80 100 120 140 160 180 200

My [GeV]

Some 21 other discriminating variables...

Pedrame Bargassa - LIP 12



How do we search for it: Multi-Variate Analysis tool

- Be smart in separating Signal from Background: Feed our best
knowledge to a Multi-Variate Analysis tool, which combines the

separation capacity of all variables:

-~ Not only in 1 dimensional space...
~ ...but also in 2 dimensional : Makes use of the differences of

correlation btween S & B

Correlation Matrix (background)

Linear correlation coefficients in %

100

JetHBCSV 21 99 @ 3 1 3 100

NbLoose30 | - -16 1 u 100 © 3
HT30 . = 5 5 1 60 100 1
Mjetao | < F - - 1 -3F 2 1007 60 3

a9

221 100 © 2 1 1

2 100 S22 =5F - 21

100 = 2 1

—60

—80

Jetypmt Moy Lepcéepsfgepp,@ﬁgfﬁe;ﬁéfrﬁrao %"‘%ﬁ%‘éﬁc‘gy

Pedrame Bargassa - L1P

—100

Correlation Matrix (signal)

Linear correlation coefficients in %

100
19 99 4 1 2 100

19 100 © 2
HT30 1 100 £ 189 1

100 © 3 1 1 99

JetHBCSWV

MNblLoose30 -8 1

Njetao | =
IrJetHBLep

3 100~ 19
100 = 3
LepEta
LepChg -1
Met | i)

5 100 7 24

1 1
|l
—100

Jetypmt Moy L@pcfé@ps,?pp,dewgg%;ﬁéﬂﬁﬁgo Nb"‘%ﬁg‘é&c‘gy

—60

ule 4 100 {5 _80

NESIS S 100 Sa O
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How do we search for it: MVA tool

- Be smart in separating signal from background: Feed your best
knowledge of these to a Multi-Variate Analysis tool, which combines the
separation capacity of all single variables

- Now compare the separation capacity between :-)

Here... ...and here: All the discriminating
power of the MVA tool in 1 variable !
ous (| e it )
TMVA overtraining check for classifier: BDT
—1
e 3_5 T 7T T 1 T 1 1 1 1 1 1 T
; _H::::E::Z:Zj 3 :- Signal (tést sample) ' ‘signal (iraining sample) ' ]
e 3:11:322233 - - il % 3 H /| Background (test sample) | | « Background (training sample) -
e E : : ~ | Kolmogorov-Smirnov test: signal (background) probability = 0.003 (0.058) N
008 —Eﬁw 02 = L e i
n — b1 7(30270) - —_ =
007 — 1 bIrj ) = 2.5 o ]
F —{,bif a0z = -
102 0.06F C g
: 2 13
005F - ’ ;:
004 1.5 1z
: N i %
18 5 A S S T III\IIIII\III\III\III\IF 0'03— — - =
L TR R R S 1 —1s
plGe] oot - 1%
i 0.5 — 3 %
07 Tl :1'!15-5@_#: : : b
0 20 & 6 80 10 120 1 160 I:N??G \2&)0 ok Y19 , _g
e
0.6 -04 -0.2 0 0.2 04 0.6
\ BDT response J

Pedrame Bargassa - LIP 14



Vi)

This costs too much
energy! | think I'll
hang out down there,

Higgs

15



Why is Higgs interesting to study

- It is the last particle

discovered:

The one we know the least

- It is not any particle: Higgs
mechanism is responsible of
giving mass to all matter &
interaction fields in universe

mass - =23 MeVic?

charge - 23 u
spin =

12 G
up

=4 8 Me\ic?

113 d

12 G
down

0,511 MeVic®

e

electron

1z

<2.2 eVic?

o
12 ‘I)e

=] electron
""" . neutrino

Pedrame Bargassa -

=1.275 Gevic”

2-:3 c .

ez s

charm

=85 Malic®

-113 S

1z o

strange
105.7 MeVic®
-1
L 3
muon
<017 MeWic®

o
. Dh

muon
neutrino

LIP

=173.07 GeVic?
213 t
12 -

top

=4.18 GaWc?

13 I:
112 <

bottom

tau
neutrino

a =126 GeVic*

- o
s a

gluon t';’c')%gs

3

<

photon
91.2 GeVic® T
»

. &

Z boson
B0.4 GeVic? ~ >

s

W boson

THE HIGGS MECHONISM ...

o WELL pucn
SLIEwIsT. alfEe
0 | E2wctEIN. Walks v,
(eFatlvG o DISTuePondE
4% HE MOVES alBOss
d] T eoom. anb
L ovieadimneG o (usiEe
Al Of obmieEes Wit

@ 10 UnDERSTAND THE HIGGS
MECHAMISH, IMOGIWE THAT
d ROOM full of PHYsICISTS
guUIETlY CHomERInG I [IXE
SPuCE FINED OulY WITH THE
HIGGS FIELD.

THIS THERERES HIS
BEGIGTaMLE 10
MOVEMENT = IH
OfHER ot bE | | 0
AlouIeEs mass, st '
[NeE o PapiItlE

MOV G THROUGH
THE HIGAS FIED, I

n (eEarEs e

timE KIub OF
£ (raEeG, fun
Al THES 1TME aMowG

THE S{IEMLIST,
THEWSEIVES. In
THI% dmaloGY,
sk (hsifes
a&E WA HIGEYS
PamIFS.

Does the Higgs boson only belong
to SM ?

Are-there other, “bigger brothers” of
the Higgs boson ??? i.e. other ones
beyond the SM ?

16



Higgs properties: Couplings

Measure the “strength” with which Higgs couples to different

fermions & bosons of the SM

Is this coupling SM-compliant ? It can “look like” a SM Higgs, but in
reality be part of a bigger theory, where there are several Higgs bosons

Higgs belonging to something than SM would show in “details” of

couplings
2
-

1.5
Measure the couplings with

precision

Couplings to different fermions
& bosons have different
precisions

1

One of the most promising

decays of Higgs: H —» 2t 05

Pedrame Bargassa - LIP

CMS

19.7 o' (8 TeV) + 5.1 fb ' (7 TeV)

- Observedé
| ¢ SM Higgs§

o) 0.5

17



H-2r7
> For each channel (er, prt, t7), train a multiclass NN using Keras

Categories (IT
gg~H-t A\

Egr b Inat et Koo Technsdogis

gq—H-T

Z—11
Z-ll

Events Combined fit

» For each event, the trained NN gives, for each class, a probability that the event
belongs to the class

> Build “exclusive probability”

» Give each event the value corresponding to the highest probability across all
classes

» Place each event in a category corresponding to the class with highest
probability

> Perform combined fit to all categories for the three channels to extract the
Cross section

P. Bargassa, C. da Cruz e Silva

Pedrame Bargassa - LIP 18



Di-Higgs production at the
LHC

M. Gallinaro, G. Strong, J. Varela

giles.strong@outlook.com
twitter.com/Giles_C_Strong
amvadnewphysics.wordpress.com

N
14
d

N
» NE“Q


mailto:giles.strong@outlook.com
https://twitter.com/Giles_C_Strong
https://amva4newphysics.wordpress.com/

Why search for di-Higgs

* Di-Higgs production = creation of two Higgs bosons

* There are many parameters in the SM which have
not yet been precisely measured

* A subset of these are the strengths to which the
Higgs boson couples to itself and other particles

* |t can also help find New Physics: an undiscovered
particle might decay to Higgs bosons

Pedrame Bargassa - LIP
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How search for di-Higgs

* Di-Higgs can be produced in many ways, and these
production mechanisms vary according to the energy level*:

( b ! b § 00 ——---h { s q A
f -ex’ i f F --< g
( h ML\\." R /P * )
g I e m——---h g ‘oo N
| | |

| Lt .
ar NN Anarimys
| III'\...nlllI ;l E"]l Iﬁ.lr'\...jli'

suppressed at high energy enhanced at 0)

* Di-Higgs can decay to different final-states = many search

channels & a variety of strategies
* The low rate of production requires efficient use of the data

available
* LIP is currently involved in developing Machine Learning

tools for this search

Pedrame Bargassa - LIP * Diagrams by Roberto Contino, INFN-Pisa 21



Another illustration of MVA/ML

g FEATURES
|‘iL L
r % Which properties do
L & you want fo feed in?
g
& L ] [ ] :I
* 0 § .
u ", - “‘.l'. H )
Y ' Is a point
] L
. o here blue
Poig gy ¥ or
orange?

Input-level
information:

(X,Y) coordinates
Color



FEATURES + — 6 HIDDEN LAYERS OUTPUT

Which properties do Test loss 0.056
you want o feed in? + _ Training loss 0.001

-+ - + - o+ -+ - %

8 neurons 8 neurons 4 neurons 8 neurons 8 neurans 8 neurans

XX,

sin(X,)

Colors shows

data, neuron and |

weight values.

sin(X,)

(] Show test data Discretize output

Train on example
data



Preliminary result for di-Higgs

* Search for rare processes by predicting what process occurs
in a particle collision
* E.g. Di-Higgs production - 1708.04188

CMS A5 9712 Tev)
[0}
= 4000 -
= KLY~ channel * Data .t
lej Signal (5 pb) B Crell-Yan
3500 — i, = 400 GeV Bl Single t
Lncertainty ATAT)
3000 . T
Zh1 Higgs
2500

SM background

E
o
—_—
=
CTi
5

0.1 0.2

1 1111 111
0.4 0.5

é—’- e tepse ety taa gi‘i;i i'i & iiii‘ 2dg 'ﬁi{riii * 'i'i'ii'i'i #4
il

1 111
0.6

| N N N N N N I A N |
0.g 0.9 1

OMNMN output at m, = 400 GeW

Signal


https://arxiv.org/abs/1708.04188

Higgs (& Z) rare decays

* rare processes in the SM (BR: 107-107)
sensitive to NP
* allows to measure quark-Higgs couplings

alternative to H—qq (challenging due to
QCD)

* Z provides experimental benchmark for the
H decay

larger production cross section, nearby
Mass

* valuable tool for probing nature of
quarkonium production

a topic LIP’s exploration is @ forefront

N. Leonardo, E. Melo

b T T T LR

- ATLAS and CMS

r LHC Run 1

¢ ATLAS+CMS _
e Y Ut SM Higgs boson
E M —[M, E]flt

[ 68% CL

a ]95% CL

= —— T
;. ........................ ;....} ﬁ
| | L0l 1 raal E
107 1 10 10?

Particle mass [GeV]



How do-we work: Tools / Methods / Environment

>

>

>

>

Code: You will be using & contributing to code being used by O(10°)
physicists:

Highly prized in HEP, but also in industry, financing
Statistical analysis
Essential in HEP, highly prized in financing

Data analysis: Your capacity to understand data & find 1 interesting
event out of O(10%,10°)

@ this level, you should be good for a job in HEP, in industry or banks
Working in team:
- Large collaboration: ~2500 people
- Physics groups / sub-groups: 10 / 200 people
~ LIP: Students helped by senior researchers & post-doctoral fellows
“Can I bring something as student ?”

- Yes: 2 summer students of 2"-3" year helped us improve the selection
power of our MVA tool !

Dedicated courses to help our students in (all) these aspects:
http://www.idpasc.lip.pt/LIP/events/2018 lhc physics/
Contact me: bargassa@cern.ch

Pedrame Bargassa - LIP 26
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Pedrame Bargassa - LIP

Backup

27



Particles... Interactions... wait a minute...

ELEMENTARY BOSONS sin-5.1 3. .
PARTICLES Unified Electroweak spin =1 | Strong (color)  spin =1 |

Mass | Electric Electric
GeV/c? | charge GeV/c2 | charge

0 0

gluon

Higgs Boson spin=0 |

Electric
W t\)N"' 80.39 GeV/c2 | charge
osons

Z0 91.188 0
Z boson

Three Generations of Matte]

Fermilab 85-759

Why would matter exist only in
: fermionic, and force carriers exist
matter constituents ° ° °
FERMIONS spin- 12,3252, .. only in bosonic form in the
Leptons spin = 1/2 Quarks spin = 172 universe ?

_ Approx. :
Mass  Electric Flavor Mass  Electric

s GeV/c2 charge Gev/cz Charge

Is this a “happens to be” ? Or there is
a hidden symmetry behind this ?

v electron | <4108 0

. U up
neutrino

d down 0.006 -1/3

2 electron |0.000511

g, (L IMOT <0.0002 0

i hetrine C charm 1.3 2/3

Let's symmetrize things between
matter & interaction fields...

0.106 S strange 0.1 -1/3

t top 175 2/3

JL muon

v, tau <0.02 0
neutrino

T tau 1.7771 b bottom 43 -1/3

28



SUSY .

B i

Sll)_'é( cures the divergences of the
SM by definition: Associates a
scalar partner (-) to each SM
fermion (+)




sParticles are special: " P R g

THE SEARCH FOR A HIDDEN WORLD oF SUPER PARTICLES
All thie mather that makes up the visithe Universe i made up of partiches that, im tumm, ane made up of smaller ebemantary particles.

bt wihat i Supersymmet rv[ o kv 38 SUSY) is hmr\' that predicts that for every elementany particle
each af these wee can see, there b5 a hidden super plllil version that we h:w:n t seen yet

If SUSY exists, it's a
broken symmetry:

- Physical sParticles are s
mixtures of Susy particles Chsper st i v more mas

- They exist @ higher masses g o s

2

T THHHI T IIHIII[ J [HHII I WHlilll ]

[a—
o

L1 IIHII‘

Cross section (pb)

1 1 Among all sParticles:
0L o | Which one is our best bet ?
10‘2:H|m'||..Jt.lllm.xm.!.l.l.mm.[?cyj]_

100 150 200 250 300 350 400 450 500
Particle mass (GeV) 30



SUSY search: One of our best bets

100

80

60

dm [GeV]

40

20

m,==-u=2M, m,=50M, tanf=10

] 1“.”\""( |
1000
m, [GeV]

Boehm et al., PRD 62, 35012

Gives preference to
Am = M(t,) - M()Z“l) < 50 GeV/c?

Gives preference to 4-body decays p

Pedrame Bargassa - LIP

| IF : m = M(P) - M(y’,) small,
1 co-annihilations dominates — Q__ h*= 0.1

Data on Cold Dark Matter:

Q_ h’>=0.11 + 0.01 @ 95% CL (WMAP

f///
p

]5/1

31



How do we search for it: MVA tool

- We have to be realistic: Account for:
- Abundance of production of SM background & our possible signal
> Reconstruction efficiencies

- Detector effects... Here is the real picture ;-)
TMVA overtraining check for classifier: BDT BDToutput
3-5 I | I I 1 | | 1 | LI | | I | | I | I
5 ) signal tdst sample) ' ‘signal (iraining sample) ' N [ B
= 3 -/ Background (test sample) | | « Background (training sample) - 10 = Sl -
E._ | Kolmogorov-Smirnov test: signal (background) probability = 0.003 (0.058) ] B T -
z - = —_
- 25F - 0= N AR
C N E ++ 1=
N EH I + T
. 13 10 — e
- 1 - + a
15 a3 - + oy
: % e T
1 e - JT— /
C 1@ T
- 1€ 10 /
0.5 - =
- 18 - / /
C 1o C
u 5 1 -2 (I L1 11 L1 11 L 111 L1111 L 111 L 111 || |/ [ L 111
06 -04 02 0 02 04 06 o5 ¢ 03 02 01 0 01 o02//03 04 05

BDT response

If something shows up here, in Data:

Discovery !
Pedrame Bargassa - LIP 32



Many possible applications

_ Particle ID

Jet tagging Event classification

Event triggering Kinematic regression
Simulation

: Inference
Detector design



Further reading

Play in browser: Tensorflow playground,

gradient boosting playground

Seminars and lectures: MLHEP-17, Karpathy, Hastie,
HEP repository

My resources: NN summary posts, example classifier



http://playground.tensorflow.org/
https://arogozhnikov.github.io/2016/07/05/gradient_boosting_playground.html
https://github.com/yandexdataschool/mlhep2017
https://www.youtube.com/watch?v=NfnWJUyUJYU
https://www.dropbox.com/s/2zmlxp6dmina6f7/SLDS2.pdf?dl=0
https://github.com/iml-wg/HEP-ML-Resources
https://amva4newphysics.wordpress.com/2017/03/21/understanding-neural-networks-part-i/
https://github.com/GilesStrong/ML_Tutorials/blob/master/classifiers/0_NN_Ensemble_Classifier.ipynb
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