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Zooming in
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In this talk

- THE MAIN ACTORS
G

We have our actors, and the main stage is the
center of the ATLAS detector at the LHC

b

i

A £ ~91.19 GeV/c?

The Large Hadron Collider ring:




Matrix of knowledge

know unknown

know know . ,
: things we know we don’t know
things we know we know

Dark matter, dark energy, CP

The Standard Model .
asymmetry, quantum gravity, muon
g-2 anomaly

unknown know unknown unknown

things we think we know things we don't know we don't know

Higher order calculations Surprises!

* Rumsfeld’s Matrix of Knowledge



Matrix of knowledge

‘e MY WORK
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The Standard Model
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How well do we know Standard Model?
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The Standard Model of particle physics
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The Standard Model predicts
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The Standard Model predicts
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o Particle content
o Particle interactions
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The Standard Model predicts
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o Particle content
o Particle interactions

&(y/Z — 00, W — 2v very well understood
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The Standard Model predicts
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The Standard Model predicts
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The Standard Model predicts

DO WE KNOW KNOW [T ALL?

o Particle content
o Particle interactions

&(y/Z — 00, W — 2v very well understood
& WWV (V = Z, W) seen at LEP and LHC

L Higgs coupling to fermions and vector
bosons observed at LHC

[1 Coupling of 4 gauge bosons — only
accessible now!

[1 Higgs self couplings not yet seen = HL-
LHC?
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How do we explore those regions of the SM?

1. Get the vector bosons pairs

2. Compare with the Standard Model theory predictions
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1.Get the vector bosons pairs
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The Large Hadron Collider

-------------------

..........................
..............
""""""
----

.® a
.® ta
. e
[ e
. L]

.* ‘e
. o,

.* v,

* L3
. .
. .
. .
e .
. ‘Y

~100 m

underground

20



The Large Hadron Collider and ATLAS

p-p collisions happen the
center of the detector

~100m T/
underground J_

proton
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From proton collisions to vector boson pairs
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From proton collisions to vector boson pairs

=80.39 GeV/c?

W boson

proton

——

Z DECAY MODES

Scale factor/
Fraction (I';/T) Confidence level

( 3.363 +0.004 ) %
( 3.366 +0.007 )%
( 3.370 +0.008 ) %
[a] ( 3.3658+0.0023) %
(20.00 +0.06 )%

j, W+ DECAY MODES

invisible

i W™ modes are charge conjugates of the modes below. \ |-6 hadrons (69.91 +0.06 ) %
» Mode Fraction (I';/T) Confidence level r7 ( UE+ c?.')/2_ (11'6 +0.6 ) %
, etw (10.75+ 0.13) % T cC (12.03 +021 )%
ER N (10.57+ 0.15) % Mo bb (1512 +0.05 )%
[re v (11.25: 0.20) % | Ty bbbb (36 +13 )x10-%
s  hadrons (67.60+ 0.27) % 0 0
fre 77y <8 x 1075 95% | I M'12 288 < 11 %
r; DI~y < 13 x 103 95% | (M3 77 < 5.2 x 1073
rg  cX (33.4 + 26 )% | T 17y < 51 % 10~9
rg c3 @ T3 )y @ M5 w7 < 6.5 x 1074
;l’lo invisible [B] (14 +29)% ) T16 7' (958) < 4.2 x 1072
I o i Ty vy < 5.2 x 10~
| [a] £ indicates each type of lepton (e, u, and 7), not sum over them. r Yy < 10 % 10—5
[ [b] This represents the width for the decay of the W boson into a charged i \ 18 + . -5
TP - Mg m=WT [b] < 7 x 10
\ particle with momentum below detectability, p< 200 MeV. i ‘ 19
‘\L_ — —_— === L — — == P —

CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%




From proton collisions to vector boson pairs
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Transversal view

VECTOR BOSONS ARE YOU THERET
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The ATLAS detector

Muon
HC Hadronic
Calorimeter

EC Electromagnetic
Calorimeter

Solenoid magnet
Erac?si:f_ion Th li . t of
adiation € goal IS a precCise measurement O
Tracker Tracker
T 2

the charge, position and energy of the
ixe /\/\ . ’
- ’6\ particles
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A muon in ATLAS

Muon
Spectrometer

MS

HC Hadronic

Calorimeter

Muon

EC Electromagnetic
Calorimeter

Solenoid magnet

Transition
Radiation

T Tracker Tracker
Pixel / SCT

Muon= MS & !HC &!EC & T



An hadron in ATLAS
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Hadron= IMS & HC & EC & T
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A photon in ATLAS
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An electron in ATLAS

Muon

MS Spectrometer
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Calorimeter

EC Electromagnetic
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Transition
Radiation
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Electron= IMS & HC & EC & T
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A neutrino in ATLAS
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Muon
Spectrometer
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. Neutrino
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Transition
Radiation
Tracker Tracker Inferred by transverse momentum
Y Y
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O
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Transversal view

VECTOR BOSONS ARE YOU THERET
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2.Compare with the Standard Model
theory predictions



Vector boson pairs
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ATLAS detector

-
"""
-

time

35



Vector boson pairs to test the SM
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Vector boson pairs to go beyond the SM

If we are lucky we have
enough energy to produce a
new unknown particle on-shell
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Vector boson pairs to go beyond the SM

If not enough energy, but new
particle = changes on the bosons
self-couplings

And this won’t be the first time!
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Fermi Theory of 3 decay

Fermi theory (1933) originally predicted a
4-fermion point like interaction

e_
~ \76

Excellent giving predictions at low energy, but....

Nowadays we know that we need a W boson exchange!

d
n <u
d

d |
upp
u
e
The Fermi theory is an
- Effective Field Theory
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Measuring and calculating Cross-
sections!

IS a measure of
the probability that a specific process
will take place
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A cross section measurement

Number of events
[Measured]

/

O

[Your measurement]

Integrated Luminosity
[Provided by LHC]
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A cross section measurement

Number of observed Number of background events
events (just count ...) (measured from data or

Ny /
Nobs-kag
L-€A
,5

0

Acceptance
[Your detector volume]

Efficiency
[Your detector characteristics]
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The Standard Model testing status

Events per
month*
B‘ DO total (x2)
O 101 . ATLAS Preliminary
— . Theory
5 o O V5 =5,7,8,13 TeV
3 A =
= o LHC pp Vs =13 TeV E
B dijets 7
10 o BEl Data 32-139fb! 4
E pt>25 GeV E
4 i ]
10 3 o & LHC pp Vs =8 TeV E
R -1 -
10° £ " BA Data 20.2-20.301b ]
E o o [o) o -A-'O'—V— total E
L pt>100 GeV nj>2 'O‘ ww -
102 £ e = g Oy, LHC pp Vs =7 TeV _
14 orders of J 23 O Wtoﬁj;%w o, 15.104
. n A ota .
magnitude! i 2 sg O, B zAWD T B Data 45-490Mb!
10! A =4 © W_ZAZ_ZZ o o J
g v g B vy BT © a Wy ]
: n>5 © nj25 s-chan H=ww u ‘n' o i
J n o (ggF) R -
]. EF i‘n‘ HJZ4-O- ",/206 "n" 'u‘lu-l_-uZ}/E u u 15
» "2 6 (| 1 H—bb A iz Wii 3
B ‘ l nj>5 n>7 I(-IX;;;; H-ww*  (x0.5) tm A EJJ i
1071k g ° . O a 2 -
= o6 = J A % A E
- i Q B .
B n © H—yy Zjj u] -
10_2 - n=7 g A m WEyy total -
é n>7 n H-yy @ A o nl W*Wis
- - H—yy Zyy— o -
-3 i E o -I- 2z i
10 H - 4t I i nnwz
_l o
PP Jets 7 W y4 tt t VW 7Y H Hjj VH Vy v ttH_ Vij?7Y Vyy Zyjj VVjj
tty Ewk tttt WWy ,-ww
tot. tot. VBF tot. tot. EWK

*at 13 TeV assuming 3fb 1 are collected per month 43



The Standard Model testing status

Events per
month*
- Theory S Preliminary
cory
5,7,8,13 TeV
LHC pp Vs =13 TeV

BEl  Data 32-139fb!

LHC pp Vs =8 TeV

BE Data 20.2-20.30fb!

LHC pp \/E =7 TeV ]
BE Data 45-4.90fb" ]
=
1072 njz! ’_7n 0 A/ 3
o EV*W*E
-3 A zZZ N
10 T oG
g1 2
PP Jets 7 wW Z tt t vvVv YV H Hjj VH Vy ttVv ttH - Vijj vvv Vyy Zyij VVjj
tt’}/ EWK tftf WW')/ yy—->WW
tot. tot. VBF tot. tot. EWK

*at 13 TeV assuming 3fb-! are collected per month 44



The Standard Model testing status

Sz [Pb]

Ratio to NLO

50

40

30

20

10

1.4
1.2

0.8

ATLAS

:— WZo vl
—  ® ATLAS Ys=13TeV, 36.1 fb” .
— 4 ATLAS ys=8TeV, 20.3 fb" e
—  ® ATLAS Vs=7TeV, 4.6 fb™ 7
— O CMS Vs=13 TeV, 35.9 fb" 7
[~ A CMS Vs=8TeV, 19.6 fb" ]
O CMS (s=7TeV, 4.9 fb™ _
[ v DO {s=1.96 TeV, 8.6 fb" —]
¢ CDF Vs=1.96 TeV, 7.1 fb" :
— = MATRIX NNLO, pp—>WZ _
- It — MCFM NLO, pp—WZ =
- . g = = MCFM NLO, pp—>WZ ]
— L | | ! | ]
— ' | | | T | =
S GO §oM —
:_| I 1 I 1 I 1 1 I 1 _: V
2 4 10 12 14 A
H-WW
smevi - Good agreement with the
1 3 =0 nj>4 n>6 " ]
E nj > 6 A d ° °
: A o Dn/->5 nj=>7 H-r1r HoV SM Pre lelonS!
- (o] (®) (x0.25) = -
].O 1 E_ O n>8 O tZj = VAN =
= N / O H—ZZ 0 3
F A o nj>6 O N O 7
2 ] (m 70 T 2l = , 7
_— - /7/2 D A 4! ota —
10 E n>7 B H-y O A B O i o .W,W<§
C ‘) H -y i 0 O .
3 ] ° 0 & A -
10~ ?‘ H — 4 [ DDWZ
- A
PP Jets 7 wW Z tt t vVw 7YY H Hjj VH Vy ttVv ttH - Vijj vvv Vyy Zyijj VVjj
tty Ewk tttt WWy y-ww
tot. tot. VBF tot. tot. EWK



2.Compare with the Standard Model
theory predictions

lets push harder!

46



How can we look for the unknown?

Events per
month*
O total (x2) o
o ATLAS Preliminary
o \/— =5,7,8,13 TeV

S Ng E
- O ]
B dijets _
E ° A E
n pt > 25 GeV .
X%

E- nj>1
E P 1D25 Ge\(/) A O 100 :_b : j

5 pr>100 GeV ;> 2

14 ord.ers of NS 5108

magnitude! - 22 o ;
; 10! F N nza ]
E nj >3 A n ?
- n;j>5 -
1 A <
E nj =6 E
EEN ‘g‘

PP Jets 7 w z tt t VV 7Y H Hjj VH Vy (Vv ttH i vy Zyjj VVjj
tt’}/ EWK tftf WW'}/ yy—->WW
tot. tot. VBF tot. tot. EWK

*at 13 TeV assuming 3fb-! are collected per month 47



The Standard Model testing status

Events per
month*

DO total (x2)

'8_ 101 o ATLAS Preliminary
b T o Vs =5,7,8,13 TeV
10 i
O
O
5 dijets
10 : o s :
4 :_ _;
].O ? 0 Kzé 5 E
103 E ;21
E "'d°g *O
102 E A 8o
2R
1 E- nj>4
10 E a3 A 5
1 E ag
E ZZG
1071 i
: . R ' n
107 ¢ By focusing on Vector bosons scattering
10 : we are pushing our knowledge of the
E Standard model ! I
PP Jets ¥V W z tt  t VV ¥ H Hj VHVy tiv tiH Vii7»y Vyy
e e WWy
tot. tot. VBF tot. tot.

*at 13 TeV assuming 3fb-! are collected peN



Vector Boson Scattering at the LHC

Protons in LHC serve as source of vector boson beams.

=
protons ——E> A e
jet g\ e

V |4 : 1% \%

O - ¥, M g U s

= v X 1 o
1% 1% M ' rP’I”L } <
v VoV v iy VoV v
n
gauge structure of the g €lectroweak symmetry

Standard Model breaking

<_ profo_ns

o
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pp > WWrjj > e vee ve jj

Run: 303266

Event: 713753974
2016-07-04 01:19:27 CEST
mj; = 3.0 TeV







The VBS topology

Theory calculations can provide us with
differential cross sections

° L] Ll L] Ll l L L] Ll L] l L L L L] I L4 L] L] L] C
10 i
\
fr— L
% -1 0’3,, \ background
&) e \
N o~
5 £
—  10—2 g
~]
E-"=l ")
103 b
I =
b —
<
1074
10~5 ' S et
0 2000 4000 6000 800

dijet invariant mass - My [GeV]

Knowing how the signal and backgrounds will look like allow us to push the discrimination

(i.e using machine learning algorithms)
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Experimental results
Same Charge WiWijj

Signal

Background

| 1 1 1 | I I 1 1 | 1 I 1 1
- ATLAS
B \s =13 TeV, 36.1 fb

Events

60

40 k4

500 1000 1500 2000
dijet invariant mass — mjj [GeV]

Data = 122 events
W*W-jj electroweak
W*W=jj strong
Non-prompt

e/y conversions
WZ

Other prompt

Total uncertainty

M

Signal ~60 events

For the first time
Observation with 6.5 ¢ !!
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Experimental results

Events /0.2

W"—' ZJJ Signal

Background
CE ATiAs T ' E
40F /s=13TeV, 36.1 o =
35E WZjj SR E
30F- =
. 3
25E //%%W E
20 ;_ I J/ _;
15 Z_ VN _:
10 ;/Jr/// % ‘ _z
5 _—/////// s
—1 0.5 0 0.5 1

Machine Learning discriminant output = BDT Score

@® Data = 161 events
WEZ-EW
W*Z-QCD
. 77
B Misid. leptons

tt+V
B tZj and VVV

Signal ~44 events

For the first time
Observation with 5.3 g !!
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The cross sections measurements

LHC pp Vs =13 TeV LHC pp Vs =8 TeV

Evidence 4.10!! Data Data
[ EN il

Theor

7 y stat & syst stat & syst
! ! ' ' 1 ! ! ! ! ! ! ' ' 1 ! ! ! ! 1 ! ! ' ' 1 ! ! ! ! 1 ! ! ' ' 1 !

- Zyj) EWK

ATLAS Preliminary
~ (WV42ZV)jj EWK
W*W=jj EWK

Run 1,2 /s =7,8,13 TeV

W2Zjj EWK
| ZZjj EWK

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
data/theory

> Observations > 50 !!

First results still dominated by statistical uncertainty but the full Run-2 data is still being
processed and Run-3 is approaching!
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How to look for the unknown?
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New physics in bumps and tails

Direct search approach Indirect search approach
(model dependent) (model independent)

“ Mx> ELHcl;a
ction in t

- -
-----
------
-----
--------

New physics may
be (just) beyond
our reach

New resonance Peviation in tails /
ELnc

e

<
=

Mv1ve Mv1vo Mx> ELHc
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New physics in bumps and tails

J— = —— e — — —_— o

Direct search approach
(model dependent)

l
New resonance




Looking for resonances 4 Data = 66

------- VBF H; 375 GeV x 0.5
N + o o . + o o S ,
PP > H—JJ > W-ZJJ Signal HVT VBF W’ 600 GeV x 4
- WZ-QCD
The benchmark: The Georgi-Machacheck WZ-EWK
model predicts a charaed Hiaas boson SM Background < 27
> B | I I I | I I I | I I I | I I I | I I I ] _
& [ ATLAS ) I Vvt
3 [ A - — Fake/non- t
> o5 s=13TeV,139fb" ¢ pata B ake/non-promp
g " Post-fit WZ-QCD i
Lﬁ _VBFSR WZ_EWK | S‘ IIII|IIIIIIIIIIIIIIII|IIII|IIII|IIII
- - — ATLAS Obs. 95% CL upper limit
ZZ —~ | 3
20— ) — N 10° = » —]
s ¥ D RVVAVERLY, . = - {s=13TeV, 139 b — — Exp. 95% CL upper limit .
- | Fake/non-prompt i ! - VBF SR [ Expected limit (+10) .
-t | ] Post-fit uncertainty - i_'/m - - |
15— 4~ 9 . — o0 Expected limit (+20)
- S R EEELE VBF H; 375 GeV x 0.5 —
/ s | X
B %% H FEE CEELEE HVT VBF W’ 600 GeV x 4 ]| B
R ] ° E
o | 21 4" 5
] % i _
W/*W/ - 10 |
r77777+777777 : :
4 hJblllLi”””””H””, _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
= R 200 300 400 500 600 700 800 900 _ 1000
2 ) ] m,. [GeV]
S A N
8 E Observed limit: compare data to models

800 1000 1200 Expected limit: compare background only to models
m(W2) [GeV] 59



Combined search for resonances

/
+ +
PP — W - = W‘Z The benchmark: The Heavy Vector Triplet
Lagrangian parametrization that predicts a W’

3‘ LI | LI | L | L I L I L I L I LI I L I L _I_
s 10° :_ ATLAS ——— Observed 95% CL limit :
) = (s=13TeV,36.1fb"  ====* Expected 95% CL limit 3
= — s meaa Exp. Ivaq .
T 103 — s meme Exp. llgq _
o A Exp. vvqQg =
< A e, Exp. lliv -
T 10%E %2 Exp. qqqq =
Q. — \ } -
e B = _
° 10¢ =
e T ey T E

10~ DY HVT W’ — WZ (qqqq + vvqq + Ivaq + llgg + lllv) .

'l__l I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 :F

05 1 15 2 25 3 35 4 45 5
m(W’) [TeV]



New physics in bumps and tails

B —

Indirect search approach
| (model independent)

New physics may]|
be (just) beyond
our reach '

l

Peviation in tails /
I

|| ELHc
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The SM Effective Field Theory

o Deviations are parametrized by higher order operators from SM fields

dim-8 operators can
affect VBS at tree level

Ci Ci
Lert = Lsm + Z_AZ Oidim-6 + > X O; dim-8
i j
Lsv ~ determines UV theories maps

the bulk distribution \ to specific
coefficients
N [arXiv:1711.10391]

New interactions
from UV theories

l

o EFT are model independent and self consistent framework for parametrizing deviations from
the SM
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The SM Effective Field Theory

of SM particles

Same Charge WW+jj l

Lerr = Lsm+ Fr2O12

Coefficient
) ) — Coefficient values
c S0 ATLAS data
- ATLAS hepdata —- 4
L% - P [ Other prompt ----S02 =15 TeV
B S=13T6V,f|.d'[=36fb |:|WZ | —--—T0=1_O Tev-4
40— Eboli et al. EFT dim-8 I e/y conversion 4
B [ Non prompt - T1 —_ 05 TeV .
N y [ TWWjjQCD T2=1.5TeV
30— ] WWjj EWK _ - /4
= MO = 10 TeV™
_ ; . ----M1 =15 TeV
20__ """" M7 —_ 25 "eV'4
- —
(/O 0 0 s Other channels affected by

10 Y
o the same operators, huge
e possible gain by
combination!
% 100 200 300 400 500 600
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The SM Effective Field Th K117
- eory ATLAS —

Aug 2020
N b W i
» F : annel Limit
: : %vw -7.76+01, B 18701 Mt [
ZY -7.1e+01, 7.5e+01] 183 I 8 Tov
—— | Zy -1.9e+01, 2.0e+01] 510, 93 Fo
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Take away

know know |
things we know we know |

The Standard Model stands strong! |

e We have observed one of the most rare processes predicted by the SM! |

) S— : : S— “
Zyii EWK ATLAS Preliminary |

WV+2ZV)jj EWK |
( )i Run 1,2 /s =7,8,13 TeV V
WEWjj EWK i
W2zZjj EWK “
ZZjj EWK ‘

P PR ST S SR N S S T 1

data/theory

|

PR PR S PR S S PR M a1 . \
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 {
®* We can push harder by looking at polarized vector bosons self interactions |

—
| unknown unknown

| things we don't know we don't know

We are actively looking for them, nothing so far but
there is still room for Surprises!

* Rumsfeld’s Matrix of Knowledge
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