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» Particle physics frontiers: 1. The intensity frontier
2. The cosmic frontier

3. The energy frontier

» Intensity frontier: high statistics to look for small effects,e.g. 4 — e y

» Cosmic frontier: uses astronomical/cosmological data.

 Energy frontier: colliders are used to test the SM and look for BSM



— 140

« Center-o

—A
N
-

» I[nstanta

QO
-

o)
-

=
>
- —
wn
O
=
=
-
-
©
)
‘—
(T
-
O)
b
=

1N
-

N
-

o |
\." -
ofF g - g -
g .
l':'r , o - -
y 7 —
_‘;‘-_&.'ﬁ . ) " d
O |I | "1_:?:3: > . = . 1

02-Mar 02-May 01-Jul 31-Aug 31-Oct 31-Dec




eTe” colliders




Advantages
« e¢Te™ colliders are precision machines: interactions are well understood

* |nitial charges are zero
o Scattering kinematics is well understood/constrained
* All CM energy is available to produce new states
* |t is possible to polarize the beams
Disadvantages
» Large synchrotron radiation

* Energy losses by bremstrahlung/beamstrahlung

. A<t . NG
Need to take into account the energy spread: | —o(§) with 7 = —
: dr \/E



* ISR can lead to large effects
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hadron colliders



pp/pp cross sections
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* Protons are strongly interacting: collisions are me
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T decay (N°LO) +=-
low Q? cont. (N 3LO) e
HERA jets (NNLO) =+

Heavy Quarkonia (NNLO)
e*e jets/shapes (NNLO+res) >
pp/pp (jets NLO) +H=—

e QCD factorization theorem: for large transfer momentum we have i I L= Joe

2 2 A SN
Cl,b / | — 0,(Mz?) = 0.1179 % 0.0009 B

inclusive distribution functions

. f,/5(x, Q%) is the b parton density in hadron B carrying x of its momentum

. Q2 is a characteristic scale

t‘ ‘

. N '
L\ Q%=10* GeV*




L EP 1 Physics
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o LEP 1 studied in detail the Z. At tree level T'(Z — ff) = Mz(gy + g2)N.

3 sin” Oy cos2 Oy

1

, | = Myorn = ~J% @ JI - , Jg.® JZ/
e Born amplitude for e™e™ — ff: s s—Mj +isTz/Mz "7
do _ 3 20+ 24, A; cos 0
 Close to the Z resonance : 0 = 1o- (LHcos”0+24cApcos) o(eTe” — ff)
Some observables:
Fh d Ae — 29‘6/92 Af — 29{/91];
Mz, Uz, Opags Rp = — (9)" + (ga)" (912 + (94)3
I
127TF6F]0
R, = b p oo e e 1D =g e T
g - T
ad had 3 ) 3
1 g{/—Y}—ZQfsm 0y, and gA—Y}



e Varying \/E near the Z mass

1

CX —————————
(s = Mz)?* + 5212/ M>

Froml,=1,+1_+1,

N, = 2.9840 =+ 0.0082
— FZ

9l 92 93 94 95
Energy, GeV
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Additional observables:

Forward-backward asymmetry App = o(cost >0) —o(cost <0) _ Z A Ay

o(cost > 0) + o(cos < 0)

SLAC could polarize the e beam A, = U(ef) —oler) _ Ae = T ?fig?e 2
Jv ga

T polarization PT — — _A_

sin” @y, can be extracted

13 g{iz]}?—ZQfsine@W and gA=7}3



* |t iIs mandatory the inclusion of higher order corrections

* First task: define the input parameters and their definitions

 Radiative corrections modify tree level relations

o(v,e) 3—12s7, + 16sy,

o(ve) 1—4si, + 16s5,

T 1 5
= S
V2Gr My,
F(Z — ff) Kem f\2 f\2
— N,
pr_ 29v9a

(97)° + (94)°

mfaM 9M ,MH)andSinze — —_—

14

Example: (o,




It is mandatory the inclusion of higher order corrections
The Zff coupling: (\/EGFMg)l/z \@ [(7}3 — 20, sin” HWKf) yH — 7}3;/”;/5] Z,

Definition sin” 6, = Ky sin” Oy

The main contributions come from gauge boson self-energies and they are universal

15



e Jesting lepton universality  all fermion couplings

| Im=178.0 £ 4.3 GeV
~ my=114...1000 GeV

68% CL
-0.503 -0.502 -0.501 -0.5

Il

 Running of a Is not enough!
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mm Global EW fit
- Measurement

M

* |nputs and results to the fits .

I

« Global fit !

I

0
Ghad

 The SM is doing very well 0

lep

0,lep
AFB

A,_ (LEP)
A,ep(SLD)
.o lep

in“0_ (QFB)

lep

A,(LEP)
A.,(SLD)
ff

. 2nlep
sifoo) | | oo Sl
Al | 0g SiMO(HO)

AO,b

FB

As

A
A
R
R

-3 -2 -1 0

(Ofit - Omeas) /o B O) / 0to

meas indirect
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LEP 1 LEP 2

* W mass from its decay products

e Main channels: WW — qgqqq (46%) W — qqfv (44%)

Requiring 4 jets * Requiring 2 jets, e/muon, missing pt

o efficiency 85% . efﬁcfiency085%
* purity 80% -  purity 90%



CMS Preliminary

my in MeV

LEP combination 80376 + 33
Phys. Rep. 532 (2013) 119

DO 80375 + 23
PRL 108 (2012) 151804

CDF 80433.5 + 9.4
Science 376 (2022) 6589

LHCDb 80354 + 32
JHEP 01 (2022) 036

ATLAS ) 80366.5 + 15.9
arxiv:2403.15085, subm. to EPJC

CMS 80360.2 + 9.9
This Work

80300 80350 80400 80450
my (MeV)

Omwvlvlllllllllll IM
60 70 80 90 100 110

e Mass and width obtained fitting the shape” Mass [GeV




| arge Hadron Collider



Subprocess CM frame

Subprocess CM enert

Rapidity/pseudorapidity: p* = E (1, sin@cos ¢ ,sinfsin g, [ cos )

and n=—1

] E+p, 1 1 +cosf
n ———
2 E—p, 2

1 —cos@

1 X
. Advantage: boost between the (subprocess) CM frame and LAB y = y~\ + 5 In <—1>
X2

21



e Consider an s

o |Nnvariant mass

Events/GeV

CMS Preliminary

\s=7TeV, L_=40pb’

lllllll 1 1 lllllll | 1 lllllll

1 10 10°
u*u- mass (GeV/c?)




Cons

If the mw in MeV

| LEP combination 80376 + 33
Bl Phys. Rep. 532 (2013) 119

DO 80375 + 23
PRL 108 (2012) 151804

ikl CDF 80433.5 + 9.4
Science 376 (2022) 6589

ey LHCD 80354 + 32
JHEP 01 (2022) 036

=il ATLAS 80366.5 + 15.9
arxiv:2403.15085, subm. to EPJC

Tran: %MVSV ) 80360.2 + 9.9
IS VVOr

30400 80450 N'
mw (MeV) .~

MET

Jacc 80300

80350



* TJop pairs are produced by

LHC 13.6 TeV — o ~ 240 pb

Z ~500 b = 1.2 x 10 {7 pairs

e The dominant decay is t = Wb

Top Pair Branching Fractions

Q ttjets 15%

1+T A %
Tty 2 0 /o
¥ ,\OIO

X\ 'L/
\x\ﬁee)ce A%

"dileptons™

15%

* We can study several properties of the top: mass, quantum numbers,
decay W polarization, coupling Wtb, FCNC...



 [Jop quark mass measurement:. dilepton

* [here are backgrounds to be mitigated

Permutations / 5 GeV

Data/MC

 tt wrong

[ 't unmatched

CMS Preliminary, 19.7 fb ', Vs = 8 TeV, l+jets

- tt correct

g

- Z+Jels

L Wslets
1 single top
¢ Data

Permutations / 5 GeV

Data/MC

12000
10000/
eoooé
6000
4000
2000/

1.5

1 |

0.5

combined

CMS
dilepton 7 TeV
lepton+jets 7 TeV
all-jets 7 TeV
dilepton 8 TeV
lepton+jets 8 TeV
all-jets 8 TeV
single top 8 TeV

Jy 8 TeV

ATLAS+CMS

............ ATLAS+CMS combined
we stat uncertaint

- total uncertain

ATLAS
dilepton 7 TeV
lepton+jets 7 TeV
all-jets 7 TeV
dilepton 8 TeV
lepton+jets 8 TeV
all-jets 8 TeV

secondary vertex 8 TeV

Vs =7.8 TeV

total

L

]

L e IL

Sfat

coaliman

m, = total (z stat = syst) [GeV]

173.79+1.42 (= 0.54 = 1.31)
172.33+ 1.28 (= 0.75+ 1.04)
175.06 = 1.82 (+ 1.35+ 1.21)
172.99+ 0.84 (+ 0.41+ 0.74)
172.08 = 0.91 (= 0.39+ 0.82)
173.72+1.15 (= 0.55+ 1.02)
172.71+ 0.48 (+ 0.25+ 0.41

172.50 + 1.58 (= 0.43+ 1.52)
17349+ 1.06 (+ 0.43+ 0.97)
17349+ 1.41 (+ 0.69+ 1.23)
172.22+ 0.95 (+ 0.18 + 0.94)
172.35+ 0.48 (+ 0.16 + 0.45)
172.32+ 0.62 (+ 0.25+ 0.57)
172.95+ 1.20 (= 0.77 = 0.93)
173.50 + 3.14 (+ 3.00 + 0.94)
173.68+ 1.12 (= 0.20+ 1.11)

)

m, [GeV]

combined 172.52 + 0.42 (+ 0.14 + 0.39)
ATLAS+CMS LHCtopWG

dilepton 172.30+ 0.59 (+ 0.29+ 0.51)

lepton+jets .‘ 172.45+ 0.36 (£ 0.17 + 0.32)

all-jets - 172.60 + 0.45 (= 0.26 + 0.36)

other et 17353+ 0.77 (+ 0.43 + 0.64)

combined = 172.52 + 0.33 (+ 0.14 + 0.30)
| | I I | | | 1 | [ I | 1 1 1

165 170 175 180

185
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Standard Model Total Production Cross Section Measurements [Ldt

[fb~']
o =104.7 + 0.22 + 1.07 mb (data) . . -
—syiisiiley | ATLAS Preliminary : ST P e pore) a8
o= 913 %Ef@é%gg%gbgfgz) . 8x10-8  Nucl. Phys. B (2014) 486
RIS 1 s =5,7,8,13,13.6 TeV ; 08 axoioscemn
o — RYTHRBY + GT18 (NNLONNLL) ( A 26 2 EPJC 79 (2619) 760
o= d%YHNL8 62%1-13'\1'3&0[9{]06%% ,':i 4 6 EPJC 77 (2017) 367

— o %T16WL%§A“ Sap ‘ |

1210050 L SN - (theory) ' 0.3  arXiv:2404.06204
é%“émg% %T 17%%1'\{) ;O" NLL) (theory) 0 o 290  PLB 854 (2024) 138725
TPREB I8 theory) 0.3 arXivi2404.06204
-~ RYBNLG1GTig BNl *b . 20.2  JHEPO02(2017) 117
o= 25350033 0. 7 4.6 JHEP 02 (2017) 117

— INER B9 11§ B0S Qh? ry F .

O 5337CT1%5{\'5\'L0+ }(heory) - v 0.3 arXiv:2404.06204
7~ THC ToP \g/% F()t&; ol s 29.0  PLB 848 (2024) 138376
- L1 140 JHEP 07 (2023) 141
o= i—i}?g_ PGS ’Qata ? 4

(2023)
=X b | A 20.2 EPJC 74 (2014) 3109
o= ll'fg. _§1 iG(L)H] )Qata ' EP
7 [ JC 74 (2014) 3109
10,708 W g ?dvgt F : b 000,
(2024)

0.3 JHEP 06 (2023) 138
o= C+T10+P1\ng dJe ?ay

140 JHEP 05 (2024) 305
o — M y'iL% th8°l‘8b A 20.3  EPJC 77 (2017) 531
MCFM, ng L4t h?ory : - .

o =082 8 oD stat 4.6 PRD 90, 112006 (2014)
o= j\\zg%z{g%o j‘ior ) 3.7fb (data) - 0.3 PLB 854 (2024) 138726
o= ot oy er WHata) i 3.2 JHEP 01 (2018) 63
o= 5 i’%L i r% b (dats . 20.3  JHEPO1, 064 (2016)
o= i‘é@:“}%ﬁﬂ.&p\g (data) ﬁ; LHC pPp \/E =13 TeV . 2.0 PLB 716, 142-159 (2012)

LD { ?QQ (data) ‘- Data 31.4 EPJC 84 (2024) 78

(
(

I g Wé@e"% o (data) £ stat & syst : 23 EnoTeE):
(

Reference

4.5 EPJC 76 (2016) 6

o = 13065531 Y56 (Shepis p: 36.1 EPJC 79 (2019) 884

o = a2 {BEOWE b (data) ‘-':; LHC pp Vs =8 TeV A 20.3 PLB 763, 114 (2016)

~ NNLO{thepry)., ,. PRD 87 (2013) 112001
- Data 4.6 PRL 113 (2014) 212001

stat 36.1 EPJC 79 (2019) 535
1 O O Ut Of 1 O 1 2 . 20.3 PRD 93, 092004 (2016)
) 4.6 EPJC 72 (2012) 2173
| 29.0 PLB 855 (2024) 138764

Out Of 1 01 5 i LHC pp Vs =7 TeV ' 36.1 PRD 97 (2018) 032005
- Data 20.3 JHEP 01 (2017) 099
: stat 46 JHEP 03 (2013) 128

More multiplicity
More interesting vertices

PLE 785 (2014) 311
t Stat ® syst 140 JHEP 06 (2023) 191
s—chan g8 or ,.‘ A 20.3 PLB 756 (2016) 228-246
) - o= ﬁgmigcgg%h%g W i 140 JHEP 05 (2024) 131
* Many SM processes have been studied A | i
iz - ?g/\%yg{r%sé}t%% o T - : 20.3 jLENF;ﬁ,{m (2015)
. . WWW g MO GED ﬁ%%agoia;a o \ P 139 PRL 129 (2022) 061803
-0 varies but 10 orders of magnitude R P e L S o a0 trom@mis
NLO QCD + EW (theory) S

- strong and weak processes 3,4 107°107107107107 1 100 10° 10° 10° 10° 10° 10 0510152025 o 0 o0
o [pb] data/theory

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-011/fig_02.pdf

T ————— i
Smaller cross section

More rare

* In general, good agreement with SM




» Many SM processes have been studied 5 pp > X

7 TeV, 20 ub™', Nat. Commun. 2 (2011) 463

" Theor .
| Y ATLAS Prelimin ary 8 TeV, 500 ub”, PLB 761 (2016) 158
® Measurement 13 TeV, 60 ub', PRL 117 182002 (2016)

pp — X =——xx — Zpp—>W Zpp—2Zly
) 2.76 TeV, 4 pb™", EPJC 79 (2019) 901
5TeV, 25 pb™", EPJC 79 (2019) 128
7 TeV, 4.6 fo”', EPJC 77 (2017) 367
8 TeV, 20.2 fb™", JHEP 02, 117 (2017) (for 2)
8 TeV, 20.2 b, EPJC 79 (2019) 760 (for W)
13 TeV, 81 pb™”, PLB 759 (2016) 601 (for W)
13 TeV, 3.2 b, JHEP 02, 117 (2017) (for 2)
C pp > tT
5 TeV, 257 pb ™', ATLAS-CONF-2021-003
7 TeV, 4.6 fo”', EPJC 74 (2014) 3109
8 TeV, 20.3 b, EPJC 74 (2014) 3109
13 TeV, 3.2 fb™', EPJC 80 (2020) 528
g pp—1q
7 TeV, 4.6 fb™", PRD 90, 112006 (2014)
8 TeV, 20.3 fb”, EPJC 77 (2017) 531
13 TeV, 3.2 fb™', JHEP 1704 (2017) 086
Q pp—>H
7 TeV, 4.5, EPJC 76 (2016) 6
8 TeV, 20.3 b, EPJC 76 (2016) 6
e — 13 TeV, 139.0 fb!, ATLAS-CONF-2019-032
LHC-XS (N°LO ggF) C pp - WW
) IR § 7 TeV, 4.6 fo”', PRD 87, 112001 (2013)
8 TeV, 20.3 b, JHEP 09 029 (2016)
13 TeV, 36.1 o', EPJC 79 (2019) 884
¥ pp—» WZ
7TeV, 4.6 b, EPJC 72 (2012) 2173
8 TeV, 20.3 fb™", PRD 93, 092004 (2016)
13 TeV, 36.1 o', EPJC 79 (2019) 535

L pp— 2ZZ
7 TeV, 4.6 fo!, JHEP 03, 128 (2013)

. TeV/] 8Tev.203 " JHEP 01,099 (2017)
Status: February 2022 s [ © ] 13 TeV, 36.1 fb™', PRD 97, 032005 (2018)

-0 varies but 10 orders of magnitude
» strong and weak processes

* In general, good agreement with SM
« COM energy dependence is correct
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* There are two possiblility to look for signals: direct and indirect

Deviation search

Resonance search

JAT

92 EVENTS Z

QCD - background

~No
(=4

2°-e'e”

EVENTS PER 4 GeV/c?
cross-section (pb)

90 10
0 20 40 60 80 100 120 140 160 180 200 220

30 50 10
centre-of-mass energy (GeV)

INVARIANT MASS M (e e’) (GeV/czl




» Looking for new particles q <
» Signals depend on the model X°=LSP

- SUSY: many different signals. For instance, assuming R parity conservation

Nice feature: SUSY has
a plethora of signals.

30



» SUSY searches haven’t found any signal yet!

\s=13TeV, 36.1 - 139 fb March 2023
G— qx, Olep.[2010.14293]  ATLAS Preliminary

J— bBX? > 3 b-jets [2211.08028]
>3 b-jets + > 2 lep. SS [2211.08028, 1706.03731]
g— Wy, O lep. + 1 lep. [2010.14293, 2101.01629]
g— daZ i 2 lep. OS SF [2204.13072)
- qaWZ%, =7-12jets + 1lep. + =2 lep. SS
[2008.06032, 1708.08232, to appear]
G- (/v via IV 2 lep. OS SF + 2 2 lep. SS [2204.13072, to appear]
> 11[1808.06358]
> 1y [2206.06012]

Colours indicate different models
Observed limits at 95% CL

10001200 14001600 180020002200 2400
m(g) [GeV]
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* SUSY searches haven’t found any signal of top partners!

- (Observed limits

A TL A S = = Expected limits

t1t1 prOdUC’[iOn, limits at 95% CL Data 15-18, ¥s = 13 TeV, 140 fb

—— monojet,?1 — bff’ i?
[2102.10874]

— 0Lt ti:’ /1, - bwi:’ /1, > bif ;’z?
[2004.14060]

ALt 1 /1 - bW, /T, bif X,
[2012.03799)]

== 1LNN, 1, —>t)~(?/ 1 - bwi?
[ATLAS-CONF-2023-043]

— 2L, t, > tx,/ t,— bW /T, - bff §
[2102.01444]

Data 15-16, ¥s = 13 TeV, 36.1 fb ™
— T1 —>t)~(? /L - bW)Nc?/'{1 — bff' ;NC?

[1709.04183, 1711.11520,

1708.03247, 1711.03301]

~ ~0
— -

[1903.07570]

Data 12,¥s = 8 TeV, 20.3 fb
BT, 1) /1, - bWy, /T, - bff X,

400 600 800 1000 1200
m( t,) [GeV]




- SUSY searches haven’t found any signal yet!

3" gen. squarks
direct production

Long-lived

Inclusive Searches

ATLAS SUSY Searches™* - 95% CL Lower Limits

July 2024

particles

Model
—— o~ ~0
44, q—gX1
~~ o~ _~0
88, 8—qgX1
~~ o~ —)
88, 8—qqWx Ly
88, §—qq(thHX ]
88, 8—qqWZx,
~~ o~ —~0
88, 11Xy
b1 by
131[;1, 771—>b/\~/g g 17/7/\7(])
i, i)
fi, f]—)Wb/??
fl fl, 171—>‘7'1/7V, ‘7’1—>TG

~ o~ o~ ~0  en ~ ~0
ht, 1—cXy | ¢¢, c—cX

~~ o~ ~0 =~0 ~0
hHity, 1>y, Xo—Z/hX;
hiy, h—i +Z

XX via wz

3

T

via WW
via Wh
via FL/T/

13

= THN O —

—~|
o
—~|
g
=

NN
3

o S ot

1
t

bLrlLR, f—>f/\~’?

HH, H—hG/ZG

Direct X1 X7 prod., long-lived X7

Stable g R-hadron

Metastable g R-hadron, §—>qq/\~/?
e, t—G

YiXT 0 X >ze—eet
YT XS — wwyzeeeevy
o~ <0 =0

88> g_’f{)f//\ilo:/\/] — 4499
it, i—>tX 1, X| — tbs

— o~ o~k ok

tt, t—bX1,X1 — bbs

l~1 f] s ;1 —bs

hh, h—qt

Xi //\7(2) //\7(1), ,\7(1’ ,—1bs, X1 —bbs

Signature

Oe,u
mono-jet

Oe,u

1eu

ee,

Oe,u
SSe,u

0-1e,u
SSe,u

Oe,u

Oe,u
271
0-1e,u
1eu
1-27
Oe,u
Oe,u
1-2e,u
3e,u

2-6 jets
1-3 jets

2-6 jets

2-6 jets
2 jets
7-11 jets
6 jets

3b
6 jets

2b

6b
2b
> 1 jet
3jets/1 b
2jets/1 b
2c¢
mono-jet
1-4 b
1b

Multiple £/jets

ee, Hy
2e,u

> 1 jet

Multiple ¢/jets

2e,u
27

2e,u
ee, uu

Oe,u
4e,u
Oe,u

2e,u
Disapp. trk

pixel dE/dx
pixel dE/dx
Displ. lep

pixel dE/dx

3e,u
4e,u

2e,u
Tu
1-2e,u

0 jets
> 1 jet

>3b
0 jets

> 2 large jets E

> 2 jets

1 jet

0 jets
>8 jets
Multiple

> 4b

2jets+2b

2b
DV

>6 jets

Emiss
Ezliss
T

miss
ET

miss
ET '

miss
E T

miss
ET

miss
E T

Emiss
Ezliss
T
miss
ET '
miss
ET ’
miss
ET ’
[Emiss
Eiﬁms
T
miss
ET :
miss
ET
Emiss
Ezliss
T
miss
ET :
miss
ET :
miss
ET '
miss
ET ’
[Emiss
Eiﬁms
T
Emiss
E;qliss
E]iss

T .
miss
E;

miss
E T

miss
E T

miss
E T
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*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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[1x, 8x Degen.]
[8x Degen.]

Forbidden

0.205

Forbidden

[r(g) =10 ns]

Mass limit

1.0
0.9

23
1.15-1.95
2.2
2.2
1.97

Forbidden

1.255
0.68

0.23-1.35
0.13-0.85
1.25
1.05
Forbidden 1.4
0.85

Forbidden

0.55

0.067-1.18

Forbidden 0.86

0.94

0.45-0.93
0.77

[BR(Z7)=1, BR(Ze)=1]
[Aiz3 # 0, A1z # 0]

[M(¥})=50 GeV, 1250 GeV]

(X),,=2e-4, 1e-2]

[aq, bs]

0.55
Forbidden

0.42 0.61

[1e-10< A:m <1e-8, 3e-10< A;u <3e-9]

0.2-0.32

m(/\7(1))~<0400 GeV
m(g)-m(X1)=5GeV

m(t})=0 GeV
=1000 GeV

m(¥1)<400 GeV
10 GeV<Am(b; X1)<20 GeV

Am(¥,%})=130 GeV, m(¥})=100 GeV

Am(¥3,X])=130 GeV, m(X})=0 GeV
m(¥))=1GeV

m(X})=500 GeV

m(#1)=800 GeV

m(t})=0 GeV

m(f;,&)-m(¥})=5 GeV

m(¥5)=500 GeV

m(¥})=360 GeV, m(7;)-m(¥})= 40 GeV

?):O, wino-bino
GeV, wino-bino

m(f)-m(¥})=10 GeV
BR(Y}

X — /1G:)=
BR(XII) - ZG)=
BR(/\;I - ZG~)=

BR(¥! — ZG)=BR(¥| — hG)=0.

1
1
1
5

Pure Wino
Pure higgsino

m(t})=100 GeV
7(f)=0.1ns
7(€) =0.1ns
7(f) =10 ns

Pure Wino
m(¥1)=200 GeV
Large A7,

112
m(¥})=200 GeV, bino-like
m(¥7)=500 GeV

BR(f1 —be/bu)>20%
BR(7; —qu)=100%, cosé,=1

Pure higgsino

Mass scale [TeV]

ATLAS Preliminary

\s=13TeV
Reference

2010.14293
2102.10874

2010.14293
2010.14293
2101.01629
2204.13072
2008.06032
2307.01094

2211.08028
1909.08457

2101.12527
2101.12527

1908.03122
2103.08189
2004.14060, 2012.03799
2012.03799, 2401.13430
2108.07665
1805.01649
2102.10874
2006.05880
2006.05880

2106.01676, 2108.07586
1911.12606
1908.08215

2004.10894, 2108.07586
1908.08215
2402.00603
1908.08215
1911.12606

2401.14922
2103.11684
2108.07586

2204.13072

2201.02472
2201.02472
2205.06013
2205.06013

ATLAS-CONF-2024-011
ATLAS-CONF-2024-011
2205.06013

2011.10543
2103.11684
2401.16333
ATLAS-CONF-2018-003
2010.01015
1710.07171
2406.18367
2003.11956

2106.09609




* Looking for new resonances/final states

* There are many possible final states

- Leptoquarks appear in many extensions of the SM
* The signal is a peak in lepton-jet invariant mass

- Dark matter: Mono-jet (Z, y) plus missing p;

 Long-lived particles give rise to displaced vertices
- Many final states are possible!

multitrack vertices

'; ‘.75'/'.- :: ..."_-.\; S :.:-
. — F N\ N emerging
dileptons, lepton-jets ‘ -

-
”~

— 4 : \

_a trackless,
= ' low-EMF jets

i |

multitrack vertices
X -
Z Inmucn system



* Looking for new resonances

ATLAS Leptoquark searches - 95% CL exclusion ATLAS Preliminary

Status: July 2024 vs=13 TeV,139 fb~!

LQ(qv/ql)

Scalar (pair) BR(LQ —je)=

Scalar (pair) BR(LQ - ce)=

Scalar (pair) BR(LQ - be)=

Scalar (pair) BR(LQ - te)=

Vector (Min) (pair) BR(LQ —te)=

Vector (YM) (pair) BR(LQ - te)=

Scalar (pair) BR(LQ - ju)=

Scalar (pair) BR(LQ - cu)=

Scalar (pair) BR(LQ — bu)=

Scalar (pair) BR(LQ - tu)=

Vector (Min) (pair) BR(LQ - tu)=

Vector (YM) (pair) BR(LQ - tu)=

Scalar (pair) BR(LQ —j1)=

Scalar (pair) BR(LQ - bT1)=

Vector (Min) (pair) BR(LQ - bT)=

Vector (YM) (pair) BR(LQ = bT1)=

Scalar (single+non res.+pair) A(bT)=
Scalar (single+non res.+pair) A(bT1)=
Vector (Min) (single+non res.+pair) A(bT)=
Vector (Min) (single+non res.+pair) A(bT1)=
Vector (YM) (single+non res.+pair) A(bT)=
Vector (YM) (single+non res.+pair) A(bT)=
Scalar (pair) BR(LQ - tT1)=

Vector (Min) (pair) BR(LQ - tT)=

Vector (YM) (pair) BR(LQ - tT)=

Scalar (pair) BR(LQ - bv)=

Scalar (pair) BR(LQ - tv)=

Scalar (pair) BR(LQ - te)=

Scalar (pair) BR(LQ - tu)=

Scalar (pair) BR(LQ - tT1)=

Vector (Min) (pair) BR(LQ - be)=

Vector (YM) (pair) BR(LQ - be)=

Scalar (pair) BR(LQ - be)=

Vector (Min) (pair) BR(LQ - bu)=

Vector (YM) (pair) BR(LQ - bu)=

Scalar (pair) BR(LQ - bu)=

Vector (Min) (pair) BR(LQ - bT)=

Vector (YM) (pair) BR(LQ - bT)=

Scalar (pair) BR(LQ - bT1)=

j refers to u, d, or s quark

Vector Vector
(Yang-Mills) (Minimal)

1.
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1.
1.
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1.
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1.
1.
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1.
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2.
1.
2.
1.
1.
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ATLAS EXxotics Searches™ - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: May 2020 [Ldt=(3.2-139) b \5=8, 13 TeV
Model t,y Jetst ET™ [rdt[fb™] Limit Reference
L L LI I | Ll 1 1 1 l 1 I | 1 1 | 1 I L | 1 1
. ADD Gkk + g/q 0e pu 1-4] Yes 361 |Mp 7.7 TeV n=2 1711.03301
° LOO kl f g fO I NEeW reSONANCESEE LRSS 2y - - 367 |Ms 86TeV  n=3HLZNLO 1707.04147
S ADD QBH - 2] - 37.0 | My, 89TeV n=6 1703.09127
q:> ADD BH high )’ p1 >1leu >2] — 3.2 Mth 8.2 TeV n=6, Mp = 3 TeV, rot BH 1606.02265
£ ADD BH multijet - >3 - 3.6 Min 9.55TeV n =6, Mp=23TeV,rot BH 1512.02586
3 RS1 Gkx — vy 2y . - 36.7 Gkk mass 4.1 TeV k/Mp; = 0.1 1707.04147
© Bulk RS Gy —» WW/ZZ multi-channel 36.1 Gkk mass 2.3 TeV k/Mp; = 1.0 1808.02380
¥ BukRS Gk —» WV — fvqq 1eu 2j/1J  Yes 139 | Gkk mass 2.0 TeV k/Mp = 1.0 2004.14636
W Bulk RS gk — tt le,u >1b,>1J/2 Yes  36.1 | gkk mass 3.8 TeV M/m=15% 1804.10823
2UED / RPP Teu =22b>3j Yes 36.1 |KKmass 1.8 TeV Tier (1,1), B(AMY — tt) = 1 1803.09678
SSM Z’ — ¢ 2e - - 139 Z’ mass 5.1 TeV 1903.06248
SSM Z" - 17 271 - - 36.1 Z’ mass 2.42 TeV 1709.07242
» Leptophobic Z’ — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
S Leptophobic Z’ — tt Oe,u >1b,>2J Yes 139 | Z’ mass 4.1 TeV M/m=1.2% 2005.05138
3 SSM W’ — ¢v Teu — Yes 139 | W’ mass 6.0 Tev 1906.05609
Q SSM W’ - 1v 17 - Yes 36.1 W’ mass 3.7 TeVv 1801.06992
% HVT W - WZ — tvgqgmodel B 1 e,u 2j/1J  Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
(DU HVT V' - WV — gqqqgmodelB O e, u 2J - 139 V’ mass 3.8 TeV gv =3 1906.08589
O] HVT V' - WH/ZH model B multi-channel 36.1 V’ mass 2.93 TeV gv =3 1712.06518
HVT W’ — WH model B Oepu >1b>2J 139 | W’ mass 3.2 TeV gv =3 CERN-EP-2020-073
LRSM Wg — tb multi-channel 36.1 | Wg mass 3.25 TeV 1807.10473
LRSM Wgr — uNg 2u 1J - 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, g, = gr 1904.12679
- Cl gqqq - 2] - 37.0 A 21.8TeV 1., 1703.09127
@) Cl ttqq 2e,pu - = 139 A 35.8 TeV Um CERN-EP-2020-066
Cl tttt >leu >1b>1] Yes 361 |A 2.57 TeV |Cael = 4n 1811.02305
Axial-vector mediator (Dirac DM) Oe,u 1-4j Yes 36.1 Mmed 1.55 TeV g84=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
> Colored scalar mediator (Dirac DM) 0 e, u 1-4] Yes 36.1 Mmed 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
Q  vvyy EFT (Dirac DM) Oe,u 1J,<1j Yes 32 | m. 700 GeV m(x) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 my 3.4 TeV y =0.4,1=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 1%t gen 1,2e >2] Yes 36.1 LQ mass 1.4 TeV B=1 1902.00377
Q  Scalar LQ 2™ gen 1,2 u > 2] Yes  36.1 LQ mass 1.56 TeV B=1 1902.00377
~ Scalar LQ 3" gen 27 2b - 36.1 LQ} mass 1.03 TeV B(LQ3 — br) =1 1902.08103
Scalar LQ 3 gen 0-1e,u 2b Yes  36.1 LQg mass 970 GeV B(LQY — tr) =0 1902.08103
VLQ TT — Ht/Zt/|Wb + X multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
§s§ VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
8 E VLQ T5,3T5/3|Ts;3 > Wt + X 2(SS)/>3 eu>1b,>1]  Yes 36.1 Ts/3 mass 1.64 TeV B(Ts;3 — Wt)=1, c(Ts;3sWt)=1 1807.11883
T 8_ VLQY - Wb+ X 1eu >1Db,>1 Yes 36.1 Y mass 1.85 TeV B(Y - Wh)=1, cr(Wb)=1 1812.07343
VLQ B - Hb+ X Oeu,2y 2>21b,>21] VYes 79.8 B mass 1.21 TeV kg=0.5 ATLAS-CONF-2018-024
VLQ QQ — WqWyq 1eu >4j  Yes 203 [lQEEGSEeo0Gew 1509.04261
S cé) Excited quark g* — qg - 2] - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447
Qo S Excited quark g — qy 1y 1] - 36.7 q* mass 5.3 TeV only v* and d*, A = m(q*) 1709.10440
S) € Excited quark b* — bg - 1b1]j - 36.1 b* mass 2.6 TeV 1805.09299
I § Excited lepton ¢* Sepu - - 20.3 = A =3.0TeV 1411.2921
Excited lepton v* e urt - = 20.3 A=1.6TeV 1411.2921
Type Il Seesaw 1eu > 2] Yes 79.8 N° mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2] - 36.1 Ngr mass 3.2 TeV m(Wg) =4.1TeV, gL = gr 1809.11105
S Higgs triplet H** — ¢¢ 2,3,4 e, u (SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
=  Higgs triplet H** — ¢ 3eut — - 203 |H**mass 400 GeV DY production, B(H:* — (1) = 1 1411.2921
@) Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v- - 13 Tev v- — 13 Tev L 1L Ll l 1 L L 1 Ll l L 1 L L 1 1 L1 I L L L L
. -1
partial data full data 10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.

T Small-radius (large-radius) jets are denoted by the letter j (J). 36



Lack of conclusions: we have a lot of work ahead
New physics searches at the LHC
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* There are two possibility to look for signals: direct and indirect

Deviation search

Resonance search

JAT

92 EVENTS Z

QCD - background

~No
(=4

2°-e'e”

EVENTS PER 4 GeV/c?
cross-section (pb)

70 90 10
0 20 40 60 80 100 120 140 160 180 200 220

30 50
centre-of-mass energy (GeV)

INVARIANT MASS M (e e’) (GeV/czl




Deviation search

- Total rates are in agreement with the SM predictions

* The high energy tail of the distribution might present deviation from the SM prediction
* This requires performing precision measurements at the LHC

* Hypothesis: there is a mass between the SM and BSM energy scales

UV Model

To look for footprints of the UV model we can use EFT

mass gap

Choice: the gauge symmetry is realized linearly as in the SM (SMEFT)
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SMEFT is a consistent QFT

Leff —LSM‘|‘Z fjk O(k)

]>5

The truncation of the series is decided by the (th&exp) precisions

| |

1 1
p) 6 6) |2 8
o | Mey | +—A2%* /%<>+—A4 | MO+ MM

For the LHC: focus on dimension-six operators (“lowest" one)
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* Linear realization of the symmetry leads to correlations:

Opw =B, WHed | Opw =W, Wmao | Oy = (D,®)'B*D,®

Opp = ®'B,,B"® | Oy = 10" (070)0, (070)

o v o[22 2 i

Owww X
Ow

X[ x| [ x
S T x [ Tx

\
\
\
\
\
\
\

)‘1’.

relacionados pela invariancia de gauge
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Taking flavor into account the number of operators might get out control!
Without any flavor symmetry: 1350 (CP-even) and 1149 (CP-odd) = 2499
Assuming UB)L xU(3)e xUB)g xU(3)u x UB)a there are 85

Assuming UB)L xU3)e x U(2)g x U(2)u x U(2)a there are 270

Lesson 1: we need to introduce a hypothesis on the flavor symmetry

Lesson 2: in any case, we need many datasets

SMEFT has many parameters, so any measurement has blind directions

Large number of Wilson coefficients and correlations between processes call
for a global analysis
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» We also need many datasets

Dataset

EWPO

Diboson (TGC)

top

Higgs

EWPD
DIBOSON
DRELL-YAN
NEUTRINOS
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hypothesis

SU3)’

SU(3)
Do X U2)y x U(2)4

SU3)’




* We need a basis of operators, e.g. the dimension-six Warsaw basis arXiv:1008.4884

ABC yAv YBpCu
f Gu G Gp
ABC A Av YBpCu
f GM G Gp
IJKyx/ IvixsJpta/ Ku
€ W# 4% Wp
el VKW v W Jo W K
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» The experiments are already performing their analyses using SMEFT:

— ~ Others profied (20) ' -1
ATLAS Preliminary — 68 9% CL Others profied (10) 138 b~ (13 TeV)

Vs=13TeV, 139 fo ' 95 % CL Others fixed to SM (20) CMS
my = 125.09 GeV, |y"| <25 a Best Flt Others fixed to SM(10) Preliminary

SMEFT A =1TeV
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- In some cases, e.g. W+

S

LI =

* We can only estimate the

N A OO N A~ O

o

|
N

O X ‘%SM‘Z :

11
o A

=
o

40 - -~ -
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» Theorists do global analyses : Linear fit by Ellis et al. 2012.02779 C

2.5

SU(3)?: EWPO+Diboson+Higgs eV)?

N (1T
0 . _
2.01 mm SU(2)? x SU(3)3: EWPO+Diboson+Higgs+top 95%CL marginalised; C, AT
Top operators: EWPO+top (incl ttH)

1.5
1.0
0.5
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FINAL THOUGHTS



* The LHC will accumulate more data, so we can probe neutral top partners, etc

* The LHC is becoming a precision machine

» A great effort is on going from the experimental and theoretical communities

2021 2022 202 2024 202 2026 2027 202
AM[][][A|S AM I[]]AS AM 1|1|AlS AM][]A|S MIAM|[3|]|AlS AM[]|J|AIS AM 1| 1|A[S|O|N|D{J|FIM/AM| 1| J|A|S|OIN|D| I |FIM

Long Shutdown 3 (LS3)

We are here Long Shut-Down 3

2034 2036 203
AM|1|3|AlS AM[J|J|A]S AM

[3[3|A/S|OIN

2031
AM|(1|J|A[S|ONID|J M

ON M|

Run4 ' [RunSN
r

HL-LHC Beam...

2040 2041 HL-LHC

OIN AM 1[]|AlS AM[3[3]|AlS

Shtdown/Technica stop * Long Shutdown 3: July 2026 — June 2030
EYETS protons physics e Beam: June 2030 - December 2041

Commissioning with beam

Hardware commissioning
-ast update: November 24 Fnd of data-ta klng https://lhc-commissioning.web.cern.ch/schedule/L HC-long-term.htm




» Future Circular Collider could follow the success story of LEP-LHC

Schematic of an
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* These future machine will allow very precise measurements at least
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* We need new toys!

O FCO at Circular Colliders = Rich e*e" Physics Program ...

* 0. s(mz) with per-mil accuracy -
*Quark and gluon fragmentation Vs = 240, 365 GeV H 199S
g 10° HZ events

*Clean non-perturbative QCD studies 105WW— H events

- MHiggs, rHiggs

EW & QCD | Higgs couplings

self-coupling

detector hermeticity particle flow

tracking, calorimetry energy resol.
particle ID

direct searches "Intensity
of light new physics frontier”

e Axion-like particles, dark photons, Js~my, >2my
Heavy Neutral Leptons 5x10%2 Z
* long lifetimes - LLPs Few 10°W

flavour factory
(102bb/cc; 1.7x10" 1)

r physics B physics
Phy Phy Vs =340 —* 365 GeV Mitop, [Mtop

*Flavour EWPOs (Rp, AFg”:©) 10° tt events EW top couplings

er-based EWPOs ¢CKM matrix.
elept. univ. violation tests *CP violation in neutral B mesons vertexing, tagging
momentum resol. eFlavour anomalies in, €.g., b — srr el
tracker s energy resolution detector req
hadron identification

regorio Bernardi APC - Paris 10




Linear Circular e'*e-
Colliders Colliders

* We need new toys!

- =S FRANCE |
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V. Jets

s> (Can we obtain more information on the hadron production besides

the total cross section?

<  We expect that soft process
don’t change completely the high
energy features ——> a spray of
hadrons follows the direction of

the original quarks and gluons.




Three jet event:

Funiewent 13227 53860 Date 00805 Time 1342Z2C4rkiN= 3 Sump= 36,6 EcaltN= /3 SumE= B5,.8) Hoal CH=£3 SumE= 11,52

Eb=an 45,137 Ewis 104,.4 Episs -14,1 Vtx © -0,03, 0,08, -0,49y HuoniB= 1} Sec WtxiM= B} Fdet{hk= 0 SumE= 0,03

Bz=4,350 Thrust=0,7381 Aplan=0,0517 Oblat=03896 Spher=(,4732
=
III

* why not 4!

* Which particles
belong to a jet!?

* how to get

Pparton = Pjet !

LCetrtre of screen iz ¢ QL0000 00000, 00000




Not an easy task:

Proper “size” of jets.

“Noisen
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[Lian-Tao Wang]
Overlapping jets.



Criteria for a good jet recipe:

|. Simple to implement in an experimental analysis
2. Simple to implement in a theoretical calculation
3. Defined at any order of perturbation theory
4.Yields finite cross sections at any order of PT

5.Yields a cross section rather insensitive to hadronization



controls the number of jets

< The JADE jet algorithm 1s the following: Consider n
particles/partons and a cut y

«

Identify the pair with minimal invariant mass m. If m? < ys join
the two particle into a single cluster.

Apply the previous procedure to the n — 1 particles and clusters
until we can not form new clusters.

The number of particles/clusters at the end of the process 1s the
number of jets.



<> This expression describes well the energy dependence of K3
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<> This expression also describes well the y dependence
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A few jet algorithms

* Three popular jet algorithms are kT, anti-kT, and Cambridge/Aachen
* The distance and rule to join objets is

AR;:\°
R J) and diB — przroié

di; = min[p3, paq) (

with AR;; = \/AU% + Ay

repeatedly combine objets until d;ds the smaller distance.
Then call it a jet, remove from the list and start again

°The choices are: kT (« = 1); anti-kT (o = —);
C/A (o = 0)



* Example with C/A algorithm [borrow from G. Salam]

p,/GeV
40
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* The different algorithms lead to distinct
jets shapes when they overlap

kT (1) starts around softer objects

C/A (0) cares only about distances \A /
N

anti-kt (-1) clusters around hard objects

anti—kr

A B

AR;; Pt = Pt

2
1] 20
and di — .
R ) B pTl

d;; = min[p%}, paq) (



Cam/Aachen, R=1
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