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PSI PARTICLE PHYSICS SUMMER SCHOOL — FROM LOW TO HIGH: PARTICLE PHYSICS AT THE FRONTIER

THE STANDARD MODEL AND
BEYOND




THE STANDARD MODEL OF PARTIGLE PHYSIGS

= |t is both true that;:

= The SM works extremely well = it is highly predictive and robust, and deviations are
few and far in between

= |ast lecture

= The SM is broken + we know it is hiding something, and it is hiding it very well
= This one
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- The LHC was built as “discovery machine” £ | %
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= When particles accelerated are close to
the speed of light and collide, the

collision energy becomes available mass
to produce new particles (E=mc2)

= Heavier particles than those colliding
can be produced

= When colliding protons (composite
particles) we increase the chances to see
something new
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1983

W and Z bosons
80 and 90 GeV

m\\

1995

Top quark
173GeV

We did find a heavy
particle!

2012

Higgs boson
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‘Large Hadron collider at CERN

13.6 TeV
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THELHG'S AGHIEVEMENTS s e

Every collider gets us
one step ahead

TI— —

= After 14 years we have:
= The Higgs boson
= Found after decades of searches in multiple colliders
= First observations of tons of never-seen-before SM processes
= mostly multiple production of bosons and/or top quarks
= About 3000 scientific papers
= Approximately half of those being precision measurements
= Un unparalleled battery of searches for BSM phenomena
= Because the SM is great but...
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WE STILL NEED T0 GO




BEYOND ThE STANDARD MODEL




Nature Insight: The Large Hadron Collider
Vol. 448, No. 7151 pp 269-312 (2007)

LEON LEDERMAN 'S LAUNDRY LIST

= “To me, these three factors —the Higgs
particles, supersymmetric particles and o SUSY
new dimensions— are the discoveries
most likely to emerge from the first five
or so years of LHC operations. But there o The origin of dark matter
is a long, more speculative laundry list of
objects that might be illuminated by the
powerful beams of the LHC.” o Compositeness

@ Higgs boson

o Extra dimensions

o The origin of dark energy

o Technicolor (new strong force)
o WW scattering

Expectations were high for the o .
LHC o Additional Higgs bosons

That is the “guaranteed

discovery” people talk about o Right-handed neutrinos

a Mini black holes
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The SM: the Aristotelian
times

— ————

= The inexplicable neutrino masses

= The fact that dark matter exists but we have no idea what it is

= The fact that dark energy exists but we have even less idea
= The fact that we are made of and there is very little around
= We don’t know why we have 3 families of particles

= We don’t understand their masses

= There are a few parameters that cannot be predicted, we have to measure them and
put them by hand

= The fact that we cannot connect from the macroscopic to the fundamental
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FROM THE \/FRY REINNING g

= SUSY was the ad?

Summary and Outlook /fi \
Summary: MSUGRA/CMSSM
* Three inclusive searches for squarks and gluinos gmo _ ATLAS Eréﬁm
have been presented using the full 2011 ATLAS o : B
dataset of 4.7 fb-!. Eas- - : /
*  Major improvements: E ™ : ' /J

m
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No significant exce
! found
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»  Updates using the full 2011 data set are currently
being finalized with additional interpretations and . -
additional final states.
«  First 8 TeV results expected soon. m
-> Stay tuned © L’
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https://indico.cern.ch/event/181298/contributions/309520/attachments/243603/340886/ICHEP2012_5Jul.pdf
https://indico.cern.ch/event/181298/contributions/309277/attachments/243418/340677/cakir_Ichep2012.pdf
https://indico.cern.ch/event/181298/
https://indico.cern.ch/event/181298/contributions/309321/attachments/243449/340709/SUSY.pdf
https://indico.cern.ch/event/181298/contributions/309443/attachments/243534/340804/ichep2012.pdf

SUSY IS STILLNOT FULLY DEAD

= |t will always be a fun ground to test interesting things
= CMS and ATLAS have about 300 SUSY papers

Show all Total Exotica  Standard Model  Supersymmetry Higgs Top  Heavy lons
240 =

B and Quarkonia  Forward and Soft QCD  Beyond 2 Generations  Detector Performance

220 -
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ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

August 2023 Vs =13TeV
- _l - -
Model Signature  [Ld:t[b7'] Mass limit Reference
L] | | | L] | | | L] L] I 1 L] | | 1 Ll
G, G—4%1 0e,pu 2-6jets  Ep™ 140 1.85 m(k')<400 GeV 2010.14293
@ mono-jet  1-3jets ENSS 140 | § [8x Degen] 0.9 m(@)-m(X})=5 GeV 2102.10874
S 22 §—oqa Oe u 26jets EP™ 140 |2 , 2.3 ~0m(/\7?)=0 GeV 2010.14293
< g Forbidden 1.15-1.95 m(¥1)=1000 GeV 2010.14293
% 23, 3—qqWi, Tepu 2-6 jets 140 |2 2.2 m(¥})<600 GeV 2101.01629
O 73, 3-qd(OX ee, i 2jets  EP™ 140 |2 2.2 m(¥})<700 GeV 2204.13072
B 33, goqqWZi) 0e,u 7-11jets  EF™ 140 |2 1.97 m(/\7(1)(? <600 GeV 2008.06032
% SSe,pu 6 jets 140 |2 1.15 m(z)-m(¥)=200 GeV 2307.01094
=z, g0l 0-1 e, u 3b EFss 140 | 2 2.45 m(k})<500 GeV 2211.08028
SSe,u 6 jets 140 g 1.25 m(z)-m(¥1)=300 GeV 1909.08457
b1b, 0e,u 2bh  EPS 140 | b, 1.255 m(¥})<400 GeV 2101.12527
b, 0.68 10 GeV<Am(b; X1)<20 GeV 2101.12527
w c  biby, by—bYy — bhi) 0epu 6 b E%]‘ 140 | b Forbidden 0.23-1.35 Am@;’,)g?)%mo GeV, ma??)=o1 00 GeV 1908.03122
-% 9 27 2b E}™ 140 b, 0.13-0.85 Am(¥,X1)=130 GeV, m(Y,)=0 GeV 2103.08189
O .
2 i, o 0-1e,pu >1ljet  EMS 140 |7 1.25 m(tY)=1 GeV 2004.14060, 2012.03799
: g i, ;1_,Wb)2(l’ 1eu 3jets/1 b E?i“ 140 i Forbidden 1.05 m(¥})=500 GeV 2012.03799, ATLAS-CONF-2023-043
Q5 i, i—Tiby, 11516 127 2jetsib EMS 140 |7 Forbidden 1.4 m(%1)=800 GeV 2108.07665
= £ if, o) /e, ek Oe,pu 2c EE?“ 36.1 ¢ 0.85 m@g)zo GeV 1805.01649
SIS Oe,pu mono-jet  E}™ 140 f 0.55 m(f;,&)-m(X})=5 GeV 2102.10874
i1, =0, X9 z/nt) 1-2e,p 1-4b  EPS 140 |7 0.067-1.18 m(t5)=500 GeV 2006.05880
hiy, h—h +Z 3e,pu 1b ET™ 140 f Forbidden 0.86 m(¥})=360 GeV, m(f;)-m(X})= 40 GeV 2006.05880
XX via Wz Multiple ¢/jets EF™ 140 LR/ 0.96 m(t})=0, wino-bino 2106.01676, 2108.07586
ee, it >ljet  EMs 440 [/ 0.205 m(E%)-m (" )=5 GeV, wino-bino 1911.12606
XiXT via Ww 2e,p EMs 140 | X} 0.42 m(¥})=0, wino-bino 1908.08215
YiXS via Wh Multiple ¢/jets Ep™ 140 | Xi/X) Forbidden 1.06 m(¥))=70 GeV, wino-bino 2004.10894, 2108.07586
o XX vialp /v 2e EMs 440 | X 1.0 m(Z,7)=0.5(m(¥})+m(t})) 1908.08215
S @ Forh) 27 EP™ 140 [FUERGARONTT034 048 m(¥})=0 ATLAS-CONF-2023-029
W= 7 ol (=60 2e,u Ojets  Ex™ 140 |7 0.7 o, mE)=0 1908.08215
ee, ju >1ljet  E™ 140 ’ 0.26 m(f)-m(¥1)=10 GeV 1911.12606
HH, H-hG/ZG 0e,pu >3b EE?SS 140 | & 0.94 BR({| — hG)=1 To appear
4e.pu Ojets Ex™ 140 | A 0.55 BR(Y) — ZG)=1 2103.11684
Oe,u >2large jets ET™ 140 H 0.45-0.93 BR(Y] — ZG)=1 2108.07586
2e,u >2jets EMS 140 | A& 0.77 BR(Y! — ZG)=BR(¥] — hG)=0.5 2204.13072
Direct Y1 X] prod., long-lived X Disapp. trk 1 jet Efmiss 140 )?z 0.66 Pure Wino 2201.02472
S X; 0.21 Pure higgsino 2201.02472
1) .
g D Stable g R-hadron pixel dE/dx ET'S 140 g 2.05 2205.06013
o) % Metastable g R-hadron, —qq¥| pixel dE/dx EP™ 140 | g [r(®) =10ns] 2.2 m(&%)=100 GeV 2205.06013
S S 16 Displ. lep EMs 140 | & 0.7 r(?)=0.1ns 2011.07812
— ‘ 7 0.34 7(7) =0.1 ns 2011.07812
pixel dE/dx EMs 140 |7 0.36 (/) =10ns 2205.06013
X X sze—eet 3e.u 140 1.05 Pure Wino 2011.10543
YiXT XS — Wwjzeettvy 4ep Ojets  EF™ 140 1.55 m(¥1)=200 GeV 2103.11684
82, 2-qq¥], X! - qqq >8 jets 140 2.25 Large 1), To appear
S i it X S abs Multiple 36.1 1.05 m(¥")=200 GeV, bino-like ATLAS-CONF-2018-003
% if, i—>bX1,XT — bbs > 4b 140 Forbidden 0.95 m(¥F)=500 GeV 2010.01015
111y, 1 —>bs 2jets+2b 36.7 0.61 1710.07171
iy, 1—ql 2e,pu 2b 36.1 0.4-1.45 BR(f, —be/bu)>20% 1710.05544
Tu DV 136 1.6 BR(f; —qu)=100%, cost,=1 2003.11956
X103 /XY, 00y —ibs, X1 —bbs 12e,u  >6jets 140 | X} 0.2-0.32 Pure higgsino 2106.09609
1 L 1 L L 1 1 1 I 1 1 L 1 1
* . . . . _1
Only a selection of the available mass limits on new states or 10 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.



THERE I3 30 MUGH MORE THAN SUSY

Resonance searches
“bump hunt”

Rebece

VV/VH/HH/Vy resonances

HST

Z',HVT B

W', HVT B

Radion, Ag = 3TeV

Bulk G, k/Mp, = 0.5

»R - qqy » Wy (gm=0.1, A=4My)
> W - qqy - Wy (gm =0.1, A = 4My)
[»Z' (2016 combination)

[>Z' - ZH - qqtT

» Z' - ZH - ({f, w)bb

»Z' - ZH - q3qq

»Z' - WW - gqqq

»Z' - WW - fvqq

pZ -

»Z' - ZH - flvv,cc/dq

> W’ (2016 combination)

[>W' - WZ - fiqq

» W' - WZ - vuqq

» W - WZ - fiqq

W' - WH - qqtt

> W = WZ - g4qq

» W - WH - fvqq

» W - WZ - fvqq

W - fv

»R - ZZ - vwqq

[>R = HH - qqtT

» R - HH (combination)

» R - HH —» bbWW (lep.) merged-jet
» R — HH —» bbWW (lep.)

» R - HH - t1yYy (not in HH Comb.)
» R - HH - multi-leptons

pR - HH- beB

» R - HH — bbbb merged-jet

R - VV - g4qq

» R - WW - fvqq

>R ->2Z

>R - WW

»R->WW

[>G - ZZ - v

>G - ZZ - fiqq

» G- ZZ - vvqq

» G- ZZ - flqq

» G —» HH (combination)

» G - HH - bbWW (lep.) merged-jet
» G - HH — bbWW (lep.)

» G —» HH - t1yy (not in HH Comb.)
» G - HH - multi-leptons

G- HH- ybe

» G - HH — bbbb merged-jet

» G- WW - fvqq
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CMS Preliminary

36 — 138fb~1 (13TeV)

PLB 826 (2022) 136888
PLB 826 (2022) 136888
PLB 798 (2019) 134952
JHEP 01 {2019) 051
EPJC 81 (2021) 688

PLB 844 (2023) 137813
PLB 844 (2023) 137813
PRD 105 (2022) 032008
JHEP 07 (2021) 208
B2G-23-008

PLB 798 (2019) 134952
JHEP 09 {2018) 101
PRD 106 (2022) 012004
JHEP 04 {2022) 087
JHEP 01 (2019) 051

PLB 844 (2023) 137813
PRD 105 (2022) 032008
PRD 105 (2022) 032008
JHEP 07 (2022) 067
PRD 106 (2022) 012004
JHEP 01 (2019) 051

JHEP 05 {2022) 005
2403.09430, bub. to JHEP
HIG-22-012

JHEP 07 {2023) 095
2310.01643, Acc. by JHEP
PLB 842 (2023) 137392
PLB 844 (2023) 137813
PRD 105 (2022) 032008
JHEP 03 (2019) 128

JHEP 03 (2020) 034
HIG-20-016

JHEP 03 (2018) 003

JHEP 09 {2018) 101

PRD 106 (2022) 012004
JHEP 04 (2022) 087

JHEP 05 (2022) 005
2403.09430, bub. to JHEP
HIG-22-012

JHEP 07 (2023) 095
2310.01643, Acc. by JHEP
PLB 842 (2023) 137392
PRD 105 (2022) 032008

2403.16926 sub. to Phys. Rep.

2403.16926 sub. to Phys. Rep.

0.7-1.1
0.8-1.4

0.8 - 3.7 b 138!

> 36H!

0.9 -2.2

!
III

0.8 - 3.7
— 1.3-3.9
— 1.3-3.5
— 1.0-4.0
— 0.2-1.4
— 1.4 -3.0
— 0.8-4.3
— 0.4 -2.7
1.0-4.0
«— 0.5-2.0
0.9 -2.6
— 1.3-4.4
1.0-4.0
1.0 -3.9
0.7 -1.5
1.0-2.9
0.9 -2.7
— 0.2-3.1
— 0.8-2.3
«— 0.3-0.4
—¢«— 0.3-0.6
— 0.2-0.6
— «— 0.3-1.0
— 0.9 -3.0
— 1.3-2.6
— 1.0-3.1
— «— 0.3-1.9
— 0.2-1.1
— 0.1-0.8
— 0.6-0.8
— 0.4 -0.9
— 1.0-1.2
— 0.5-1.2

T IR

0.3-1.9
— 0.8-1.4
«—— 0.4-0.9
— 0.3 -0.7
0.3 -0.6
0.3 -0.9
— 0.9 -3.0
— 1.0-1.8

— Simulation boundary

0 1 2 3 - 5

Excluded mass range at 95% CL [TeV]
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We are well
above the TeV
scale in heavy

particle searches

E— —

Overview of CMS EXO results

CMS preliminary March 2024
String resonance " 05579 1911.03947 24
Zy resonance " D 3540171203143 (2 + 1y; 2e + 1y; 2+ Iy
Vy resonance » T 15:8102106.10509 (1 + 1y}
Higgs v resonance " T 072:31251808.01257 {1+ 1y
Color Octect Scalar, K2 =12 " ST 1911 03947 (2))
Scalar Diquark " 0SS 1911 03947 (2)
tt+ ¢, pseudoscalar {scalar), g3, x BRI$-2!) > =0.03(0.004) ~ [ 0Dp15-00075 1911.04968 (3¢, = 4t)
tt+ ¢, pseudoscalar (scalar), g3, x BRig-2!) > =0.03(0.04} ~ [ 01080:34191104968 (3¢, = &)
pp+Zly+X M [ DB1BCMS-PAS-EXO-19-009 (pp+ L4 pp+ Y}
X=$. Mo =0.02My. ~|yy) merged diphoton pair v oe 12 OMs-PAS-EX0-22-022 20y )
Wy Resonance leptonic " 02 OMS PAS-EXO-21-017 (L4 % +y))
SUEP Offline, To =3 GeV, mg =3 GeV, BrlA'~nn) = 100% » o D2-20D0MS-PAS-EX0-23-002 {(SUEPOffline)}
Split SUSY, HSCP gluino with infinite lifetime, fi5=01 Ny CMS-PAS-EXO-18-002 (dE/dx)
stau pair production, HSCP with infinite lifetime gy CMS-PAS-EXO-18-002 (dE/dx)
Doubly-charged tau’, HSCP infinite lifetime, OY production M CMS-PAS-EXO-18-002 (dE/dx)

quark compositeness (), nupr=1 Nian

Selection of observed exclusion limits at 95% C.L. {theory uncertainties are I'loé??nlduded).

Mass Scale [TeV]

1TeV 10TeV

quark compositeness (), nupr= -1 Nian 2103.02708 (2}
Excited Lepton Contact Interaction " T 025516 200104521 (2e + 2)
Excited Lepton Contact Interaction " i ozsim 200104521 {20+ 2j)
vector mediator (), go = 0.25,gon= 1,m; =1 GeV " [ 0350.7191103761 (= 3j)
vector mediator (8}, g; =0.1,goe =1.9,=0.01,m,; > 1 TeV u I 02-1022103.02708 (2e,2p)
{axial-lvector mediator (qd). gq =025, gow=1m; =1 GeV o [ 0528191103947 (2))
{axial-lvector mediator (), gq =025, goe =1, my = 1 GeV " 0 2107.13021 {= 1j +p'=)
{axial}-vector mediator (), g;=0.1,gow= 1.9, =0.1,m, > My a2 ” 2103.02708 (2e,2p)
scalar mediator (+4/tf), g; =1.gou=1.m; =1 GeV ~ 0-0.201901.01553 {0, 11 + =2j+ pf=)
scalar mediator (+4H), gy =1,gou= L.m, =1 GeV " o 005-04210710892{0, L + =2j+ p}=)
scalar mediator (fermion portal), A =1,m; =1 GeV . 0-1152107.13021 = 1j +pP'=)
pseudoscalar mediator {+iV), go=1,goe =1,my=1GeV M 0-0.472107.13021 (= 1j + p7=)
pseudoscalar mediator {+4t), gq=1.gou= 1.m, =1 GeV ~ 0-0.3 190101553 (0, 11 + =2j+ pI'=)
pseudoscalar mediator (+tH, gg=1, g = Lm, =1 GV " I 005+042 2107.10892{0, 1 + =2j+ p=)
complex sc. med. {dark QCD), mn, =5 GeV, cTg, =25 mm » 0-1.54 1810.10069 (4j)
Baryonic Z', gg=025,goe =1,my =1 GeV B 0-1.6 1908 01713 (h + pT™=)
2 mediator{dark QCD), Myyy =20 GV, ryy, =0.3, Gyyy =afey M 211211125 (2j +pP=)
7 - 2HDM, gz = 08,gou=1,tan8 =1,m; = 100 GeV . 190801713 (h +pT™=)
Leptoquark mediator, §=1, B= 0.1, Ay ow =0.1, 800 < Mg < 1500 GeV . [ 0306181110151 {1p +1j+ pP=)
axion-like particle, - =12 Tev- " [ 052.00MS-PAS-EX0-21-007 (pp+ yy!
inelastic dark matter modd, y=10%,a,=0.1 " T G003:0.08 CMS-PAS-EXO-20-010 (2 displaced  + pg=)
inelastic dark matter moddl, y=10",a5=0.1 " [ 002008 CMS-PAS-EX0-20-010 (2 displaced p + pJ'*)
dark Higgs, g = 0.25,gow =1, 6=0.01, m; = 200 GeV, mz = 700 GeV " [ 016:0.352 CMS-PAS-EXO-21-012 (11 + 2j +pJ'=, 2t +p'=)
RPV stop to 4 quarks u O 008052 1808 03124 (2); 45)
RPY squark to 4 quarks " 072 1806 01058 (2}
RPY gluino to ¢ quarks " O EIERN 1606, 01056 (2]
RPV stop scouting boosted ™ 0075002 CMS-PAS-EX0-21-004 {scouting boosted dijet)
RPV mass degenerated higgsinos to trijet boosted scouting » 0.07-0.075 & 01095-0.105 CMS-PAS-EX0-21-004 {scouting boosted trijet)
ADD (jj} HLZ, nep =3 ~ 1803.08030 (2j)
ADD {yy. U} HLZ, nep =3 ~ 181210443 {2y, 21}
ADD Gyx emission, ngp =2 M 2107.13021 (= 1j +p7=)
ADD QBH (jj}, neo =6 » 180308030 {2j)}
ADD QBH (ep), nn =4 ~ 2205.06709 (ep)
ADD QBH (et), np =4 ~ 220506709 (et}
ADD QBH {u1h, no =4 M 2205.06709 (put)
ADD QBH{yj}. ro =6 ~ 205705 OMS-PAS-EX0-20-012 {y + j)
RS Guxltt), kiMa =0.1 ~ 210302708 {21}
RS Gxlqd. gg). kiMa =0.1 " 052161911 03947 (2§)
RS QBH (jj) neo=1 ” 1803.08030 {2j)
RS QBH (yj). neo =1 M 205512 CMS-PAS-EX0-20-012 {y + )
non-rotating BH, Mp = 4TeV, nep = 6 u 180506013 (= 7j(L,y))
3-brane WED grrld +9~999). gorar = 6, gow =3, £=0.5, mighimigen} =0.1 0 [ 20413 220102140 {2j)
SPIUED, =2 TeV " 028 2202 06075 1+ )
ADD {yy) HLZ ngp =4 ~ CMS-PAS-EXO-22-024 (yy)
01 R 15 402624
excited light quark (qg). A=m¢ " 061 1911.03947 (2))
excited light quark (qy}. fy=f=F =1A=m; ® IO CMs-PAS-EX0-20-012 y + )
excited bquark, fs =f=f=1A=m; » _ms.ms.a(o.zo.ou y+ij
excted decron, & =f=f =1 A=m " 0253 161103052 (y + 26)
excited muon, & =f=f =L A=m; " 025 181103052 fy + 20)
WMSM, [VeyP = 10, [VylP= 10 M | : 0.001-1.24 1802.02965; 1806 10905 {3p; = 1j +2p)
WMSM, |VeyP= 10, |V,P=10 M i i 0.001-1.43 1802.02965; 1806.10905 {3e; = 1j+ 2e}
WMSM, VeV PAIVenl? + Vi1 = 1.0 ™ | | 002-16180610005 (= lj+pu+e}
Type-lll seesaw heavy fermions, Flavor-democratic ~ i 01-098220208676 (31, = 4L, 1T+ 34, 2v+ 2,37+ 14, Iv 4+ 24,27+ 11}
Vector like taus, Doublet ~ ] 01-1045220208676 (34, =4, 1T+ 34, 2v+ 2, 3v+ 14, It + 24,27+ 11}
Vector like taus, Singlet ~ 0125-015220208676 (34, =4, 11+ 34, 2v + 24, 3v + 14, It + 24,27 4+ 14}
Z,, narrow resonance, £2 = 8x 10-9{90% CL) ~ I 001150075 191204776 (2u)
Z,, narrow resonance, £2 = 4x 10-7(90% C.L) » [011-0:21912.04776 { 2p)
Z,, narrow resonance, £2 = 7x 10-7(90% CL) »|  00011-0.0026 CMS-PAS-EX0-21-005 (2}
Z,, narrow resonance, £2=3x 10-% {90% CL) ,, | 00042-0.0079 CMS-PAS-EX0-21-005 (2}
SSMZ'(t) ” DO 025152103.02708 (2e, 2)
SSM Z'qg) ” 0529 1911.03947 (2))
Z1qg) ] 0000125 1905.1 0331 {1j, y)
Superstring Z, " DO 0246210302708 (2e,2p)
LFV Z, BRiey) = 10% ” O 250 220506709 (e
LFV Z, BRlet) = 10% “ e 02-413 2205.06709 ()
LV Z, BRiut) = 10% " 02K 2205.06709 ()
SSM WLy} " 2202.06075 (£ + p7=)
Leptophobic Z/ . 0050385 190904114 (2}
SSM Wlqq} “ 0530611911 .0 3947 (2))
LRSM Wa{pNr), Mg, =0.5Mug ~ 2112.03949 (2u + 2j)
SSMWrv) " DO 0EAB 221212604 (14 p)
LRSM WaleNr ), Mr; =0.5Mw M 211203949 (2e + 2j)
Z8 - L3} ~ | 035:0.52307.08708 {Z'~p + = 1b}
LRSM WalTNg}, Mrg =0.5Mug ~ 1811.00806 (2t +2j)
xighion, Coloron, cotf = 1 " S 191103947 (2))
Z', HSCP tau’ 600 GeV mass with infinite lifetime e CMS-PAS-EX0-18-002 (dE/dx)
i i " i " PR | " " i " " " PR | i " i i i i PR | " i " " " " i Pl i i i i i i
0.010 0.100 1000 10.000
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ATLAS Heavy Particle Searches™ - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Slatus: March 2023 [£ dt = (3.6 — 139) fb™! V5 = 13 TeV
Model £,y Jetst ET® [Ldt[fb7] Limit Reference
| | 1 L LI I 1 1 1 1 1 L L I | | ] | | 1 | ] T 1 I 1 | ] | 1
. ADD Gkk +g/q Oeput,y 1-4j  Yes 139 | Mp 112TeV n=2 2102.10874
QC) ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n =3 HLZ NLO 1707.04147
& ADDQBH - 2] - 139 | My, 94TeV n=6 1910.08447
S ADD BH multijet - >3] = 3.6 | My 9.55TeV n =6, Mp = 3 TeV, rot BH 1512.02586
®@  RS1 Gk >y 2y - - 139 | Gkk mass 4.5 TeV k/Mp = 0.1 2102.13405
b Bulk RS Gy —» WW/ZZ multi-channel 36.1 Gkk mass 2.3 TeV k/Mp = 1.0 1808.02380
L Bulk RS gk — tt 1e,u >1b,>1J/2] Yes 36.1 gkk mass 3.8 TeV M/m=15% 1804.10823
2UED / RPP ey >2b,>3] Yes  36.1 KK mass 1.8 TeV Tier (1,1), B(AMD - ¢t) =1 1803.09678
SSM Z’ — (¢ 2eu - - 139 Z’ mass 5.1 TeV 1903.06248
o SSMZ" - 11 271 - - 36.1 Z’ mass 2.42 TeV 1709.07242
c Leptophobic Z’ — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
8 Leptophobic Z" — tt Oe,u >1b,>2J Yes 139 Z’ mass 4.1 TeV M/m=1.2% 2005.05138
S  SSMW’ ¢y Teu - Yes 139 | W’ mass 6.0 TeV 1906.05609
® SSM W’ — 1v 17 - Yes 139 W'’ mass 5.0 TeV ATLAS-CONF-2021-025
S  SSMW’ - tb - >1bh>1J - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043
© HVT W’ — WZ model B 0-2e,pu 2j/1J Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
O HVT W’ - WZ — v {'t’ modelC 3 e, u 2j(VBF)  Yes 139 W’ mass 340 GeV gveH =1, =0 2207.03925
HVT Z/ - WW model B 1eu 2j/1J Yes 139 Z’ mass 3.9 TeV gv =3 2004.14636
LRSM Wgr — uNg 2 u 1J — 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, g1 = gr 1904.12679
Cl qqqq -~ 2] - 370 |A 21.8TeV 7, 1703.09127
_ Cl ttqq 2eu = - 139 A 35.8 TeV um 2006.12946
O  Cleebs 2e 1b - 139 | A 1.8 TeV g =1 2105.13847
Cl upbs 2 1b - 139 | A 2.0 TeV g =1 2105.13847
Cl tttt >teu >1b>1] Yes 361 |A 2.57 TeV |Cael = 4 1811.02305
Axial-vector med. (Dirac DM) — 2j — 139 Mped 3.8 TeV 84=0.25, g, =1, m(y)=10 TeV ATL-PHYS-PUB-2022-036
S Pseudo-scalar med. (Dirac DM) Oe,u, 7,v 1-4j Yes 139 Mmed 376 GeV gq=1, g,=1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 mgz’ 3.0 TeV tanpB=1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 m, 800 GeV tanp=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1%t gen 2e >2 | Yes 139 LQ mass 1.8 TeV =1 2006.05872
Scalar LQ 2" gen 2 u >2j Yes 139 | LQmass 1.7 TeV B=1 2006.05872
Scalar LQ 3™ gen 17 2b Yes 139 | LQ§ mass 1.49 TeV B(LQ3 — br) =1 2303.01294
C  Scalar LQ 3 gen Oe,u  >2j,>2b  Yes 139 | LQ; mass 1.24 TeV BLQ; - tv) =1 2004.14060
= ScalarLQ 3 gen >2e,u,>17>1j,>1b — 139 |LQ%mass 1.43 TeV BILQY - t7) — 1 2101 11582
Scalar LQ 3" gen Oepu, 217 0-2j,2b Yes 139 LQ\"/ mass 1.26 TeV B(LQY — by) =1 2101.12527
Vector LQ mix gen multi-channel >1j,>1b  Yes 139 LQ; mass 2.0 Tev B(U, — tu) =1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3" gen 2euT >1b Yes 139 LQ} mass 1.96 TeV B(LQY — br) =1, Y-M coupl. 2303.01294
o VLIQTT - Zt + X 2e/2u/>3e,u >1 b, >1 | - 139 T mass 1.46 TeV SU(2) doublet 2210.15413
x ‘8 VLQ BB - Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
« O VLQ Ts5;3Ts53|Ts3 > Wt+ X 2(SS)/>8eu>1b>1j Yes  36.1 Ts/3 mass 1.64 TeV B(Tsi3 = Wt)=1, c(Ts;3Wt)=1 1807.11883
S E VLQT - Ht/Zt 1e,u >1b,>3] VYes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
S @ VLQY - Wh e, >1b,>1] Yes 361 | Y mass 1.85 TeV B(Y = Wh)=1, cg(Wh)= 1 1812.07343
== VLQ B - Hb Oeu >2b >1j,>1J - 139 | B mass 2.0 TeV SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL 7/ — Z7/H7 multi-channel ~ >1] Yes 139 7/ mass 898 GeV SU(2) doublet 2303.05441
© _. Excitedquark g* — qg = 2] - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447
§ g Excited quark g* — qy 1y 1] - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
Iy © Excited quark b* — bg - 1b,1] - 139 b* mass 3.2 TeV 1910.08447
Excited lepton 7* 271 >2 ] - 139 7% mass 4.6 TeV AN=4.6TeV 2303.09444
Type lll Seesaw 2,34 e >2] Yes 139 | N° mass 910 GeV W | k f h
LRSM Majorana v 2 u 2] - 36.1 Nr mass 3.2 TeV m(Wg) =4.1TeV, gL = ¢
3 Higgs triplet H** —» W*W* 2,3,4 e, u (SS) various Yes 139 H** mass 350 GeV DY production e OO O rm a ny Ot e r
< Higgs triplet H** — ¢¢ 2,3,4 e, u (SS) ~ - 139 H** mass 1.08 TeV DY production -
@) MSI%-Ch&FI)rged particles - - - 139 multi-charged particle mass 1.59 TeV DY production, |g| = 5e d Iffe re nt m O d e I S ’ eXtra
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, . .
Vs=13TeV  y5=13TeV e N N dimensions, extra bosons...
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. 16

tSmall-radius (large-radius) jets are denoted by the letter j (J).



ATLAS Diboson Searches - 95% CL Exclusion Limits

ATLAS Preliminary

HVT model A: gr = —0.55, gy = —0.56

HVT model B: gr = 0.14, gy = -2.9

HVT model C: gr =0, gy =1
*small-radius (large-radius) jets are used in resolved (boosted) events

Twith £ = u, e

Excluded mass range [TeV]

Status: March 2023 £ =139 fo- V5 =13 TeV
Model Channel’ Strategy” Limit Reference
Bulkk RS (knr. = 35,Ag =3TeV) R — WW,ZZ — wqq, {vqq, tlqq resolved, boosted | I | Eur. Phys. J. C 80 (2020) 1165
Bulk RS (knre = 35, Ag = 3TeV) R — WW — evuy resolved ATLAS-CONF-2022-066
n Bulk RS (knre = 35, Ag = 3 TeV) R - WW,ZZ - qqqq boosted JHEP 06 (2020) 042
-§) RS1 (k/Mp; = 0.01) Gkk — vy resolved 0.5-2.2 TeV U 2.4-2.6 TeV ] Phys. Lett. B 822 (2021) 136651
é RS1 (k/Mp; = 0.05) Gkk = VY resolved Phys. Lett. B 822 (2021) 136651
S RS1 (k/Mp; = 0.1) Gkk = Y resolved Phys. Lett. B 822 (2021) 136651
g Bulk RS (k/Mp; = 1.0) Gy — ZZ — L'’ wtt resolved Eur. Phys. J. C 81 (2021) 332
- Bulk RS (k/Mp, = 1.0) Gkk = WW — evuv resolved ATLAS-CONF-2022-066
Bulk RS (k/Mp; = 1.0) Gk = WW, ZZ — vvqq, tvqq, tlqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
Bulk RS (k/Mp; = 1.0) Gkk — WW,ZZ - qqqq boosted JHEP 06 (2020) 042
HVT model A W' — WZ — tvt' ! resolved arXiv:2207.03925
HVT model A W’ - WZ — vvqq, tvqq, tlqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT model A W’ — WH — tvbb resolved, boosted arXiv:2207.00230
HVT model A W’ - WZ - qqqq boosted JHEP 06 (2020) 042
HVT model A W’ — WH — qqbb boosted Phys. Rev. D 102 (2020) 112008
HVT model A 7' - WW = evuv resolved ATLAS-CONF-2022-066
HVT model A Z' - WW - {vqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT model A Z' — ZH — vvbb, ttbb resolved, boosted arXiv:2207.00230
" HVT model A Z' - WW - qqqq boosted JHEP 06 (2020) 042
§ HVT model A Z' — ZH — qqbb boosted Phys. Rev. D 102 (2020) 112008
S8 HVT model B W’ > WZ - vt resolved arXiv:2207.03925
qu7 HVT model B W' - WZ - vvqq, tvqq, ttqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
G HVT model B W’ — WH — (vbb resolved, boosted arXiv:2207.00230
HVT model B W — WZ - qqqq boosted JHEP 06 (2020) 042
HVT model B W’ — WH — qqbb boosted Phys. Rev. D 102 (2020) 112008
HVT model B Z' > WW — evuy resolved ATLAS-CONF-2022-066
HVT model B Z' - WW — lvqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT model B Z' — ZH — vvbb, ttbb resolved, boosted arXiv:2207.00230
HVT model B Z' - WW - qqqq boosted JHEP 06 (2020) 042
HVT model B Z' — ZH — qqbb boosted Phys. Rev. D 102 (2020) 112008
HVT model C W' - WZ = tvl't’ resolved il 0.3|-0.34 TeV | | | | | | | | arXiv:2207.03925
0.5 1 1.5 2 2.5 3 3.5 4 4.5

17



U, U

~ JHEP 06 (2018) 166
Vs =13 TeV, 36.1 fb~1

bb, uu

ATLAS-CONF-2021-009
vs =13 TeV, 139 fb™"

YY.YY
EPJC 76 (2016) 210
Vs =8 TeV, 20.3 fb~!

YY, 99

PLB 782 (2018) 750
Vs =13 TeV, 36.7 fb~

Invisible

o ATLAS-CONF-2020-052
Vs =17,8,13TeV, 4.7,20.3,139 fb~*

UM, TT

PRD 92 (2015) 052002
Vs =8 TeV, 20.3 fb™!

bb, bb

JHEP 10 (2018) 031
Vs =13 TeV, 36.1 fb~

10-% 10-5 10-% 10-3 102 10-1

March 2021

We look for exotic decays of

the Higgs boson

ATLAS Prellmlnary

m,;=20GeV, ct; <1 mm

= 1o
20

' T H—-D*y |
—&@— Observed

Expected

H-K*y -
H—owy
H—py —
H—oy —
HoJ/yy
H—-wy(2S)y -
H->Y(1S)yy |
H—-Y(2S)y
H-Y(3S)y —
Z—-D%

- Z—K%y -
L—wy
L—pY —
L—>QY
LIy —
Z—y(2S)yy
Z—>Y(1S)y
Z—Y(2S)y
Z—Y(3S)y
W snty
W*—pty |-

T W SKy

ATLAS Preliminary

Vs=13 TeV

136 fb™' arxiv:2402.18731

136 fb! arxiv:2402.18731

139 fb™' EPJc 83 (2023) 781

(@) - 139 fb™" Epyc 83 (2023) 781

- 139 fb™ Epyc 83 (2029) 781
.) 137 fbo arxiv2300.15887

- 140 fb' arxiv2309.15887
B -O 137 fb1 arXiy:2309.15887

0] - 134 fbo' pLB 847 (2023) 138202
[®) - 89.5 fb™' LB 847 (2023) 138292
o 32310

35.6 fb™!

139 fb™' Epyc 83 (2023 781

JHEP 07 (2018) 127

JHEP 07 (2018) 127

139 b Epuc 83 (2023) 781

139 b Epycs3 (2023) 781

139 fb™' Epycss (2023) 781

139 b EPyc 83 (2023) 781

89.5 fb'1 PLB 847 (2023) 138292

32.3 fb™ uHEP 07 2018) 127

C- 35.6 b ynep 07 (2018) 127

- O 139 fb! epuc 83 (2023) 781

139 b Epyces (2023) 781

. Expected £ 1o

--- Expected + 2¢

O (Observed

" 136 fb " aivoszis7zr

io0

95% CL Limit on BR(H = aa = XXYY)

Rebeca Gonzalez Suarez (UU) -

PSI Particle Physics Summer School 2024

107/

1

107

107

10° 1072

107

95% CL Upper Limit on Branching Fraction

18



t—Hc
t—Hu
t—ycC
t—yu
t—gcC
t—gu
t—>Zc

t—Zu

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS Preliminary
LHCtopWG [1] arXiv:2309.12817 (2] CMS-PAS-TOP-22.002"
[3] PLB 842 (2023) 137379 (LH) 4] OMS-PAS-TOP-21-013"
November 2023 (5] EPJC 82 (2022) 334 (LH) (6] JHEP 02 (2017) 028
[7] PRD 108 (2023) 032019 (LH) 8] CMS-PAS-TOP-17-017*
Each limit assumes that [9] JHEP 07 (2017) 003
all other processes are zero Theory predictions = SM 2HDM(FV) [::]2HDM(FC)
from arXiv:1311.2028 RS
[1]
[2]
[1]
[2]
3]
[4]
[3]
[4]
5]
[6]
—@ [5]
—@ [6]
_____ —@ 7
,,,,, o
—0) 7]
L] I ws. SR
-10 —7 -4 —1
10 0 10 10

Branching ratio

And of the top quark

Rebeca Gonzalez Suarez (UU) - PSI Particle Physics Summer School 2024
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WELOOKAT PREGISION IN A DIFFERENT WAY

= |nterpretating the LHC data in the context of
effective field theories (EFTs)

CMS

138 b (13 TeV)

Expected

—eo— QObserved

llllllllllll

Best fit 68% CL

-0.06 [-0.22, 0.03]

0.01  [-0.05,0.03]

0.03  [-0.49,0.33]

017 [-0.47,0.25]

0.4 0.6 0.8
Parameter value

Rebeca Gonzalez Suarez (UU) - PSI Particle Physics Sur

CMS

138 fb ' (13 TeV)

| —e— Observed

| Expected

Best fit 68% CL

[-4.19, 0.67]

012 [-0.44,0.81]

0.08  [-0.79,0.51]
i 0.17  [-1.62,1.05]
i 0.03  [-0.23,0.16]
i 026  [-0.76, 0.41]
i 054 [-1.57,0.83]
i - -0.08  [-0.23,0.12]
NIRRT TN

4 -3 -2 -1 0 1 2 3 4 5

Parameter value

ATLAS+CMS Preliminary November 2022
LHCtopWG
(Top) quark - vector boson operators - Individual limits Following arXiv:1802.07237
e AT AS ATLAS+CMS === CMS|Dimension 6 operators C; = C;/N\?
T T T T T T T T T T T T T T T T

CMS, tZq/tiZ [1] 138 fo !
— CMS, tiy [2] 137 o~ !
Ciz —_— CMS, tiZ [3] 78 fo !
— CMS, tf + boosted Z/H [5] 138 fo !
ol e CMS, ttv [2] 137 fb~!
Cis ATLAS, tZ [6] 36 fb~
— CMS, tZq/ttZ [1] 138 fb~ !
— — CMS, tt+ Z/W/H, tZq,tHq [4] 42 fo~ !
—— CMS, tf + boosted Z/H [5] 138 fo !
Ciw _— ATLAS, tiZ [6] 36 b~
—_— ATLAS, Top polarization [7] 139 fo !
ATLAS+CMS, W helicity [8] 20+20 fo !
_ CMS, tt and tW, BSM search [9] 36 fb_1
va S ATLAS, Top polarization [7] 139 fo !
bw CMS, tf + boosted Z/H [5] 138 fo "
Cic/9s — ATLAS, tt ¢ + jets boosted [10] 139 fo !
= — CMS, tt+ Z/W/H, tZq,tHq [4] 42 fo~ 1
—_— CMS, tf and tW, BSM search [9] 36 fo '
CtG I — ATLAS, tf rapidity asymmetry [11] 139 fo~!
— CMS, tf dilepton [12] 36 fb~!
— CMS, tf spin correlations [13] 36 fb !
Cyc]; — CMS, tf spin correlations [13] 36 fb !

[1] JHEP 12 (2021) 083
[2] JHEP 05 (2022) 091
[3] JHEP 03 (2020) 056

[6] PRD 99 (2019) 072009
[7] arXiv:2202.11382 *
[8] JHEP 08 (2020) 051

[11] arXiv:2208.12095 *
[12] JHEP 02 (2019) 149
[13] PRD 100 (2019) 072002

EFT formalism is employed at different levels of

experimental analyses

95% CL limit [TeV 2]

[4] JHEP 03 (2021) 095 [9] EPJC 79 (2019) 886 * Preliminary
[5] arXiv:2208.12837 * [10] arXiv:2202.12134 *
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WE INGLUDE INGREASINGLY GOMPLIGATED INGREDIENTS
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AND INGREASINGLY GOMPLIGATED METHODS

Input processing

Input Layer (21) F—» Extract (1)
Y

n annotation (12)

Y
Dense (40)
v
. Trained on normal whole images l Concatenate (60)
Images can be patched using
default gnd OR | X AUTOENCODER x! D - |x!_x| .......................... S ERIIIEN T L LT L L EL PP PP PP P EP TR
default + shifted secondary grid : | Dense 210)
] D A | : 4 . -3 : v :
,,,,,,,, S o« | Dense (1080) Dense (210) Core
........ = \ : : : y :
| Dense (210)
X| Ak X | 4 D D rrerrrrrerrer
. Dense (420) Dense (420)
Each whole image is split into Residual connection : Y Y
160 x 160 pixel patches ' :
A background detector is PXSTP R : | Dense (280) Dense (280)
applied on.patches before — DI[izj,k:l] - CLASSIFIER — y v Y Y
autoencoding : : | Dense (140) : | Dense (140) Dense (140)
Trained on normal and : :
anomalous patches X e
Multiply (140) :

https://arxiv.org/pdf/2303.15319 Output m Output E Outputs / Predictions
We’ve Come a Iong ...................................................................

way from the cut-

__t_)ased slive lySIS daya https://arxiv.org/pdf/2311.08885

Figure 2: The architecture of the DNN.
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ALSO WITH INGREASED GOMPLEXITY

—
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LHC collision N\ N

interaction
point @

LHC detector

raneverce At the very beginning, our dark matter searches
cross-section were mostly “mono” things (a SM object + MET) or
invisible decays of the Higgs boson but after many
@ATLAS searches we have expanded the criteria to more
complex models

Visible particles:
photons, jets
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Even more complicated signatures, complicated background, needs
for new techniques, new triggers, machine learning, new ideas
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MORE TOINVESTIGATE

= Not only we have the general SM
shortcomings we already discussed
but we have additional interesting
effects to investigate

— Total uncertainty

Stat. uncertainty

Tevatron I combination
PRD 70 (2004) 092008

DO II
PRL 108 (2012) 151804

LEP combination
Phys. Rept. 532 (2013) 119

ATLAS
EPJC 78 (2018) 110

LHCb
JHEP 01 (2022) 036

CDF 11
Science 376 (2022) 170

Electroweak Fit (J. Haller et al.)
EPJC 78 (2018) 675

Electroweak Fit (J. de Blas et al.)
arXi1v:2112.07274

The W boson is
heavier in the US

80100 80200

80300
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FEELSLIKE RUN3 JUST STARTED NS

= Run-3 started after the second long shut- ‘ N A i\ ; ;

= Most ATLAS and CMS analysis use Run-2
data

4

(

7o,
e 1 r
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BUTRUN-IS THE LAST RUN OF THE LHG AS WE KNOW IT

= The goal for Run-3 is 250 fb-! at 13.6 TeV
= Run-3 will finish next year (or maybe the one after?)
= Will be followed by a Long shut-down (LS3)
= To fully upgrade the LHC and the experiments
= To the High-Luminosity LHC

r

AlLuen

‘ . HL-LAC PROJECT
: :v

v
'
13
3
:

5 —
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“HIiLuUM

'—ARGE HADRON COLLIDER

LHC / HL-LHC Plan

We are here

LHC HL-LHC
Run 1 ‘ ‘ Run 2 ‘ ‘ Run 3 ‘ Run 4-5...
EYETS 13.8Tev AMAE 13.8 - 14 TeV
T — e — Diodes Consolidation
splice consolidation limit LIU Installati -
77ev 8TV Tution colimators o mmon | mertrplet — HULHE
e regions Civil Eng. P1-P5 pilot beam radiation limit installation

R2E project

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 2028 2029 IIIIIII

5 to 7.5 x nominal Lumi

ATLAS - CMS |
experiment upgrade phase 1 ATLAS - CMS |/
BRI nominal Lumi 2 x nominal Lumi ALICE - LHCDb : 2 x nominal Lumi HL upgrade

75% nominal Lumi I |/" upgrade
luminosity JELIVR{ R

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY €€ PROTOTYPES / CONSTRUCTION ‘ INSTALLATION & COMM. H” PHYSICS

HL-LHC CIVIL ENGINEERING:
DEFINITION EXCAVATION BUILDINGS
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Ions

Commissioning with beam
Hardware commissioning

2021 2022 2023 2024 2025 2026 2027 2028 2029
J{FMAM|[3|3|AlS|O|N|D] 3 |F|M|AIM| 1|3 |AlS|O|N|D] 3 |F|M|AM| 3| 3| AlS|O|N|D] 3 |F|M|AM| 3| 3| AlS|O|N|D] 3 |F|M|AM| 3| 3| AlS|OIN|D] 3 | F|M|AM| 3| 3|AlS|OIN|D] 3 |[F|M|AM| 3| 3| AlS|OIN|D] 3| F|M|AM| 3| 3| AlS|OIN|D] 3 | F[M|AM| 3| 3|AlS|O|N
\_ Run 3 | ‘ Long Shutdown 3 (LS3) |
2030 2031 2032 2033 2034 2035 2036 2037 2038
J|FIMAM| 3| 3|A|S|O|N|D] 3 |F|M|AM| ]| 3|A|S|O|N|D] 3 |F|M|AM| 3| 3| AlS|O|N|D] 3 |F|M|AM| 3| 3| AlS|O|N|D] 3 [F|M|AM| 3| 3| AlS|O|N|D] 3 | F|M|AM| 3| 3| AlS|O|N|D] 3 | F|M|AM| 3| 3| AlS|O|N|D] 3| F|M|AM| 3| 3| AlS|O|N|D] 3 | F|M|AM| 3| 3 |AlS|O|N
Run 4 54 | ‘Run5
2039 2040 2041
J|FIMAM| 3|3 |A[S|O|N|D] 3 |FIM[AM| 3| 3 |A[S|O|N|D] 3 |FIM[AIM| 3| 3 |A|S|O|N|D| Shutdown/Technical stop
. Protons physics
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THE AL-LHG WILL BE TOUGH FOR THE DETECTORS

ATLAS

EXPERIMENT

HL-LHC tt event in ATLAS ITK
at <u>=200

How to maintain the performance in
vertex and track reconstruction?
lepton identification?
heavy flavor tagging?

Rebeca Gonzalez Suarez (UU) - PSI Particle Physics Summer School 2024
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EVERY EXPERIMENT HAS A BATTERY OF UPGRADES

= E.g.: Three major detector upgrades for ATLAS

= complete replacement of the inner tracking system

= new radiation-tolerant read-out electronics for the tracking, calorimeter and muon
systems

= Trigger and Data Acquisition (TDAQ) architecture

ATLAS

A Fgh-Granularity Timing Delecior
for ;e ATLAS Phase-ll Upgrade

Numn Sgectro

e Balert

TDAQ Phase-ll Upgrade

: Technical
2k 6 : ' Technical Proposal
Technical Design Report

,

Technical Design Report Technical Design Report
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http://cdsweb.cern.ch/record/1502664
http://cdsweb.cern.ch/record/2055248
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-021/
https://cds.cern.ch/record/2257755/
https://cds.cern.ch/record/2285582/
http://cdsweb.cern.ch/record/2285583
http://cdsweb.cern.ch/record/2285580
http://cdsweb.cern.ch/record/2285584
http://cdsweb.cern.ch/record/2623663

THE DATA OF THE hL-LHG

= More than 10 extra years of running:
= Targeting 3ab-1
= 3000fb1» to be compared with about 300fb-' from Runs 1to 3
= 10x more events

= Same center of mass energy, 13.6 TeV

0.5M Higgs bosons per experiment in Run 1
8M in Run 2
10M expected in Run 3
200M in HL-LHC

Rebeca Gonzalez Suarez (UU) - PSI Particle Physics Summer School 2024
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OURFIRST SHOT TO UNDERSTAND DOUBLE HIG6S PRODUGTION

= All Higgs properties are interesting

= But di-Higgs production is particularly interesting
= Shape of the Higgs potential (cosmological implications)

9 099999999998 > ®---------- H .
Higgs
A v potential
K+
9 9999090999999 < ®---------- H
9 9099999999999~ H
/ t /f‘/\
A >0----- o
H N
g 9999999999000~ o
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DI-H1G6S 1S ONE OF THOSE THINGS

C —e— Observed limit (95% CL)
: ATLAS Preliminary Expected limit (95% CL)
= That we thought was not possible at the LHC /513 TeV. 126140 fo-1 (Lm0 hypothesis)
. [ Expected limit £10
= But we are getting closer every day oSat . ver(HH) =32.8 fb xbectod imit £26
cms 138 (13 TeY) Obs. EXp.
K i K =_1 1 —eo— QObserved ~ ----- Median expected | T e
Ky = Koy = BB 68% expected b 5[ f + E{_niss = } 10 14
----- 95% expected
aiepton| } 7
Multilepton R N :
oerts | i bbbbl~ ¢ A
bb vy | :
Observed: 8.4 B B bb‘ YY . } é 4.0 5.0
E)S);cfed:S.Z : g
o | _ bbre - * o9
s Combined 2.9 2.4
Observed: 3.4 y - R . L : P T AT AT AN AT S AN AN AN AN SN AT ANEN AN AN A
1 o 100 0 5 10 15 20 25 30 35 40
90% CLlimiton ofpp = HR) /0, 95% CL upper limit on HH signal strength Ly
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UNEXPLORED AREAS

= At the HL-LHC we will have more data

= The opportunity to directly discover
new particles and phenomena will
Increase

= Especially background O searches

My favorite kind are searches for long-
lived particles

Rebeca Gonzalez Suarez (UU) - PSI Particle Physics Summer School 2024
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https://hrussell.web.cern.ch/hrussell/graphics.html

ANOTHER DETOUR: LONG-LIVED PARTIGLES




LONG-LIVED PARTIGLES

= SM particles all have different lifetimes,
even with similar masses

= Many of them are long-lived

= Due to e.g. small couplings or a
suppressed decay phase space

= But we use Long-lived particles (LLPs) as
an umbrella term

= New particles, that we have not
discovered yet, with lifetimes long
enough to travel measurable distances
inside the detectors before decaying

1071

10—20

_ _ 2
10°1 103 1 10 M (GeV)
arXiv:1903.04497
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https://arxiv.org/abs/1903.04497

WHERE DOWE GET LLPS?

= |LPs are a generic signature of BSM phyvsics
connected to central questions

= R parity violating (RPV) and conserving (RPC)
SUSY

= Heavy Neutral leptons (right handed/sterile “a‘“ta\“ess

neutrinos)

= Exotic Higgs decays

Neutrino

= OF New scalars, e.g. dark photon or Axion-Like Masses
Particles (ALPs)...

= IN general, LLPs feature extensively in hidden
sectors

= If light (<1 GeV) new particles exist, they must be
very weakly coupled = LLPs

Rebeca Gonzalez Suarez (UU) - PSI Particle Physics Summer School 2024
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LLP searches have been going on for
years at colliders in different ways
Looking for them is nothing new
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But one could say that Long-Lived Particles are living
a Renaissance
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EPJ manuscript No. 3 \i . v i . o~ . L lider (LHC) at CERN, these long-lived particles (LLPs) can decay far from the interaction vertex

cps»Oﬁginggm:gz-ﬂL?{gé ' : y % ‘ (will be inserted by the editor) e of the primary proton-proton collision. Such LLP signatures are distinct from those of promptly
FERMILAB-PUB-18-264-T . ' ) ' - decaying particles that are targeted by the majority of searches for new physics at the LHC, often
m’”’“‘;ﬁf{;iﬁg ) C Y ' g " . } requiring customized techniques to identify, for example, significantly displaced decay vertices,
KIAS-P18052 ; ; . _ : tracks with atypical properties, and short track segments. Given their non-standard nature, a com-
L%r;;sog s . 4 ’ ! " : ab- | | prehensive overview of LLP signatures at the LHC is beneficial to ensure that possible avenues

ULB-TH/18-09 ; ! ‘ - ' ridh ; . of the discovery of new physics are not overlooked. Here we report on the joint work of a com-
UMD-PP-018-04 ' ) »’ : ry phy: po J

YTTP.SB.18.16 g . . \ ) o Feeb|y_ | nteracting Particles: FIPs 2020 Workshop Report ; z . munity of theorists and experimentalists with the ATLAS, CMS, and LHCb experiments — as well
y L “ ) : ' ’ | as those working on dedicated experiments such as MoEDAL, milliQan, MATHUSLA, CODEX-
Long-Lived Particles at the Energy Frontier: - ) P. Agrawal!, M. Bauer?, J. Beacham?®, A. Berlin?, A. Boyarsky®, S. Cebrian®, X. Cid-Vidal”, D. d’Enterria®, ¥ o f - 5 : 150 b, and FASER — to survey the current state of LLP searches at the LHC, and to chart a path for

The MATHUSLA Physics Case ' . : A. De Roeck®, M. Drewes?, B. Echenaxdlo. M. Giannotti'!, G. F. Giudice®, S. Gninenko!?, S,'Gorim, E. Coud?mski“, A 3 : L : : X A the development of LLP searches into the future, both in the upcoming Run 3 and at the High-
J. Heeck!®, P. Hernandez!®, M. Hostert'":'%, I. G. Irastorza®, A. Izmaylov'2, J. Jaeckel'®, F. Kahlhoefer??, S. Knapen®, g . y = ’ ! . e . ] . P
G. Krnjaic?!, G. Lanfranchi??, J. Monroe?, V. L. Martinez Outschoorn2®, J. Lopez-Pavon1®, S. Pascoli?25, o W U < AL ; ! . Luminosity LHC. The work is organized around the current and future potential capabilities of LHC

Editors: . ! 3 : M. Pospelov!?, D. Redigolo®2%, A. Ringwald??, O. Ruchayskiy2®, J. Ruderman®27, H. Russell®, J. Salfeld-Nebgen?®, . . 1t ) . > : : experiments to generally discover new LLPs, and takes a signature-based approach to surveying
2 ; ; yskiy=®,

David Curtin', Marco Drewes”, Matthew McCullough’, Patrick Meade', Rabindra N. Mohapatra”, . ' - : > N : P. Schuster®, M. Shaposhnikov®!, L. Shchutska®', J. Shelton®®, Y. Soreq®, Y. Stadnik®*, J. Swallow'*, K. Tobioka®*, \ 3 ) . classes of models that give rise to LLPs rather than emphasizing any particular theory motiva-
Jessie Shelton®, Brian Shuve™. : . - and Y.-D. Tsai2437 : . - . . .
) i plinis tion. We develop a set of simplified models; assess the coverage of current searches; document

Contributors:

Elena Accomando®, Cn'stianoAIpigizmilo, Stefan Antusch, Juan Cur[osAn‘euga—VeI/izquezlz,
Brian Batell'3, Martin Bauer'*, Nikita Blinov®, Karen Salomé Caballero-Mora'>'5, Jae Hyeok
Chang®, Eung Jin Chun'?, Raymond T. Co'8, Timothy Cohen'®, Peter Cox?®, Nathaniel Craign,
Csaba Csdki®?, Yanou Cui*3, Francesco D’Eramo®*, Luigi Delle Rose?®, P.S. Bhupal Dev?®, Keith
R. Dienes®™>, Jeff A. Dror®2, Rouven Essig“, Jared A. Evans®™®, Jason L. Evans'", Arturo
Ferndandez Tellez®', Oliver Fischer®?, Thomas Flacke®?, Anthony Fi radette®®, Claudia Fi rugiue[ess,
Elina Fuchs®, Tony Gherghetta®®, Gian F. Giudice®, Dmitry Gorbunov®™%, Rick S. Gupta®,
Claudia Hagedarn‘w, Lawrence J. Hall*®?°, Philip Harris*', Juan Carlos Helo*>*3, Martin
Hirsch*, Yonit Hochberg“’, Anson Hook®, Alejandro Ibarra®:17, Seyda Ipek‘”, Sunghoon Jung“a,
Simon Knapenzg‘zs, Eric Kuﬁilc“, Zhen Liu®®, Salvator Lombardo?2, H. J. Lubatti'®, David
McKeen™, Emiliano Molinaro®, Stefano Moretti®®?, Natsumi Nagata®, Matthias Neubert>*??,
Jose Miguel No®%56 Emmanuel Oluiyasz, Gilad Perez®®, Michael E. Peskin®, David Pinner®™>%,
Maxim Pospelov59'34, Matthew Reece®, Dean J. Robinson®®, Mario Rodriguez Cahuantzi®!,
Rinaldo Santonico®, Matthias Schlaffer®®, Claire H. Shepherd-Themistocleous®, Andrew Spray*:,

7

in 20

4

3 Je

Rudolf Peierls Centre for Theoretical Physics, University of Oxford, Oxford, UK

Institute for Particle Physics Phenomenology, Department of Physics Durham University, Durham, UK
Department of Physics, Duke University, Durham NC, USA

Center for Cosmology and Particle Physics, Department of Physics, New York University, New York, US
Instituut-Lorentz for Theoretical Physics, UniversiteitLeiden, Leiden, The Netherlands

Centro de Astroparticulas y Fisica de Altas Energias (CAPA), Universidad de Zaragoza, Zaragoza, Spain
Instituto Galego de Fisica de Altas Enerxias, Universidade de Santiago de Compostela, Santiago, Spain
European Organization for Nuclear Research (CERN), Geneva, Switzerland

Centre for Cosmology, Particle Physics and Phenomenology, Université catholique de Louvain, Louvain-la-Neuve, Belgium
Division of Physics, Mathematics and Astronomy, California Institute of Technology, Pasadena, US
Physical Sciences, Barry University, Miami Shores, US

Institute for Nuclear Research of the Russian Academy of Sciences, Moscow, Russia

Santa Cruz Institute for Particle Physics, University of California, Santa Cruz, US

School of Physics and Astronomy, University of Birmingham, B15 2TT, United Kingdom

Department of Physics, University of Virginia, Charlottesville, Virginia, US

Institut de Fisica Corpuscular - CSIC/Universitat de Valéncia, Valéncia, Spain

known, often unexpected backgrounds; explore the capabilities of proposed detector upgrades;
provide recommendations for the presentation of search results; and look towards the newest
frontiers, namely high-multiplicity “dark showers”, highlighting opportunities for expanding the LHC
reach for these signals.

Editors:

Juliette Alimena(1) (Experimental Coverage, Backgrounds, Upgrades), James Beacham(?) (Document

Editor, Simplified Models), Martino Borsato(®) (Backgrounds, Upgrades), Yangyang Cheng(4)

(Upgrades), Xabier Cid Vidal(®) (Experimental Coverage), Giovanna Cottin(6) (Simplified Models,
Reinterpretations), Albert De Roeck(?) (Experimental Coverage), Nishita Desai(®) (Reinterpretations),

David Curtin(®) (Simplified Models), Jared A. Evans(19) (Simplified Models, Experimental Coverage),

Simon Knapen(") (Dark Showers), Sabine Krami(12) (Reinterpretations), Andre Lessa(1®) (Reinterpretations)

Daniel Stolarski®', Martin A. Subieta Vasquez62‘63, Raman Sundrum®, Andrea Thamm?®, Brooks
Thomas®, Yuhsin Tsai®, Brock Tweedie'3, Stephen M. West%®, Charles Young®, Felix Yu®™, Bryan
Zaldivar®:58, Yongchao Zhang26'57, Kathryn Zurek?9283, José Zurita32:98,

School of Physics and Astronomy and William I. Fine Theoretical Physics Institute, University of Minnesota, Minneapolis, US , / C A J : : : s Zhen Liu(14) (Simplified Models, Backgrounds, Reinterpretations), Sascha Mehlhase(lS) (Backgrounds)
Perimeter Institute for Theoretical Physics, Waterloo, Canada ) ' y P ) ) d P! ’ (¢ s

Institute for Theoretical Physics, Heidelberg University, Heidelberg, Germany : ¢ ' . - ‘ ARl R Michael J. Ramsey—MusoIf(16'126) (Simplified Models), Heather Russell(1?) (Experimental Coverage),
Institute for Theoretical Particle Physics and Cosmology, Aachen University, Aachen, Germany , / >S4 . Jessie Shelton(18) (Simplified Models, Dark Showers), Brian Shuve(19.20) (Document Editor,
21 s : < s h . . . . . ' [ ¢ ’ : C
University of Chicago, Department of Astronomy and Astrophysics and Kavli Institute for Cosmological Physics , Chicago, US ) A £ =N . Y ’ " . 5 i i | i i(21) i+~(22,23)
? Laboratori Nazionali di Frascati, INFN, Frascati (Rome), Italy w0 : D . 0 5 : Slmphf.led Models, Simplified Models Library), Monica Verducci'“*) (Upgrades), Jose Zurita
2% Royal Holloway, University of London, Egham Hill, United Kingdom SR ) > (Experimental Coverage)
University of Massachusetts, Amherst MA, US . ' ‘

v2 [hep-ph]

-
3

arXiv:1806.07396v2 [hep-ph] 5 Mar 2019

! Department of Physics, University of Toronto, Toronto, ON M5S 1A7, Canada

2 Centre for Cosmology, Particle Physics and Phenomenology, Université Catholique de Louvain,

Louvain-la-Neuve, B-1348, Belgium

3 CERN, TH Department, CH-1211 Geneva, Switzerland

4 C.N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook, NY 11794, USA

5 Maryland Center for Fundamental Phy;,

Heshintir Sl h |/ Searches for long-lived particles at the LHC: Workshop
partment of Physics, University of II I [ ] .

7 Harvey Mudd College, 301 Platt Blvd. N/ S of the LHC LLP Community

8 SLAC National Accelerator Laboratol

Dipartimento di Fisica e Astronomia, Universita‘ di Bologna, Bologna, Italy
INFN, Sezione di Firenze and University of Florence, Sesto Fiorentino, Italy
7 DESY, Deutsches Elektronen-Synchrotron (DESY) Hamburg, Germany

Niels Bohr Institute, Copenhagen University, Copenhagen, Denmark
Department of Physics, Princeton University, Princeton, US
SLAC National Accelerator Laboratory Menlo Park, US

Institute of Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland dimensions of particle ph
University of Illinois, Urbana, US
Physics Department, Technion, Institute of Technology, Haifa 3200003, Israel
Kavli Institute for the Physics and Mathematics of the Universe (KIPMU), University of Tokyo, Japan
Department of Physics, Florida State University, Tallahassee, US C—~—
High Energy Accelerator Research Organization (KEK), Tsukuba, Japan
7 Kavli Institute for Cosmological Physics, University of Chicago, Chicago, US

rXiv:2102.1214

C

the date of receipt and acceptance should be inserted later

Abstract With the establishment and maturation of the experimental programs searching for new phys
with sizeable couplings at the LHC, there is an increasing interest in the broader particle and astrophysi
24-26 Apr 2017 community for exploring the physics of light and feebly-interacting particles as a paradigm complementa
CERN to a New Physics sector at the TeV scale and beyond. FIPs 2020 has been the first workshop fully dedicat
Europe/Zurich timezone to the physics of feebly-interacting particles and was held virtually from 31 August to 4 September 20|
The workshop has gathered together experts from collider, beam dump, fixed target experiments, as wi
as from astrophysics, axions/ALPs searches, current/future neutrino experiments, and dark matter dir¢
e . . . - . d detection communities to discuss progress in experimental searches and underlying theory models for FI
Following the success of the LHC Long-Lived Particle (LLP) Mini-Workshop in May of 2016, the LHC LLP ) physics, and to enhance the cross-fertilisation across different fields. FIPs 2020 has been complement|
Timetable Community — composed of members of the CMS, LHCb, and ATLAS collaborations as well as theorists, by the topical workshop “Physics Beyond Colliders meets theory”, held at CERN from 7 June to 9 Ju
phenomenologists and those interested in LLP searches with auxiliary LHC detectors — convenes again 2020. This document presents the summary of the talks presented at the workshops and the outcome of §
to address the status and future of LLP searches at the LHC. : subsequent discussions held immediately after. It aims to provide a clear picture of this blooming field a
Participant List proposes a few recommendations for the next round of experimental results.
This workshop will be one of two workshops d 1 to producing an LHC LLP white paper that will be
Videoconference a snapshot of the status of LLP searches at the LHC as of 2017, organized by experimental signature;
contain an enumeration of gaps in the coverage of classes of BSM models that can produce LLPs;
propose recommendations for triggering strategies for LLPs in ATLAS, CMS, and LHCb; list ideas for
new searches for LLPs; and propose a set of recommendations for the presentation of search results to
ensure future reinterpretation and recasting.

Registration
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Long-lived particles get their moment

08/18/20 | By Sarah Charley

A 3 ‘ ‘ Scientists on experiments at the LHC are redesigning their methods and
A LIRS - : . B\ . TR _ RSy s X2 I building supplemental detectors to look for new particles that might be

"L_ matches for “Iong—livéd” in the indico agenda, &%, & . <Y PR cvacing them.
ICHEP 2012: 11 R | ' g
ICHEP 2022: 53




WHY IS THIS HAPPENING?

= There are a few reasons for why LLPs are so interesting nowadays:

= Searches for LLPs cover intermediate areas, gaps of sensitivity between experiments
(eg. dark matter searches between colliders and astro)

= They address the lack of prompt BSM signals » providing accessible new areas
where BSM could be hiding

= |LP searches offer us the opportunity to think outside the box, to be creative and to
propose new ways to solve problems

= |n ovatio :in methods and experimental setups
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AT HIGHER ENERGIES

= \We gain access to more massive particles that in turn tend to be shorter-lived

Main offenders

The Higgs boson P f The top quark
y o 1995 - Tevatron
2012 - LHC | R ,
. 7.\ Sort-Lived
Sort-Lived \ 10-25 seconds
i, 10-22 seconds

So short-lived it does not even have

““ You blink and you miss it! time to form hadrons!

= And we naturally optimize our detectors, trigger, and reconstruction methods to find
them

= | LPs could be regularly produced in collisions and we wouldn’t know it
= | LPs produce unconventional signatures in colliders

= clearly different from other processes (easy to spot!), but potentially invisible to
current data-acquisition methods = we could be throwing them away
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Emerging jets

Displaced/
delayed jets :

NON-STANDARD EXPERIMENTAL SIGNATURES

Displaced lepton(s)

*
&
*

—"'

= We are talking about

= displaced and/or delayed objects (leptons,
photons, jets); disappearing tracks;
nonstandard tracks produced by monopoles,

Dissapearing
track

Stopped
particle

Heavy, stable
charged particle

Displaced vertex

= (Charged

Neutral
Either

quirks or heavy stable charged particles
(HSCPs); nonstandard jets produced in dark
showers...

bt = LLP analyses at the LHC experiments:

= require customisation: dedicated triggers,
object reconstruction, background estimation
and in general analysis methods

= are affected by challenging backgrounds

BSM near the collision points » motivate dedicated
Lepton experiments

Quark

Anything
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Higgs+Other

ATLASAND GMS

= Vibrant scene of long-lived searches in the exotics and SUSY groups

UDD, g—tbs, my =2500 GeV
UDD, §—=ths, ms =2500 GeV
UDD, t—dd, m: = 1600 GeV
UDD, t—dd, m: = 1600 GeV
LQD, t=bl, mi = 600 GeV
LQD, t=bl, mi = 460 GeV
LQD, t=bl, mi = 1600 GeV

GMSB, §—gG, my = 2450 GeV

GMSB, g—gG, my = 2100 GeV

Split SUSY, g-qdx?, m;= 2500 GeV

Split SUSY, g-adx?, m=1300 GeV

Split SUSY (HSCP), fi, = 0.1, m; = 1600 GeV

mGMSB (HSCP) tanf = 10, >0, m: = 247 GeV

Stopped , t-tx, mi = 700 GeV

Stopped §, §-qdx?. f;,=0.1, my= 1300 GeV

Stopped §, §-adx2(uuxi), fz; = 0.1, m; = 940 GeV
AMSB, y £ =y2n*, my- =700 GeV

g-qax;] or g4, x;. xS =xin*, m; = 1600GeV,m,» = 1575GeV
G=qx; or x5, Xy =xin*, m; = 2000 GeV, m, = 1000 GeV
totx? or by, x& =x°m*, mi = 1100 GeV, my = 1000 GeV
GMSB, x3=HG (50%)/ZG(50%), my = 600 GeV

GMSB, x-HG (50%)/ZG(50%), my = 300 GeV

GMSB SPS8, x3=yG, my: = 400 GeV

GMSB, co-NLSP, I-IG, mj =270 GeV

Split SUSY, §-gdi°, m; = 1400 GeV, my, = 1300 GeV

Split SUSY, §-gg i, m; = 1400 GeV, my, = 1200 GeV

Split SUSY, §-ggi°, m; = 1800 GeV, my, = 1700 GeV

Split SUSY, g~gd°, m; = 1800 GeV, m;, = 1600 GeV

SM H=ZpZ5(0.1%), Zo—=pu, my =20 GeV

SM H=Z5Zp(0.1%), Zo—pp(15.7%), mx=5 GeV

SM H-XX(10%), X=ee, my = 20 GeV

SM H-XX(0.03%), X=II, my = 30 GeV

SM H-XX(10%), X=bb, my = 40 GeV

SM H-XX(10%), X=bb, my = 40 GeV

SM H-XX(10%), X=bb, my = 40 GeV

SM H-XX(10%), X=TT, my =7 GeV

SM H-XX(10%), X=ee, my = 0.4 GeV

SM H-W¥(1%), Gluon portal, my =5 GeV, (X, Xn) = (2.5,1)
SM H-WW¥(1%), Photon portal, my=5 GeV, (X, Xn) =(2.5,1)
SM H-WWy(1%), Vector portal, ma="5 GeV, (Xa Xin)=(1,1)
dark QCD, ms,, =5 GeV, my,, = 1200 GeV

Overview of CMS long-lived particle searches

CMS Preliminary August 2023
g 2104.13474 (Jets with displaced vertices) [ G 6006=009'm
§ 2012.01581 (Displaced jets) [a60=1n
i 2104.13474 (Jets with displaced vertices) [ 500035008 m
i 2012.01581 (Displaced jets) [ G002=152m
¢ | 180805082(2p+2jetsy  <003m
t 2110.04809 (Displaced leptons) [ o001 =100m
t 2012.01581 (Displaced jets) [N0005=024'm
g 2012.01581 (Displaced jets) 0.006-0.55 m
g 1906.06441 (Delayed jet + MET) 0.32-34m
g 2012.01581 (Displaced jets) 0.007-0.36 m
g 1802.02110 (Jets + MET) <lm
g CMS-PAS-EX0O-16-036 (dE/dx) >0.7m
7 CMS-PAS-EX0-16-036 (dE/dx + TOF) >75m
t 1801.00359 (Delayed jet) 60-1.5e+13 m
§ 1801.00359 (Delayed jet) 50-3e+13 m
g 1801.00359 (Delayed pp) 600-3.3e+12 m
x= 2004.05153 (Disappearing track) 07-30m
x: 1909.03460 (Disappearing tracks + jets with M) 0.11-10m
xi 1909.03460 (Disappearing tracks + jets with M) 026-2 m
x: 1909.03460 (Disappearing tracks + jets with M) 025-9 m

0 2212.06695 (Trackless jets + MET) 0.04-12m

] 2212.06695 (Trackless jets + MET) 0.05-24m

0 1909.06166 (Delayed y(y)) 02-6m
i 2110.04809 (Displaced leptons) 5e-05-2.65m
g CMS-PAS-EXO-22-020 (Displaced vert. + p7™*) 0.0003-1m
g CMS-PAS-EXO-22-020 (Displaced vert. + p7™*) 0.0001-1m
g CMS-PAS-EXO-22-020 (Displaced vert. + p7™*) 0.001-0.1m
g CMS-PAS-EX0-22-020 (Displaced vert. + p7™*) 0.0003-03 m
X CMS-PAS-EX0O-23-014 (Displaced dimuon) 37e05-7.8m
X 2112.13769 (Displaced dimuon scouting) 0.0001-0.25 m
X 1411.6977 (Displaced dielectron) 0.00012-25 m
X 2110.04809 (Displaced leptons) 0.001-0.12 m
X 2012.01581 (Displaced jets) 0.001-0.53 m
X 2110.13218 (Displaced jets + Z) 0.004-0.248 m
X CMS-PAS-EX0-21-008 (Decay in Muon System) 0.12-678 m
X CMS-PAS-EX0O-21-008 (Decay in Muon System) 0.0177-45.6 m
X CMS-PAS-EXO-21-008 (Decay in Muon System) 0.017-1.68 m
n CMS-PAS-EXO-21-008 (Decay in Muon System) 0.49-236m
f CMS-PAS-EX0O-21-008 (Decay in Muon System)2 68-16.4 m
w CMS-PAS-EX0O-21-008 (Decay in Muon System) 049-10m
Ko 1810.10069 (Emerging jet + jet) 0.0022-03 m

1 1 1 1 1 1
10°8 10°° 10-4 10-¢ 10° 10? 104
ct [m]

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.

140 fb~?
132 fb~?
140 fb~?
132fb~?
35.9

118 fb~?
132 fb~?

132 fb~?
137 fb~?
132 fb~?
35.9
129
129
38.6
38.6

39 fb~?
101 fb~?
137 fb~?
137 fb~?
137 fb~?
138 fb~?
138 fb~?
774

118 fb~?
137 fb~?
137 fb~?
137 fb~?
137 fb~?

367 fb~* (13.6 TeV) + 97.6 fb~* (13
101 fb~?

20 fb™* (8 TeV)
118 fb~*
132fb~?

117 fb~?

138 fb~?

138 fb~?

138 fb~?

138 fb~?

138 fb~?

138 fb~?
16.1

ATLAS Long-lived Particle Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: March 2023 [£dt = (32.8-139) b V5 =13 TeV
Model Signature  [Ldt [b'] Lifetime limit Reference
RPV T — uq displaced vtx + muon 136 t lifetime ! I I I 0.003-6.0 m ' m(t)=1.4 Te{/ 2003.11956
RPV )}? — eev/euv/uuv  displaced lepton pair 32.8 ,\72 lifetime 0.003-1.0 m m(§)=1.6TeV, m({3)=1.3 TeV 1907.10037
RPV /\"/‘1’ — qqq displaced vtx + jets 139 ,\7‘; lifetime 0.00135-9.0 m m(¢9)=1.0 TeV 2301.13866
GGM ,\"/‘f - 27ZG displaced dimuon 329 ,?2 lifetime 0.029-18.0 m m(g)=1.1TeV, m({3)= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 139 ,Q‘l’ lifetime 0.24-2.4 m m(79, G)= 60, 20 GeV, By=2% 2209.01029
GMSB 7 — (G displaced lepton 139 | 7 lifetime 6-750 mm m(f)= 600 GeV 2011.07812
‘§ GMSB 7 — 7G displaced lepton 139 | # lifetime 9-270 mm m()= 200 GeV 2011.07812
@ AMSB pp — ¥i{9, ¥ %7  disappearing track 136 | k7 lifetime 0.06-3.06 m m(§7)= 650 GeV 2201.02472
AMSB pp — ¥i¢9, ¥1 i1 large pixel dE/dx 139 ,\71* lifetime 0.3-30.0 m m(¢1)= 600 GeV 2205.06013
Stealth SUSY 2 MS vertices 36.1 § lifetime 0.1-519m B(g — Sg)=0.1, m(g)= 500 GeV 1811.07370
Split SUSY large pixel dE/dx 139 g lifetime >0.45m m(g)=1.8 TeV, m(¥2)= 100 GeV 2205.06013
Split SUSY displaced vtx + E?‘SS 32.8 g lifetime 0.03-13.2 m m(g)= 1.8 TeV, m({3)= 100 GeV 1710.04901
Split SUSY 0¢,2-6jets +E}“iSS 36.1 g lifetime 0.0-2.1 m m(g)=1.8TeV, m({?)= 100 GeV | ATLAS-CONF-2018-003
H-—ss 2 MS vertices 139 s lifetime 0.31-72.4 m m(s)= 35 GeV 2203.00587
° H—ss 2 low-EMF trackless jets 139 s lifetime 0.19-6.94 m m(s)=35GeV 2203.01009
E VH with H — ss — bbbb  2( + 2 displ. vertices 139 s lifetime 4-85 mm m(s)=35GeV 2107.06092
% FRVZH — 2y4 + X 2 u—jets 139 4 lifetime 0.654-939 mm m(yq)= 400 MeV 2206.12181
é FRVZ H — 4yg + X 2 u—jets 139 | 74 lifetime 2.7-534 mm m(yq)= 400 MeV 2206.12181
EE H— ZyZ4 displaced dimuon 329 | Z4 lifetime 0.009-24.0 m m(Z4)= 40 GeV 1808.03057
H— ZZ,4 2 e, u + low-EMF trackless jet36.1 Z4 lifetime 0.21-5.2 m m(Zy)=10 GeV 1811.02542
_ ®(200 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.41-51.5m o X B=1pb, m(s)= 50 GeV 1902.03094
% $ (600 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.04-21.5m o X B8=1pb, m(s)= 50 GeV 1902.03094
@ ®(1TeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.06-52.4 m o x B=1pb, m(s)= 150 GeV 1902.03094
W — N¢,N — £ty displaced vtx (uu,ue, ee) + 1 139 N lifetime 0.74-42 mm m(N)= 6 GeV, Dirac 2204.11988
W — NC, N — tty displaced vix (uu,ue, ee) + 139 N lifetime 3.1-33 mm m(N)= 6 GeV, Majorana 2204.11988
% W - N¢,N — Cty displaced vix (uu,ue, ee) + e 139 N lifetime 0.49-81 mm m(N)= 6 GeV, Dirac 2204.11988
W — N¢,N — tty displaced vitx (uu,ue, ee) + e 139 N lifetime 0.39-51 mm m(N)= 6 GeV, Majorana 2204.11988
| sl a1l 3 a1l 3l 1l L1
0.001 0.01 0.1 1 10 100 CcT [m]
Vs=13TeV  Vs=13TeV
partial data full data I el Ll Ll ol ol T
*Only a selection of the available lifetime limits is shown. 0.001 0.01 0.1 1 10 100 ns
7 [ns]

Rebeca Gonzalez Suarez (UU) - PSI Particle Physics Summer School 2024

49



LHCh

= EXxisting results on dark photons, exotic Higgs decays, HNLs...

= Complementary coverage to ATLAS and CMS

= First fully GPU trigger in HEP opens new possibility for LLPs

|}
g F I

-
=]
—ﬂ

i !II” |
<L - ]Illll

S

. LHCb
1 Mt

. pixel . silicon strip . ECAL Cherenkov

. drift tube . HCAL . muon

My, [GeV/2]

80

Regions where B(H — mymy) > 50% is excluded at 95% CL

70

60

50 |-

40 -

30

20

10—

| IIIIIIII | IIIIIIII I IIIIIII| | IIIIIIII | IIIIIIII | IIIIIIII

=== ATLAS 20.3 fb~! at 8 TeV
=== LHCb 2.0 b~ ! at 7-8 TeV
m==  CMS 18.5 b~ ! at 8 TeV

ool oo vl s ol

1074

1073 1072 1071 10° 10! 102
Ty et [m]
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THINKING OUTSIDE THE LG DETEGTORS

= We can supplement them with external detectors optimized for LLPs

= Access to longer decay lengths

= | ess backg round (Shleldlng) (E . Centrally produced LLPs from the decays of
. heavy states (Exotic Higgs, Twin Higgs, HNL,
I Easy tngger (or tngger-'ess) é)) K | SUSY) at large angle, off axis
@) N Wide mass range: from ~ GeV to ~TeV
T
%
g LHC coverage
A\ (ATLAS, CMS, LHCb) N = === e Tl T g aaeenT
e e a N e e
n B & N | % peam N
s \ S T ine
§ «"5009?’*;\55*‘ | a\Oﬂg
: '%’h/ «‘:‘)6\}“
§ (/“:43&? U N\ |
% 4/462 " Sk LLPs from weakly coupled light
5 ) particles, with high
= SCHEMATIC statistics (higher forward
T production for lower masses),
<near ~m far— K along the beam axis

CT
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Proposed

THERE ARE MANY EXPERIMENTS

Running ‘d“
\)
SHiP

T— ——
y 4 y 4
: r : : Search for Hidden Partic
\ 3 ; ’
N2
"

|

MAPP

MoEDAL

AL3X ANUBIS )
5\2\ JVILLIGAN SHADOWS

=5 FORMOSA

Scattering Zr;q[hl\éef:'r(i:no Detector YO u r exp e ri m e nt h e re
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THEAL-LHG WON'T BE THEEND OF THE STORY

= At the HL-LHC we will have more data

= We will keep probing SM processes, with
higher precision

= Higher chance to find deviations with
respect to the predictions

= Most of our current analyses are NOT
statistically limited

= No increase of the center of mass energy,
HL-LHC will stay at 13.6 TeV

= The pileup will be brutal

There is potential for a surprise but a surprise will be surprising

F b

13} | ,f‘ Sk B

HL-LHC: Pileup of 250

https://arxiv.org/abs/1201.5469
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https://arxiv.org/abs/1201.5469

30, WHAT'S NEXT?



WELL, WE DON'TKNOW



BUT THE GYGLES OF GOLLIDER PHYSIGS ARE LONG

CERN LIBRARIES, GENEVA CERN/2075/Final

LTI ——— = The LHC was approved in 1994 » started running in
2009 (15 years) + will run until 2041 (32 years)

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUC!.E'AIRE
CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

= The Tevatron was approved in 1978 - started running
in 1985 (7 years) =» run until 2009 (14 years)

 Hondedh Ssion = |f we want something to be running shortly after the HL-
LHC, now is the time to approve it

RESOLUTION
APPROVAL OF
THE LARGE HADRON COLLIDER (LHC) PROJECT

The spokespersons of the future colliders
are walking among us, already in the field!
They could be any of you

—

94/136/5/e
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WHAT DO WE HAVE TODAY?

= A relatively new particle that is very special, an exploration tool.

CMS X —ZZ + WW 19.7 fb' (8 TeV) + 5.1 fbo ™' (7 TeV)
P p wOpserved —Expected 1 L
100f mio+ioc  WESi LD b S

0" + 20 P+ 26

\ - . . . . . . . . . . . . . .
ol - e J L . . . . . . . . . . . . . . .
2’80 o e

0"+3c _UPJ_r_sc_

@ gg production ad production .



M,, [GeV]

When combined with the masses of the top quark and the W boson, it hints at something beyond the standard model.

| | | | | | | | | | | | | | I "':' | | | I | | | | | 1,1
— l: ,"’_
— 68% and 95% GL contours i My comb. £ 1o Pl
B . lél T mt = 17247 GQV ’/ —
80.5 — [ Fitw/oM, and m measurements V| -- o =0.46 GeV .7 —]

= . 1 f
_ Fit w/o M,,, m and M, measurements |\ — 0 =046 ©050,  GEV —
- SR a1 e -
- Direct MW and m. measurements H . _

1 i .’
80-45 — ::: ‘,"" —
- lél ’lf —,
- 1 - .-"-
- H 4T
80_4 | IZ ","\
— M, comb. + 1o 20T
L Mw | p |
80.35 - M,, =80.379 + 0.013 GeV ~ o |
-7 |
B ,," |§| o
B . i _
80.3 & i -
B i _
B . - b H _
[ Q" il »\'?/6 "0, A " = |
80.25 WO ,‘j' Wy B \zf;,aj ’ B ,:r": fltter SMz _|
| \’,'v’ \’;, \’, 'EI _
,"I’ | | | | | | | ,}’ | | | L"’ I “l:: | | | I | | | | | | |
140 150 160 170 180 190

m, [GeV]

The value of the Higgs mass of 125GeV is very interesting.

Rebeca Gonzalez Suarez (UU) - PSI Particle Physics Summer School 2024

59



Top pole mass M; in GeV

180
178
176 |
174
172

170

168

200 |
150 |

100 |

Top mass M; in GeV

Stability: O

—

0 50 100 150

120

122

124 126 128 130 132

Higgs pole mass Mj, in GeV HiggS mass M h in GeV

The value of the Higgs mass of 125GeV is very interesting.

200

When combined with the masses of the top quark and the W boson, it hints at something beyond the standard model.
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ANDWE ALSO RAVE

= \/arious options on the table.

= Decades of collider expertise.
= The largest community we ever had.

= Priorities

“An electron-positron Higgs factory is the highest-priority

next collider. For the longer term, the European particle

physics community has the ambition to operate a proton-
proton collider at the highest achievable energy.”

Working towards the

2025 strateqgy update Advocates for substantial US participation and effort to support

development of an offshore Higgs factory, with the goal of
leading and potentially hosting a muon (!) collider beyond it.
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LINEAR e-e GOLLIDERS: LG .

infernational linear collider

https://linearcollider.org/

= 250 GeV (could be upgraded to 500)

= 30-km-long

= ITDRin 2012

= In Japan originally (before that Germany), currently: location pending

= One collision zone: up to two experiments

Rebeca Gonzalez Suarez (UU) - PSI Particle Physics Summer School 2024
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https://linearcollider.org/

https://clicdp.web.cern.ch/

LINEAR e GOLLIDERS: GLIG

@9 Compact Linear Collider

-
-

- Compact Linear Collider (CLIC)
BN 380 GeV - 11.4 km (CLIC380)

- 380 GeV (up to 3TeV) o o

= compact: 11 km total length S
= "LHC diameter

= CDRIn 2013

= at CERN

= One interaction region

Rebeca Gonzalez Suarez (UU) - PSI Particle Physics Summer School 2024
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https://clicdp.web.cern.ch/

GIRGULAR e+ GOLLIDERS: GEPG

= 90-365 GeV
= Underground tunnel of 100 km of circumference, double-ring collider
=TDR in 2023

=10 be hosted in China, exact location tbc

=1WO (47?) interaction points (IPs)
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http://cepc.ihep.ac.cn/

GIRGULAR e+e GOLLIDERS: FGG-ee

More on this
onein a
minute
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https://fcc-ee.web.cern.ch/
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https://fcc-ee.web.cern.ch/

THE WILDGARD: A MUON GOLLIDER

= The coolest kid on the block

= Requires a lot of R&D in the
coming years

= US (or Europe?)

O
MC 3 TeV

9
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THE OPTION! AM WORKING ON



FUTURE CIRCULAR GOLLIDER (FCG) AT GERN

= A versatile, next-generation particle collider housed in a 90km underground ring
= |inked to the LHC accelerator chain

= |mplemented in stages, one ete- machine, followed by a high-energy hadron collider

— -~ = T - 3 ;* T
D M e SR R s e N ~__

. = s
o -
> 5 "= ez
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FOG PUSHES TWO FRONTIERS

= qst stage collider, ete- = 2nd stage collider, pp
= FCC-ee = FCC-hh
= el|ectron-positron collisions = proton-proton collisions
= 90-365 GeV = >100 TeV
= Higgs, EW, top factory = Discovery machine
= Construction starts: 2033 = Physics operation: ¥ 2070

Physics starts: 2048 (45 if
accelerated)

Additional modes Complementary
supported Synergetic
Heavy ions, eh All-in-one facility

Rebeca Gonzalez Suarez (UU) - PSI Particle Physics Summer School 2024
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chain

= Using one tunnel (and one set of caverns)

for both stages

= 90.7 km ring, 8 surface points

GOMMON INFRASTRUGTURE

= Making use of the current acceleration

ATLAS

e FCC Tunnels

LHC s Experimental points
I Access points
, e Service caverns
" s Connection tunnels
Il Electrical alcoves
" Klystron galleries

e Tunnel widening
I Injection tunnels
' | SPS/LHC

Injection Tunnel
/

"""" Large Experimental
area
Beam Dump
Collider SRF system
[
D e
Small Experimental “-_ _
J area Q\
Small Experimental
area
Technical Access
—
H 8
Booster RF system .
3
G 600\0
Large Experimental 1 o

area A‘coqes \ .
A
y A\

——

o —

[ Not to scale ]

= 4 Experimental areas 2 large (> ATLAS) & 2
small (YCMS)

] = Deepest shaft: 400m
= Average shaft depth: 243m

CMS
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GONTINUITY

= FCC-ee technology is mature and ready » construction in parallel to HL-LHC operation

= Physics a few years after the HL-LHC
= Guarantees continuity for generations of high energy physicists
= Can accommodate the size of the CERN community

1975 1985 1995 2005 2015 2025 2035 2045 2055

LEP
LHC
High Luminosity LHC

Future Circular Collider
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SIAGED APPROAGH

= Two-stage approach

= Allows to spread the cost of the more expensive FCC-hh over more years
= 20 years of R&D work towards optimal and affordable magnets

= Optimization of overall investment by reusing civil engineering and large part of the
technical infrastructure

2014 L2045
2018 | 2048

HL- LHC
Conceptual Design Feasibility Study Project approval by Construction of onds Operation of FCC-ee Operation of FCC-hh
Study (geciogy, R&D o Cederator, (;[ RN Council ‘ (15 years physics explottation) (~ 20 years of physics explotation)
detector and computing tunnel and FCC-ee
(Concepiual Design Repont
1eChnO OO 8§, adir svadw starts
end 2018)

procedur es with the Host States
mvironmental mpad., fmanca
feasb My, olc)
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LUMINOSITY

= FCC-ee: highest luminosities of all proposed Higgs and EW factories, clean
experimental conditions, and a range of energies that cover Z, WW, ZH, and tt.

FCC feasibility Mid-term report
- Deliverable #8, physics and
Experiments

= 10°
7))
A
-
O
>
g 102
>
‘N
o
S
-
= 10
I
1

I I I I
Z (88-94 GeV) ® FCC-ee (4 IPs)

® FCC-ee (2 1Ps)

W*W (157-163 GeV)

H (240 GeV)

tt (350 GeV)

-—.-.~
L]

-
o mmm v s =
—-—_.—-
== ®
-
I’

D I I I R LI I T I N I I I I I R T Kt I I I R

(@QGev) .= - -
. -1 ......... |— .- -

| | | | |
100 150 200 250 300 350 400
s [GeV]
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ingredients of several recent
colliders =» highest
luminosities & energies

T— ——

74



ENERGY

= FCC-hh: Able to directly reach the next energy frontier (* x10 LHC)
= order of magnitude performance increase in both energy & luminosity wrt the LHC

peak luminosity [cm2s!]

1E+36

| E+35

1E+34

1E+33

|E+32

|E+31

1E+30

parameter FCC-hh HL-LHC LHC
? FCC-hh collision energy cms [TeV] 84 - 119 14
e dipole field [T] 14 - 20 8.33
circumference [km] 90.7 26.7
o ISR o ruIC " Integrated luminosity/main IP [fb-1] | 20000 3000 300
& Frank Zimmermann -
® pppS IC?FASeminear 28023
That’s not alll
0.01 0.1 | 10 100 1000

c.m. energy [TeV]

FPF could be there from the beginning

Heavy-ion collisions and, possibly, ep/e-ion
collisions, additional experiments and e.g. a

T—
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https://indico.desy.de/event/38293/timetable/?view=standard#41-the-cern-future-circular-co
https://indico.desy.de/event/38293/timetable/?view=standard#41-the-cern-future-circular-co

FGG-ee

FCC feasibility Mid-term report -
Deliverable #8, physics and Experiments

*'Z' 200 | ! | | | | | | =
G, :
> ww | ZH To B
= 16 years, 4 IPs = gy o e 0 .
Q :
= Flexibility in the run scenario: = | ”
In order and operation periods. = 5 .
© "
ore & 100 Gl
= Additional runs, e.g. 125GeV % ; .
possible =2 :
: : = : .
= Stringent experimental = : =
requirements : -
0 | | |
1112 13 19 15 10
Years
Working point Z, years 1-2 7, later WW, years 1-2 WW, later ZH tt
integrated
luminosity per year Vs (GeV) 88, 91, 94 157, 163 240 340-350 365
summed over 4 1P Lumi/IP (10°* cm™2s™1) 70 140 10 20 5.0 et o
corresponding ) iy |
to 185 days of Lumi/year (ab™ ") 34 68 4.8 9.6 2.4 0.36 0.58
physics per year Run time (year) 2 2 2 - 3 1 4
and 75% efficiency
1.45 x 10° ZH 1.9 x 10° tt
Number of events 6 x 1012 Z 2.4 x 105 WW + +330k ZH
all the data of 45k WW - H +80kWW — H
LEPTin minutes Rebeca Gonzalez Suarez (UU) - PSI Particle Physics Summer School 2024 76
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DETEGTOR GONGEPTS

CLD

Si Tracker

12m

v

- 10.6 m -

arXiv:1911.12230

Full silicon vertex detector and
tracker
3D-imaging highly-granular
calorimeter system
Coil outside calorimeter system

Based on CLIC detector design,

IDEA

Instrumented return yoke

Double Readout Calorimeter

27 coil

Ultra-light Tracker

MAPS —

\ LumiCal

Pre-shower counters

11 m

< 13 m >

Innovative, possibly cheaper than
CLD
https.//pos.sissa.it/390/819
Baseline in many ongoing studies

Silicon vertex detector
Short-drift, ultra-light wire chamber
Dual-readout calorimeter
Thin and light solenoid coil inside
calorimeter system

ALLEGRO

Muon Tagger

5
b
-
m
=
o
o
1)
©

1388e] uonpy

pu3j 1vo3

0] R J9ddBIAN UODI|I
de)

GranuLAr WS, |JCLab 2022 —
Martin Aleksa

Highly granular noble-liquid
calorimeter
Thin 2T solenoid in the calorimeter
cryostat.

More complementary options possible (4 IP!) = Can we optimize detector designs for

the complete physics program? Yes! opportunities to contribute
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https://arxiv.org/abs/1911.12230
https://pos.sissa.it/390/819
https://indico.ijclab.in2p3.fr/event/7664/contributions/25744/attachments/18583/24909/FCC-ee-Experiment-Layouts-20220406.pdf

FCC feasibility Mid-term report -
Deliverable #8, physics and Experiments

Coupling HL-LHC  FCC-ee (240-365 GeV)
2 IPs / 4 IPs
kw %] 1.5% 0.43 / 0.33
o o Kz %] 1.3* 0.17 / 0.14
= We will be able to map all the Higgs oo % o 0.00 / 0.77
properties with accuracy fy (%) 1.6* 1.3 / 1.2
. . . Kz~ [70] 10* 10 / 10
= |mprovement in the precision of several ke [% - 1.3 /1.1
Higgs boson couplings of about one order of g (2] 3.2" 3.1/ 3.1
. kb (% 2.5 0.64 / 0.56
magnltude wrt the end of the HL-LHC K [%)] 4.4* 3.9 / 3.7
o . kr (%] 1.6* 0.66 / 0.55
= sub-% measurement of couplings to W, Z, BRiny (<%, 95% CL) 1.9 0.20 / 0.15
b, T, % to gluon and Charm BRunt (<%, 95% CL) 4* 1.0 / 0.88
= absolute measurement width/couplings  Enorgy sproad.
. 0.5 e e
= Recoil method >< vy
.. g 04 T ey
= Access to direct Higgs production at 125GeV U g ooy
:
¢’ b g, 7" 08 0.2 ) ———
>l TN

MR B I B
125 125.005 125.01
Eur. Phys. J. Plus (2022) 137:201 (s (GeV)
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https://link.springer.com/article/10.1140/epjp/s13360-021-02204-2

FCC feasibility Mid-term report -
Deliverable #8, physics and Experiments

ELEGTROWEAK

Observable present FCC-ee FCC-ee Comment and
value + error Stat. Syst. leading error
myz (keV) 91186700 £+ 2200 4 100 From Z line shape scan
Beam energy calibration
'z (keV) 2495200 + 2300 4 25 From Z line shape scan
Beam energy calibration
= Dedicated W and Z runs with sin? 08 (x 10°) 231480 + 160 2 2.4 From AX% at Z peak
o o Beam energy calibration
unprecedented statistics —
1/aqeD(mz)(x107) 128952 4+ 14 3 small From ALE off peak
o o QED&EW errors dominate
— =
Z pOIe r.LIn . LE.P .StatIStIC’?I R% (x10%) 20767 L+ 25 0.06 0.2-1 Ratio of hadrons to leptons
uncertainties divided by “1000 Acceptance for leptons
as(m2) (x10%) 1196 + 30 0.1 0.4-1.6 From R%
[ J
— COmprehen$|Ve measurements Of Ul?ad (><103) (nb) 41541 + 37 0.1 4 Peak hadronic cross section
° Luminosity measurement
the Z lineshape and many
e o N, (x10%) 2996 =X 7 0.005 1 Z peak cross sections
EleCtrOweak PreCISIOn Obse rva bles Luminosity measurement
. . e Rp (x10°) 216290 + 660 0.3 < 60 Ratio of bb to hadrons
= 50x improved precision= 7x Stat. extrapol. from SLD
jump in indireCt SenSitiVity to AEB, 0 (X104) 992 + 16 0.02 1-3  b-quark asymmetry at Z pole
From jet charge
BSM effeCts Agcg’T (><104) 1498 + 49 0.15 <2 7 polarization asymmetry
. . . 7 decay physics
— DlreCt and unlquely preCISe T lifetime (fs) 2003 £ 0.5 0.001 0.04 Radial alignment
determlnatlons Of aQED(mZ) (for the 7 mass (MeV) 1776.86 + 0.12 0.004 0.04 Momentum scale
fi rSt time) and as(mz) T leptonic (prv,v,) B.R. (%) 1738 £+ 0.04 0.0001 0.003 e/n/hadron separation
mwy (MeV) 80350 £ 15 0.25 0.3 From WW threshold scan
Beam energy calibration
I'w (MeV) 2085 = @ 42 1.2 0.3 From WW threshold scan
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TOPAND FLAVOUR

mass and width, FCNC...
Flavour factory

Threshold region: most precise measurements of top quark

= Clean environment, precise momentum of b/c/t pairs from
Z decays (like in B-factories), ~10 times more bb/cc than

final Belle-ll statistics
Potential in boosted b/t

= Higher efficiency than at B factories for modes with
missing energy (especially multi-v) and inclusive modes,
smaller uncertainties in lepton ID efficiencies.

Interesting opportunities:

3' 1 .4 B l- llllllll [ I I I I I 1 I
o tt threshold - 1S mass 174 GeV _
c 1.2 . —TOPPIK NNLO — CLIC 350 LS+ISR ]
}*9-_; [ —ILC350LS+ISR  — FCCee 350 LS+ISR ]
> [ ]
7 1r
g -
© 0.8 -
(&) -
0.6 -
0.4
0.2 based on CLIC/ILC Top Study -
= EPJ C73, 2540 (2013) -
O 1 1 I ] 1 1 1 | 1 1 1 1 I 1 1
345 350 355
\s [GeV]
Cignal 2828 0 BDEKT@p KT KK~ mEnK* e
600 - o
=== fit DK FCC feasibility
-=- fit BY'SD.K Mid-term
500 | wem D.K report -
= D.n(=K) Deliverable #8,
0 ok physics and
gt s Experiments
BY-D.n( =K)

number of events
3
o

N
o
o

= e.g. decays of: Rare b-hadron with Tt pairs in the final state

and charged-current b-hadrons with tv in the final state;

lepton flavour violating t decays, or lepton-universality

tests in T decays.
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C
QEE- = ‘—&@Cl

VE
Co = 3.0e-02
c1 = 5.0e-03
B L L T .
5.20 5.25 5.30 5.35 5.40 5.45
MmBSres

Reconstructed Bs system, 3% energy resolution
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BEYOND THE STANDARD MODEL

= Potential for indirect BSM exploration: SMEFT, and other precision/search cases
= But also direct searches:

= (Clean environment, high luminosity, and large acceptance, direct scrutiny of O(1-100)
GeV mass range for new particles

= Dark/hidden sectors that connect feebly to the SM via mediators (dark photon)
= Exotic decays of the Z or Higgs boson

= Specially interesting are signature-driven searches for non-mainstream signals
= Here come long-lived particles again!
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THE FLAGSHIP, LS

= Sterile/right-handed neutrinos

= Could give many answers: neutrino masses,
DM, BAU

= Many of the current limits cover large neutrino
mixing angles.

= For small values of the mixing angle » LLP
signature (displaced vertex search)

= The FCC-ee will offer a fantastic reach for HNL
at the Z-Pole

= FCC will probe space not constrained by
astrophysics or cosmology, complementary
to other dedicated experiments
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HEAVY NEUTRAL LEPTONS

= \Working towards a complete sensitivity analysis implemented in FCC software

= A few channels (eev, pjj, Hiv) considered prompt and long-lived

10 ¢

FCC feasibility Mid-term report -
Deliverable #8, physics and Experiments
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https://arxiv.org/abs/2203.05502

extending current limits > than 3
I .
orders of magnitude

= Unconstrained mass range (0.1 - 100 GeV) accessible via ete— = ay and ete—= a, a = yy.
Sensitivity to couplings to < 10-4 TeV-1

= At small coupling values » macroscopic decay lengths

FCC-ee Simulation (Delphes)
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EXOTIC RIGGS BOSON DEGAYS

= Possible and present in many models:

= SM extensions with scalars/fermions/ vectors, MSSM, NMSSM, Hidden Valleys, Twin
Higgs (arXiv:1312.4992, arXiv:1812.05588, arXiv:1712.07135)
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FCCAnalyses: FCC-ee Simulation (Delphes)

Illllllllllllllll

lll
M.

llllllllllllllllll

Vande Voorde

ete »2Zh,Z -1'"I',h—>ss - bbbb

0 =1e-5
0=1e-6
0 =1e-7
0 =1e-5
0 =1e-6
0 =1e-7

107" ]
bhu b [L‘xr'-lﬂ =inn Bleelt ]

1 1 lllllll |

lllllll | llllllll | llllllll | llllllll

Decay Length (m)

Rebeca Gonzalez Suarez (UU) - PSI Particle Physics Summer School 2024

\
| = -
my=10 GeV | = E 10°F
\ & = s =240.0 GeV
\ ~ - 1
i & 4l L=5ab
.‘ > 10 E
‘ -
\ 3 [~ Before selection
\ 107
! - ——— mg = 20 GeV, sin
: , [ = mg =20 GeV, sin
\ 10°E___ mg =20 GeV, sin
\ - —— Mg = 60 GeV, sin
v 10 & mg = 60 GeV, sin
\ ~—— mg = 60 GeV, sin
\ \\\ | J
S i
, ¢ i
i
1 1 2 2 I
r -2
1075 0.001 0.100 10 100" 200 400 600 800 1000 1200 1400 1600 1800 2000

Distance between PV and DVs [mm]

85


https://arxiv.org/abs/1312.4992
https://arxiv.org/abs/1812.05588
https://arxiv.org/abs/1712.07135
https://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-498132

SYNERGIES AGROSS STAGES, RUNNING SGENARIOS

= |n FCC-ee: precision measurements in W and
Z will have a positive impact in the Higgs
couplings measurements in the Higgs runs

= Precision Higgs measurements in FCC-ee wiill
have an impact in the Higgs self-coupling
studies in FCC-hh

= Coverage for prompt and long-lived searches
will be very different in the different stages

arxiv:1612.02728

10
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Following the plans for different additional
LLP experiments at the HL-LHC it is possible
to also envision similar concepts at other
future colliders

HECATE: A long lived particle detector
concept for the FCC-ee or CEPC:
arXiv:2011.01005

The civil engineering of the FCC-ee will have
much bigger detector caverns than needed
for a lepton collider (to use them further for a
future hadron collider)

We could install extra instrumentation at the
cavern walls to search for new long lived
particles

FAr Detectors
arXiv:1911.06576
for ALPs at FCC-ee, CepC
arXiv:2201.08960
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BUT THIS 15 JUST ONE OPTION




Council appointment of the
members of the PPG and
decision on the venue for the
Open Symposium

End September 2024

O,

December 2024

Council decision on the
venue for the ESG
Strategy Drafting

Session

Timeline for the update of the
European Strategy for Particle Physics

Deadline for the Open

submission of main .
input from the Sym posium

community

23-27 June 2025

31 March 2025

© ©@ ©

Deadline for the

submission of final o
national input in advance Submission of the draft

of the ESG Strategy strategy document to
Drafting Session the Council

14 November 2025 End January 2026

® @®

26 May 2025 End September 2025 1-5 December 2025
Deadline for the Submission of the ESG Strategy
submission of additional “Briefing Book” to )

national input in the ESG Drafting
advance of the Open Session

Symposium
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March and June 2026

Discussion of the draft strategy
document by the Council and
updating of the Strategy

89



LET'S REGAP




WERAVE EXPLORED

= We had a look at our current best tool for discovery and precision measurements (the
LHC)

= We reviewed briefly how the general purpose LHC experiments work

= And how they take data

= We have taken stock on how much data we have available and how much is coming
= We had gone back in time to the early LHC data

= We have looked at the early SM measurements

= We started simple and by now have entered precision regime in many areas

= We mentioned the Higgs boson discovery
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BUT TOGETHER WITH THE hIGGS: NO OTHER PARTIGLE

= The LHC is made for searches an we certainly are searching

= We started by the easier cases and built to more and more complicated ones
= We are setting limits and cornering many new physics models

= \We are on the brink of the high-luminosity upgrade of the LHC

= We will get enough lumi to see Higgs bosons produced in pairs

= There are exciting options for searches too

= However, the HL-LHC wiill be limited

= And so we are planning on the next collider

Rebeca Gonzalez Suarez (UU) - PSI Particle Physics Summer School 2024

92



It could be YOUR
collider, get involved!




GREDITS

Future colliders:
https://ecfa.web.cern.ch/
https://fcc-ped.web.cern.ch/
https://clicdp.web.cern.ch/

https://linearcollider.org/
http://cepc.ihep.ac.cn/

https://muoncollider.web.cern.ch/

Most of the pictures in this lecture belong to CERN and can be found in
the document server:
https://cds.cern.ch/

https://home.cern/

Physics results from the main LHC experiments can be access in their
websites:
https://atlas.cern/

https://cms.cern/

http://lhcb.web.cern.ch/

https://alice.cern/

And the public repositories of results:
https://arxiv.org/

https://inspirehep.net/

| have re-used some of my material from other lectures (at schools and
in Uppsala University) and slides presented at seminars/workshops/
conferences as well as outreach talks.

Credits/Gratitude to (in no particular order): Katharina Anthony, Giulia
Ripellino, Anna Sfyrla, Christophe Grojean, Patrick Janot, Ayres Freitas,
Christoph Paus, Roberto Tenchini, Patrizia Azzi, Fabiola Gianotti, Sarah
Williams, Juliette Alimena, Frank Zimmermann, Michele Selvagqi,
Matthew McCullough and many others!
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