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Other accelerator experiments

There are several smaller experiments using dedicated accelerators, e.g.:

* Muon g-2
* Rare lepton decays po—r ey, pp— 3e
* B factory — Belle |l ete” — Y (49)

* MESA (beam dump) linac, O(100) MeV
electrons



Muon g-2 experiment(s)

The muon g-2 is one

of the original LIFE OF A MUON:
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in the ring.
The experimental measurement was confirmed by a new Fermilab experiment that is still
running. A second experiment will run at JPARC in the near future. But in the meantime, several
lattice QCD groups disputed the SM prediction! Their computation is now taken as the standard.



Physics from the dipole operator

¥ Y
The lepton vertex function is responsible ;EN\ uéﬁ g
for a lot of physics: w/y A O
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_ B q 1 Anomalous
We define © =g (%) S p = 5(95 — 2) = Fn(0) magnetic moment
~ €EQEDYe Electric dipole
dy = — Iy Fp(0) moment

(violates CP)

SM_ q 1] : ‘ -
The muon g-2 is very precisely a, = 116591810(43) x 10~ Using ‘R ratio
measured: a'LSLM,lattlce — 116592033(62) % 10—11 ?é\)filg/\;\?505.21476,

a;;® =116 592061(41) x 107"

_ d?™ <107 3%ecm
Lepton EDMs have very tight ~ B S
constraints from experiments: de| <11x 107" e-cm  @90% CL

|d,| < 1.5 X 107" e—cm @ 90% CL


https://arxiv.org/abs/2505.21476

B factories

By tuning accelerator energies, can produce
copious amounts of particles on resonance (see

later).
Mesons containing b-quarks have many interesting %, —— | .
properties and several experiments have produced % | PRGN o e
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Timeline of some current and future
experiments
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MATHUSLA experiment proposal

Multi-layer tracker
Surface

Double layer tracker

Floor detector

LHC beam pipe

LLP decay volume

~60 m

CMS % > 4
~70 m

100 m

~20 m



SHIP experiment (being built, 2031)

Ventilation wall

Access shaft (4x8m?)
(existing)

Hadron absorber

Service building
(existing)

Target complex

2
Mo/W target Access shaft (8x8m?)

Scattering and
Neutrino Detector

Decay volume

Spectrometer

Particle ID


https://home.cern/news/news/experiments/ship-sets-sail-explore-hidden-sector

The LHC: where are we now?

LHC HL-LHC
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HL-LHC TECHNICAL EQUIPMENT:

integrated [ELHUL
luminosity LR R

: You are here :

Recall expected events = cross-section x luminosity
Total ‘inelastic’ cross-section of pp collisions @ the LHC is measured in microbarn
‘Typical’ BSM cross-sections in picobarn or femtobarn
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Big jump from Tevatron to LHC run 1 in energy: limits
on heavy particles with small backgrounds
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A classic ‘sore thumb’ is a heavy squark pair decaying to quarks +
light invisible patrticles:

q
P
q %
q N X9
P
q

The squarks are strongly coupled, so have a large cross-section even if
they are heavy, and their decays produce lots of missing energy



Here are
some ATLAS
headline
numbers

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

July 2024 Vs =13TeV
Model Signature  [£dt (™ Mass limit Reference
45 2yt Oe. 2-6jets  ENS
G I jets 140 1.85 m(¥})<400 GeV 2010.14293
2 9,0 monojet  1-3jets LR 140 [ [8x Degen] 0.9 m(@-m(e})=5 Gev 2102.10874
S | 75, 5oq50° 0 2-6jets EFS 140 |z 23 2010.14293
88, 3—q4X1 en Jets 4 mee)=0 GeV 0.
S ! H Forbidden 1.15-1.95 m(E})=1000 GeV 201014293
3 28, g-qqWi) leu 2-6 jets _ 140 |2 P m(¥})<600 GeV 2101.01629
2z Z-qa(LOX) ee, pupt 2jets  Ep™ 140 |2 22 m(¥})<700 GeV 2204.13072
@ 77, 5oqqWZK, Oeu  7-11jets EMS 140 |z 1.97 m¥}) <600 GeV 2008.06032
= SSe. 6 jets 140 |2 155 7)-m(¥))= 2307.01094
S SH I i B m(g)-m(¥})=200 GeV
Sz gont) O-len 3b ERs 140 |2 2.45 m(¥})<500 GeV 2211.08028
SSe,u 6 jets 140 |z 1.25 m(z)-m(¥})=300 GeV 1909.08457
biby Oe,u 2b  EPS 140 | By 1.255 m(i})<400 GeV 2101.12527
by 0.68 10 GeV<Am(by ¥1)<20 GeV 2101.12527
2s Byby, by—b¥s — bi¥| Oe,p 6b EP™ 140 | by Forbidden 0.23-1.35 Am(B3. 1= =130 GeV, m(t})=100GeV 1908.03122
s % 27 2b Epes 140 by 0.13-0.85 Am(¥3,)=130 GeV, m(¥})=0 GeV 2103.08189
8..§ fahL & _n:,\/‘ O-1e.pu > 1jet E?‘ss 140 A 1.25 m(t))=1GeV 2004.14060, 2012.03799
2 5 Af. ii—>Wht) Teu  BjetsAb EMS 140 | Forbidden 1.05 m(¥})=500 GeV 2012.03799, 2401.13430
S A, hi-Tiby, 711G -2t 2jets1b EP™ 140 | & Forbidden 14 m(#)=800GeV 2108.07665
= & A, iodth /e, oot Oe,pu 2¢. Ei"‘ 36.1 e 0.85 m(¥})=0 GeV 1805.01649
Sl s} Oe.pu mono-jet  EF** 140 i 0.55 m(i ,E)-mu'}.&)_5 GeV 210210874
i), oS, ¥9—Z/hi] 12eu 146 EMS 140 | 0.067-1.18 m(¥)=500 GeV. 2006.05880
b, h—i +Z 3en 1b EFS 140 | R Forbidden 0.86 m(¥))=360 GeV, m(7,)-m(¥})= 40 GeV 2006.05880
Vi) viawz Multiple ¢/jets ERi 140 '*/)Za 0.96 m(¥})=0, wino-bino 2106.01676, 2108.07586
ee, ppt >1ljet EP™ 140 )(l/ 5 0.205 m(¥5)-m(E})=5 GeV, wino-bino 1911.12606
XX viaww 2eu E?f“ 140 | X 0.42 m(¥})=0, wino-bino 1908.08215
i via Wh Multiple ¢/jets ERSs 140 | ¥/¥) Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894, 2108.07586
. XX via t’L/v 2epn EPS 140 | X 1.0 m(Z,7)=0.5(m(¥} )+m(¥})) 1908.08215
S § ol 27 EpS 140 [ENERRIDoEs 05 mw.) 2402.00603
WS 7 plig, I-60) 2epu Ojets  EMS 140 |7 0.7 m())=0 1908.08215
Ly >1jet Eﬁ““ 140 7 0.26 m(@)-m(¥))=10 GeV 1911.12606
HH, A-hG/ZG Oe,u >3 h EE“‘ 140 | & 0.94 BHW& - hG)=1 2401.14922
4epu 0 jets EE‘“ 140 H 0.55 Y 2103.11684
Oeu >2largejets EM 140 | & 0.45-0.93 BR(¥} — ZG)=1 2108.07586
2epu >2jets E"““ 140 | @& 0.77 BR(T! — ZG)=BR(Y) — h()=0.5 2204.13072
Direct XX} prod., long-lived ¥ Disapp. trk 1 jet s 140 )7; 0.66 Pure Wino 2201.02472
g % 0.21 Pure higgsino 2201.02472
«
> O Stable g R-hadron pixel dE/dx EP's 140 g 2.05 2205.06013
e,,-% Metastable  R-hadron, —gg¥| pixel dE/dx = 140 |[& [7(& =10ns] 2.2 m(r)=100 GeV 2205.06013
5 g o, 1—tG Displ. lep pe 140 | &7 0.74 7(?)=0.1ns ATLAS-CONF-2024-011
= ) % 0.36 7(?)=0.1ns ATLAS-CONF-2024-011
pixel dE/dx EP™ 140 % 0.36 (D) =10ns 2205.06013
)?T)(T /)(. X oze—eee 3eu 140 Pure Wino 2011.10543
B0 = WW/Zé’t’t’é’w 4epu Ojets  EP™ 140 m(¥})=200 GeV 2103.11684
22, g%, ¥} > qqq >8 jets 140 2.34 Large 1/, 2401.16333
= i, r—mv,),)(. — ths Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& if, i—b¥1, Xi — bbs > 4b 140 Forbidden m(¥7)=500 GeV 2010.01015
iy, i —bs 2jets +2b 36.7 0.61 1710.07171
hh, hi—>qt 2epu 2b 140 0.4-1.85 BR(f1 —be/bu)>20% 2406.18367
1u DV 136 1.6 BR(71 —qu)=100%, cos6,=1 2003.11956
X, X ,-tbs, X{—bbs 12e,pu >6 jets 140 | &} 0.2-0.32 Pure higgsino 2106.09609
. . . . 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.



pp, vS =13 TeV, NLO+NLL - NNLOpprox+NNLL

For run 2 we have 140 10* -
inverse fb, which means — 9
a process with cross-
section of about 10 pb 102 A
would have produced one
event (in a poisson
distribution).

—— ¥ X (higgsino)
—— X1 X1 (wino)
X1 X5 (wino)

f*, 55* ELJRELJR

L W0,
L O WO,

t

10° |

E.g. for SUSY particles:

1072 1

cross section [pb]

Electroweak-coupled
particles would still be
produced at the LHC,
but to have large
cross-sections they
must be lighter — and

10_6 1 1 | I I 1 1
then thehba_ckgro_unds 250 500 750 1000 1250 1500 1750 2000
are much bigger: particle mass [GeV]

1074 -

EW-charged particles are where we might hope to find new physics during your PhDs




The future of collider FCCIN A NUTSHELL
experiments

Timeline
o Current European planS are tO bUlId an ee s 2025: Release of the FCC Feasibility Study report
CO”ider to fO”OW the LHC » 2028: Decision by CERN Member States and international partners
* ... and a pp collider to follow that. Tunnel

* The strategy to adopt (what we, as a
community, will ask for) is being discussed
as part of the EPPSU process, but this
seems largely fixed now.

* 90.7 km circumference
* 180 - 400 m depths for access shafts

s 8 surface sites (7 in France, 1 in Switzerland)

Two stages
* An International Linear Collider (ILC) » FCC-ee (precision measurements) about 15 years from the late 2040s
proposed in Japan is unlikely to be built. « FCC-hh (high energy) about 25 years from the 2070s
 The US community is putting its weight ]
behind a proposed muon collider. Costs/benefits
° There were hOpeS tha’[ China WOUld bU||d s 15 billion CHF, spread over about 12 years for FCC-ee with four
a lepton collider (CEPC), but this has been Raenments
pUt on hold (prObably because of FCC) » Positive socio-economic benefit-cost ratio

* About 800 000 person-years of employment created




Let’s get to work



Basics of collision physics

Rate of an interaction is given by d/N

luminosity x cross-section At =L Xo

For given data-taking period
have an ‘integrated

luminosity’ o
Differential information is

usually very useful, since

most scattering will be
~semi-elastic at small 0
angles. And since

detectors are not always

ATt do do

©8 10 dE4Q

N:(IX/dtﬁzaxL

nsverse momentum/energy

*

Detectors usually roughly
symmetric around beam
axis, but sensitivity depends
on 0.




Variables

Experimentalists define a lot of variables that capture some physics. Also useful
nowadays for feeding into ML.

Preference for boost-covariance: ; ;
 Transverse momentum v

* Transverse energy -FEr = FEsinf

* Missing transverse momentum miss —

* Rapidity | Z P

* Pseudorapidity 1. E-+p,

* Angular distance” Ty = 2 log E —
between objects T pze

*n = —log tan 5

~AR = /(An)? + (Ad)?




To help get a
feel for the n
variable:

Typically can
measure charged
particles with

In| < 2.5, and
hadrons with

In[ <5

E
o
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Exercises
1. 1-5

Show that the rapidity transforms under boosts Yy — Y+ = log ——
as 2 T1+p0

Show that the pseudorapidity equals the rapidity
for massless particles

Heavy particles tend to have a low rapidity at the
LHC. Why?

Why should we care about boost invariance?

Why might missing transverse energy be
Important?



Resonances



Particle discovery at colliders

Collider experiments produced discoveries of new long-lived particles detected by
placing emulsion plates etc at distances perpendicular to the collision point.

E.g. charmed mesons/baryons in the 70s with lifetimes of ~ 107135

Most particles are too short-lived, however, and are discovered as ephemeral
‘resonances’



E.g. J/Psi
discovery in
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J/W¥ at BESII!

To bring this up to e'e»e'e e'e s utu
date, the BESIII 2 | 2
experiment © a5l ’ o
measured the J/W¥ [ 10°F
width in 2022: : ¢
arXiv:2206.13674 300F
250
10
200; A B B R I T R B B
3.06 3.08 3.10 3.12 3.06 3.08 3.10 3.12

Vs (GeV) Vs (GeV)

Fig. 3: Simultaneous fit to the measured, CM energy dependent cross sections of the processes e"e™ — eTe andeTe™ — ptp.
For clear display of the interference effect [denoted by o, in Eq. (3) and mainly illustrated by the small dip in front of the peak],
the plot for the process e e~ — p™ ™ is drawn with a logarithmic vertical axis, while the plot for e"e™ — e7e™ is drawn with
a linear vertical axis, because in this process the interference effect is less noticeable due to the existence of the scattering channel.
In the plots, the red points with error bars and blue curves are from data and fitting, respectively


https://arxiv.org/pdf/2206.13674

Fermi golden rule from QM

We assume we can decompose the system in terms of energy eigenstates as

@(f) = Z (i (t}ﬁ_rftr”i T.l'f"'m,-.

I

H-.r.rut = I ':-'*’:‘rLHUn > .J:{;{.m' - Z H”'m (3_":[‘&1”'_ -”]'tg___m,
Schroedinger egn. Wiyt
If we start in a single state 0, then it decays  ao(t) = ¢ /%" = ¢ 7"/ 50 that |ag|> = ¢"/7
We can plug this in to get the population o—i(EBo—Ef—il/2)t _ 1
- - . I :H 5
of a different state f at time t: L P P

!—mcEf — Eg + JF;E



The total probability for the particle to decay is therefore:

. Y | H ol
= Z e[ = dE (E = En.)?—}—f‘?ﬁlﬂf(E}

J—ma

where ny is the density of states for a given . This function is strongly peaked around Ejy,

oo 1 K > L
I=*/_%f(5](ﬂ_m)2_|_pzjf4sz{mjfn s24+T2/4

/2
=2f(m)(2/I) / du, g=T/2tanu
Jo

=2n f(m) /[

and this leads to Fermi’s golden rule:

[ =27|H so|*n:( Ep).



Breit Wigner from QM

Now imagine a resonance being formed as an unstable intermediate state:

a+b— X" = f.

We split the states into ‘incoming’ and ‘outgoing’ and imagine a steady process where
our incoming states ‘i’ produces state ‘O’ which then decays to ‘f’:

lﬂf{] — Z H{]-mﬂ_“:E”l_Ef]}tﬂ.m(t) + Z H{]ﬂ?ﬁ_i{Em_Eﬂ}tlﬂ--m(t)

me{i} me{f}
= —i(T/Dag+ Y Home EnElg, (1),
me{i}
integrate | ‘
Hye {E1=Eo)t(] _ =Tt/2 | Hy, 2
> af](?‘,) = ( ) s |ﬂfn(t)|‘:" _ | |

Ey — Ey+1il'/2 t—oo (By — Eg)2 + [2/4°



But since we are in a steady state, we must have AN

production of ‘O’ is equal to its rate of decay:

|

production of state 0 =I'|ag|?

|Hop |*T
(El — Eh.)2 -{-PE/—’I

production of state 0 =g (i — 0) x particle flux.

T x |ag|2 =a (i — 0) %

Now we eliminate the amplitude -

I F?ﬁ

using Fermi’s golden rule for the o(i — X*)

decay, and end up with " k2 (B — Eo)? +12/4



If we sum over the spins of our state ‘0O’ and
average over the spins of our initial particles we
get the Breit-Wigner formula:

2sx + 1 T I’,I.;Ff

q X* = II- .
) G e DR (B~ Bl 1 17/

This is really for the case of a light particle hitting a
heavy one: for the case of two moving particles we
need a factor of 2 from the relative speed.

For elastic scattering at the peak -
(when the initial and final widths equal o~
the total width) we get:

QSX +1
P2, (281 +1)(2s9 + 1)

We can use this to measure the spin!



Exercise

Here we have (positively) charged
pions scattering on protons

Take the peak to be at 190 MeV
of around 190 mb

my = 139 MeV,m, = 938 MeV

Show that the mass of the
resonance is 1232 MeV

Then calculate its spin!

fic =0.1973269602(77)GeV fm
eV =1.6021766209(98) x 10~ 7J
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The KEDR
experiment
measured the J/\WV
production in
leptonic channels in
arXiv:1110.0328

(see exercises on
board)

J/WVY at KEDR

Oobs; nb

1o’ Y?/ndf =11/8

10

T T
—i—

-

Ll I Ll I Ll I Ll I | - I | - I Ll I Lll I Ll .l I | - I Ll ol I Ll
3088 3090 3092 3094 3096 3098 3100 3102 3104 3106 3108
W, MeV

Fig. 5. Fit to experimental data for e*e~ — 't~ process in the | /i energy range.


https://arxiv.org/pdf/1110.0328

Collider processes



Important collider processes

Historically very important

Deep inelastic
scattering

Will need a lot of QFT to
understand these!

Drell-Yan




Important collider processes 2: discovery of the
Higgs (and beyond?)

Production mode LO diagram
g
t, b
- . Can understand something
geF production H - )
already with QM!
9 ~ These involve a
VBF production :: --- H ‘/ | y ’
q /////
q H
v /
VH production \j;,:, < T T m oo ——m—— e m o
-1 Very much QFT here |
q Vv /2
g q
qqH production H
g q ///“
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