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Outline

_ecture 1: Accelerators
_ecture 2: Detectors

_ecture 3: LHC physics highlights

Lecture 4:Looking beyond This final lecture looks beyond

the Standard Model, to see
1. Searches at the LHC where new physics might be

Supersymmetry, other BSM, Dark Matter found, and also beyond the

2. Hints of new physics? LHC towards future colliders
Flavouranomalies, W mass;®

3. Widening the search
Longlived feeblyinteracting particles, beyond colliders

4. Future colliders
HL-LHC, Higgs factories & beyond
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Introduction

A To recap some of the unanswered questions, which lead us to think that the
Standard Model cannot be the full story:
Why are there 3 generations of quarks & leptonsg:

Are quarks & leptons fundamental, or made up
even more fundamental particles?

What is the reason for the pattern of masses?
What gives neutrinos their mass?

Why do we observe matter & almost no antimatte
if there is symmetry between them

What is Dark Matter that can't be seen but has - _ _
gravitational effects in the cosmos? While possible, this

e rock formation is
H ?
ow does gravity fit in~ unlikely to arise in

Why is the Higgs bos@w light? Nature: fine tuning

A SM likely not to bevrong, but a lowenergy limit of a more complete theory
(like Newtonian mechanics being superseded by Special Relativity)
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Hierarchy problem

h . L h h h

A The Higgs mass is on the electroweak s o
(125 GeV), but is unstable w.r.t. large
predicted quantum corrections 73 R, P
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Theseshould inevitably make the mahsige
comparable to scalg at which new physic:
appearsg unknown, but could be as high ¢ " actual
the Planck scaleg unless there is incredible .5 scale is the energuets Gev
fine-tuningin the cancellation between the  at which quantum effects of gravity
quadratic radiative corrections and bare mas become significant

A Acceptable fine tuning is a matter of theoretical tagté an explanation
cannot be found, may otherwise have to fall back onahnéhropic principle
hypothesis that copies of universe existultiversg with differing parameters,
and the parameters obur universe are special because they must be suitabls
to sustain life, so that we can measure themrawback= untestable idea?

Roger Forty Collider Experiments 4. Searching for new physics 4

-4,000,000



1. Searches at the LHC

A When the LHC was built, frontinner for an explanation waSupersymmetry
cKe@lLRGKSaAa GKFG | a@YYSUGUNR SEAAG:
FSNX¥AZ2Yya YR 02az2yay SI OK {-lal NPV
and each fermion have a boson sugmrtner

A Superpartners would then contribute with the opposite sign to the loop
corrections to the Higgs mass providing cancellation of the divergent terms

;W2 O,

d\®

@0

S =u7

(0 ~ squarks [bthe Higgs sector is
()()() @ —neutralino  extended to include
23D > (mxed with W.2) 4 other scalar states,
Gl (H — sleptons plus awhole zoo of
Cxsingportiles || SUSY partces (MSSM mode new particles
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Supersymmetry

A If Supersymmetry was exact, then the sujpartners would have the same
masses as the SM particlesnd would already have been seen

A So the symmetry must be broken, and many of the sypatners have
higher mass to explain why they have not been seen
However, if this breaking is too great, the cancellation of the divergent
terms becomes weaker and firtaning would still be required
HSupersymmetry was expected to show up at Tied/scale

A Would not be the first time that the particle content has been doubled:
already happened wheantiparticleswere introduced, a symmetry based
on electric charge but they were found soon after their prediction

A To avoid proton decay, an extra conservation rule . ; e
IS introduced R-parity), opposite for SM particles, {uR>____<aL} )
u u

and their supetpartners: in this case the lightest
becomes a candidate to explain Dark Matter (usuallyrtéetralino éf)

supersymmetric particle (LSP) will be stable and

A R= (133> for particle with baryon/lepton numberB, L& spins
[h+1 for SM particles;l for supefpartners
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Unification of forces

A Another argument made in favour of
Supersymmetry: coupling constants
GNHzy ¢ 6AGK Sy SNH
corrections, and eolvingthe

coupling constants of the Standard o

Model measured at LEP to higher
energy, they do not coincide:

ay, a,, az are the coupling constants
of the SU(3)A SU(2) A U(1) group
corresponding to electromagnetic,
weak and strong interactions

A With the addition of Supersymmetry _
unification of the couplings becomes”
possible at a single Grand Unified
Theory scale ~ 10GeV

PhysLett B260(1991) 447
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Supersymmetry signatures

A Spectacular signatures were expected,
with the complicated decay chains giving
multiple jets and missing transverse

energy MET) from the LSP

HT = 1009 GeV

Jet pT = 168 GeV

b-tagged jet
) Jet pT =302 GeV
iy b-tagged jet
1/ o

] |
7
Jet pT = 104 GeV 4 V 4 &
&

®

Jet pT = 268 GeV

Jet pT =167 GeV
b-tagged jet

MET = 269 GeV
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-t production, T—>ti?/c i?
earch resulits
| CMS Preliminary
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8 6001 ys = 8 TeV -~ Expected

o - ICHEP 2014

- 500~ SUS-13-011 1-lep (MVA)19.5 fb'

A However, no significant signals
have been seen

[blimits set across the parameter
space of supepartners

—— SUS-14-011 O-lep + 1-lep + 2-lep (Razor) 19.3 fb™
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—— SUS-13-015 (hadronic stop) 19.4 fb™'
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3500, '5=13 TeV, 36.1 b July 2018 pp — X% PP — X%, PP — || uul 2018
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e, [ G- bby’ 23 biets [1711.01901] ry 8 1400 CMS Preliminary 35.9fb7" (13 TeV) -
?x 3000~ g i7" >3bjets+ >2lep. SS[1711.01901, 1706.03731] j = - —1709.054086, 3| (‘Z'g""" BF(I)=0.5, x=0.5) ...£xpected |
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C G qawzi’ 27-11jets + 1lep. + 22 lep. SS ] 1200~ --1807.02048, 2t comb. (G —3vT, x=0.5) =
2500 [1708.02794, 1708.08232, 1706.03731] = - :?;JOS7 1)2‘84‘80 221| SOS m(;:%—:hi:'lw x\,;o 3)05) 1
- G- qulvwE, via 19 21ep. OS SF + > 3 lep. [1805.11381, 1706.03731] 1000]= =101 09087, pomb. (xﬂ—fwzi‘?‘) = _
20005 = 1o SUSY-2010-50) K - —1801.03957, comb. (#2—~WHTZ) ]
C > 17[1802.03158] ] 800l —1806.05264, 21 OS (6,8 m .l ) e A
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Is Supersymmetry hiding?

A Most searches for Supersymmetry require the presence of substantial
MET, assumed to originate from the neutralinos that escape detection

A But Supersymmetry could appear without missiy

Compresse&upersymmetric spectra, i.e. a small mass difference
between the LSP and t@guark and two LSP momenta balance

¢ 2 LJ & O:2<aplPair @dddiction looks identical tb

StealthSupersymmetry: decays through an approximately
supersymmetric hidden sector can remove missing momentum
from signal arxiv:1512.05781

R-parity violatingSupersymmetry: terms violate either Lepton or
Baryon number conservation; together this could lead to rapid
proton decayl hallow only few couplings to be nexero arxiv:1209.0764

A Many of these options contain no invisible particles, but rather extra
leptons or extra jets, that may form resonances

A So searches continue, but perhaps the masses are too high for the LHC
(or Supersymmetry is not the answer)
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Supersymmetry: space IS sgueeze

ATLAS SUSY Searches*

- 95% CL Lower Limits

ATLAS Preliminary

July 2018 \Vs=7,8,13TeV
miss = a s
Model €T,y Jets ET JLdim™) Mass limit Vs=7,8TeV +5=13TeV Reference
T T T — T T T T —
34, §-qt) 0 2-6jets  Yes  36.1 1.55 m(¥)<100 GeV 1712.02332
@ mono-jet 1-3jets Yes 36.1 m(G)-m 1711.03301
4] N )
= 22, oqat] o 2-6jets  Yes 36.1 1 2.0 ‘)<200GeV 1712.02332
§ H Forbidden 0.95-1.6 m(/h 900 GeV 1712.02332
B 38 50OV Bequ  djets - w1 & 1.85 mif?) <800 Gev 1706.03731
o ee. 2jets Yes  36.1 F§ 1.2 m(z)-m(¥})=50GeV 1805.11381
B g goggWzt| 0 7-1ljets  Yes 361 |& 18 m(F}) <400 GeV 1708.02794
3ep 4jets - 361 |2 0.98 m(z)-m(¥|)=200 GeV 1706.03731
°
= N -
= ETEEC 0-1ept 3b Yes 361 |& 2.0 m(¥})<200GeV 1711.01801
3epu 4 jets - 36.1 z 1.25 m()-m(¥})=300 GeV 1706.03731
biby, by —b¥) it 361 b Forbidden 0.9 m(E})=300 GV, BR(:T?)=1 1708.09268, 1711.03301
36.1 | b Forbidden 0.58-0.82 m(¥')=300 GeV, BR(h¥})=BR(i})=0. 1708.09266
36.1 by Forbidden 0.7 m(F})=200 GeV, m(¥})=300 GeV, BR(:Y})=1 1706,03731
o byby if, My =2 % M, Multiple 36.1 A 0.7 m(i)=60 GeV 1709.04183, 1711,11520, 1708,03247
-E 8 Multiple 361 |4 Forbidden 0.9 m(¥})=200 GeV 1709.04183, 171111520, 1708.03247
ﬁ. i, i —» Wbt or tF] 0-2e,p 0-2jets/1-2b Yes 36.1 i 1.0 m(i])=1GeV 1506.08616, 1709.04183, 1711.11520
: Qi HLSP Multiple 36.1 | @ 0.4-0.9 m(E})=150GeV, m({})-m(¥))=5 GeV. i ~ i; 1709.04183,1711.11520
§, Multiple 36.1 i Forbidden 0.6-0.8 m(¥)=300 GeV, m(¥)-m(¥|)=5GeV, 7| ~ i 1709.04183, 1711.11520
X g i1, Well-Tempered LSP Multiple 36.1 i 0.48-0.84 m(¥})=150 GeV, m(¥})-m(¥})=5GeV, 7| ~ i 1709.04188, 1711.11520
T, fi—ckl /&2, ek} 0 2¢ Yes 361 | 0.85 m(E)=0Gev 1805.01649
i 0.46 1805.01649
0 mono-jet  Yes 36.1 i 043 1711.03301
=iy +h 1-2ep 4b Yes 36.1 i 0.32-0.88 m(¥})=0 GeV, m(f,)-m(t})= 180 GeV 1706.03986
K13 via wz 23e.pu - Yes 36.1 EI]A"; 0.6 m(E)=0 1403.5294, 1806.02293
e, pp > 1 Yes 36.1 Xy, 047 m(E})-m(¥)=10 GeV 171208119
,\'«,’,\"r:' via Wh (UEyyltbb Yes 20.3 SAlha 0.26 m(¥)=0 1501.07110
,Fff,;/x:, X —»fy(rp)‘,\;‘-_l—-fr(w) 27 Yes 36.1 ?]}; 0.76 mE))=0, m(i,;)-o,s(m(?ﬂ‘m(ix,) 1708.07875
,_,g_, b 0.22 mET)-m(¥})=100 GeV, m(7, 7)=0.5(m(¥; )+m(¥1)) 1708.07875
B irlig, o6 2ep 0 Yes 361 |7 0.5 m(F)=0 1803.02762
2e.p 21 Yes 36.1 i 0.18 m(@)-m(¥})=5 GeV 1712.08119
HH, A—hG (26 0 23b Yes  36.1 i 0.13-0.23 0.29-0.88 BR(T} — hG)=1 1806.04030
dep 0 Yes  36.1 i 03 BR(Y| — 2()=1 1804.03602
Direct.f}.¥ prod., long-lived ¥} Disapp. trk 1 jet Yes 361 | X 0.46 Pure Wino 1712.02118
E % ¥, 015 Pure Higgsino ATL-PHYS-PUB-2017-019
=G Stable g R-hadron SMP - - 3.2 3 1.6 1606.05129
E’E Metastable ¢ R-hadron, g—qqi} Multiple 328 |& [M@=100nso02ns) 16 24 m(¥})=100 GeV 1710.04901, 1604.04520
S GMSB, ¥| -6, long-lived ! 2y - Yes 203 | @ 0.44 1<r(¥)<3 ns, PS8 model 1409.5542
78, K —eev/epvippy displ. eefep/pp - - 20.3 3 1.3 6 <cr(¥])< 1000 mm, m(E})=1 TeV 1504.05162
LFV pp—¥, + X, ¥r—ep/et/pt epeT.ur - - 32 |w 19 Ay, =011, 132133232007 1607.08079
L 109 — wwyzeettvy dep 0 Yes 36.1 m(¥})=100 GeV 1804.03602
22, g—aqgl), ¥ — gqq 0 45large-Rjets - 36.1 Large A7), 1804.03568
n>_ Multiple 36.1 mik!)=200 GeV, bino-like ATLAS-GONF-2018-003
E T s gl ¥ = ths Multiple 36.1 m(E!)=200 GeV, bino-like ATLAS-CONF-2018-003
i, fstt), ¥ — ths Multiple 36.1 m(¥)=200 GeV, bino-like ATLAS-CONF-2018-003
i, [—bs 0 2jets+2b - 36.7 1710.07171
fi, i1 —bt 2ep 2h - 36.1 i 0.4-1.45 BR(f —be/bu)>20% 1710.05544

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
srmp)med Ede/s c.f. refs. for the assumptions made
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Beyond the SM: other ideas

-New gauge bosons  Compositeness ZZ/\WWW resonances Technicolour

g CMs - "
= L 3 5
(3 = - % ~ i signal
£ - L' u ] Proton ! $ . N 300ev/s*
% B = Quark S = 8 r m
§ jL - 01 fb-l 3 >17< 7 qqZZ (SM) ; Wh‘:
: - s | e B s,
i ] o CITEL | " [ B L e
: — Q15  (Gev/c"
] Mias -
] - o Y -t - jJLL‘w\L M, = 500 Ce/c?
. o §1n5— -
m - g ‘_ H‘x"“u“"wn-‘{ e
= E E — [LrLn.
5 & 5"_. 0w D N0 M) S0 X W0 MC e 1200
: 25 4 (Govse)
L : Preons? N o N
: o b Sl ;
....... —— = o3 500 600 700 800 900 1000 1100 1200
400 600 800 1000 71200 1400 1600 Mu (GeV)

W mass (Ge)

Extra dimensions Black Holes Little Higgs Hidden Valleys

A

o T —= Z%+ =l blv === 1 A Conceptual Diagram

ask ATLAS
E 300 b+

E w15/ 400 GV 1300 b
r_a

g .
©2 E g X 15 b T
A Q\ ,
‘7‘(% >— D 08
® UNIVERSUM 3-brane o e 0

T — Albert De Roeck
A A wide variety of exotic ideas, but often repeating signatures in the final stat
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BSM signhatures

m Supersymmetry

. . N
m Extra-Dimensions e*&-....‘

—~ ~ ¥
N —— 4
m Technicolor(s) ﬁx%__,f

n Little Higgs< 2%
= No Higgs *QP N\

: \ A "N
= GUT \\\h*
= Hidden Valley eNA

Ao

'f" by
Y

SO NS
= Leptoquarks “\2&%"\\\

= 4™ generation (t', b")
s LRSM, heavy neutrino
m efc...

1jet+ MET

jets + MET

1 lepton + MET
Same-sign di-lepton
Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons

Lepton-jet resonance
Lepton-photon resonance
Gamma-jet resonance
Diboson resonance
Z+MET

W/Z+Gamma resonance
Top-antitop resonance
Slow-moving particles
Long-lived particles
Top-antitop production
Lepton-Jets
Microscopic blackholes
Dijet resonance

A Experimentallydriven approach search for the signatures, keeping an
open mind to the source of any nestandard Model signals

Roger Forty
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Extra dimensions

A Why are there four dimensions of spatime =
(X,y,zt) in our world? |
Extending to extra dimensions is an alternative
approach to solving the hierarchy problem,

lowering the cutoff scalef to the TeVscale
A9EGNI RAYSYyaarzyoauv 42
dzLJeompactified to avoid being noticed

A RandaliSundrummodels add a % warped
dimension, so that gravity can have a similar
strength to the other forces (in the bulk)
but is weak in our 4limensional world

A Such models can have new particles that are
excitations of SM particles, e.gKaluzaKlein
excitation of the gluond,,) which can decay
preferentially to topantitop pairs that look like
aresonancen the M; spectrum
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Example:tt resonance search

A tt resonances are reconstructed from Boosted tt ve
daughter top quarks via-t bW decay

t- bW- 0 K(26.7%)r- bqq (66.5%) : A bjet

A Boosted topology, single lepton channel

A Resonances are produced from colliding
valence gquarks and sea aigilarks
At high masses, resonance is smeared

A Analysis is a generic resonance search, [. 2w

3 TeV

set limits for explicit modelsgkkl Y R V4| STey

Dijet 3
Exactly one higp,electron or muon | ]
No isolation requirement
At least two higlp;jets
Large MET to rejechultijet background - :
1 top-tagged jet

Enriched W sample used to measure-tag
misidentification

M, used as final observable : : . o

2 4 6 M; (TeV
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Results

A No sianal i , SVABL009908  argmigTey
o signal seehbset limits 5 0k cms e B
T - u+ets, 1ttag =y 2N+]etS _

A Best limits at the time fotf resonances T Za0Tev, 1% widn w0
359 fb' (13 TeV)

T o
= 1[]3é- I +1 s.d. exp. ; ‘
;! 102k — 2 Y njm=l%) |3.80 TeV
E{ 1{)%_ Combination 1/2 C’) rT]K 5(-2-5 IUI'GV:E L')
X AE ! -
5}10_1; Yy 0 mk|&650eXt": U S
107°F OKK 4.55TeV
10°F
e e SR R s e
M‘-‘m [TeV] % e |Lat=203m" o Data
. . . . o ’ B u+fake
A Models with extra dimensions can also predict® oy M
the formation microscopi@lack Holesit LHC 10 i
collisiondh S NE KA IK Ydzf U AL v
e.g. model ofArkaniHamed Dimopoulosand Dvali(ADD) 10"

A No evidence found for them PhysRev D88 (2013) 072001

Data / bkg
o T 'I\Jv .

10 20 30 40 50 60

Roger Forty Collider Experiments 4: Searching for new physics 16



Search strategies

A If no mass bumps are found, i.e. the object being searched for has
higher mass than that accessible at the LHC, one can still search for
deviations in thdails of distributions by making precise measurements

This is the essence of tligdfective Field Theoapproachg becoming
more important as no clear mass bumps of new particles have been seen yet
Direct search approach Indirect search approach
(model dependgrii) (model independent) Example for V_eCtor
boson scattering
ATLPHYSLIDER021-020

if Mx> ELHC
new iny_e;'c}?’_“,c.".‘. intalls .. >
I\g)ew.physti’cs mzy
°usnbevond  Deviations are
New resonance Peviation in tails / parametrized by
R " A - higherorder
- Mx operators from SM
: USt Ray
' LegermLswb 3 O
Mvivz Mvive Mi> Evnc [ 2
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No BSM signals seen so far

SSM Z'(££)

SSM Z'(qq)

LFV Z', BR(ey) = 10%

SSM W'(2v)

SSM W'(qg)

SSM W'(tv)

LRSM WR(INR), My, = 0.5My,
LRSM Wr(TNg), My, = 0.5My;,
Axigluon, Coloron, cotd =1

Heavy Gauge Bosons

scalar LQ (pair prod.), coupling to 1%t gen. fermions, B=1

scalar LQ (pair prod.), coupling to 2" gen. fermions, B =1

Leptoquarks

scalar LQ (pair prod.), coupling to 3rd gen. fermions, =1

scalar LQ (single prod.), coup. to 3" gen. ferm., B=1,A=1

excited light quark (qg), A=mq

excited light quark (qy), fs=f=f=1,A=mg
excited b quark, fs = =
excited electron, fs =
excited muon, fs=f=f=1,A=m;

Excited
Fermions

quark compositeness (qq), Nure =1
quark compositeness (££), Nurr = 1
quark compositeness (4q), Nurr = — 1
quark compositeness (££), Nurr = — 1

Contact
Interactions

ADD (jj) HLZ, ngp =3

ADD (yy, ££) HLZ, ngp =3
ADD Gk emission, n=2
ADD QBH (jj), nep = 6

ADD QBH (eu), nep =6

RS Gk(q4, 99), k/Mp =0.1
RS Gyk(£f), k/Mp =0.1

RS Gik(yy), k/Mp =0.1

RS QBH (jj), nep=1

RS QBH (eu), nep=1
non-rotating BH, Mp = 4 TeV, ngp = 6
split-UED, u =4 TeV

Extra Dimensions

(axial-)vector mediator (xx), gq =0.25,gom =1, my =1 GeV
(axial-)vector mediator (qq), gq=0.25,gom =1, my=1 GeV
scalar mediator (+t/tt), gq=1,gom=1,my=1 GeV
pseudoscalar mediator (+t/tf), gq=1,0om=1my=1GeV
scalar mediator (fermion portal), Ay =1, my =1 GeV
complex sc. med. (dark QCD), My, =5 GeV, CTx, =25 mm

Dark Matter

Type Il Seesaw, Be = By, =B
string resonance

Other

scalar LQ (pair prod.), coupling to 15t gen. fermions, B =0.5

scalar LQ (pair prod.), coupling to 2" gen. fermions, B=0.5

N
Alrr
4

Nlrr
Alirr

Aipr

M

@

M

S

Magn
Magn
Mo,
Mo,y
Mey
Magn
Magn

1/i

3

Mmea
Mmed
Mmed
Mmed

M,
Moy

Msigma
Ms

Overview

CMS

of CMS EXO results

36 fb~! (13 TeV)

1803.06292 (2¢)

- |1806.00843 (2j)

. 11802.01122 (ep)

- |1803.11133 (£ + Ef's)
. |1806.00843 (2j)

1807.11421 (T + EP's)

. [1803.11116 (2¢£ + 2j)

1811.00806 (2T + 2j)
1806.00843 (2j)

4.5
2.7
4.4
5.2
3.3

BE)
6.1

1811.01197 (2e + 2j)

1811.01197 (2e + 2j; e + 2j + EF's)

1808.05082 (2p + 2j)

1808.05082 (2 + 2j; p + 2j + EY'ss)

1811.00806 (2T + 2j)
1806.03472 (2t + b)

1.44

1153
1.29
1.02

. |1806.00843 (2j)

- |1711.04652 (y +j)
- |1711.04652 (y +j)
. |1811.03052 (y + 2e)
. |1811.03052 (y + 2)

EI5)
1.8
3.9
3.8

1803.08030 (2j)
1812.10443 (22)
1803.08030 (2j)
1812.10443 (21)

12.8
20
1775
31

1803.08030 (2j)
1812.10443 (2y, 24)
1712.02345 (= 1j + EP=)
1803.08030 (2j)
1802.01122 (ep)
1806.00843 (2j)
1803.06292 (2£)
1809.00327 (2y)
1803.08030 (2j)
1802.01122 (ep)
1805.06013 ( = 7j(L, Y))
1803.11133 (£ + EP's)

12
9.1

8.2
5.6
1.8
4.25
4.1
539
3.6
9.7
2.9

1712.02345 (= 1j + EJ'ss)
1806.00843 (2j)

1901.01553 (0, 1£ + = 3j + Ef'™™S)
1901.01553 (0, 1£ + = 3j + E'>)
1712.02345 (= 1j + EF'ss)
1810.10069 (4j)

1.8
2.6
0.29
0.3
1.4
1.54

1708.07962 (= 31)
1806.00843 (2j)

0.84
7.7

0.1

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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Dark Matter searches

A The search for Dark Matter (assuming it is made of particles) is complicatec
by its unknown masBh S E { NII¥ rérigeof ndasses to search

zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 30Mg

T -
Electron
Recoil
< S
Black Holes
Resonance | Nuclear (not all accessible
Recoil at colliders)
A If DM interacts with SM particles, does Spin- medmor
so through anediator 921,951
o X VA
med

A Colliders offer unique opportunity to
addzReé YSRAIF 02NIDaA

Simplifiedmodels describe dark matter without

being constrained to a specific theory
Roger Forty Collider Experiments 4: Searching for new physics 19
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Dark Matter at colliders

A DM assumed to be weakly interacting
[bleaves no signal in the detectors

A 1dentify DM production by looking for
other particlesrecoilingagainst it,
e.g. from initialstate radiation:
understanding of MET crucial!

monojet signal Z+jets background

7~
\ \ e
\\\) ( : \\
Jet(s) Jet(s)
.;:" ‘
Le® v MET = 1467 GeV
DM
4 L
AR .
DM - . .
R -t
N2t N ....

As seen in the detector:

Jet pr = 1467 GeV

Roger Forty

Undetectable

Collider Experiments 4: Searching for new physics

A
"DM DM v. DM
. ou -
T @ G @
.'. q) Y’ V)
. top, tops,
DM Detectable b, bs

Spurious detector signals can cause
fake METcontrol regions used to
derive datadriven corrections to

the background expectation

35.9 1 (13 TeV)

N B B B
% 104 C CMS l:lTopquark
= E Wikv)+jets E
B E [ ] wo
G:J 103 ‘_ l:l Z{vv)+ets ]
TR [Joco
107 & 4 Da i
E (I) Data with g
10k =
E 00000005000, 3
L 000, ]
' oo000, 3
E C) (S
107 0

1. P | T T YRR W B
1500 2000 2500 3000

pmiss lzGeV]
T 20

B fln ool ol
500 1000



Mgy, [GEV]

Example:monojetW/Z search

A No signal seen, limits set A Comparison (modedlependent)
¢ here on the DM mass versus to non-collider searchesdirect
mediator mass plane detectionat underground
experimentsg collider results
1200 39" (18TeV) powerful in the low mass region
L EL L L AL I BN
. CMS 1 E; e 35.9 fb! (13 TeV)
1000_Vectormed,DiracDM,gq=0.25,gDM=1 | &\(; c\'E' __ T T T T 'é
: - === Median expected 95% CL : _(b:’ -2-§ 10'::: ‘i'::i med, Dirac DM, g_ ~0.25,g_ =1 :i
800 [ === * 1 Cerperiment 4 1 g E 10 S CMS exp. 90% CL — CMS 0bs. 90% CL 3
- —— Observed 95% CL 5 @ @3 10TF  —LUX —— CDMSLite -
[ Observed = theory unc ] 8 ° 10‘33%: Yol - oness E
600__ 7] @uxh® =0.12 ‘ | : — Pandad :
400:— [ 1071 : ;
i 10-45:: 4___—1!
1 10-2 1047{ 1 | L L Ll L ....y-.E
0 500 1000 1500 2000 2500 1 10 102 10°
m__, [GeV] PRD 972018) 092005 Mpy [GeV]
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2. Hints of new physics

A Although no convincing BSM signal has bee
found in the searches, there has frequently
been excitement when possible hints seen

A Good example is the peak in tki@hoton
massspectrum seen in 13eVdata (2015)
C like a heavy Higgs signal at around 750 Gt

A ATLAS significanced=9" local/2.0 * global
0F 002 dzy (i A y B f Fa2SNg KiISKNS
Similar bump seen by CMS!

e

A Would clearly have been new physics if
confirmed: over 200 theory papers

LJdzo f AAKSR 2y AdGa LR &« _
7\ y 3 eqTSSIDrethxz a015{32R) _: L]

A.dzi GKSY GKS TF2ftf29¢
¢ most likely it was a statistical fluctuation

107°

CMS Preliminary 2.7 fb™ (13 TeV, 3.8T)
EBEB ¢ Data

— Fit model
BN t1c
t2c

m, ., (GeV)

V3=13TeV, 154 10"  -.on. 2016 (12.2f6") 3

||||||||||||||||||||||||||

0 500 1000 1500 2000 2500
my [GeV]
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1) Flavouranomalies

A Currently the largest evidence for disagreement with the Standard Model
asSSy az FTIFEN Iu OKflavolrl y 2 YINIGA S 2 g§'S ¢

A FCNC processes involving the transition IsK*K provide a rich set of
observables to probe for new physics

Em].CSR Lattice -e-Data

u u u u I R B o Ky 1

Bt , W+ _|Kt BT ; LQ KT 0 LHCb A3
8 - S - 5 <t E

'y/ZU s % ++ _

- SR 3 3

m P R S S N SR ST T T SR ST SR S T

. ] ] o 0 5 10 15 202

A There is a systematic failure of theory to PRL 108 (2012) 181006 ¢ [GEV/]
describe the differential branching fractions " f N e
at low momentum transfeg?, or some of osf MR ]

the angular distributions

of i
A Even more striking signals seen when compa 4)5;_ _ii++
-

decay modes to electrons or muons : el Qs
_]0 T é — ll() — ]|5 —
JHEP 06 (2014) 133 q* [GeV/ct]
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Lepton Universality

A In the Standard Model gauge bosons have identical couplings with each of
the three families of leptons, known &&pton Universality

A The decays®B K= >and B- K'eeare both decays of the formb sK'k:
and in the Standard Model they should occur with the same rate
(apart from lepton mass effects, which are small here)

A Experimentally this is studied by making the double ratio with the resonant

Vi ) and nonresonan ;
(via J# ) and nonresonant decays ) BB Ky BB K+cter)
K = . - . Nt
Kee K> > BB = I (= i )K*) | BB = Jf (= ere K
iy
~ 240 - - '
) 3 600 LHCb
= 300 fk z — Data 9 b
-0 L —rex Early results were surprisingly lowiso for
- ~ e B—e K
non- g : :8 ; i ('ombum‘!lo:‘xal . y . . p g y
res. £iw Bt a similar channel with an excited kaon (K*)
S wf © 100 I -
P = s ] [o2]
4 0.: S400 5500 S600 1 8 g
m(K*e*e™) [MeV/c?) m(K ) [MeV/e?) ! N|[®
TS e, 310 R H@— s KB
L ook LHCbL K - LHCl -
7; 55(0)- —+ Data9 b G 3soE. -+—u)ma9n-= below SM 1.1< @< 6.0GeV? E N
. = 180F —— Total fit = 300F — Total fit Run 1iand Run 2 data 2
via o I60F weee B N gte'e )K A e B Wiy )K" Q ‘:T—_
= 140F Bl Part. Reco = 20 [ P 3 m
J/ g 120F B B Jyieteim 2wk Combmatorial s 2
T z u:‘:- Combiatorial g 150E- ~250 RK* } . b 159
= - g U . . N
:g: 3 & 100 below SM 1.1< §2< 6.0 GeV? : 2
20E S0 Run lidata 1 o
200 $400 5600 5200 300 300 5500 5600 ! &
my (K7 e%e™) [MeV/c?] m, w(l\"p’[f)lx\le\"v:] 0.6 0.7 0.8 0.9 1.0
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https://lhcb-outreach.web.cern.ch/wp-content/uploads/2021/09/Rk21InvMass.png

Flavouranomalies (2) ..

A A different hint of Lepton Universality violation has been seen in the decays
B°- DO*Kn, this time comparing the modes with muons or tau leptons

A Mass effects are larger here, so SM prediction is around 0.3
These ardree-leveldecays, so it would be surprising to see new physics

A Similar ratios constructed, known as R(D) & R(D* R(D*) = BE=D"—ry)
Biggest discrepancy was seenBaBar ~ B(B°—=D*—puty)
Combining all resultg.2" away from SM

Theorists have tried combining all anomalies,
L L finding very significant discrepancy with SM

] T | L] T T
b =
gr d HFLAV Ay = L0 contours = N
" FaBarl 2
(.35 =
Belle1$ of
B LHChIE .-y ] ATLAS
= i : oMs
= | A i v — 1 B NI 2085 L=
03F i LHCH2ZZ ] : a==mni] - 1 An
0.25 b= L o Belle1y - ‘
L = z - —
ke T.'I ! _— Average
B g Rl = 0384 & CLODS & (il 2 =
021 $HFLAY 53 Predicticn I ’ 1" = 0188 & 0000 & 0008 = -2t
B Bl = 020 = 0.0 P2 =
RiD®) =0 2%) + Duimd 2 Piy')m 2%
Il I i i L i I § i i L Il I i Il L Il I L i L 7 _3 z ‘) l O l 3 ‘;
02 0.3 0.4 0.5 o o - = =

_ R(D) _ _ CJ,F (parameter of new physics model)
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Latest hews

A In a recent publication LHCb has updated (and extended) its analyBgs of
andR., using improved analysis techniques

A In addition to possible statistical fluctuations, a systematic correction was
found due to underestimated hadronic misidentification background in the
electron sampldhlittle green peaks (importance of systematic studies!)

?‘:3:200 J + ﬁm 1 1.4 K LHCb Rk low-¢* = 0.994*)%!
= 0 --- Signal ] =1 Ry central-g2 = 0.949+0-048
Z 150 o o ] 9tb Rl | Jpdated results are
% i B Purtially reconstrueted ] B I{I\" ]“w-‘lz = 0927‘1—:,:,(”

consistent with the

~—.100 - ] 1'2,_ R central-¢> = 1.027+007
§ 50 o | Standard Modelh
Pl O | t I this element of the
5000 5500 6000 I .
m(K ete) MV - flavouranomalies has

! ! D% ¢ 2 S ‘ .
cof 1 { e ] N 1 pos ¢-1sp-0si20-02 | therefore gone away
= P s - arXiv:2212.09152
E4(] i — ﬁ%&m1 o Ry low-¢*> Ry central-¢> Ry low-¢° Ry central-¢°
:u':j«_ % B Kif(ele )
ER ] The otherflavourtensions with SM still remain to be
L -s*&ﬂé*[;]-d* understood, but the situation Is less dramatic now

m(K*ete™) [MeV /|
Roger Forty
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2) W mass anomaly

A New CDFesult form,, last year: 0.01%precision
Uses entire dataset collected from tAevatron
collider atFermilalh based on 4.2 million W boson
candidateqabout four times the number used in

the analysis CDF previously published in 2012)
A Discrepancy with the SM expectation from EW fits

at level of7”

A However, result is also in significant
tension with average of previous

measurementsrom LEP, LHCb, ATLAS, DQ:

Misunderstanding of the proton
structure or QCD could manifest

differently depending on C.M. energy,

P-p vs pp collisions, or different
analysis choices

[bwait to see when consistency between
experiments has been clarified

Roger Forty

DoI 80478 = 83
CDF1 80432 =+ 79
DELPHI 80336 + 67
L3 80270 = 55
OPAL 80415 = 52
ALEPH 80440 = 51
Dol 80376 = 23
ATLAS 80370 = 19
CDF Il 80433 =+ 9

Same data, adding citations and an LHCDb result

—— Total uncertainty
Stat. uncertamty

evatron I combination
PRD 70 (2004) 092008

Dom
PRL 108 (2012 151804
LEP combination

Plys. Rept. 532 (2013) 119

ATLAS -
EPIC 72 (2018) 110

LHCh s
JHEP 01 (2022) 036

CDFII

_Science 376 (2022) 170 .
Ele-:lmueakl:lt {J Ha.ller etal}

EPIC 78 (2018) 675 [ |
Electroueakl:ﬂg de Blas et al) -
a2

[ ]

80100 80200
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80300 80400
LHCBFIGURER022003

Eﬂéﬂﬂ
my, [MeV]
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3) g2 anomaly

A An elementary particle with intrinsic angular momentum (sf@nand
chargeq has magnetic momer given by: o gij’
g = gyromagnetic ratian = mass of particle 2m

A Dirac predictedy = 2 at treelevel, but this recelves corrections from virtual
particles in loop diagramid$ A Y ONBIF aSa UGKS @I t dzs

Aal y2YlLt2dza YIFI3AySIiXKO a=@-2/21¢ 2F £ S|
Their measurement is a lorgjanding precision test of the Standard Model

a, = 0.001 159 652 180°73 measured td.24 ppb!
0.001 159 652 18207 SM prediction: agrees, triumph for QED!

a,=0.001 16592064 measured to 0.37 ppm
0.001 165918 1 4 SM prediction: closeblR2 Say Qi |j dz

a =-0.018° 0.017 difficult to measure due to its short lifetime
0.001177 2% 5 SM prediction

arXiv:1911.00367
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a. calculation

A Many contributions taa,, classified as QED, Weak and Hadronic:

QED(116584719) Weak(154) HVP(6845) HLbL(92)

0.001 ppm 0.01 ppm 0.37 ppm 0.15 ppm

e W N W AW, (Contributions to value in units of 16
Contributions to uncertainty on prediction

/®\ /@\ /@\ /@\ {% HVP = Hadronic Vacuum Polarization

E W W N HLbL= Hadronic Lighby-Light

ﬁf%ﬁr’\r”\f@x

III(a) III(b) 1Ii(c)

@@@@@@ ﬁ Example of a few of the many diagrams that have

been calculatedhere 5loop for the QED part)
o @@ m, An amazing amount of work!

d y lines
| |
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Muons are tiny
magnets spinning

g-2 experiment ...
U oo B "/

‘-*D\J-bu

‘g AL (¥

Pions decay
to muons.

Protons from the AGS Pions, 1/6 the
(Alternating Gradient weight of protons,
Synchotron). are created.

One of 24 detectors
Y 2 {, g)wﬂllr@ thz_srr?lr;ﬁes; di. .tion;
St SOGNRO FTASER R2Saadim.

' G aYlF3Aroé

strength the muon is
traveling through the ring.

Muons are fed into
a uniform magnetic

field and travel in a
After each turn,

circle.

/ amuon's spin axis
changes by 12°, yet
it keeps on traveling
in the same direction.

PR o
~

D S + K After several turns,

~ the muons spontaneously

P FF S Odidyocarhsdt Yy LINE

neutrinos in the direction
of the muons' spin.

!

107

Fit to the data

Roger Forty
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0-2 result

A First result from the neviFermilab
experiment last year is in excellent
agreement with the previous
experiment (at BNL) arxiv:2205.06336

A Confirms discrepancy with the SM
prediction, currently a¢.2"

A However, there are new
calculations of the most uncertain
part of the prediction VB from
Lattice QCD, which would reduce
the discrepancy the theory
community are working to
understand this tension between
predictions, to consolidate the
comparison with experiment

Il TFSOG 2F RATFTFSNE
calculations of HVP on tlee result

Roger Forty

BN T
FHaL -2 +——————+
{ 4.20 h
L] ¥
_— —_——
Standand Model Experimeant
Avarage
175 180 185 190 195 200 205 210 215
=]
a, %10 - 1165900
I T [ [ T l T I T I ! I [
LM20 =
BMW20 O
ETM18/19 ¢ o
Mainz/CLS19 - |
FHM19 & |
PACS19 = &
RBC/UKQCD18 = & =
BMW17 = @
RBC/UKQCD A I
data/lattice §
BDJ19 I £
J17 T ‘[ 5
S S N S |.-nofusedinWP20
DHMZ19 - &
KNT19 I £
Wweo (1 KS2eNB G Al D [f I NP
| | | L | | | L | | | L | L | | |
-60 -50 -40 -30 =20 -10 0 10 20 3
SM 10
(@ -a"®)x10
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https://arxiv.org/abs/2205.06336

3. Widening the search e«

A No convincing hints of physics beyond the Standard Model seen so far at
the LHQ; consider whether we could bmissingnew particle decays?

A Most searches share the basic reconstruction of tracks:

e.g. == ub

g. pP N bu
Even the bquarks
only travel a few mm

before decaying

BrianShuve
cr (m) ‘ 1 C)I'
10 4+ &
v OH

1(,]() - .
0y nb
0720 -1 ®

1()—'2(1 =

Wide variety ofifetimesseen for SM particles maybein the Dark Sectaioo?
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Longlived particles

A Requiring track origin near to IP could miss BSM particles with long lifetime
Plenty oftheoreticalpredictions  nhepph0612060, 0508198

Split Supersymmetry

GravitinoDark Matter

displaced multi-track | disappearing tracks \
Hidden VaIIey vertices in 1D + MET, Y . non-prompt
jets, leptons 144 photons [

"’-
-’-
.
-

A Predict particles that travel ~
gAUK ftAFTSUAYS q,'\"c!lp{aleé%r%nsle
a2z YdzZOK Sy SNHeé UK I et orleipn farS

somewhere in the detector and /

decay much later

a S

emerging jets

stable or meta-stable
charged particles

A Challenge for experiments: need ~

™
trackless
I I ts with |
to change triggering strategy an cispla it rack versded [\ EMirac
object reconstruction! Look for: i

with no tracks pointing to it
Large energy lossEHdx ] A Heather Russel
time of flight < speed of light b a A 3 y@rivéndadishes
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Example: Z + single neutral LLP

. : SM Z to dileptons
A Popular scenario in darkector models with termedia P
additional U(1) dark gauge symmetr niermediate "
(1‘) gauge sy y scalar or Higgs
A Experimental signature: p \ .
Z4 decays within the Hadron calorimeter ®/H
Jets have little deposits in the ECAL & i
no charged tracks pointing to the PV p / !
Corresponds to decay lengths Qr .
between few cm and tens of meters LLP neutral, decays to JetS ¢
A Z, jet selection requires no traglk; > 1 GeV & F A i ]
and uses jet timing N 102k R T -
. T E (b) — m, =10 GeV E
A No excess observed: set limits e | Mg =30 GeV
om E Z,~
Minimum jet By | 40GeV | 60GeV | 80 GeV § N\
Background 175 +22 | 33.0 +£4.4 | 13.2 +3.5 g :
Data 158 35 16 T 10 a
Expected UL 65 17 10
Observed UL 50 18 13 o2l e
(on signal yields) 10 10 1 10 10

arXiv:1811.02542  ©*™M
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Stopping LLPs

A Heavy (400 GeV) LLPs lose kinetic energy
and will stop while traversing detector

A If these stopped LLPs have lifetimes
> ~10s of ns their decays will be
reconstructed as separate events from the
beam crossing where they were produced

most easily identified when there are
no proton bunches in the detector

Fraction of Entries / 5.0 ns

Muon-pair time difference
S 2‘01‘5:?612@"(}3'@\!)7
CMs

-
LU
|

¢ Data
102 [ Cosmic ray muon simulation

~ _0 0 L =0
g2 A, X, F HHY E
(mﬁ = 1000 GeV, mﬂ =625 GeV, m, = 250 GeV) 3
a—ue E-TES - - |
MCHAMP — p#p# (|Q] = 2e, M e = 600 GeV) 3

Aty [ns]

2015 + 2016: 38.6 b (13 TeV)

. . =) I CIMS‘ o % CL upper limits
A Search for oubf-time (w.rt bunch crossing) £+ 7" - RIS
. . . . Foe > e == 68% expecte
deposits in the HCAL or muon pairsinthe %<9 = 3% orpocied
muon detector s ST T
: T o
A Backgrounds: cosmic rays, befialo and g" H
detector noise L S
107 10 10° 10" 10 10°  10° 10°
LHC Trigger HCAL Cosmicray  Beam Total .. . 1[5].
period livetime [hrs] noise muons halo background Data Limits set on Ilfetlme
2015 135 04127  26+09 1.1+£01 41730 (6.2) 4 from 100 ns to 10 days
2016 586 00735 88+31 26+02 114735 (17.4) 13
: : JHEP 05 (2018) 127
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Highly 1onizing particles ?

A Magnetic monopoles are a prime example of this type
¢KSe ¢ 2 dz R YI' 1S alEgStfQ
odzi F NByYy Qi T2 dzyiRoulbseakyi 2 NI
magnetic dipole (bar magnet), you get two more dipoleC

A Dirac (1931) formulated a consistent description of a magneti
monopole within the framework of quantum physics, related
to the quantization of charge: if any magnetic monopole exis
then the electric charge is quantized in unitecf 2r#/(uogn)
wheregp is magnetic chargel, is permeability of free space
The value ofis ~68.5 ¢ so would be verfighly ionizing

A Might be produced at colliders would give unusue
0N} O a LI N} 62t A0 {2y Solie Mot bnopole

Q)¢

q Hip

N
# » 1
S Antimonopol
S P X
q HIP L'Z
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MOEDAL

A MoEDAIis dedicated to this type of searcl MOEDAL - RUN-1
Uses plastic foils: Nuclear Track Detecto
(NTD), deployed around the LHCb VELO
as a passive detector ~ %
HIPs would leave ionization trails, reveale S ERTITEE
as large holes when etched - e B

T
A Aluminiumblocks also deployed to trap & e |\ g
monopolesmaterial samples passed 0f L\
through superconducting SQUID 10° ._ N N
magnetometers to look for induced 0% 4 AN ’,.
non-decaying current from a SN\ T o
transported monopole e e
1070500 1000 1500 2000 2500 3000 3500 4000
A No monopole candidates found, limits s Mass [GeV]

arXiv:2112.05806
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Feebly interacting particles

A Weakly Interacting Massive Particl&1{iPs) have been a popular candidate
for Dark Matter: with mass in the 100 GeV range and interaction strength
like the weak force, they would be produced thermally in the Big Bang with
the right abundance many searches made, but have not found them so far

A However, there could
be other Dark Matter
candidates with lower
mass (Me\{, GeV) and
weaker coupling, such
as the Dark Photon (A
that would have a long
lifetime & decay tee*e

A FASER is a new small
experiment at the LHC
to search for such
weakly interacting
particles

L
)
()]
c
()
=
w
c
2
“—
(&)
©
e
[}
-—
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¢ ©% THE NEW PARTICLE LANDSCAPE

Mass
GeV

Already ‘Strongly Interacting
Discovered Heavy Particles

Weakly Interacting Impossible to
Light Particles Discover
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FASER

A Studying the intensity frontier at the LHC: most light hadrons are produced
along the beam axis, perhaps other light new physics particles too?

ATLAS (high p; physics)

A TheFASERXxperiment is situated 500m from the ATLAS collision point,
on the beam collision axis liref-sight in an unused formeservicetunnel
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