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Experimental point of view

The story of collider physics 1n the last 60 years 1s marked by the accelerators
eras and punctuated by key discoveries
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The story of collider physics 1n the last 60 years 1s marked by the accelerators
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(A) theorist’s point of view

The story of collider physics in the last 60 years is the slow yet steady turning of the
Standard Model into a Standard Theory for Strong and EW 1interactions.
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(A) theorist’s point of view

The story of collider physics in the last 60 years is the slow yet steady turning of the
Standard Model into a Standard Theory for Strong and EW 1interactions.
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Standard Model Total Production Cross Section Measurements
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* Tangible results of an amazing
experimental effort over a 10+ year
span, accessing a wide range of final
states, each with very different
challenges.

* So many processes test very different
sectors of the SM.
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* Tangible results of an amazing
experimental effort over a 10+ year
span, accessing a wide range of final
states, each with very different
challenges.

* So many processes test very different
sectors of the SM.

 Comparison with SM predictions
shows that we have the necessary
theoretical and experimental control
to move onto the next phase.
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* Tangible results of an amazing
experimental effort over a 10+ year
span, accessing a wide range of final
states, each with very different
challenges.

* So many processes test very different
sectors of the SM.

 Comparison with SM predictions
shows that we have the necessary
theoretical and experimental control
to move onto the next phase.
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Higgs couplings

35.9-137 fb' (13 TeV)

S [T T T T T Unigque mass generation mechanism for fermions/vectors
o 'Y cMs 7 o and the scalar.
; GeV e \\/
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el>"" £ p-value = 44% 5
w . .* . :
Z b "¢" _ 1gmw gy = 24 VGuv - Tr]’QI/V/U2
10_2 = T o'?' =
ot _ w )
"¢ N . mz — 3 .
3 ¢ Vector bosons T Uy e L
10°F .- r : iong it i i
3 gx¢ ¢ 3 d generation fermions >+ 4 po|nt interactions.
‘ ¢ Muons
104 F | o SMIHiggs boson | _3iv - m%/vz
% 1.5:III T T IIIIIII T T IIIIIII T T IIIIIII T 2 A J
o N _ My 2 3, M4
° 1_,_% ______________ {,f _________________ P V(H) = —"H? + AoH® + TLH
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m 0.5 III 1 1 1 llllll 1 1 | Illlll 1 1 1 llllll 1 SM _ 2 _l_ _I_ 2 { l’[/ { 3
10—1 1 10 102 Vv ((I)) = —U ((I) (I)) + )\(‘I) (I)) j m%{ o2 )\EM )\
Particle mass (GeV)
In the SM gauge invariance + SSB => constrained system. Two-point functions @
(propagators/masses) fix the 3-point and 4-point interactions!
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Higgs couplings
t+{ Data (total uncertainty) & Systematic uncertainty [l SM prediction 5 0 5 10
T T | — T T — LI N R T 1
tH H
a b c d e 7e e 7 % [ |
g q 9 q 74 th b t h % ] ZZa H ' ' el
t/b/c —®
wiz Wiz g
t/b/chd  Deeee== H  Yeeeee H D e H w H 1
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g q g H b d g .
f g h i , VBF L2 i
wiz w R 4 tble 4 b/c t/u
H =====n < H --<w H --<rt/b/r H ===nen < H ===nen < WH . I o] e T
Wiz L Wit N7 bl " ’ Znl
ZH . e N
1 1 L1 1 1 [ L 1 1 111
o 1 2 1 2 3 4 0 2 1 2 3 o 1 2 012 3 4
bb ww T V4 124 o

1 =1.05+0.06 = 1.05 + 0.03 (stat.) +0.03 (exp.) + 0.04 (sig. th.) + 0.02 (bkg. th.).

Since its discovery, impressive advances in our understanding of the Higgs
boson's properties have been achieved. At this moment, the new scalar seems
consistent with the expectations of the SM, with different degrees of precision
yet order 10%, in all measured channels.

Need to explore 2nd and 1st fermion generation and Higgs potential.
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The LHC reference frame and unit of time
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today
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The future

The LHC reference frame and unit of time
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The future

The LHC reference frame and unit of time
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Where do we stand?

The LHC reference frame and unit of time
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HL-LHC projections

Higgs self-coupling

Now

[ATLAS. 2022]
2.‘ 1 .4 B 1 T T T I 1 1 1 ] 1 .I 1 1 1 1 I 1 T 1 1 I 1 T 1 1 l 1 1 1 T ]
- ATLAS Preliminary —— 68%CLHH+H ]
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1.3 Allother k fixed to SM e T
- Observed — 8% CL HH 1
- ——. 95% CLHH -
1.2 N : ¥¢ SMprediction
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- PRl P I N
B ] ] ————— < .
1.1 i |\ \ : \" ]
B \ \ .
i AN /’ ’
1+ AN / -
_ , i
- /7 .
- ,, —
- " l’/, -
0.9 - .
1 1 1 1 I 1 1 j 1 ‘ 1 1 I 1 1 1 1 I 1 1 1 1
—1n _R 20
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HL-LHC projections

Higgs self-coupling

Now Future

[ATLAS, 2022] [De Blas et al., 20201}, ..arc we september 2019
f 1 .4 | 1 1 I T I 1 1 I ] 1 .I 1 1 1 1 I 1 T 1 1 I 1 I 1 1 I 1 1 1 1 ] L | T I AL I R i | R I o dI_nggS Slngle_nggS
. ATLAS Preliminary — 68%CLHH+H | HL-LHC HL-LHC HL-LHC
[ Vs=13TeV, 126—139 fb-" == 95%CLHH+H 7] : v
o ) —— 68%CLH 4 IR | Moo Esouma
1.3 Allother « fixed to SM o esroLh . HE-LHC s
- Observed . 4 5% b 259% (189%)
[ - 68% CL HH | LE-FCC LE-FCC
- —= 95%CLHH - FoGshy,  [mJFoC-eh,
1.2 ¥¢ SMopredicion "~ FCCeefehh——7vry | W A7 na. .
- ¢ BestftHH+H ;ffefses
i ———— - % (14%)
L 4 kel YR S -, 4 FCC-ee,q,
11k ] N 7 FCC-ee 33% (19%)
A |\ \ | FCC-ee,,,
| ] T % - e L (N S =) 49% (19%)......
AN ' ] I 4 S [
B \ / | ILC 10% N 36% (25%)
1+ N / — \N | ILC,, ILC,,
| \\ ,’ J4 BT T T T T T T T T T T T T T T T T T T T T T T e 27% 1 38% (27%)
- R4 R under HH threshold G
- R B CepeCtb-———— — | e 49% (292%)......
0.9 i - i SsEo/P(zﬂw
. 'n-— | —— ----------------------------------------------------------------------------------------------------- .C.Lib;o.o. ............. = CL|2:3000° .....
S S A e B SR N
_ _ cLc,, cLIC,,,
O 15 20 \_\l \ \ \\ \ NI L 36% 49% (41%)
cLic,,
3N Kx 0 10 20 30 40 50 50% (46%)

68% CL bounds on k5 [%]  aiuture colliders combined with HLLLHG

Currently limits on k/l from H and HH are comparable and will stay so at the HL-LHC.
Borderline sensitivity to say something about EW baryogenesis...
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Our leptonic future(s)

2010 15 20 :25 30 35 40 45 50 55 60 2065

|
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|~ o B, e e — circular ej_g—_ .
g Vg TII Ty T TFCCee240 [ 365 [
17 e T - -
. | 10y __ |CLIC 380/ | 1500 | | 3000
O | circular /.L+[.L_
, ? LMC ?
al a1

Extensive studies with ESU & Snowmass and now in ECFA w/ 106 Higgs bosons
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Our leptonic future(s)

=]

10°

=
Pd

o
SET T T T T 1
/

/e IMaV/]

kappa-0 | HL-LHC | LHeC | HE-LHC ILC CLIC CEPC| FCC-ee |FCC-ee/eh/hh
S2 S2/ |250 500 1000| 380 15000 3000 240 365
Kw [%] B 0.75 |14 098 | 1.8 0.29 0.24|0.86 0.16 0.11| 1.3 | 1.3 0.43 0.14
Kz [%] B 1.2 |1.3 0.9 [0.29 0.23 0.22| 0.5 0.26 0.23| 0.14 [0.20 0.17 0.12
Ke [%] 2:3 36 |19 12|23 097 066|25 13 09| 15 |17 10 0.49
Ky [%] 1.9 76 |16 1.2 | 6.7 34 19 |98« 50 22| 3.7 (47 39 0.29
Kzy [%] 10. — 5.7 3.8 [99% 86%« 85 [120x 15 69 | 8.2 |8lx 75« 0.69
K. [%] — 41 |— — (25 13 0943 18 14| 22 |18 1.3 0.95
K [%] f — (28 17| — 69 16| — - 27 - - = 1.0
Kp [%] 3.6 2.1 |32 23 |18 058 04819 046 037 1.2 |1.3 0.67 0.43
Ky [%] 4.6 — (25 17|15 94 6.2 |320 13 58| 89 | 10 8.9 0.41
Kz [%] 1.9 33 |15 1.1 |19 0.70 0.57| 3.0 1.3 0.88| 1.3 |14 0.73 0.44
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Collider Physics

The purpose of colliders is to explore physics at small scales
in a controllable environment

At- AE ~ h

Iwate Collider School 2023 14 Fabio Maltoni
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Collider Physics

The purpose of colliders is to explore physics at small scales
in a controllable environment

At- AE ~ h

J
cAr- AE ~ hc
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Collider Physics

The purpose of colliders is to explore physics at small scales
in a controllable environment

At- AE ~ h

J
cAr- AE ~ hc
J

he
AxX ~ —
AE
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Collider Physics

The purpose of colliders is to explore physics at small scales
in a controllable environment

At- AE ~ h

J
cAr- AE ~ hc

U / QFT
hc

Ax ~ —
AE
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Collider Physics

The purpose of colliders is to explore physics at small scales
in a controllable environment

Experiment

* Measurement of
properties physical
objects

- momentum
- energy
- angles

* Assess systematic
uncertainties

N 4

Iwate Collider School 2023 15 Fabio Maltoni



The reach of collider tacilities

A+ B — M production in 2-particle collisions: M? = (p1 + p2)°

fixed target: p1 =~ (£,0,0,F) before after
p= 000 e  g—s
M ~\2mE root increase in M

- root Vlaw: large energy loss in Fkin
- dense target: large collision rate / luminosity

collider target: 1= (F,0,0, F) before after
p2 = (F,0,0,—F)  =— g— O
M ~2F

- linear 2 1aw: no energy loss
- less dense bunches: small collision rates

Iwate Collider School 2023 16 Fabio Maltoni
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Collider characteristics

Energy: ranges from a few GeV to several TeV (LHC)
Luminosity: measures the rate of particles in colliding bunches
[ — NiN> f N, = number of particles in bunches
A
A = transverse bunch area
f = bunch collision rate

Lo = observed rate for process with cross section o

LHC (targeted): £ = 10°* em2s™! =3 300 fb~!' in3 years
Circular vs linear collider:

charged particles 1n circular motion: permanently accelerated towards center ->
emitting photons as synchrotron light AFE ~ E*/R

- large loss of energy [hypothetical TeV collider at LEP: AFE ~ E per turn]
- no-more sharp 1nitial state energy

Iwate Collider School 2023 17 Fabio Maltoni
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|.HC master formula
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1
ox = Z/ d.flj]_d.CUQ fa,(xlylu%’)fb(x27ﬂ%’) X a'ab_>X(331,CC2,C¥S(,LL2R),
a,b 0

TS
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a,b 0

TS
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Kinematics

We describe the collision in terms of parton

energies > <
El=x1 Ebeam
E2=x2 Ebeam

— —

Obviously the partonic c.m.s. frame will be 1n
general boosted. Let us say that the two partons
annihilate into a particle of mass M.

2 2
M* = 21295 = x1224E5 11

11 1
= — 109 —
Y 2 g.fl?g
M M
1 = —eY x9 = —e Y

Iwate Collider School 2023 20

Q (GeV)

10

10

10’

10°

10

10

107

X, , = (M/14 TeV) exp(ty)

Q=M

M= 100 GeV -

M=10TeV

10

10°

10

fixed
HERA
l:u‘gr:l
10° 107 10
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023
More exactly
Q2 Q”
ox — Z/ deldQEQ fa($1 ,uF)fb(xQMLLF)X O-ab—>X($17:C27OéS(ILLR) )
We 1
where the partonic cross section 1s calculated by
O'a b—k — _/ [ i=1 27_‘_ 32E ] 271' 454 Zq@ pl _|_p2) ‘Mab—ﬂc(,qu,uR)‘Q
\ 1
[flux factor] X [phase space (LiPS)] X [squared matrix element]

Crucial pieces for the calculation of the hadronic cross section are the parton distribution
functions Jfi/p and the squared matrix element |IM \2

Iwate Collider School 2023 21 Fabio Maltoni
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A simple example: tt

Let’s see how to calculate the cross section for a simple process such as pp — ttbar. There are
two 1nitial states possible, gg and qgbar. For gg (which will dominate at the LHC) we obtain:

do Lol AN oy n
o :/ / dxidxs g(z1, pr)g(x2, pr) 6(8)0(58 — x1225)
o Jo

We 1ntroduce the variable tau, that 1s proportional to x1 and x2:

S
T=— =T1X2
S
and obtain
I 1,1 o(s 1T
d_:/ / d$1d$2g($1aﬂF)g(x2ﬂuF) ()5(1 1 2)
T 0 0 ! '

Iwate Collider School 2023 Fabio Maltoni
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We define the dimensionless partonic luminosity:

and calculate the total cross section as:

1
J(pp%tt_—l—X):/

Tmin

/

min

dT

dT

T

Iwate Collider School 2023

dLg,, /1 dx T
. dL
. 0-99—”5{(87-) . E CLOSE TO

A CONSTANT

Py

. A dL
' [So-gg—ﬁf(s)] ' " wcno

~ “CROSS SECTION”
sdr
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A simple example: tt

— Jg luminosity @ LHC
— Qg luminosity @ LHC
— Jg luminosity @ Tevatron

— (q luminosity @ Tevatron

= R
0 - o

) dL/dT (ubarn)

|||||I'II| ||||lll|'| |||||Iq ||l||l|‘|| |||1|q ||l|||'ll| 1

10-101111111\11111

YR T [ TR TN TR SN NN TN WA NN S AN SN SN N

Y-axis is proportional to o

if o is independent of §

It is proportional to probability
for a parton-parnton collision with §
as indicated by [the x-axis.

1009 2009 3000 4000 S000

25
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If we take for simplicit €Xr) = — — log 1
P Yy g( ) aj1_|_5 dT 7_1_|_5 g

1.e. the total “cross section” will scale as a power of 1/mt!*delta [ og Mt

The short distance coefficient can be easily calculated at LO via the feynman diagrams:
00000 ——— 00000 ——

Iwate Collider School 2023 Fabio Maltoni
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A simple example: tt

L oup 392 (m? —t)(m? — u) B gt m2(s —4m?) N g tu — m?2(3t +u) —
256 4 52 24 (m? —t)(m? —u) 6 (m? —t)?
+gg tu — m2(t + 3u) — m? B 394 tu — 2m?t + m* B 3g4 tu — 2m?u + m?
6 (m?2 — u)? 8 s(m? —t) 8 s(m? — u)

3 diagrams squared + the interferences. This amplitude 1s integrated over the phase space at
fixed shat:

1 1
6gg_>t:—527T/ d cos 0* | M|? /256
—1

eventually giving:

= /1 —4m?/3
Gogit = "t (318 + (% — 188+ 4% In | £

‘Cb"tb

| -a)

Iwate Collider School 2023 Fabio Maltoni
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A simple example: tt

Central value

- PDF uncertainty

- - - Scale uncertainties

1 1 | | - 1 1 | | - 1 1 | | - 1 1 | | - 1 1

do/dmgz [pb/GeV]
NLO, CTEQ6M, LHC
m, = 175 GeV

| I
5 S
S -
4. 4=
3 3 —
2L 2 =
T 1—
| | | | | | | | | | | | [ | | | | | | | | | | | [ | | | | | | :
0.025 0.030 0.035 0.040 0.045 0.050 0.055 gOOl :

LO estimation with toy pdf (6=0.3)

Iwate Collider School 2023

400

500

600 700 800
tt invariant mass [GeV]

NLO result with proper MC
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| . HC master formula

Q2 Q’
NF HR

x =3 / durdas fu(wr, 153) fol@a 1%) X Sapx (@1, 22, a5 (1%), 3, )

Two 1ngredients necessary:
1. Parton Distribution Functions (from exp, but evolution from th).

2. Short distance coefficients as an expansion in as (from th).

A 2
Oab—X = 00 T SO1 + QgO9 + . ..

Leading order

Next-to-leading order

Next-to-next-to-leading order

Iwate Collider School 2023 28 Fabio Maltoni
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Perturbative expansion

* Leading order (LO) calculations typically give only the order of magnitude of
cross sections and distributions

- the scale of as1s not defined
- jets partons: jet structure starts to appear only beyond LO
- Born topology might not be leading at the LHC

 To obtain reliable predictions at least NLO 1s needed ) o, et m, i

 NNLO allows to quantify uncertainties

Furthermore:

1 1 | 1 11 1
o Bl 100 200 G0

pEeY]

=
=

* Resummation of the large logarithmic terms at phase space boundaries

* NLO ElectroWeak corrections (os2= ow)

 Fully exclusive predictions available in terms of event simulation that can be
used 1n experimental analysis

Iwate Collider School 2023 29 Fabio Maltoni
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LHC Physics = QCD + €

b T T 73 @ ppoX
A TLAS Preliminary 7 TeV, 20 ub™", Nat. Commun. 2, 463 (2011)

8 TeV, 500 ub™, arXiv:1607.06605
13 TeV, 60 ub™', arXiv:1606.02625
O O .
pp —> X Ix Kpp->W ¥ pp—>2Zly
7 TeV, 36 pb™', PRD 85, 072004 (2012)
13 TeV, 81 pb", PLB 759 (2016) 601
Z pp > tf
7 TeV, 4.6 fb™', Eur. Phys. J. C 74:3109 (2014)
8 TeV, 20.3 fb™, Eur. Phys. J. C 74:3109 (2014)
13 TeV, 3.2 fb™", arXiv:1606.02699
3 pp—1iq
7 TeV, 4.6 fo', PRD 90, 112006 (2014)
8 TeV, 20.3 fb™', ATLAS-CONF-2014-007
13 TeV, 3.2 fb™", ATLAS-CONF-2015-079
S pp—H
7 TeV, 4.5 o™, Eur. Phys. J. C76 (2016) 6
8 TeV, 20.3 fb™', Eur. Phys. J. C76 (2016) 6
13 TeV, 13.3 fb™', ATLAS-CONF-2016-081
o pp > WW
7 TeV, 4.6 fo', PRD 87, 112001 (2013)
8 TeV, 20.3 fb™', arXiv:1608.03086
13 TeV, 3.2 fb™", ATLAS-CONF-2016-090
T pp > WZ
7 TeV, 4.6 fb™', Eur. Phys. J. C (2012) 72:2173
8 TeV, 20.3 fb™', PRD 93, 092004 (2016)
13 TeV, 3.2 fb™", arXiv:1606.04017
L pp - 2Z
7 TeV, 4.6 fb', JHEP 03, 128 (2013)
8 TeV, 20.3 fb', ATLAS-CONF-2013-020
I ST R R R 13 TeV, 3.2fb™", PRL 116, 101801 (2016)
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Higgs production channels

Higgs Strahlung
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. High-Q* Scattering 2. Parton Shower

= where new physics lies

= process dependent

= first principles description

= 1t can be systematically improved
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SM Status

accuracy [loops] s . 1
3 A ‘ pp n par th CS ‘ fully inclusive

parton-level

fully exclusive

fully exclusive
and automatic

2 3 45678910
complexity [n]
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Summary so far

e High energy collisions allow to probe interactions at very short
distances, but entail SM physics that has to be described with:

4+ Identify observables that can be calculated and measured

reliably.

4+ Accurate/Precise predictions  => difficult calculations,
multi-loop, QCD, EW.

+ A fully exclusive approach (associate an history to each
short distance event).
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Discoveries in the precision era

Question:

Precise / accurate predictions are very difficult/expensive.
Are we sure they are really needed? For what exactly?
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Discoveries in the precision era

Question:

Precise / accurate predictions are very difficult/expensive.
Are we sure they are really needed? For what exactly?

Short answer:

The discovery potential of any collider working in the precision
phase (fixed energy, accumulating luminosity) is directly
related to our ability to make precise predictions.
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New Physics

® A new force has been discovered, the first
clementary of Yukawa type ever seen.

e [ts mediator looks a lot like the SM scalar: H-
universality of the couplings

® No sign of.....New Physics (from the LHC)!

e We have no bullet-proof theoretical argument to argue for the existence
of New Physics between 8 and 13 TeV and even less so to prefer a NP
model with respect to another.

Iwate Collider School 2023 43 Fabio Maltoni
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New Physics

The obvious imperative:

LOOK FOR NP AT THE LHC BY COVERING THE WIDEST RANGE OF
TH- AND/OR EXP-MOTIVATED SEARCHES.

Searches should aim at being sensitive to the

highest-possible scales of energy

Iwate Collider School 2023 44 Fabio Maltoni



Model-dependent

SUSY, 2HDM, ED.... simplified models, EFT, ...

Search for new

Search for new states | .
INteractions

specific models, simplified models anomalous couplings, EFT...

Exotic signatures Standard signatures

precision measurements rare processes
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Searching for new physics

Search for new

Search for new states | .
INteractions

SUSY EXOTICS, BSM HIGGS SM
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Searching for new resonances
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Searching for new resonances

peak
pp— H—4

CMS Prel
T

i}
7T L T T ]

- . Dmé .
301 [ z+x =

- Ozvzz 1
: [ |m=126 GeV]
20F =

>
[0
O
™
~
2
c
o
>
I

;l—.—l—l—qllllllllllll

ool
80 100 120 140 160 180
m, [GeV]

! ‘easy! )

Background directly measured
from data. TH needed only for
parameter extraction
(Normalization, acceptance,...)
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Searching for new resonances

peak
pp— H—4

Preliminary Ys=7TeV,L=51fb";ys=8TeV,L=19.6fb"
T T T T T T T T T

CMS
35 T T T T T T T
E - | | "« Data 1
™ 30F [ z+x -
2 F Ozrzz A
g 5 126 GeV]
L m, = ev
LI>J C I:l H .
20F

120 140 160 180

my [GeV]

! ‘easy! )

Background directly measured
from data. TH needed only for
parameter extraction
(Normalization, acceptance,...)

Iwate Collider School 2023

shape

N N N N N N ¥

pp—gg.8q.qq—jets+r

i [=—susy
! |EZASum of all BG
@ thar+ets

A wWelels

¥ Z+lotz

B cco

................................................................................

hard

Background shapes needed.
Flexible MC for both signal

and background tuned and
validated with data.
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Searching for new resonances

peak
pp— H—4

CMS Prellmlnary i'_ 7TeV L 5 1o lf_ 8TeV L=1961"

35 T T T T
E - ! ! ! " Data E
™ 30F [ z+x ]
2 F Ozrzz A
g 126 GeV]
m = eV
i [Imeizeeey]
20 -

ol
100 120 140 160 180
m, [GeV]

! ‘easy! )

Background directly measured
from data. TH needed only for
parameter extraction
(Normalization, acceptance,...)
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shape

PN N N NS
Pp—gggq.9qjets+Hr
1043 T
E ’f 4 j ! — SLSY
B { sumofallaus
10°E ¥ e Hbar+ets
N e

S i vl
2000 2500 3000 3500 4000

hard

Background shapes needed.
Flexible MC for both signal
and background tuned and
validated with data.

1{]!10

i
Eﬂﬂ 1500

47

1 [ ] [} [} t
pp— HWHW-
o L L LR ISR ISR ILLALE BLALLE ELALL LR I
S350 ATLAS Preliminary « pata 77 SMstay
2 C J~ . mww  EE WZizzwy
[0} - \s=7TeV, | Ldt=471fb tt [ Single Top
I_|>J300_— . Bl Zijets [ Waijets
F Ho WW' S evev + 0jet H [125 GeV]
250 =
2003— =
150F
100
50

-1 -08 -06 -04 02 0 02 04 06 08 1
BDT Output

very hard

Background normalization and
shapes known very well.
Interplay with the best
theoretical predictions (via
MC) and data.
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A simple example: tt

Imagine a new scalar exists which couples mostly to top quark, similar to the SM Higgs,
but it is heavier than 2m.. It would be produced as the SM Higgs via gluon fusion and
then mostly decay to top quarks:

><

giving rise to a peak in the invariant mass distribution of m(tt). However, this process
interferes with the QCD background:

Iwate Collider School 2023 48 Fabio Maltoni
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| Amp | 2= }—"-~< + A + Y n W
Taking our previous calculation of the SM amplitude and adding the scalar production:
o2 2 2
O (S) = GF ms’ 3 .;V(s/ 'm ) < BW resonance
768 3 s —mi; +imygly(s)
G 1 N(s/m?
aS Fm’ 5% 1n + B Re 5 ( / ) < Interference
A87/2 1-8 s —mi; +imyly(s)
+0gM (S) < SM
3m? 4m? 1+8 1
N(s/m2):§? [4— (1— . )I(s/m2)] (s/m”) = llnl—ﬁ zw] (s > 4m”~)
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o (pb)

g8 —If
my =170 GeV

VS (GeV)

Peaks but also peak-dip and dip only structures. "Easy" to discover independently of the
precise knowledge of the SM. However, needs accurate theory to characterise it.
Fabio Maltoni
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22 1 1 I 1

gg — 1t
m; = 170 GeV
720 + mu (GeV) -
~~ 18 B 7
Ha)
>
o :’
16 |
4t /i Pseudoscalar %
. (exercise)
12 l, ] 1 1 1 1 1 1 1
350 450 550 650 750
VS (GeV)
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Collider reach
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system mass [TeV] for 8.00 TeV, 20.00 fb™! system mass [TeV] for 13.00 TeV, 10.00 fbl

Increasing the energy of a collider gives a big boost to the reach of resonance searches, while
the gain due to the increase of luminosity is marginal (beware of assumptions here).
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Searching for new physics

Search for new

Search for new states | .
INteractions

SUSY EXOTICS, BSM HIGGS SM
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Search for New Interactions

g
>WZ’
q

SM New Physics

> Energy
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SM New Physics

> Energy
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>< New Physics

> Energy
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Search for New Interactions

2

M? = g°v° = A=
A 1s an upper bound on the scale of new physics
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Search for New Interactions

h=c=1
dim A" =1
dimg¢p =1
dim ) = 3/2
2
g — dim=6
s Lefy = ESMJrZ O

59 operators [Buchmuller, Wyler, 1986]
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T'he way of SMEFT

The master equation of an EFT approach has three key
elements:

— 0bsEXP _ opsSM L S 0 o 1
AObs,, = Obs, """ = Obs>! = — D a®w Oy + 0 =

i

Iwate Collider School 2023 60 Fabio Maltoni
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T'he way of SMEFT

The master equation of an EFT approach has three key
elements:

1 1
AObs, = —0bsPM = ~ D a®w Oy + 0 <—>

A4

i

Most precise/accurate experimental measurements with
uncertainties and correlations
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T'he way of SMEFT

The master equation of an EFT approach has three key
elements:

| _ (6) (6) _
AObs | = Z a©(u) cOu) + 0 <A4>

Most precise SM predictions for
" observables: NLO, NNLO, N3LO...

_ Most precise/accurate experimental measurements with
uncertainties and correlations
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The way of SMEFT

The master equation of an EFT approach has three key
elements:

-4 Most precise EFT predictions

Most precise SM predictions for
" observables: NLO, NNLO, N3LO...

_ Most precise/accurate experimental measurements with
uncertainties and correlations
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T'he way of SMEFT

The master equation of an EFT approach has three key
elements:

current measurements
future measurements

= increased NP Sensitivity
-4 Most precise EFT predictions

Most precise SM predictions for
" observables: NLO, NNLO, N3LO...

Most precise/accurate experimental measurements with
uncertainties and correlations
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T'he way of SMEFT

The master equation of an EFT approach has three key
elements:

current measurements
o
o

future measurements

= increased NP Sensitivity
-4 Most precise EFT predictions

Most precise SM predictions for
" observables: NLO, NNLO, N3LO...

Most precise/accurate experimental measurements with
uncertainties and correlations
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T'he way of SMEFT

The master equation of an EFT approach has three key
elements:

current measurements
o
o

future measurements

= increased NP Sensitivity
-4 Most precise EFT predictions

= increased UV identification power

Most precise SM predictions for
" observables: NLO, NNLO, N3LO...

_ Most precise/accurate experimental measurements with EFT 3
uncertainties and correlations .
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A simple example: tt

O = (qo" \*t)oGy,
Oc = fABcGA”GBpGC“

Od)G— ¢+¢ GA GA,LW

R et

&g
O Oi6
+ + O
g r g i 4 t
(d) (c)
4 t g t g
Os
+ +
2 O T g O 3 e I
(&) (h) (1)
£ t g 1
O 0,6
N B
g r g r
1)) (k)

Iwate Collider School 2023

Three operators of dim=6 that enter tt

B=+/1—4m2/3
O-gg—)tt 72?88318 (31,8 + (

— 188 + 53) In [

“Cb‘“tb

| -a)

g:vy1— 5 (81 —HB—%)
482w A2 /5 1-p

995(1—=p%) (, 148
T (l =5 F >

+ ReCic

255201 B | 148
256mA%(s—m3?) 1-0

— Cyc
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A simple example: tt

These new interactions lead to deformations of the SM distributions.

| | I I 1 1 | I I I 1 I | I I I 1 | 1 1 I | .
SM 5 do/dmg [pb/GeV]
Z NLO, CTEQ6M, LHC
— SM+0tG . m, = 175 GeV _
—— SM+0G 13 E
SM+0pG ;
2 — —
1 __ —— Central value
= --- PDF uncertainty
-- Scale uncertainties T ERs e
l | | | | l I | l l | gool 1 1 l4éol 1 1 lséol 1 1 lséol 1 1 l7$ol 1 1 1800
400 500 600 700 800 tt invariant mass [GeV]

Need to know the SM distributions extremely well as well as the EFT ones!
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Search for New Physics at the LHC

Two main strategies for searching new physics

-«

Search for new states

35

Preliminary Ys=7TeV,L=51fb";ys=8TeV,L=196fb"
| T T T | T T T | T T T | T T T | T T T L
¢ Data i

>
3 |
o 30F .Z+X .
2 F Ozvizz 1
g *F 126 GeV]
- m = ev
I [Imetzeee]
201 =

15[ =

80 100 120 140 160 180
my, [GeV]

“Peak” or more complicated structures
searches. Need for descriptive MC for
discovery = Discovery 1s data driven.
Later need precision for characterisation.

Iwate Collider School 2023

do

63

2
dMWW GeV 10—2 L

Search for new

interactions

100t \x“"~~»~.,,___Unitarity Bound

1

S
S
~
=~
>~
=~

~
-~
S~
~
Se -
S——

-
_____
—_——

10—4,

0 500 1000 1500 2000
My, (GeV)

Deviations are expected to be small.
Intrinsically a precision measurement.

Needs for predictive MC and accurate
predictions for SM and EFT.
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New generation of MC tools

heory

Lagrangian
Gauge invariance
QCD

Partons

NLO

Resummation

Detector simulation
Pions, Kaons, ...
Reconstruction
B-tagging efficiency
Boosted decision tree
Neural network

Experiment

Iwate Collider School 2023
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New generation of MC tools

4 )
_ J
Lagrangian
Gauge invariance
QCD
Partons
NLO
Resummation
Detector simulation
Pions, Kaons, ...
Reconstruction
B-tagging efficiency

Boosted decision tree
Neural network

EXperiment
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New generation of MC tools
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Aims of the week
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Aims of the week
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THINK
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Aims of the week

4

THINK PARTICIPATE
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Aims of the week

THINK PARTICIPATE WORK
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Aims of the week

THINK PARTICIPATE WORK

* The morning lectures for reviewing or introducing new
concepts

* The afternoons, the most important part of the school, will
be devoted to the tutorials
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* Master the basic concepts of collider physics

* Learn about the latest techniques that allow to make
accurate and predictions for events at the LHC in the SM
and Beyond.

« Install the full chain of tools on your laptop.

« Apply and use the tools to make your own New Physics
search, simulating signal and background.

* At the end of the week you’ll be ready to roll
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Mad Hosts

Karou Hagiwara Kentarou Mawatari
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Mad Teachers

Olivier Mattelaer

Davide Pagani

Benjamin Fuks

Iwate Collider School 2023

69

Fabio Maltoni




We are here for you!

-("’"
L L

BE
COOL

AND

ENJOY
SCHOOL
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