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From Lonely Planet Guidebook:
“Hotter than hell itself in the summer. Fresno is a town that is best to just
drive past. However, If you must stop, here are a few suggestions...”
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Sudbury Neutrino Obsera
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W + 1 jet

—— Data 2010,\'s=7 TeV -
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- Particle physics isn’t about particles
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ATLAS

m,, = 80.370 + 0.019 GeV _

B m, =172.84 £0.70 GeV
---my =125.09 £ 0.24 GeV
m== 68/95% CL of m,,, and m,
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68/95% CL of Electroweak

Fit w/o m,,, and m,
(Eur. Phys. J. C 74 (2014) 3046)
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Vs=13TeV, 139 fb™
OL preselection
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m
B tt+X

| |
[1Single top
[ W+jets

Bl Diboson [ ]Z+jets

[ Multijet
¢ Data

Gbb: (m(§),m(§f)) = 2800,1400 (x 50)

44 SM Total

Gt: (m(g).m(z,)) = 2100,1 (x 50)

Ratio to SM

Use particles for
the‘ir properties...
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Leptons and neutrinos

Force carriers Higgs boson

Quarks
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Particle mass (GeV)

Yield /(500 keV/c?)
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Mass hierarchy | e AS Keys tO UH‘OCK
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i Gravity?

Who breaks electroweak symmetry? Forces
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Light needs ~200,000
yvears to reach the sun’s
surface




Use neutrinos!
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Sakharov Conditions

C and CP violation

y
<

Out of equilibrium
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Anti-matter - - Matter

10,000,000,000 ~10,000,000,001



Anti-matter - - Matter
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Sakharov Conditions
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—lectroweak symmetry Is restored
—iggs vacuum expectation value is zero

# \\/, Z and fermions are effectively massless

p;

ootential develops a minimum away from zero
(b) ne Higgs field chooses one of many equivalent vacuum states
(spontaneous symmetry breaking)
W, Z and fermions are massive
380,006 years 200 million years 400 million years 10 billi.on years 13.8 bill.ion years

10732 seconds

Inflation Dj First Light First Stars Galaxies & Dark Energy Today
Initial eutrons, protons, Helium and The first Gas and dust Dark Matter Expansion Humans observe
expansion and electrons form  hydrogen form atoms form condense into stars Galaxies form in accelerates the universe

dark matter cradles



Iwo ways 1o break the symmetry

Crossover transition

First order

30






Unbroken Symmetry Broken Symmetry

The bolling universe

32




Generating matter/anti-matter differences

— \‘\\

() ~0

/ Vv top particle
E < mt

Galaxies 2022, 10, 116 33



Generating matter/anti-matter differences

Growing bubble

/

/ v (¢) =0

i Segregation of particles

Sphaleron

Nucleated bubble

Eventually saved into
the moving bubble Galaxies 2022, 10, 116 34






- Impact of the phase transition parameters on the GWB spectrum

10 E T i JARERL L e Enmmaas)
i

'Phase transition strength

NANOGrav 12.5yr

ot

Larger a = more latent heat released |

108 3 J— ~ _
; 'Phase transition temperature
_ | Earlier transition — smaller universe — shorter A + Ioner redshirt
P B perc . | | S
b 0_10 _ TSM _
§ | B Suy,
= 5 % al; _
: CO] .
—12 [ 7 i
10 E AQ)% S]ODS
] 0@ ‘Duration compared to the Hubble constant
B |
10-14 L N li.e. B/H =100 is 1/100 of the Hubble time
: Smaller bubbles — shorter A + less aker signal|
| L1111 | L1111l | L3111l | | 111l | L1111 | L1111l | L1111
1012 1011 1010 10— 10~8 10~7 106 107°

arXiv:2306.09411v1 [astro-ph.CO]



ATLAS Preliminary
Ys=13TeV, 36.1- 140 fb™
my =125.09 GeV, ]yH| <25
i Ko = Kp Pgy, = 82%
Kﬂsafmepammemnpgw=90%
SM prediction

= Leptons Quarks

1" i
0. EE

Force carriers Higgs boson

i - v

10 10°
Particle mass [GeV]

138 fb' (13 TeV)

95% CL Upper Limits
— Observed

T Med|an ExpeCted
*+ 1o

+ 20

0.1 0.15
TOP-22-002 Branching fraction (t — Hu) (%)

Electroweak fit
PRD 110 (2024) 030001

LEP combination
Phys. Rep. 532 (2013) 119
DO

PRL 108 (2012) 151804

CDF

Science 376 (2022) 6589
LHCb

JHEP 01 (2022) 036

ATLAS

arXiv:2403.15085

CMS

This work

This Standard Model

oredicts...

myw in MeV

| 803536

80376 + 33
80375 + 23
80433.5+9.4
80354 + 32
80366.5 + 15.9

80360.2 + 9.9

80300

80350

80400 80450
mw (MeV)

ISt ()rder

broken\ 2nd order

phase

75 GeV

smooth
crossover

My

[Rummukainen et al, hep-lat/9805013]
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An alternative

However... .
potential

Our current state of Standard Model

i3 limi tential
knowledge is limited potentia
V (®)
Higgs field value
In our Universe
Current
experimental
knowledge

1

¢ Article link 40



https://www.nature.com/articles/s41586-022-04899-4
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Scales

How physics changes with energy (temperature)

2hysics examples: W mass + strong force coupling

—xperimental theme: How to design a measurement

Symmetries

ow symmetry predicts interactions

Physics example: same-sign WW scattering

=Xperimental theme: o
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Weak force

Gravity
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The ingredients to electroweak symmetry breaking
Vector boson polarisation

ATLAS —4— Data

s=13 TeV, 140 o’ Background
H— vy = Signal + Background
All categories

In(1+ SggS/ngS) weighted sum

‘ Four boson vertexf }{‘:
ector boson exchange g >‘A{
,‘. ; ;
| ANNNNNY

ANNNANN

An alternative
potential

Standard Model "
potential |

Higgs field value
in our Universe

Current
experimental
knowledge

Additional Higgs”
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There maybe more happening in the middle than | think

What the SM predicts  Additional Higgs”? Majorana Neutrinos?

44



Nature doesn't violate
unitarity - so neither
should your theory

40

o(ete” — W"W7)/pb
N
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v, Exchange only

No ZW™ W~ vertex

All three diagrams
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WW scattering

I Four boson vertex: :}’_\‘:
ector boson exchangef é }‘A{

VW, —> WW," with modified

iggs couplings

Inl<1.5

200

arXiv: 1412.8367



WW," — W 'W." with modified

Iggs couplings
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[f someone else Is running

around here, this breaks

| CMS 138 o' (13 TeV) |
Pl AFT o g |
& |P E m,=125.38 GeV wz.s 1|
e - p,, =37.5% Yo \
S 107'¢ =
E“_lgD
v b .- 1
1072 ¢ T _:
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Production modes

LHC Run 2/3
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How much wiggle room is there”




—e— weighted average

ATLAS CMS

(@)

o x BR normalized to SM prediction, 13/13.6 TeV

Production modes
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LHC Run 2/3: ¢ x BR normalized to SM prediction, 13/13.6 TeV
ATLAS CMS —e— weighted average
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Production modes




Polarisation for massive states

—Or pho

'ons, there are two

nerpenc

icular polarisation states

Massive particles have a rest frame!

There are th
Leading to t

'ee sSpin

Nree po

Polarisation

—
—_— Momentum

Polarisation

orojections: ms =—1,0,+1

arization states

Momentum

Polarisation

Momentum
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Measuring polarisation

—1 cos 6 +1

=

cos @

+1

1

cos @

+1

53



A brief aside... Counting degrees of freedom

Before EW symmetry breaking Atter EW symmetry breaking

Gauge sector: 3 massive bosons x 3 polarisations +
1 massless boson x 2 polarisations = 11 d.o.f.

Gauge sector: 4 massless boson x 2 Helicity states = 8 d.o.f.

b — ¢+ 1 ¢1 B 7’¢2
¢ V2 \ @3 + 194

Higgs sector: 4 real scalars = 4 d.o.f Higgs sector: 1 real scalars: 1 d.o.f
54



The longitudinal polarisation
carries all the sensitivity

W'W," —> W 'W." with modified Higgs couplings

103 _ | | | T T | | 7] i
B 2 _
- Inl<1.5 0% -
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©
2 O- |
: o z
10 = E
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u 1.1 _
1 = Grww = | <SM> N
- | R L .

200 10° 10"

arXiv: 1412.8367



Let’s measure it!

Theory's view of the SM
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e
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Detector’s view of the SM

DO-quarks

Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet

Transition
. Radiation
Trac k| ng Tracker

Pixel/SCT detector
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Detector

Collision
Point

[

/. ),

0 Beam Line

Pseudo rapidity

0

— —In ( tan -
7 I an2

\ X (Center of LHC)

E, P in transverse plane
PT — Psinf
ET E sin 6
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S0... Experimentally not all particles are equal

Muons, electrons, photons are most precise, hadrons less so

Comes down to how particles lose energy in material

i Y /
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What that means in my detector

Schematic of a
typical HEP calorimeter

- Electron lose energy quickly, showers are short and
‘ compact

Hadrons penetrate material deeper ... “the foll Is

essentially empty”
— HCAL bigger than ECAL

- Depth segmentation helps to distinguish electrons
1 VEersus |ets

Electrons
Photons

Hadrons

Jets

T

61



Some examples

20
250 GeV 250 GeV
proton photon

E 15} o
=,
[o)
>
[o
4y
O
7))
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a
Q 10 |- B
)
9
=
®

o -

5 5 5 0 +5

lateral shower width [km] lateral shower width [km] 62



The detector also gets in the way of itself

- Must account and correct for many effects - like pile-up, different detector
technologies, material budget

W

— - ' Hadronic tile e N LN L L L L L L L L L L
T{ n=0 / | calorimeters X, - ATLAS B Services ]
n= . e B - B
| Electromagnetic — = R ; TRT B
- = = . LAr calorimeters o 2.5—Simulation ]
i Vil ‘ S - [ scT _
- [F:'I 3 T ——— T ——— T,’;’ i:ﬂ o EM IjAr’ _ E : E “:.-'E - Pixel :
/ n=2 precision regions S o Beam-pipe ]
N == A / Hadronic LAr w B VoL . : _

; — ] L by 1% oee Extra material
_______ // ’/’/’f’ o n _ 3 | eﬂl Cap t 8 : . . :
- : ] Lk == L ; =L calorimeters - |
Il I | I I| || D | | | | | I ljﬁ'] :5 F m 1.5_ ]
T 1 - = PTT == | |1 " === =mmeao_.__ | OrW.ard LAr B - ]
= ||| . _.--- el AU e NI G, T === — . ’ calorimeters — S B S S, s, et o
- I s A I R S I o 3—-1 ..... = B 4 R L b 0 K N
------------- LT oo Tile plug 1= —
n=2.5 > ~J P calorimeter u _
End of tracker e forward (TileGap 182) . —
n =0 “seam transition - -

coverage | .- e
[ - — e —— ] Gap & cryostat 05 “t:

= T = ; =
| | | | scintillators N
L u | | . n ~ 1_4\\\\ L (TileGap3) —
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The detector also gets in the way of itself

- Often have strong n dependence, some corrections can be large

ATLAS
Vs =13 TeV, 139 fb’

B B
HEEER 'BEEEE
W B
I B El B
HEEEE | -.

HENER INENEE
N

25 -2 -15 -

High-pT muons
pT>30 GeV

—_
o
o
]

(00)
o
Data Efficiency [%

Jet energy response (R)

0.9

0.8

0.7

0.6

0.5

Y

ATLAS Slmulatlon

s = 13 TeV, Pythia8 dijet
Anti-k, R = 0.4 (PFlow)

|IIII|IIII|IIII|III

o E®®=30GeV
0 E°° =110 GeV
A E™®=1200 GeV ]

A O ]

@) _
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wd b4 D C RN

A iy

- L A -

_ A A =

- A A ;
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SO... Theoretically not all particles are equal

QCD dominates (i.e. we
oroduce a lot of jets)

For the W/Z decays to hadrons

dominate

For Higgs, decays to b-quarks

and taus dominate

Standard Model Total Production Cross Section Measurements

Status: June 2024

i

3 1011 1}500 ub™
7A}77-o-7 . .
O 40 bt 80 pb™! ATLAS Preliminary Theory
| S|
ST V5 =5,7,8,13,13.6 TeV LHC pp V5 = 13.6 TeV
o Data 29.0 — 31.4fb!
o LHC pp Vs =13 TeV
5 Ao ) B __
10 . BB Daia 32- 1401 =
o LHC pp V5 =8 TeV
10* BB  Daa 202-203fb70
LHC pp Vs =7 TeV
] BB Data 45-46!
10 oo I
LHC pp Vs =5 TeV
Yo © o BB  Data 0255-03fb!
2 . | -
v ow B fotal B * O o0 i
2 b7t o o I =
o VBF a ]
wH &
1 :I o o G =
ZH n o
\n I
1071 H g -
xo.3)I Wwwz 3
(x02) 1
1072 ¥
w z t H ww wz 2z t Wtz t
WWV
-chan -chan
tot.

65



S0... Protons are great, but also a mess

Jet
40101010

final-state radiation

D
outgoing parton :
D
D
D

proton o 5 /\ proton

——

[ O . &\/
%

Initial-state radiation

O
Y
A

outgoing parton

Jet



1o make calculations tractable, we break this up

tracks,
energy depositions
(electromagnetic and hadronic)
mesons,
baryons
proton

oy & o ﬁ/H -
° . ‘
:: “w”\w»,s* ~ ° .

( . ’;,' y . j
75 :
N °* @
o D
hard interaction

o @
fragmentation

hadronisation
10-13m

: interaction

with detector

10-15m ’
parton level

particle level

10'm

detector level

Jet reconstruction Is ambiguous

INn the end a ‘jet’ Is what you define it to be

67



do/dN [pb]

MC/Data NLO/Data

MC/Data

ATLAS and CMS jet results can not be compared directly

N —h —h

o < A
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1.5

0.5

1.5_

0.5F

is eV, Ly —o— BlackHat+Sherpa (NLO)

In
| |

—A— Sherpa (LO+PS)

*— =8 MadGraph+Pythia (LO+PS)

g CMS Preliminary

N
X
N

« \.
AN
N
Nl I IIIIIII| I IIIIIII| I IIIIIII| I

anti-k; (R =0.5) Jets
p’et>30 GeV, ®'<2.4

We@w channel
| | | | | |

S S S S S S S -

BIackhat+Sherpa (= 4 jets NLO with PDF and Ren /Fac. Scale Unc r

//////////*//7*/‘///%/ //%%

Sherpa (LO+PS) Normalized to oy,

Al 7'//7”%7%//7%///5////4///4//

:_ Madgraph (LO+PS) Normalized to o,

1 > 3 21 5 6

Inclusive Jet Multiplicity

Putting ATLAS and =
CMS jet results on
the same plot

requires corrections
up to 25%

Ratio

1072

107

1.5

0.5

https://arxiv.org/pdf/1405.1160

ollA

I | I I I I
Comparison of ATLAS and CMS Results at \s=7 TeV

oLlA

ATLAS Results

CMS W— ev Results
CMS W— uv Results
SHERPA MC

m>Le

Inclusive N Jots
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?

t looks different - but are there general properties

|€

Every

|

|
]
!

i N
m——

—em——— =——

Diagrams from Bing Liu
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Displaced vertices All or none

Neutrinos

ICILIES

High multipl



Two examples: b-quarks

light jet

Q
S
N
9
Q@

Q

. < - >
Primary vertex
Impact

parameter

Secondary vertex

The lifetime of the b-quark is
long enough that it's decay
vertex is displaced from the
INnteraction vertex
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Iwo examples: b-quarks

Arbitrary units

—h
Q

—
Q
N

10°

ATLAS

—— Tracks in b-jets

Tracks in c-jets

Tracks in light jets

107 E

10 3 - B

10°E |
-20 -10 0 10 20 30 40

Signed transverse impact parameter significance

Exploit this to distinguish b-
and c-quarks
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Two examples: Quarks vs Gluons

QED QCD QCD
e—>e+y g —>q+g £E=>Lg4+e
e q
e q
4 g
(no yyy vertex) (Cr = %) (Cy =3)
Coupling o< eQvVa Coupling o< a,Cpr Coupling o< a,Cy

o< Qza |
Gluons radiate more often!



Two examples: Quarks vs Gluons

l 1 I I 1 1 1 1 I 1 1 1 1 I I 1 1 1 l 1

010 pry ae

_ ATLAS Simulation M 500 GeV < pr < 600 GeV

_ Vs=13TeV A 800 GeV < pr < 1000 GeV
008 - PYTHIA Y 1000 GeV < pr < 1200 GeV

Closed symbols : Quark-jets
Open symbols : Gluon-jets

Gluons radiate more often!
0.06

Fraction of events

| eads to wider jets with
more tracks or calorimeter
deposits

0.04

0.02

W\
\A
. . T = | !;!;”;WA”A“.“

0.00

Nirk




New approaches In flavour tagging

light jet

S
D
N2
9
@

.
S

Q

. < - >
Primary vertex

Impact
parameter

b-jet

Secondary vertex

Simulation

Associated
tracks

Manually
optimised
algorithms

Trained
algorithms

High level
algorithm (DL1r)

L — — — — » JetFlavour

Simulation =

Associated
tracks

Track origins

Vertices

L — — — — » JetFlavour

Image from Jackson Barr

74



A tlavour tagging example

b-jet

light jet =
o
2
e
Initial track Conditional track
Secondary vertex representation representation
5 =g
82 |_, XEs
S 3 — —> — EEaE
Impact - S
parameter
Transformer
O x
| =B
Oa g
Track inputs Combined inputs E s
o S
Jet inputs
—) —+
I’ljf
Miracks X Mt Miracks X (njf + ntf)
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A flavour tagging example

C _l | | I I LU I UL I L I L I L I LI I I | | l_ C : | 1 1 I I I I I 1 l 1 1 I 1 I I I I I I | 1 1 I :
S 40° | ATLAS Simulation GN2 2 % L ATLAS Simulation GN2 _|
3 = VS =13.6 TeV, tt events DL1d 13 3 = VS =13.6TeV, tt events DL1d 3
D (4L 20 < pr <250 GeV, |n| < 2.5 ’ D 4 20<pr<250GeV, |n|<2.5 b
= 10 E 3 — 10 E E
© - . © - ;
% 3 | i g 3| T
10 F E = -
2 " § e
% 2L _ %’ . F ]
" : g 10 F E
m ¢ : @ F E
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4r — Cijets ] 2.0 —— brjets -
2 B N 1.5 - .
2_oriIii;IIIiiiiii]iiii]iiii]iiii]iiii]iiii_ L L O L L B A B B
- --=-- Light-jets - 5L --== Light-jets ]
151 . I i
I : o | Z
. 10 A 1 ] ] ] ] 1 ] ] ] i ] ] ] ] 1 ] ] ] ] ] ] ] ] [—
3 E a N 1 | I I ; I I I 1 I 1 1 | I I I I I I I 1 1 I I _
75F— | [ Ttee l 0001 00| seeesm = R O AT PP T-jets .
e 5 L 50| J
o 50 E o [ ;
© 25 = © [ ]
o Emeneyepeposnuyuapahueyupepejnayupupujonapuponsannynpunndsyeyesnedsydpiprged 0C  Qle aadanynnpunpnnpanfrnnnnnnnnnynnfunyesprnds sl dd s o
0e0 065 070 0.75 080 085 090 095 1.00 0.1 0.2 0.3 0.4 0.5 0.6
b-jet efficiency C-jet efficiency
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— e

B .
L LQ\L (,;\/ ///\“\‘/W“\////\\\
' . /
guarks dJL 2
-
2 ATLAS Simulation Preliminary
_éi VS =13.6 TeV, tt events
o 20<pr<250GeV, |n|<2.5
o
-
-
O
@)
X
O
©
af
T

0.4 0.5 0.6 0.7 0.8 0.9 1.0
S-jets efficiency
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Jet ID for g/g is still work-in-process - what are my handles”

. [
W rest frame .

WZ rest frame | | |
Polarisation Is frame dependent

An example from WZ

/8



Back to the polarisation

Norm(pol.)
Norm(total)

o
U

Normalized distribution

0.20

0.15

0.05

0.10

0.00

=
Ul

=
o

r

- Vs =13TeV, 140fb™*
Signal region
Pol. in W*W *-CMF

| PP %
- - aa+

T

'.“

:

]
'.‘?

- ATLAS Simulation

/L

W=

Stat. uncert.

W * jj-EW
WTI W,_ijj-EW 7
W#EWEj-EW -

Norm(pol.)

Normalized distribution

0.05

o
U

0.20
0.15 |

0.10

T :
£ 15}
= i
E 1.0F
—

= .
pa

. ATLAS Simulation
. Vs =13TeV, 140fb~1

Signal region
Pol. in W*W *-CMF

———
= WEJFEW ]
W W* jj-EW
W= WF jj-EW :
» Stat. uncert.

0.00 |———

2.0

2.5

'3.0'
A¢/‘i
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ATLAS ® Data B W Wi EW
Vs =13 TeV, 140 fo'' MW WiWji EW EE WiWijj EW

W WHj fit B WAWEj Int WEWHjj QCD
SR:DNN__ . bin2 Bl WZQCD Il WZEW
Post-Fit Non-prompt Conversions
) Other prompt /7. Tot. Uncert.
3.3 standard deviations significance of ——

at least one longitudinally polarised W
boson

=
0p)
o
©
A

01 0.2 03 04 05 06 0.7 08 09 1
Signal DNN score
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77 Uncertainty
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100F
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https://arxiv.org/abs/2407.10798
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Scales

How physics changes with energy (temperature)

2hysics examples: W mass + strong force coupling

—xperimental theme: How to design a measurement

Symmetries

ow symmetry predicts interactions

Physics example: same-sign WW scattering

=Xperimental theme: o

et Identification

- 105K 108K

. N
g g A LB A A L AR L
b, D : F \ £ "™ _.Y':‘)'.

O UT0O11E 101CC
Al S B -..~‘._: - ._1‘\

Sl e o T

Electromagnetic force
=

Weak force

Gravity
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How does physics change with energy - Iwo patns

Energy - I.e. the muon discovery

Precision - 1.e. Neptune’'s discovery

- - .- hy 3 o e .A‘. L .
- RS ke 0 ST SO -... ° et '.“ L Ay ! y s ¥ e o X " eSS e
R I P w e e o 7 o P e v XX S S I

e
» ‘0

.........

Many of the universe most exciting things involve high energy/density/temperature ..



From Eram Rizvi

W resonance

Z resonance

T

Illlrl'|

\

mi < Mz
low X partons

mi = mz
ultra-high precision

Total NLO Cross section
—— vy* Contribution

Z Contribution
—— Z/y Interference (Modulus)

—— W' NLO Cross Section
—— W NLO Cross Section

mi > Mz
new physics
high x partons

10°

— [T
o

10°

invariant mass / GeV

The W and Z bosons:
very similar and yet so different



Feynman Diagrams

Left-handed €L W~
(allowed)

ol R v

Right-handed €R _>__.:>'Q W PP, ! | o
(forbidden) TS

X N

W=: Couples only to left-handed fermions.

Couplings (relative strength)

Left-handed
(e, > v, + W)

s W

I

|

!

i

!
Right-handed |
(eg > vp+W) |
|

0

0

] |

0.5 1
relative coupling strength

Left-handed €r 7
(allowed)

y - * e,

Right-handed  €R

(allowed) \’\%\ Z
‘/ €

R

Z: Couples to both chiralities,
with different strengths.

Left-handed
(e, e +2Z)

I o - - osino

Right-handed
(er = eg + Z)

IR o

I
|
I
!
|
i
|
I
|
i
l | |
0 0.5 1
relative coupling strength

~Qsin® 8y

> fermion ANNANN W=, Z bosons

0 )
@ allowed vertex (X) no tree-level coupling ]
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Before and after EVWW symmetry breaking

The Zis a hybrid particle of the neutral weak

boson W3, (left-handed only couplings) anc A = cosOw B, + sin Ow W>
the hypercharge boson B (both) # U WP o

Z,, = —sinby B, + cos Oy Wi’

For the photon, the W3 and B components
combine to produce a purely EM coupling




The masses of the W and Z

A, = cosbOw B, + sin Oy VV3 e AN tan Oy
Z,, = —sinby B, + cos Oy Wi’

The weak mixing angle describes how the EW gauge fields mix to form the
ohysical Z boson and photon and relates the W, Z boson masses to each other



Custodial symmetry

The W boson mass tests the symmetry that
protects the structure of the EW theory

2
P m2 cos2 6
7 |44

0 Is not equal to one when something
distinguishes the W from the Z.

.e Every correction to p must come from a
source that breaks custodial symmetry




A very interconnected model

....... AI"=A(X : — ——NN

79.50:— Ar=Aa - tan® 0y Ap(mg,,, In(mg), ...) (my =125 GeV) _
i Ar=Aa —tan? 6y Ap(mE,,, In(mf),...) (my =50 GeV) - : :
o5k = 50—t 3 s () (1= 300 G 1 The W mass was historically used

10:0' B T R ¥ Ty R ) R T R R T/ '2z|10': 1o prediCt the tOp_quark MAaSS
mop [GeVI - haefore it was discovered.

From Ludovica Aperio Bella



Testing how the mixing ‘runs’ with energy

—_— = —— e ,7 s R — = 7‘

The EW mixing angle value is expecfed fo \
" show an energy dependence which can be |

—

predicted(*) |

> This scale dependence arises from
| quantum corrections that modify the

coupling
C Precise measurements of this running

~ can reveal deviations from the
Sfandard Model

From Ludovica Aperio Bella

)

~
wn

|z§

sinZ6

0.27

0.26 1

0.251

0.24 -

0.23-

https://arxiv.org/pdf/2302.10782

—— Running of sin20y, in the MS scheme
® sin26)°(my), PDG (2022)
This work:

pp-Z7/y =L * 1=, V5 =13.6 TeV
NPDF31 nnlo as 0118 hessian
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Let’'s measure |t!
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( ,mll'mmfm;'r
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' m 1 :
=N a2 % 9 Y

X

1t ™
e

= *I.--I"-'ll--- i
21l P P 1w v P—w . — |
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The Z mass - Life Is good

E F poo Jy
%10 n P’ Y (1 ,2,38)
] 10°
f |
|
10° >
10°
|
_ 10°
f = CMS Preliminary
o 10 E
= N\s=7TeV, L =40pb
1
El | | | | I | | | 2 g8 2§ I

1 10 10
u*u- mass (GeV/c?)
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(b)

, . : ¢ -»- data
Compare to the W distribution — 7 model unc.
Dﬂ (1 +ets)
: — Other tt
S HHets ~= multijet
B Z+jets
@ 1500 = single t
O W+jet
% +jets
< ATLA
g 1000 S
> ¥s=7 TeV, 4.6 fb™
+ L
. 1 KS=0.096
14 500
2
V
~15
E 1 7 SRS
S 05 %
0 YRR TR S T ST SN T S SN SN TN SN SH T S T T S_—_—
0 50 100 150 200

m. [GeV]
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Neutrino are not detected

See only its ‘shadow’ in the
transverse plane, via missing
transverse energy

Since it relies on everything
else being well measured, it
IS the weakest link




ATLAS Preliminary
LAr Demonstrator

¢ =1.91, DAC = 1000

—— Front layer, n = 1.01

— Middle layer, n = 0.61

— Back layer, n = 1.25
Presampler, n = 0.05

_1000 100 200 300 400 500 600 700 800 900 1000

time [ns]




Expressing this mathematically

P (X | 6’) dZDdZSdZP P (x | ZD)P (ZD | ZS)P (ZS | ZP) P (ZP | 9)

parton level 7, parton shower 7 detector interaction 7, observables x

o A0 IR Y RN LR IR
2 - ATLAS Preliminary -
B LAr Demonstrator i
300 ¢ =1.91, DAC = 1000
B —— Front layer, n=1.01
- E 'E;’"d?('? Iayrer, 71=1 2561 g
2001 — P?gsararll)ﬁe’r,nn; 0.05 ]
I 100} —
0‘: ‘: :_—=_—:'
Ty Yo ) APV BN AP ATV ASIITE IR ST S W W
0O 100 200 300 400 500 600 700 800 900 1000
time [ns]
The dependence on
parameters & is here.
|[HEP 0902 (2009) 007
98

From Alex Held



My Ingredients to determining W mass

1. Need an detector observable that is sensitive the value of the mass”?
2. Need a theoretical prediction of that observable and its mass dependence

3. Need verity that my detector itself doesn’t mimic that signature
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The imprint of the W mass

L 0 T - L L L B L

= ~ ATLAS Simulation &= Nominal -

> 01— n Am ,=+60 MeV —

- B \s=7 TeV, pp—> W +X —Am =60 MeV =

c 0.8 — - AT =+200 MeV

= : --AT',, =200 MeV -

S 0.06- =

= _

- 0.04 =

Measurement goal Is -
a precision of 10 MeV 0.02 —

Var. / Norm.




Events/GeV

Ratio to nominal

«108 16.8 fb~! (13 TeV)
[ I | | I I I I | [ I I I [ [ I | | I I I I | [ I I I |

gl- CMS Prefit B Wi pv

B Nonprompt

N Z/y* > ypu/tt

W= - 1V

Bl Rare

-— I_cusp

Hard func.
——— Soft func.

;—'_

Theory modeling

Need to utilize the
differences in the shape to
constrain the uncertainties
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The proton iIs complicated...

o 17— 7 7 T T _

- — —

S 1.08— ATLAS Simulation — CT18 _—

. — - e = + —— MSHT20 -
Allowing PDFstobe G 4 gk ¥8=7TeV, W -
. . L o VO — NNPDF4.0 -
constrained inafitis = - -
controversial. &*‘3‘ 1'04:_ -
N e e ———

The PDF is already
obtained via a fit to

various (including LHC) 0.98
data
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Can my detector mimic the signal?

Events / 0.2 rad

Data / Pred.

30000
70000
60000
50000
40000
30000
20000
10000

1.05

—h

0.95

= ATLAS * a E
— ‘s 7TeV 4.1 fb Z—n - (before corr.) —
= S T ] Z—p 'y (after corr)) =

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

S R, E
= T —— A ———— —— =
E_" ............ L -3
3 —2 —1 0 1 2 3

Detector

~

Collision
Poin

) Beam

Detector

~

Collision
Poin

T

Line

X (Center of LHC)

() Beam

Line

X (Center of LHC)
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Events/GeV

Data/Pred.

x105 16.8 fb~! (13 TeV)
N | I I ! I I | I | I I J | ]

I ' ' ' ' ' ' | ' ' ' |
8| g, s A% S50 X0, S0t Prefit t Data B Z/y* o o/t A
: " ""'»”l..llu'rrll,llﬁ R i 'Hl H "I | (I q" = +1 m WF - v W= - tv ‘
°l gt ' B Nonprompt W Rare E
4] y2indf i
- 2670.4/2880 (p = 100%) :
2 _
0
1A |
! Pred. unc.
..‘[ g l . l | l A Sl k.
600 800 1000 1200 1400
(o* , ") bin
| | | | |
Electroweak fit o in MeY
ectroweak fi
I 80353 6
' ' PRD 110 (2024) 030001
Throw it all into one LEP combination | sasre » o
massive fit and to get po |
Hack . PRL 108 (2012) 151804 | 0o/ %23
CDF 80433.5 + 9.4
dCrk One nurmnoer Science 376 (2022) 6589 043359, =
LHCD 80354 + 32 [r——
JHEP 01 (2022) 036
ATLAS 1
> EPJC 84 (2024) 1309 803665 £ 15.9 I
CMS 80360.2 + 9.9 1
This work
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The W mass at a future collider
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HOw physics changes with energy




A blast from the past
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TeV+

lectroweak scale

GeV

Nuclear size



Confinement

Strong force increases with increasing quark separation
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Quantum chromodynamics (QCD)

Quantum electrodynamics (QED)

but also

3{:{‘\3-’ A B_R In QCD a color charge is preferably
AN "R(\")f.‘ surrounded by the same color.
e’ R R
:
80
-
3

Electron charge
Color charge

emmee o o 1/137 ) tom

Distance from the bare
quark color charge

Distance from the
bare e~ charge

el High-energy probe

Dfdn " - 4 o
(a) Asymptotic freedom (b) -

igh-energy
probe



Evidence of the gluon self-coupling

-+ A Qg vertex has two spin 1/2 quarks
and one spin 1 gluon

- A three gluon vertex has three spin 1
gluons

- Leads to different angular distributions
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Evidence of the gluon self-coupling

40
Measure angle between the plane containing the

‘quark” jets and the plane containing the “gluon” jets
30

20

N epam

/ ; Abelian
_ )’““s o . ~,-*~ (i.e. no triple-gluon vertex)
. 10
A .,o'

g 0
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The limitation to the strong coupling

L east precisely known and... leads to uncertainties everywhere

Interaction

Electromagnetic

Weak

Strong

Relative uncertainty

Aa/a~ 5.8 x 1071
AGF/GF ~ 5.1 x 10~/

Aag/ag ~ 7.6 x 1073

Oil Ototalx 1 00%

12

10

00)

:_ Higgs relative uncertainties

B 5(1/mt) .

! tb, ]
W

w

o(scale)
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Collider Energy / TeV
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The prediction

0.35 [

This is 5 orders of magnitude - |
will need a range of —
experiments % |
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Indeed! There are many ways to measure this

44—
BDP 2008-16 o e Tau hadronic decays 2
: T decays : ’ — e
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The comparison to data
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Two examples: The textbook method - jet rates

_

LHC: pp — jet + jet (gg = gg)
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Iwo examples

o]
Q
Y

Y

. Using the precision of the Z
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Come on! Isn’t the SM just one big fit anyway?

mm Global EW fit
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The SM Is over constrained

«) measurements
-pole asymmetries and widths

1ents
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