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LHC Physics goals

' Measure
|
Standard Model

 parameters with
high precision

Large Hadron Collider
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They Standard model and the Feynman picture

three generations of matter interactions / force carriers .
% fermions) (bosons) Standard Model Interactions
| 1 1] (Forces Mediated by Gauge Bosons)
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D is adown-type quark.  corresponding neutrino.
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electron muon tau Zboson | ~ © W- W-

U) m 8 W+ W+
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OCrda |I° @ ° w | 5 X Y
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N 4 M M 50 | X
LLI electron muon tau W boson <L O Xis a photon or Z-boson. X andY are any two
- heutrino heutrino heutrino @, E electroweak bosons such

that charge is conserved.

Wikipedia



The SM free parameters

» 9 fermion masses
Connections between the parameters

» 3 CKM mixing angles + 1 phase

mw the weak mixing angle sin?6w
» 1 electromagnetic coupling constant

2
(fine structure constant) o -2 1My,
sin“6,, =1 3
» ] strong coupling constant a Z
» 1 weak coupling constant (Fermi constant) Ge m?sin’@ = T
w W
> 1 Z mass V2G,

» 1 Higgs mass

Goals:
 Measure them

- Measure redundant parameters and test the SM relations
between them by doing a consistency check



The SM free parameters

» O fermion masses

» 3 CKM mixing angles + 1 phase

» 1 electromagnetic coupling constant
(fine structure constant) o

» ] strong coupling constant a

» 1 weak coupling constant (Fermi constant) Gr
» 1 Z mass

» 1 Higgs mass

Goals:
 Measure them

- Measure redundant parameters and test the SM relations
between them by doing a consistency check

/o0 = 137.035999084 (21)

determined from the quantum Hall effect
or the anomalous magnetic moment of
the electron

GF =1.166 3787 x 10-> GeV-2

measured from the muon lifetime

mz = 91.1876 = 0.0021 GeV
measured at LEP

CODATA

PDG



https://physics.nist.gov/cuu/Constants/index.html
https://pdg.lbl.gov/2018/listings/rpp2018-list-z-boson.pdf

The Cabibbo—Kobayashi—Maskawa CKM matrix
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Mass CKM matrix as of 2020 (from PDG)

(MeV/ c¢?)

<Emission ofw ¥

100,000 | Emission of W - VU’d VU’S Vub
S Vea Ves Voo | =
3 10,000 Via Vis Vi
= b

1000

0.97401 £ 0.00011 0.22650 4 0.00048  0.00361+9-99011
0.22636 4 0.00048 0.97320 +0.00011  0.04053+9-00082
0.0085410:90023 () 03978+0-00082 () ggg779:+0-000024

100

10

-1/3 e Charge +2/3 e

Contains information about flavor-changing weak interactions


https://en.wikipedia.org/wiki/Cabibbo%E2%80%93Kobayashi%E2%80%93Maskawa_matrix
https://pdg.lbl.gov/2020/reviews/rpp2020-rev-ckm-matrix.pdf

[-boson at LEP

» Large Electron-Positron Collider DELPH 4
304 L3
, , OPAL
» 1n operation at CERN 1989-2000
‘ 2 20-
» Z bosons are represented by a clean peak in the 3 |+ average measuemens

emor bars increased

invariant mass spectrum of the two leptons by a factor of 10

» Precise measurements of the properties from LEP

» Mass: 91.1876+ 0.0021 GeV E,.p (GeV)

Particles Branching ratio
Name Symbols Predicted for x = 0.23 Experimental measurements(2°]
Neutrinos (all) Ver Vi Ve 20.5% 20.00 +0.06%
Charged leptons (all) ¢ 1, 7 10.2% 10.097 +0.003%
Electron e 3.4% 3.363 +£0.004%
Muon l—l— 3.4% 3.366 +0.007%
Fun-fact: the main Z-boson decay mode is the . | c | e 2367 200067
adrons
decay to quarks (—70%) or neutrinos (~ 20%) o o R
Down-type quarks | d, s, b 15.2% 15.6 +0.4%
Up-type quarks ¢ 11.8% 11.6 £0.6% 8




Re-discover Z hoson at the LHC

o 2.7 b (13 TeV)
- 10 = Trigger paths
8 - CMS -
= 10" Preliminary Jy B Jy
l N - R ‘JBI
t— S .
S B Y
> = Y I low mass double muon + track
L 1 07 = double muon inclusive
10° j Z
10°
[ 10*
10°

1 10 , 10°
wru invariant mass [GeV]

» Characteristic clean signature: 2 opposite charge,
same flavor leptons

» 7 bosons are used as “standard candles” at the LHC



[+]ets measurements

» Z produced in association with extra (b)-
jets is an important process and background
for many searches for new physics

» Understanding of the Z boson pT spectrum
1S Important

» Unfolding technique often used to turn
“measured” data spectrum into particle
level spectrum

» Unfolded spectrum can then be easily
compared with various simulated
samples

[JHEP 07 (2020) 44]
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https://link.springer.com/article/10.1007/JHEP07(2020)044?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20200711

I bosons as standard candles Brag 5 20T [

_ Z - ee
............................................................................................................................................ 4\9 1 200:— QCD ATLAS -
o i CentralZ - ee
. . 111000} -
» Energy/momentum calibration 20 :
» adjust the position of the Z peak until it corresponds to the value we 600} :
expect 400r E

= done by adjusting the energy/momentum scale

A T BT T o
70 80 90 100 110
My [GeV]

» Lepton efliciency measurements

» need clean sample of leptons to measure reconstruction/identification/
isolation efficies

» “Tag and Probe” method

> select two lepton candidates with tight (Tag) and looser (Probe)
selection criteria

» Require the di-lepton mass to be around the Z peak
= likely that both leptons are “good” leptons
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qq 68.5% —— Total uncertainty
Iv 31.5% Stat. uncertainty

Tevatron I combination : ®
PRD 70 (2004) 092008

1, u DO 11
PRL 108 (2012) 151804

LEP combination : ®
Phys. Rept. 532 (2013) 119

ATLAS — o
EPIC 78 (2018) 110

LHCb il
JHEP 01 (2022) 036

— CDF I
v, d Science 376 (2022) 170 o=

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

Electroweak Fit (J. de Blas et al.) @
arX1v:2112.07274

> At the LHC: 30100 30200 30300 30400 80500

> Special dataset collected with low pile-up my, [MeV]

» 4.6fb-lat 7 TeV = about 15.5 M W+ and
10.4 W- events collected (e + 1)

Recent CDF result of W-mass

measurement updated 80433 = 9 MeV
12



ATLAS W mass measurement

x10° x10°
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> plr: sensitive to the modeling of the W transverse momentum

|l 1 1 I I I 1 I I 1 I 1 L 1 I I 1 L 1
ALEPH e )
ATLAS
DELPHI T
L3 -
OPAL _—O—
CDF ——
DO ——
ATLAS W* -@-
® Measurement °
ATLAS W weam Stat. Uncertainty
ATLAS W* — Full Uncertainty —?—

> mlt: Less sensitive to modeling but needs good understanding of missing

transverse energy

i N RN
80250 80300 80

m,, [MeV]

my = 80370 +7 (stat.) £ 11 (exp. syst.) £ 14 (mod. syst.) MeV

» 13 TeV low mu dataset on tape = stay tuned!

I NI T S R T N S S '
350 80400 80450 80500

13



Rapidity distributions of W bosons

W+ vs W- Asymmetry

Top ekt Ve 96 oV, MSTHE00B 10 ]
o W- w+
» At the Tevatron W+ (W-) bosons are produced | :
o . L . .
mainly in proton (antiproton) directions g ]
» At the LHC W+ bosons are produced at " p -
. 20— _
higher rate than W- bosons T 5
- Tevatron ]
» W- bosons are produced centrally I T I U T
_3 Yw 3

» W+ bosons are produced at larger rapidities 300 [~y

- pp ~W+X-l+X  Vs=10 TeV, MSTW2008 LO -

» Main cause of these asymmetries:

> on average: u quark carries more proton
momentum fraction than the d quark

» more valence quark involved in W+ bosons at
the LHC

@@ {4...'-2.”';"“'2""‘
@ -4 rapidity y 4

T I 14




CMS,L=188fb at {s=8 TeV

a I ] 1 I l 1 I I | I ] ] 1 l ] 1 I ] I | ] 1
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Going to rarer and rarer SM processes

Standard Model Total Production Cross Section Measurements Status: February 2022
r— 11 SOOLb‘1
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Interlude: fiducial cross sections

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Standard Model Production Cross Section Measurements

Status: February 2022
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o 101! inelast ATLAS Preliminary
el incl Theory
T>100 GeV
K ” V5 =5,7,8,13 TeV
10° & Ry LHC pp Vs = 13 TeV
o~ B BEl Data 32- 139!
5 L dijets 'T:
10 E PT >100°Gev252 !
n LHC pp Vs =8 TeV
10* F Oy i A Data 20.2 — 20.3 b~ -
: O ]
il pr > * i
103 E EX> E SS-G;Y LHC PP VE =7 TeV -
3 125 GeV 100 GeV AO 3
: O o BB Data 45-49b! :
_ A -
10° £ e
: A
- nj=2
10! F A v
E nj23 W,y
N (o)
1 F z?l:l O v gt J
: A tEZD O =
B Hotr  Howw*  (x05 WWZ tot. Wi -
u (x0.5) 1 A -
(x0.25) fEw: A <02) A
107t “ © .
; Cr A H—-ZZ* Q n A ;
2 : H— yy Hn—) T Zjj n . | :
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Top quark pair production

» Top quark discovered 1995 at the Tevatron

> Heaviest quark in the SM N oud | Cs ey T |
. ind e ;O full hadronic
. . o i | .
» decays before it can hadronize = 2 By O semileptonic
. . Jets T Tivi. £5 @ dileptonic
» almost exclusively into Wb v o =iri e a
Jet + -

Out v e + jets ee ey:etiy 8 3

b / ‘ T, : g 3 =

\ /"HOW{? Vi . U + Jets el HH: PUT v @ 3

= T + jets eT YT TT:

o 9 9 e > O O O gz s e s 1T unstable

p +0_)_ e + jets ee ey ok

A = pess B experimontaiy

Jet

» Has become a “standard candle” at the LHC
Jet

Jet 18



Top quark pair production

» Top quark discovered 1995 at the Tevatron
"alljets” ~46%

» Heaviest quark in the SM

» decays before it can hadronize 159
Tt+jets 0

» almost exclusively into Wb

%o
i 12/°/é’
e Zyol
%o
V&&e 62'\"/0

er o+iats 15%
"dileptons” — 99 "lepton+jets” ~45%

utjets 15%

» Has become a “standard candle” at the LHC

19



Top pair production cross section
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| lepton
‘ Dl-leptonlc ‘ T’leutrinO '3' [ I | | | | | | | I | | | I | | | | | | | | | I | —
| ' X O — v Tevatron combined 1.96 TeV (L < 8.8 fb™) _ —
— — ¢ ATLAS combined dilepton, l+jets* 5.02 TeV (L=257pb") ~ ATLAS+CMS Preliminary -
| g : : /(i._ll\_/IL%cS:Oan%n_cla_g\?uLlﬂzté fSbQZ TeV (L=27.4-302 pb ) LHCTO,D WG June 2022 :
\ ! -+ v ENCS ceom7b|Tng\<§ (Ié 75 %gv) (L= 5fb ") LHCtopWG
. - - * 0 —_
) b-jet 3 = ATLAS ey 8TeV (L=2021b) P
= -4 | 3 3| e CMS eu 8 TeV (L= 19.71b ) .
tri \ n 107 ATLAS ep 13 Te (”361f Y A= LHCIopWG -
REULTING — n Z .3 CMS ep 13 Tev (L= 359fb$)) | -
s O L 9/3 TeV (L=3591b") _
/ O _ A cMS I+Jets 13 TeV (|_ =137 fo ) i ]
ﬂ‘ 14— O CMS all-jets* 13 TeV (L = 2,53 fb™), : :
O — 4 ATLAS alljets 13 TeV (L =36.1fb ) 900F 1
l ep ton > * Preliminary i ]
w1 02 — i 1—
| = — 800‘ 1 4
| O — : 1 5
l C B S [~ - ]
o — 700 - 1 -
/B NNLO+NNLL (pp) _
B ——— NNLO+NNLL (pp) N
, L , | 10 Czakon, Fiedler, Mitov, PRL 110(2013) 252004 13 Vs[Tev] |
- precise determination of cross section | =7 NNPDF3.0,m__ = 1725 GeV, (M) = 0.118 £ 0.001 =
— /| T T T ° A S NN T TR SN NN SN T SN NN SR S R
- ey channel very clean 2 4 6 8 10 19 14
- excellent signal to background ratio | Vs [TeV]

- lower stats (4%)
» Excellent agreement between measurement and

NNLO+NNLL prediction
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Top pair production cross section

~ Semi-leptonic

llght]@t | 'E‘ m—_ T T T | T T | | T | T | T T I | T I T | T T T =
| | C v T bined 1.96 TeV (L < 8.8 fiy’’ . -
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l g : : g‘IML%CS:Oéan?n'?'Cej\? L|+]2t% fSbQZ TeV (L =27.4-302 pb™) LHCTO,D WG June 2022 :
| O e CMSeyp 7TeV(L 51b7)
O — v LHC combmed ew7 TeV (L 5fb) LHCtop WG —
| o m ATLASeu8TeV L 20. fp
b 3| e CMSen8TeV L—19
10° v LHC combined” ?}J.BTGV go fo”) LHCtopWG
n — @ ATLASep 13 TeV (L 361fp
8 v CMSeu13TeVij“359fb _
] s ~ O ATLAS l+jets 13 TeV (L=1391p) |
| neutrino & - lf CMS E—];’[Jset133%eve(L( 137be B i
| d -1i Q. A\ (1l = T ) -
~ - ATLAS all- jets 13 Te 900F
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@ 10°E :
| - = 800
| lepton S - _
| - B :
— u 700
b-jet ==== NNLO+NNLL (pp) -
B === NNLO+NNLL (pp) e
\\ 10 Czakon, Fiedler, Mitov, PRL 110(2013) 252004 13 Vs[Tev]
- best compromise between statistics (30%) = NNPDF3.0, m__ = 172.5 GeV, ay(M,) = 0.118 + 0.001 =
. . | — /| T TR N NN TN SR N N SN N A NN T SR SR R S S
and signal to background ratio > 4 B g 10 12 14
(s [TeV]
» Excellent agreement between measurement and

NNLO+NNLL prediction N



Top pair production cross section

— —

- Fully hadronic

1 'E‘ — I | | I I I | | I | : | I | | | | | | | I | | | —
| C v T bined 1.96 TeV (L < 8.8 fb L -
light jet £ - . ATLAS Combined dlleptonel+1(ets<5 02 Tev (L=257pb) ATLAS+CMS Preliminary —
H - : : g_lr\_/ILSAcS:0énb|7n_?_cei\? L|+]2t% f5qu TeV (L =27.4-302 pb™) LHCtO,DWG June 2022 :
lioht i | O e CMSeu 7TeV(L 5 )

1g t]et 6 — v LHC combmed en7TeV(L=5fb") LHCtop WG ]

> = ATLAS ey 8TeV (L 202fp1)

7 3| e CMSen8TeV (L=19.7 10 )
10° v LHC combined” ¢ 8T V(L Ofb ) LHCtopWG =
N — m ATLAS eu13Te 6 fp =
: n — v CMSeu 13TeV(L 3 91b -
b-]et o — 4 CMS r+e/u13TeV (L= 359fb) —
5 ~ O ATLAS lyjets 13 TeV (L = 139 fp . -
light jet | 1 " 5 CMSalljets” 13 TeV (L= 253167, | 1 / ] -
O — 4 ATLASalljets 13 TeV (L =36.11b") |_ 900F 17
2 5 Prellmmary i il
o 10°F 3 13
: : - — 800 4 3
light jet S - ; ] =
- _ : ] —
T = 700F 1 4
| mmmmm NNLO+NNLL (pp) l
b-jet B ——— NNLO+NNLL (pp) N
| 10 Czakon, Fiedler, Mitov, PRL 110(2013) 252004 13 Vs[Tev] |
= NNPDF3.0, m = 172.5 GeV, ay(M_) = 0.118 + 0.001 -
) lar eSt StatS 50% — /| A L | | I | | | | | L | 1 I | | I | L | 1 I L
g (50%) > 4 6 8 10 12 14

- but larger multi-jet background and | \s [TeV]

- large combinatorics
» Excellent agreement between measurement and

NNLO+NNLL prediction ,



Hot of the press: First Run3 results
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» CMS and ATLAS released first results of ttbar cross sections measurements with first Run3
data (1.2 to 11 fb-1) in the di-lepton channel

Inclusive tt cross section [pD]

—
-
W

—
-
N

10

®© 6 [ » H 4 « ++ & < —

| | | | | | | | | | | | | | | I |
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1000F
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800F
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s NNLO+NNLL, PDF4LHC21 (pp)
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http://cds.cern.ch/record/2854834/files/ATLAS-CONF-2023-006.pdf
https://arxiv.org/abs/2303.10680

Measuring the top quark mass
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» All channels have been used to measure the top
quark mass

» Semi-leptonic channel often yielding best results

- CMS Preliminary l+jets, 35.9 fb™, (13 TeV)
- mmttcorrect '  mmSindglet =
o D 40000~ Emffcomect | mmoinglet
dX1ITUIT) Q) - [ tt unmatched I Z+jets .
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o 30000F 7 E
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Most precise measurement: 171.77 = 0.38 GeV
(including 0.04 GeV statistical uncertainty)
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dingle top quark production
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» Much rarer process compared to pair production (~ factor 3 lower at 13TeV)

» Three main production modes

q q g
| | | | | | | |
— ATLAS Preliminary June 2023
Y : 4%
Single top-quark production
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-014/

Going to rarer and rarer SM processes

Standard Model Total Production Cross Section Measurements Status: February 2022
— 11 500ﬁb_1
Q 07 ks ATLAS Preliminary
— Theory
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Mutti-boson production

» SM predicts self-interaction of q q
vector bosons )
f
» without a light Higgs boson: v v
scattering of longitudinal ‘ ;
polarized W bosons would v v
violate unitarity !
q q
0
|4 |4 i 4 V
R R e
O - D
% vV Vv v by vV Vv %
i
gauge structure of the y electroweak symmetry

Standard Model breaking 27



[Phys. Lett. B 809 (2020) 135710]
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» Signal selection

> 2 jets with large separation large Observed (expected) significance of 5.5 (5.7) sigma

invariant mass - CEMS = wsoew'gsTey  CMS —~~ ssem'(aTey)
0O - e Data 0 150 -e-Data .
~ I EW WW ] ~ B EW WW -
» 2 leptons, same charge 01901 mWz 1 o mwz -

GCJ - (l\;o:prompt C]C) ! B (I\)Ii):prompt
. thers . ers i
» reduces Z+jets background T 100 [ Negune ] T00 K\ \Bkg.une. -

» charge mis-ID is a challenge ' NN
50 MR _ 50 _
SHBIFANNANN NN

) M E T \\\\\\\$\\\\\\\ $ - % \\\\\\\\\\\\\\\i\\\\\\\\\\\\\\i

%OOI - 1500 2000 o 200 Ill 400 - 60C
» Backgrounds m; (GeV) m, (GeV)
» WZ with one lepton lost 3 lepton CR Signal populates
> lepton fakes - estimated from data high mj; region
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http://dx.doi.org/10.1016/j.physletb.2020.135710

LL production EWK =
> Signal selection QCD j: E
» 2 jets with large separation large invariant mass q e
> 4 leptons same-sign opposite flavor
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https://arxiv.org/abs/2004.10612

significances

» How likely is the excess produced by a statistical fluctuation of the background?

» Different ways of estimating this, with various approximations

» Translate probability into standard deviations CMS__ 3598"(13Tev)
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A word on global SM fits

» The fine structure constant: From these can calculate mw

» 1/ = 137.035999084 (21)

the weak mixing angle sin?6w

2
. m
determined from the quantum Hall effect sm26 =]
or the anomalous magnetic moment of the electron W m2
Z
» The Fermi constant: . O
m_ sin-6, =
» GF =1.166 3787 x 10> GeV-2 ‘/ZGF

measured from the muon lifetime

» The Z boson mass ‘ .
We haven’t discussed the Higgs yet,

» my = 91.1876 = 0.0021 GeV but lets assume it exists!

measured at LEP

31



A word on global SM fits

» Top, W, Higgs mass are related through higher order corrections

H

X mt bt

log S

» Idea of electroweak fits:
» measure many different observables
» calculate the relations between all observables
» measure redundant observables => probe consistency of Standard Model

» predict observables => Higgs mass before the discovery!
32



otandard Model fits before the Higgs discovery: 2012
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https://arxiv.org/pdf/1107.0975.pdf

Predicting

the top and W mass
from SM parameter
measurements
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otandard Model fits before the Higgs discovery: 2012
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https://arxiv.org/pdf/1107.0975.pdf

Predicting

the top and W mass
from SM parameter
measurements

including Higgs
search results
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Gfitter 2012: https://arxiv.org/pdf/1107.0975.pdf

otandard Model fits before the Higgs discovery: 2012
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» Predicting the Higgs mass my = 95 +30 3 GeV
including top and W mass measurements
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Next Lecture

Measure

| | Search for the

Standard Model| | Higgs boson

|
|
, i

“and measure it’s
| | properties

Large Hadron Collider

36

- parameters with
high precision
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» https://upload.wikimedia.org/wikipedia/commons/7/75/
Standard_Model Feynman_Diagram_Vertices.png
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