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The Standard Model is...

One of the most predictive,
precisely tested theories of nature in
human history



The Standard Model is.
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human history reasons to believe it's incomplete



If there is physics beyond the SM, how can we find
it at the LHC?
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1. Directly search for new patrticles (see lectures April 26 - May 3)

Measure properties and interactions of known particles, to find where the
Standard Model falls apart



“Standard Model” encompasses many areas...

Electroweak sector (this lecture)

Properties and interactions of W, Z, y

- Are SM/EWK parameters self-consistent”?
(Precision measurements of particle
properties + SM parameters)

- Are SM/EWK interactions self-consistent?
(Rates/cross sections & anomalous
couplings)

QCD

Interactions of gluons and quarks - see lecture on
March 8

If time today - W/Z as tools to study QCD

/ Flavor and top physics\

Properties and interactions of
top, bottom, and other heavy
quarks or leptons

See lectures March 27- April 3

Higgs physics \

Properties and interactions of the
Higgs boson

Qﬁ lectures April 5-17 /
)




...though EWK gauge bosons connect to many of
them

Electroweak sector (this lecture) ( Flavor and top thS'CS\

Properties and interactions of W, Z, y

Are SM/EWK parameters self-consistent?
(Precision measurements of particle
properties + SM parameters) W/Z/y mediate weak

@actions of quarks & Iepty
Are SM/EWK interactions self-consistent?

(Rates/cross sections & anomalous

couplings
plings) Higgs physics x

QCD

[« W/Z are given
7/ mass by the

” Higgs
mechanism

j

W/Z/y can be
produced by quark or
quark+gluon
interactions
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The tools: Large Hadron Collider at C

- proton-proton collisions at
7/8 TeV (Run 1), 13 TeV
(Run2), 13.6 TeV (Run3)

- SM-Electroweak mainly
studied at the large
general-purpose detectors
CMS and ATLAS

- Also at LHCb in the
forward direction




The players: W, Z, vy

mass -
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spin =
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electron
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strange
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=173.07 GeV/c? 0 =126 GeV/c?
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Higgs

top boggn
=4.18 GeV/c?
13 b x - W and Z: heavy unstable
- « particles

bottom photon

1.777 GeV/c?

91.2 GeV/c?

2

Z boson

- quickly decay into quarks
or leptons that are
measured in the LHC

=0 detectors

<15.5 MeV/c? 80.4 GeV/c?

0 +1 }
- &\ | * Photons: massless
t articles, directly detected
neu?rlijno W boson P g y

by energy deposits in the
LHC calorimeters



W and £ decays, by the numbers

(~67-70%), W and Z
bosons decay into quarks/
hadrons

q, Ve
Most of the time . WW\A< -
1% P e ZMA<
L ) 8 g, v

Followed by decays to

neutrinos for the Z ® ov ® o
o o
TT

High rate, but also low ® hadrons @ hadrons

. . o
experimental resolution,

high background
Decays with muons and electrons
Low rate, but lowest background/cleanest signals

Taus: Can be reconstructed via either decays to e/y, or to hadrons



Leptonic £ reconstruction

CMS Experiment at LHC, CERN

C Data recorded: Tue Oct 26 17:37:14 2010 CEST
Run/Event: 149011 / 658434222 e
CMS Experiment at LHC, CERN
N Y C Data recorded: Sun Aug 29 21:05:37 2010 CEST
1 | ¥ Rungvent: 144112 / 634441202

Lu ction: 563
\ Orbrossing: 147480680 / 481

Z—II: One of the cleanest signatures at a hadron collider

Opposite charge high-pt muons or electrons, with invariant mass near the Z mass (~91

GeV)

Lepton isolation (require leptons separated from other tracks/calorimeter deposits):
Suppress “fake” backgrounds from QCD/misidentified hadrons, light meson decays-in-filght

Suppress “non-prompt” leptons from decays of heavy flavor bottom/charm quarks



Leptonic W reconstruction

W-/v: high-pr isolated muon or electron, with “missing transverse
energy” inferred from sum of all particles from the collision vertex

“Missing ET” - Presence of undetected
CMS, | gMs Expermen: ufe cern neutrino => no clear invariant

Data recorded: Fri.Sep 24 09:04¢852010 CEST
~/\| Run/Event: 146514(/5539240623

mass peak, so rely on other
variables
| .
] JL 18 - Lepton pr

7,0 i
; - Missing Eror pr
|

_& - “Transverse mass”, using angle
. between lepton and missing

T energy/momentum

mr = \/ 2 pf} p?iss coSAQ

11



Leptonic W and Z signals

Huge samples of W’s and Z’s produced via
q/qbar interactions

Even in the low branching-fraction leptonic
decays

In 150fb-1 at 13 TeV, expect:
~3B W—=Iv events produced
~300M Z—/l events produced

Very high signal/background, especially in
Z- 1l

«10° 59.76 fo' (2018, 13 TeV)
———————
- —— Data -
. _ CMS Z/y->pn
- Preliminary B Background
~ Corrected

u/d —

F >AWZ :
u/d ]

SZopp

e reconstruction ..
A N E R R oy
O R ]
= ]
(\U ; 00000 00000 00000, ,0000000000000000s00000000essule -“M‘QN”N‘*#”——”%
J P S ]
D C ! I !
85 a0 95 100
m,, (GeV)
%10° 43 pb™ (13 TeV)
> L L AL ]
8 CMS preliminary |
o
P L +da}a .
> ok Wy
%) B EWK+tt
o - @m QCD -
> | _
{m
L u 1
51 >WWW+
L d ]
v, "o, i
03 )
© . T
9 0.1 | ﬂ
o 3+ . bl
(Iﬁ ‘(-U' 0.0 ++Jr'l v““ ‘.‘m¢¢+’#+++ Jf++ II y
3 O 0.1 RN
—0-25 50 100 150



—lectroweak physics:
Precision measurements of SM parameters
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Precision SM measurements

, Disagreement (# of standard
Is the Standard Model self-consistent? deviations) from the SM

0.1
| o
BEY,
|10
|09
| 02
|-20
|07
| 09
|25

Measure many observables closely related to SM n|
parameters, then check if SM can fit all the data el

A (LEP)
A(SLD) |

Electroweak sector traditionally the domain of ete- soria) |
colliders: LEP@CERN, SLC@SLAC ae|

AO,b

FB |

Hadron colliders unique for top, Higgs inputs (see Rl o

upcoming lectures) won| =5

But LHC also produces enormous numbers of |

b| 1 . |-0.0

W,Z bosons => in some cases, can also do ml @ |oa

I
precision EWK measurements .
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https://arxiv.org/pdf/1107.0975.pdf

Precision SM measurements: W mass

Basic approach: Generate many Monte Carlo “templates” simulated with different
W-mass values

Fit to the data, to determine which mass best describes reality

Requires extremely precise control of systematics

Experimental aspects

o %3500f Tﬂ%
Precision of lepton momentum/energy measurement ¢ ¢ B
3000 1
T hi @)
. . . C U
Control of missing Er reconstruction 2500 u
2000} o
Theory/model aspects I &
C o
- N
At 1000 S
Uncertainties due to PDFs :
500 r
: : 17 : ” o - ; i (@)
Uncertainties due to “underlying event” activity opmeetl L1 . s S
produced together with the W Traneverse Hass [Ge¥l

Use comparisons to well-reconstructed Z samples to
control (some of) these

15



Precision SM measurements: W mass

> X103 T T T T > X103 T T T T
8 ATLAS - Data 3 & ATLAS - Data =
o (s=7TeV, 4.1fb" mW- v 3 o Vs=7TeV, 411" WEW-uv E
o [C1Background _3 o [C1Background
— ¥2/dof =20/39 3 - ¥2/dof =29/39 3
@ ER E | T
5 R E em
(@ N = ATLAS w
E = Stat. Uncertainty
— Full Uncertainty
o 1.02F ; o 1.02E :
O I e Wt S W T o 101 + ool
o g§-44+++|—+'1='"++|—|-+++4-++ﬂ-++*++ i +‘|‘_1_£ a 9§E++++""L+++ e ""'+-|-++++TT‘!' i+|+§ LEP Comb Vv
S 0.98E 4 & 098k LT H omb. @-30376+33 Me
S 30 3 34 36 38 40 42 44 46 48 50 S 30 32 34 36 38 40 42 44 46 48 50
Pl [GeV] P [GeV]
. 7+16 MeV
@ ®) Tevatron Comb ® 80387+16 Me
- o : — s 0 : : . LEP+Tevatron @-80385:15 MeV
8 ATLAS -e-Data 3 8 140F- ATLAS -e-Data =
(s=7TeV,4.1fo" WW— utv 3 E Vs=7TeV,4.1 10" WEW - uv 3
@ [JBackground _3 & 120 []Background
£ ldof =57/59 £ 100 seldof =48/59 3 ATLAS Py 80370+19 MeV
i ERT E
E 3 Electroweak Fit 80356+8 MeV
= E | | | |
- R o T 80320 80340 80360 80380 80400 80420
£ 1-°]E+++++ sttt vttt T LT & 1'0@“"+++*“++++'r+++r+++++++++ by gttt L
5 M L O i m,, [MeV]
S 60 70 80 ) 100 110 20 8 60 70 80 20 100 110 120
m; [GeV] m; [GeV]
© (d)

- First LHC measurement at 7 TeV, using lepton pt and Mr distributions
- Split in many bins of charge, n
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https://inspirehep.net/literature/1510564

Precision SM measurements: more W mass

Events per GeV™!

Data/fit

6 - -
e Even LHCb (dedicated experiment
1so fitregion | g fitregion designed for B-physics) can measure
v - the W mass at forward rapidities
100 7
— uu
- W — v o )
—— Total uncertainty
50 - nght hadrons ! == Stat. uncertainty
- Rare backgrounds | ALEPH e
0 . . orat B
Lar Model uncertainty ! b cor e
12r ———ty L]
1 prosetastomtsecteree PORESSSS o S A e . Do "
08¢ ATLAS | J e
06¢t : : | LHCb 1.7 fb" el
-004 -003 -002 -001 0 001 002 003 004 pleeronesk | | |
Muon ¢/py [1/GeV] 80100 80150 80200 80250 80300 80350 80400 80450 80500
my, [MeV]

[Ref]
LHC results consistent with, and approaching precision of, best previous measurements

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

LHCb |y = 80354 = 2344t % 10exp & 17sheory + 9ppr MeV)|

Ultimate LHC goal: uncertainties <10 MeV
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https://arxiv.org/pdf/2109.01113.pdf

Precision SM measurements: weak mixing angle

Weak mixing angle sin?Ber

Enters in ff—Z—/+ production
via vector-axial interference

The two most precise
measurements at e+e- colliders
are marginally consistent

Can be measured from “forward-
backward” asymmetry of leptons

Count number of positively
charged leptons along the inferred
quark vs. the anti-quark direction

T I T I I T
LEP + SLD e 0.23153 = 0.00016
LEP + SLD: Ay —o— 0.23221 + 0.00029
SLD: A, —0— 0.23098 + 0.00026
0.23 0.231 0.232 0.233
. 20!
SIN"Oy [Ref]
1 | I
1.2 < |yl =1.6 I
“forward"
-+.. |
F q q
0 " 1yl A |+
l g
-
« b I S T | I"‘
backward
_+__+_,+¢.~¢+_+__+__ q q
70 90 110 |

m(ll) 18


https://arxiv.org/pdf/1806.00863.pdf

Precision SM measurements: weak mixing angle

- Afb measured in many bins of invariant mass and

18 8 fb (8 TeV) 19.6 fb™' (8 TeV)
[} ] %) +Data % ——Data
0] [0} Z/y —ee
ra | I ~ K ~ -Z,/ Yy =TT
» mm Dibosons » mm Dibosons
£ B Jets b= . Jets
o mmtt, single t ) mm tt, single t
> b >
L [¥E}
n n
- Fit for best value of sinBes
Q Q L ‘ ‘ ‘ ‘ ‘ i
1.1 ¢
= = T
_.g 1 iy ] 177744 : RAFS Aryvasve r .
S 09 paw MC (stat) _MC (stat @'sys) 3 0-9E o Data 7 MC (stat) i MC (Stat @sy8)

70 100 110 120 60 70 80 90 100 110 120

LHC measurements not yet the most precise, e oV

- e m 18.8 b (8 TeV) . 19.6 fb' (8 TeV)
% CEcms " Dad % “Fcms " ~Data
ut becoming competitive 3 =1 §
< 08<ly I<12 / < 5L 08<ly_ <12 EmZ/y =T
» e mm Dibosons » ee BN mm Dibosons
= B Jets € mm Jets
q:) mm i, single t S i ti, single t
> >
m m
T T T .
LEP + SLD —— 0.23153 £ 0.00016
LEP + SLD: A,‘Z;’ —O— 0.23221 £ 0.00029
B N Q . ‘ ‘ ‘ ‘ IVE R © I ]
SLD:A, —0— 0.23098 + 0.00026 = , o=
R . | ] P 1 RIS P 1
CDF ee+uu 9.4 fb —— 0.23221 + 0.00046 8 0.9 “<“Data MC (stat) mmi MC (stat @ sys) 8 0.9k pata NIC (stat) il MC (stat @'sys) ¢ t
- | 60 70 80 90 100 110 120 60 70 80 90 100 110 120
DO ee+up 9.7 fb”’ — 0.23095 + 0.00040 m,, (GeV) Mg, (GeV)
B 7 18.8 fb” (8 TeV 19.6 fb™' (8 TeV)
ATLASee+uu4.8fb" . 0.23080 + 0.00120 > :““““‘“““““““(“‘e‘) > ““““‘“““““““(‘“e‘)
| n 8 o CMS *33‘17% e 8 108 CMS *5’7‘3_)96
100 g o0 — vene —
LHCb pup 3 b’ - 0.23142 £ 0.00106 PUE AL ) =§"/E’gs°"? P ARG =51>3son§“
B R e §104? . .'..=tf?§inglel q:_)
CMS uu 188 fb e 0.23125 £ 0.00060 @ E. @
- — 10°
CMS ee 196 fb” L 0.23056 + 0.00086 25
| | 10
CMS ee+up o 0.23101 + 0.00053 10
1 L | | "
0.23 0.231 0.232 0.233
Q E Q f NE|
. 1 s 1.15 s 14
Slnzeeﬁ E 1 5\5 1 A
S 0.9 ——Data MC (stat) i MC (stat @ sys) 8 iDaia MC (staf) _MC (s!at @sys) ;
100 110 120 60 70 80 90 100 110 120
« (GeV) Mee (GeV)

sin? 6%, = 0.23101 + 0.00036 (stat) = 0.00018 (syst) == 0.00016 (theo) + 0.00031 (PDF)
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Global SM fits: impact of precision measurements

M,, [GeV]

80-5 I l I I I [ | [ I I I I I I
[ 68% and 95% CL contours
I direct M, and sin®(6'}) measurements
"I fitw/o M, sin?(6' ) and Z widths meagurements
80.45 — fit wio M, sin®(6.) and M measurements
>~ fit w/o M,,, sinz(ﬂfeﬂ), ,and Z widths measurements

80.4

/

80.35

IIII|II

sin?(6f ) = 0.23153
eff
+ 0.00016

II|llll|llll

M,, =80.379 = 0.013 GeV

fitter

sM

llll|l|

80.3 '

0.231

[Ref]

sin®(6.,)

In green: the direct
measurements of only
Sin?0efrand Mw

In blue: SM fit prediction,
with all other data except
Sin20q¢ or Mw (or I'2)
measurements

Will green/blue eventually
overlap (=SM is consistent),
or diverge (=breakdown of
SM)?

TBD with more data/higher
precision measurements
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https://inspirehep.net/files/8bd7c3b4a76cea240d0b8c2e1584710a

A surprise from across the Atlantic & Lake
Michigan

}

U R e - In 2022 the CDF experiment released
: “ the final W-mass measurement from pp
s l RL collisions at the Fermilab Tevatron

Events / 0.25 GeV
S
SN
LL-IR
T

80.50 LA L Y I L L L ) L

[R eﬂ r Experimental unc. 68% CL

SM E oo e Light supersymmetry |
DO | 80478 + 83 —_—

Results are the most precise to date | w«:» — ]
far from the SM fit expectation, and |- =0 » —— f O |

OPAL 80415 + 52

far from the most precise previous |« s —— i

M,, [GeV]
|

DO Il 80376 + 23

experiments srixs oo < 1o

CDF Il 80433 + 9

| | |
79900 80000 80100 80200 80300 80400 80500 80.35
W boson mass (MeV/c?)

171 172 173 174 175 176 177 178
m, [GeV]

[My = 80,433.5+ 6.4zt * 695t = 80,4335+ 9.4 MeV/c?]

All eyes on the LHC now to confirm (or
not) this unexpected result
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https://inspirehep.net/literature/2064224

—lectroweak physics:
cross sections and gauge boson couplings

22



Rates of Standard Model processes and
electroweak couplings

Another way to test the
Standard Model:

Do W/Z/y’s interact with
each other as predicted by
the Standard Model?

In other words - does : $ Data |
LHC measure cross S e prediction
sections involving gauge
boson interactions at the

rates expected from the

o - Legacy of the LEP e+e- collider: existence of
SM charged triple gauge (WWZ/WWyYy) couplings
established

Especially interesting to look
in the high-energy tails of *  LHC: increase in energy from ~0.2 TeV to ~13/14

distributions TeV!




Gauge boson self-interactions

Reminder: The SM precisely predicts
the strength of EWK gauge boson
interactions

True triple and quartic couplings
involving W-pairs are predicted to
occur

True neutral triple and quartic
couplings (with all Z’s or all y’s) are
forbidden

Processes can occur through
higher-order (loop/box) diagrams at
very low rates

w* W'\
\\>\/\H\«'{ ‘>\MN« 2
“"\<7 w.:l_><z‘
W /JJI Y W 1
W’><E’ w><w‘
w " Z W W

[Ref]
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Triple gauge couplings: different views

Processes sensitive to WWZ couplings
Usually more than 1 way to

probe each coupling |
{,W
Different experimental LHWW , o
systematics, backgrounds, . | ™
otc (diboson production) Uy
Study all of them to get A
a complete picture W->WZ //
(diboson production) ) S
§
W'.ﬁ
WW—/ 1&\
AN
(vector-boson fusion) sl
>




“Anomalous” gauge couplings

| Experimental Emax
Differences (or not) from the .

SM can be quantified with

“anomalous gauge couplings” o _ BSM physics
o “‘ .'0‘
% ”’ “‘
Mostly model- O : 3 o
: . 7] “Anomalous = N .
iIndependent/agnostic ? coupling” "
about details of new S measurement ;
physics

Modern interpretation SM

prediction

Assume new physics
occurs at energies too Energy
high to directly produce

new particles at the LHC

Anomalous couplings are “fingerprints” of beyond-SM physics at lower
energies from off-shell or loop-level effects
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Anomalous couplings and indirect searches

Classic example: beta decay —
of neutrons

electron

antineutrino 7,

Discovered in 1899

M = Gg(T,T'u )@ I'u)

Apparent “Anomalous
quartic coupling” of npev . -
in original Fermi theory a. Fermi's 4-point Interaction, 1934  b.Weak Interaction mediat “ )

ref: Wikipedial

Higher energies (better microscope) were needed to allow direct observation of
the “mediator” particle responsible

W-boson finally directly detected at CERN in 1983

Indirect searches/anomalous couplings sometimes point to new physics
long before direct detection of new particles .



Triple gauge couplings: anatomy of a LHC analysis

Measure cross section
or # of events,

|deally in several
bins (of pT, mass,
energy... depending
on the final state)

Events / bin

10*

10°

= ATLAS —e— Data
| Vs=8Tev,203f0" | o ackaround N
= —— Ag7=0.6
N —— Ak?=0.2 . .
_L= . —— 17=02 - Hypothetical signals
= Ak'=0.2 = .
= ¥ =02 7 with BSM anomalous
5 Do L couplings
—
f e SMbECKgTOUNG
= A prediction
| N N I Y I | | 111 | IIIIIIII | IIIIIII | L1 11 | L1 11 | L1 11
100 200 300 Moo 700 800 900 10(%\
ple [GeV] Background

Data

Compare bulk of distribution to SM prediction+backgrounds

Quantify any deviations in the high energy tails

(Ref]
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https://arxiv.org/pdf/1603.01702.pdf

Triple gauge couplings with WW production

Measure cross sections for events with 2
leptons + missing Et

High statistics
Fairly low backgrounds from top quark
production, QCD fakes - estimated from

data control samples and simulation

(Even the Higgs could be considered
a background herel)

19.4 b (8 TeV)

Events / (5 GeV)

< Data BmWZ/ZZ/NVNV
Ww Top quark
mHiggs boson gDY
W+jets
0-jet
ete’/utu/e’u/e nt

A

—

MC/data

20 40 60 80 100 120 140 160 180 200

Pl (GeV)

Overall, cross sections as a function of pr agree with the Standard Model

(Run 1 data shown)

Reminder: WWy and WWZ couplings are allowed in the SM, and are

Included the cross section prediction
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Triple gauge couplings with WW production (ll)

Events / (75 GeV)

CMS 19.4 fb™' (8 TeV)
T T T T T T T T T T | T T T T T T T T | T T T T T T
10°F | | oData Top quark] 3 .
- WW BDY 3
= ‘ BWZ/ZZ/NVV W+jets
103 —_— CW/A2 =20 TeV'2 -
E ——— = = Cppw/A? =20 TeV )
B — —-—-Cg/A*=55TeV?® ]
2| —N |
1 0 E — e — /
- \ - — =
i L ==  __ .
| Ql\
10 S sty
1 1 | 1 1 1 1 | 1 1 1 1 l 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1
100 200 300 400 500 600
m,, (GeV)
-1
e M 1941078 V)
'> p— Observed 68% CL 4 Best Fit 7
li-) 20 - — - Observed 95% CL  {) Standard Model -
~ [ —— Expected 68% CL °
N< 15 é — - Expected 95% CL =
\; -
(&)

Anomalous couplings?

Plot my and zoom on the high-
mass tails

No sign of excess, data agrees
with the SM

Convert into upper limits on
anomalous coupling parameters

One-by-one, or for several
couplings in a 2-d space
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Events / bin

// and triple gauge couplings production

—
o

w
I

10

10

CMS,

137 b (13 TeV)
I I I I | :

—e— Data

AV

.......

[ laqa—zzzy
B 99 - 72,2y —
B zz - 2jets EW ]

Golden signature: 4 leptons, with 2
pairs compatible with a Z0) (either ete-,

U*u)

Very little background, especially at
high mass

Cross sections compatible with SM at
lower mzz

No sign of BSM couplings at large mzz

Reminder: no direct ZZZ or y//
couplings in the SM, prediction comes
from g-glar interactions
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Summary of TGCs

' CMS
Sep 2020 ATLAS
- | LHC has studied man P Brvle 5 : _
LEP e Channel imi f20 = ot
WW -2.1e , 2.0e X ) e
C.. /A2 .  — WW 210401, 1.80401 361 fo"! 13 TeV
B I ° | WW -2.9e+01, 2.4e+01 19.4 fb’! 8 TeV
Mmore processes — g 24e0. eun i 13TV
} | WV (Ivij -6.4e+01, 6.9e+01 4.6 fo 7 TeV
; ’ WY (v 90101, 2.0010] A
P -1.9e+01, 2.0e 20.2 e
"y — WV (ivJ -1.4e+01, 1.7e+01 19 fb'P 8 TeV
sensitive 1o S == iEdign o W
: — : 902 Re 01 Seror] e
2 -1.6e+01, 1.5e 46fb 7 Te
/A — -1.2e+01, 9.0e+00 5.0 fo’! 7TeV
waw  Er—— -1.5e+01, 1.4e+01 4.6 fb" 7 TeV
— -4.6e+00, 4.6e+00 20.3 fb’! 8 TeV
H -3.4e+00, 3.3e+00 36.1 fy” 13 Tev
— -1.2e+01, 1.2e+01 491 7 TeV
e -5.7e+00, 5.9e+00 19.4 fb’! 8 TeV
H -1.8e+00, 1.8e+00 36.1 " 13 TeV
— -1.1e+01, 1.1e+01 46 fo m\q.
o H -3.3e+00, 3.2e+00 336 fb’! ,13 TeV
— -4.6e+00, 4.2e+00 19.6 fb’] 8TeVv
H -2.0e+00, 2.1e+00 359 fy" 13 TeV
— -9.5e+00, 9.6e+00! 4.6fb 7 TeV
. . — -5.3e+00, 5.3e+00 20.2 b 8 TeV
H -3.1e+00, 3.1e+00 20.2 fy" 8TeV
consistent wi =y SR
— -2.7e+00, 2.7e+00 19fb" 8 TeV
15l wWv -1.6e+00, 1.6e+00 35.9 fb’! 13 TeV
. . I i -3.6e+01, 3.2e+01 20.3 fb’! 8TeV
— EW qqW -1.3e+01, 9.0e+00! 20.2 fb’ 8 TeV
re I C I O n S H EW qqW,qqZ -2.3e+00, 2.5e+00 359 " 13 TeV
e PoSene,  [Sisid0 Liesss B9%  goereV
omb. -1.4e+01, 4.1e .7 fb° .
> — WW -9.4e+00, 1.3e+01 91175 tfg" 7V
Cw /A — WW _5.96+00. 1.1e+01 203 fb! 8TeV
— WWWW -%.ge+8(1). g.%eﬁ 36.1 fq" ;31_ T\e/V
P -2.3e+01, 2.3e 491fb e
—o— WW -1.1e+01, 5.4e+00 199.4 fb’! 8 TeV
H wWw -3.6e+00, 2.8e+00 36.1 iy 13 TeV
—_ wz -1.4e+01, 2.2e+01 4.6fb i T8\%
Wz -3.6e+00, 7.3e+00 336 fb’! ,13 TeV
° WZ -4.2e+00, 8.0e+00 19.6 fb” 8 TeV
Wz -4.1e+00, 1.1e+00 359 fy"! 13 TeV
e WV -1.3e+01, 1.8e+01 46 fo 7 TeV
— WV (Ivj -6.4e+00, 1.1e+01 20.2 b 8 TeV
' ' WV (v -5.1e+00, 5.8e+00 20.2 fp" 8 TeV
WV (ivJ -2.0e+00, 5.7e+00 19 b 8 TeV
) WV (ivd -2.0e+00, 2.7e+00 35.91b’] 13 Tev
| ] EW qq -3.3e+01, 3.0e+01 20.2 fb! 8 TeV
— EW qqW,qqZ -8.8e+00, 1.6e+01 35.9 fy” 13 TeV
F——e— DO Comb. -8.2e+00, 2.0e+01 8.6 fb 1.96 TeV
o7fo’ | 020TeV

p— I . - I l l l | e l ! ! | LEPComb. ,  [-1.3e+01, §.1e+00], |
(=SM prediction) 100 0 100 200
n O-t S h OWﬂ aC summary plots at: http:/cern.ch/go/8ghC aTGC Limits @95% C.L. [Tev-Z]

Charged alGCs (measured - SM

- LHC limits on new physics in TGCs now the world’s best
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From TGCs to QGCs

w? W'\'
\\>¥WT “>—\~st
W'ﬂ W'/f

Y W Y
w.><z W><W
> Z W W

Triple Gauge Couplings seem to agree
with the SM, within the current
experimental precision

WWZ and WWy measured at expected
rates

No sign of unexpected all-neutral
couplings

What about the Quartic Gauge
Couplings?

Much smaller cross sections

Much less explored before the LHC
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Quartic gauge interactions: triple-boson production

WWZ — 4 |lepton event

One way to probe quartic
couplings: look for events with
3 final-state gauge bosons

With leptonic W or Z

decays: 4, 5, or 6 leptons Candidate for WW.Z production
Very low cross sections - a few 4 leptons + missing Et
events expected with all the andvly

currently available LHC data W= v

W—=ev




Quartic gauge interactions: triple-boson production

-+ Backgrounds from top quark production, diboson CMS Supplementary 137113 7oy
production + fake/non-prompt leptons +Data  EVW 02 @iz

| \\Stat. Uncert. []Other [JtWZ [WZ |
20 |_Z + e region |

Events

- Hunt for signal in tails of transverse mass 4-leptons |
(leptons+missing Ert), or using multi-variate analyses

o 2 ) L S E
8 15—* | J l l 3
1 |
CMS 137 fb! (13 TeV) S o5 tyrn NI
£ 100 Same-sign/3 leptons 853 4/5/6 leptons Data and prediction © % 20 4060 80 100
) ] ¢ Data = stat. uncertainty ()] my [GeV]
Lﬁ N Background =+ systematics 2
Triboson signals
BWWW (= 11552
BWWZ (v, =08673)
BWZZ (v, =224775)
WZZZ (v,,=00%)
= | Bkg. in same-sign / 3 leptons
[JLost / three leptons * Sma" excesses Over
B Charge mismeasurement -
1| mwew/aw background in several
N [ JNonprompt leptons _
..................... 4| By —lepton channels - compatible
ee eu i ee ey ppnee eu it 2 1 0 A B 12 3 4 5 u o Backgrounds in 4/5/6 leptons . .
1J m;-out m;-in  # SFOS BD%*J,'mS Z+eu BDT bins 'cgb,'c!;. [0Zz [Jtwz []Other Wlth SM Slgnal!
3 3 =
Same-sign dilepton 3 leptons 4 leptons ® o Otz @Awz

[Ref]


https://inspirehep.net/literature/1802096

Quartic gauge interactions: vector-boson scattering

Scattering of 2 vector
bosons to produce 2
vector bosons

VW—-W

Spectacular signatures:

Typically 2 high energy forward-backward quark jets, in addition to 2
vector bosons
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Quartic gauge interactions: WW—-WW scattering

Intimately connected to Higgs sector and new
physics

SM cross section would grow and become unitarity
violating/unphysical at ~TeV scales, unless:

There is a Higgs boson OR other new physics

Signal appears as excess of events with large m(jj) and
mT

Fit for sum of signal and backgrounds
Now observed with >50¢ significance at the LHC

Next frontier with more data - probe W
polarization for greater sensitivity

Events / GeV

CMjSl '

137 b’ (13 TeV)
——————

0.5

T
B tvx -¢- Data
Vy 2\ Bkg. unc.
) Wrong sign WW*
I Other bkg. B EWK WZ

500

1000 1500 2000 2500 00
m; [Ge 7



Quartic gauge interactions: other VBS processes

- What about other vector-boson scattering processes?

- No anomalous wzZz-wZz
oMs _ wwlaaTey WW—»Zy
excesses : ; .

vy —¢- Data 35 9 fb 13 TeV

- [ Wrong sign N\ Bkg. unc.
0.6 [ Other bkg. B EWK WZ
mwz
Y74
[ Nonprompt N
B tvx

Events / GeV

) - CMS + Data Nonprompt
10° g

VBS Zy Other bkgd.

Ly .
Ly L 4
l acDzy  — ¥, =-0.50e- ?z»

. _

&
4

-

800 1000 1200 14007

G0
*

Wy_' Wy ‘~.."'

Events / bin

- Several processes
observed for the
first time

101
El 1 1 1 I 1 1 1

200 400 600

'
...llll“‘

ww-2Z

500 1000 1500 2000 2500
m; GV CMS 35.9fb" (13 TeV)
QMS 137 1" (13 TeV.

> |||||||||||I|||| |||J I TTTT I TTTT I TTTT I TTTT I TTTT Il
__g T “w‘;b‘aiaw”w”‘i 8 - [l aco wy .ttv [ single t
~, 10 I Z+X E ok CJEwwy  [acozy  [Oe—y |
© | my>100Gev [tz Vvz 1 & [ ¢ Data [IMisD lepton  [JVV ]
T 10° Egg:g; " Y, P A L [l MisID photon [] Double misiD
ol W EW ZZjp . "‘ S e fr /A% = 0.8x10"2 Tev* 3
0% Clfre/A=2Tev S s @ f UL
I . i . 10 4 O %o
10; n | T ; rS @‘
= u 4 E‘
1k ] . 7 1w
n n 1 227, 22000, E ]
. /////////////; -
////////////// ||
107" : [
L4 -1 ]
1072 : ’ 1.
0 200 400 600 800 1000”200 14090 200 300 400 500 600 709 800 900 1000 1100:
m,, [GewT

. 38
. My, [GgVT
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More quartic gauge interactions:
vy— WW scattering

£ 1200 _ ' ' ! ' :
-~ . —e— Data ATLAS CMS 19.7 fb™ (8 TeV)
> - [ yr-ww 1
T O it (i: 13 TeV, 139 fb s «  Data
L s ag—Ww pT >30 GeV i e O] 8 SM yy - WW
- W Otherqq initiated 3 B Diffractive WW
800 = I gs;l-ﬁ;::m ; 7 — Elastic' YY = 1T
[~ 44444 Total uncertainty c W Inelastic y = Tt (*)
600 - S 6 B EWK WWqq p p
-  «---1 ; y Ll Inclusive diboson
: [ a7 5 PY B Drell-Yan
400 — wrErEs Stat. uncert. in simulation P W+
» 4 fy 7
200 - TS -
B 3 W
. 1 2
g 14p p p™)
a 12f 1
E 1 [/ /i/ g ‘ ‘/ g ‘ ] 0 . . ! ! rrrrarrrrr |
o 08f . 0 50 100 150 200 = 250 ~ 300 ~ 350
0.6 ] 1 1 1 1 1
B m M(ue) [GeV]

Number of reconstructed tracks, M

What about processes with *initial-state* photons radiated off of protons?

Special case: usually no forward jets, infer yy production by *lack™ of other activity
besides 2 W-bosons

vy~ WW studied by CMS and ATLAS, results consistent with the SM
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Even more quartic gauge interactions:
“Light-by-light” scattering

I I T 1 I T T 1 I Ll L\l T
ATLAS

What about processes with *only* photons:
Yy vyy?

Pb+Pb s, = 5.02 TeV

Events / 0.005

-e-Data, 2.2 nb™

Very difficult in normal p-p collisions, so new sl 1y~ 1)
technigques/detectors developed z L
. yst. uncertainty

Heavy-ion collisions

Look for back-to-back photons with no other
activity

~13) (GeV

SM-like cross section measured, no new
physics seen up to ~100 GeV

62 (X10

p-p collisions with new forward proton detectors

No excesses observed from ~300 GeV to ~2
TeV -> limits on anomalous yyyy couplings

-1.5 -1.0 -0.5 0 0.5 1.0 15
& (x1071%) @ev-) 40



Putting it all together:
summary of cross sections and anomalous couplings
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Back to the original
guestion:

Does LHC measure
cross sections involving
gauge boson
Interactions at the rates
expected from the SM?

So far, yes...

- Qver almost 6 orders of
magnitude!

Production rates via gauge boson interactions

September 2020 CMS Preliminary
a  f
o} - g G 7 TeV CMS measurement (L.<5.0 fb”)
5 .8 .
— 10" @ 8 TeV CMS measurement (L < 19.6 o°) E
o) - " G 13 TeV CMS measurement (L < 137 fb”)
" on je?(i) — Theory prediction
C' 1 04 | 0 o 2 Z Z CMS 95%CL limits at 7, 8 and 13 TeV i
E o 2njet(s E
0 F B
'.': [0 “ Ny s
. °
8 103 E: BN .'0 8 =
8 ; [ ] 4 .
) : :m, ‘g, %o e B q
210% 0% * 4
8 E % “ @ & ’0. g[m m_/‘ [ €
- o Py o 8 0‘ g @E @
O 10k Y S, 8 ¥ 9 :
C E “ "‘ il - @ q}; [P 4
.9 1 -_ “ B “ Jug WE ﬁ%tp : —
6 i " JTL 3 g +
E s Lz 2 ¥ ° * B § -
2 L ¢ nZ * : i@ = A
-o 1 0-1 - ‘0 | T i& “ ‘ - ]
e ; “‘~ " / | :
o o ‘3 g g - "
-2 L % e el % ? -
: ok ?m 3 .
5 * =
10_3 3 e, % - ‘-‘ i .
: ., & .
| |
T T T T, ey Ty Ty | l’-' AL [:I |

-4
10 W z Wy Zy lWVJWZ ZZ wy wwwlwwzlwzz

All results at: http://cem.ch/go/pNj7

. Wy Zy

EW,Zyy Wy fiducial with W-lv, Z-, l=e.u

VBF
Th. Ac,, in exp. Ao

IV

1
W W oWty 5&“& i 5%tw t tthq tZ ty nw mtgquqH VH WH ZH ttH tH HH
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Rates of V

@
JMCF
1 ~ [Mjee = 0] B 958 03020 i
Wyy—tvyy "= S AL iy

processes?

' : ' yy - WW
. — - HERWIG++ (meolw
oom In on tr1-dtoson proauction an wszvewk |G
|
- y
vector boson scattering e R
1

August 2020 CMS Preliminary
' - 1 - - - - T - - T - T - T - 1 - T T - 1 T T T T 1
* P | Ot rat I O Of I | Ieas u rel I le nt/S I\/l CMS EW measurements vs. 7 TeV CMS measurement (stat,stat+sys) o
Theory 8 TeV CMS measurement (stat,stat+sys) —e
13 TeV CMS measurement (stat,stat+sys) ————i

prediction

- Large uncertainties, but so far so s yw - 1200t z000 a7t

good

B3S/tri-boson processes

VBF, VBS, and Triboson Cross Section Measurements  siws: maron 2021 JEdt o erence
bl
77y 7 T A M T el e

o
Zyy—tlyy GGb ey 0420w | ATLAS Preliminary
iy

20.3 PRD 93, 112002 (2016)
20.3 PRD 93, 112002 (2016)
\/E =7,8,13 TeV [ — 20.3 PRL 115, 031802 (2015)
20.3 PRL 115, 031802 (2015)

L — 29508071 1209 @)
— [Njet = VGEN RO findary 91> 22

WWy—evuvy 7 ARALSIER DR weory 20.2 EPJC 77 (2017) 646
WWW, (tot.) ’“sﬁZ.Eag‘gz(“m‘““ 16-0.14p (data) 79.8 PLB 798 (2019) 134913
T T R L SiehEd ha) 20.3 EPJC 77 (2017) 141
- WWW - tvlvjj R AT S A el 20.3 EPJC 77 (2017) 141
— WWW - tvevty 7 it - L ey 20.3 EPJC 77 (2017) 141
WW?Z, (tot.) 7 O3 a 0445 Gisy, D3P0 (el 79.8 PLB 798 (2019) 134913
Hii VBF 7 S u#emy’w Theory 139  ATLAS-CONF-2020-027
A 7S AERRENEVR ey 2P0 20.3 EPJC 76 (2016)6
r=ogss e LHC 5=13 TeV
— H(>WW)jj VBF % S S Re PP V5 € 139 ATLAS-CONF-2020-045

0514017015403 ODBDb(da!a_ Data

LHC-HXSWG (iheory) 20.3 PRD 92, 012006 (2015)

stat
- atsasen St syst 139 ATLAS-CONF-2019-029
—H(-yy)ji VBF 7= B trea @ LHC pp V5 =8 Tev 20.3 ATLAS-CONF-2015-060
7= B ) PP vs=8T€ I E— 45 ATLAS-CONF-2015-060
Wijj EWK M@ii) > 1 Tev) | 7~ Bisgidhiilo meom B Eg‘ta 20.2 EPJC77(2017) 474
. = 159310+ 26 fb (d: 20.2 EPJC 77 (2017) 474
~M(ji) > 500 Gev | |_ st W8 ooy
o Py e ML thoory) LHC pp V5 =7 TeV 47 EPJCT77(2017) 474
Zij EWK 7 = Vonaigr RS Ry Pp vs=rle 139 EPJC8I (2021) 163
7 ‘&Zﬁe%é’ox%mo)‘méw> = Dtatza 20.3 JHEP 04,031 (2014)
. = 8 date) s 1 PLB 803 (2020) 135341
Zyiji EWK Mfdgu’a:isu'oexi:;:; {iheory) stat @ syst 36. (2020)

20.3 JHEP 07 (2017) 107
139 arXivi2010.04019
I 20.2 PRD 94 (2016) 032011
35.5 PRD 100, 032007 (2019)
36.1 PRL 123, 161801 (2019)
e —— 20.3 PRD 96, 012007 (2017)
o 7 sm.paeszfm‘im" Or-oos b I 36.1 PLB79392019) 469
WZjj EWK S 20.3 PRD 93, 092004 (2016)
139  arXiv:2004.10612 [hep-ex]

r=1
VBFNLO (iheory)
7 =313+0.31+028 b (data)
NG5 aNiCNLO Pythiag x Surv. Fact (0.82) (iheory)

. " - ,ngsm 055] ‘2587029 0.28 tb (data)
ENNE ogio (oo
W*W=jj EWK r = 15205 +02 1 Gata

PowhegBox (theory)

00 05 10 15 20 25 30 35
data/theory

qqW e 0.84+0.08+0.18 19.3fb™
qqW . 0.91+0.02+0.09 359fb"
qqZ ol — 0.93+0.14+0.32 5.0fb"

qqZ e — 0.84+0.07+0.19 19.7fb"
qqZ — 0.98+0.04+0.10 35.9f1b"
—->WW = ' 1.74+0.00£0.74 19.7 fb"
qqWy — . — 1.77+0.67+056 19.7fb"
qqWy e 1.20+0.16+0.21 359fb"
SSWW e 0.69+0.38+0.18 19.4fb"

qqZy — 1.48+0.65+048 19.7fb"
qqZy H—o—H 0.64+0.20+0.12 359fb"
qqWz e 1.46+0.31+0.11 137 fb"
qqZZ b e 1.19+0.38+0.13 137 fb"

NI R U S RS RS S S R S S RS
1 2 3 4 5

0
All results at: H : Hp.
http-/icern chigalpNi7 Production Cross Section Ratio: o, /csheo 43




Anomalous gauge couplings scorecard

LHC exploring all the
possible EWK 3-
boson couplings

=
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Many upper limits
placed on anomalous
triple-gauge couplings

aC summary plots at: http://cern.ch/go/8ghC

September 2020 Oct 2018
Channel Limits -
27 (@122 15602, 1.50.02] Channel Limits J Lot s
2Z (41.22v) [-3.80-03, 3.8¢-03) Zy(ibyw) [-9.56-04, 9.9¢-04] 203" 8Tev
2Z (4N [-1.8e-03, 1.8¢-03]
77 (212y) [-1.26-03, 1.2-03) Zywy) [-3.7¢-04, 3.7€-04] 36.1 16" 13TeV
7z (4) [-5.0e-03, 5.0e-03) y
2z (212v) [-3.6e-03, 3.2¢-03) Zy(ibw) [-2.9¢-03, 2.9¢-03) 501" 7TeV
ZZ (41,212v) [-3.0e-03, 2.6e-03] )’ o g -( - !
2z ) (78004, 7.10.04] Zy(ih) [-4.6e-03, 4.60-03) 19.5 b 8Tev
- - 27 (41,212v) [-1.0e-02, 1.0e-02] . ) [-1.1-03, 9.0e-04] 19.6b" 8Tev

27 (4,212v) [1.3¢-02, 1.3¢-02) .

[ 7z (41,212v) [-3.3¢-03, 3.2-03) .3 b Zy(lbywwvy) [-7.8¢-04, 8.6e-04] 203" 8TeV
2Z (41) [-1.5e-03, 1.5e-03] )’ 1
2Z (212v) [1.0e-03, 1.0e-03] 2wy [-3.2¢-04, 3.3¢-04] 36.1 fb 13 TeV

2z (4) [-4.0e-03, 4.0e-03] 24 276 ’ "
Zz ot 127005 32000 Yiwi) [-2.7e-03, 2.7-03] 5010 7TeV
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Anomalous gauge couplings scorecard (|l
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“lectroweak physics - where to go from here?

LHC precision measurements of some SM parameters start to be
competitive with the best from e+e- colliders

Important impact on global fits and combinations with Higgs, top data

Systematic uncertainties are important: important to improve analysis
technigues & detectors

Pattern of gauge boson interactions/anomalous couplings so far agrees
with the Standard Model

Including several very rare processes observed for the first time at the LHC

N Most cases, sensitivity is to ~TeV scale new physics with large couplings

Results are limited by statistical uncertainties: will improve just by
collecting more data
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LHC Run 3

CMS Experiment at the LHC, CERN

o e oo T - In 2022 the LHC restarted for
Run 3, after a 3.5 year stop to
refurbish and improve equipment

Energy increased to 13.6 TeV

Already large numbers of W and
/ bosons produced
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Seyond

Run 3: High-Luminosity LHC

- After Run 3, LHC will be
upgraded to the “High
luminosity LHC”

~20x more data
expected by the
end of the HL-LHC
program - probe
smaller deviations
from the SM

Program of
detector upgrades
will enable new
measurements/

analysis techniques
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You are here

See lecture on May 17 for details
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W/Z/y as tools for QCD (time permitting)




W/Z/y as tools for QCD

Single W/Z/y’s at the LHC are usually produced by interactions of quarks
or quarks+gluons

=> Apart from “purely”
electroweak physics, W/Z2/y
production can also be used
to probe internal structure
and dynamics of the proton

Proton

[Ref]
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https://science.osti.gov/np/Highlights/2022/NP-2022-02-b

W/Z as tools for QCD: PDFs

- :
0.9 \ g/10 :
- Major uncertainty in many LHC 08 f\ \ o = 10°GEV?)
measurements and searches: “Parton 0.7\ €\ -
= - = - 0.6 | \ h
Distribution Functions” 05l _
0.4 — ]
+ Describe fraction of proton momentum 0.3 | P\ -
carried by the partons (quarks or gluons) 0.2 / R\ -
0.1¢L NN | h
- Better knowledge of PDF’s means better oot 0o 01 1
predictions for any process involving T e
production by quarks/gluons A
- Jet production more sensitive to gluon
PDFs, Z and W depend on quark PDFs Seb

[Ref] 52


https://inspirehep.net/literature/1623901

W/Z as tools for QC

D

P

- Measure differential cross sections

- Separately for W+ and W-

- Different sensitivity to up and

down quark PDFs

- In invariant mass-+rapidity for Z

(or non-resonant Drell-Yan)

- Differences between different

PDF predictions

- => Use data as input to
improve PDF fits

Theory/Data
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W/Z as tools for QCD: Double-parton scattering

Usually only 1 “hard” quark or gluon 1
interaction in a single proton-proton P
collision

In rare cases can have 2 or
more => “Double parton
scattering”

Can produce spectacular/“weird” p2
signatures

Potential background to new
physics searches, and
electroweak measurements
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W/Z as tools for QCD: Double-parton scattering

Similar W/Z reconstruction as
electroweak measurements
Hypothetical
Look for pairs of particles from DPS signal
the same vertex, with non- shape
correlated kinematics
Unbalanced pr, phi, etc.

Several DPS processes seen for
the first time at LHC (W+W-+,
W+jets, Z+jets...), for others still
looking (ZZ...)
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Summary

The electroweak sector of the Standard Model has been so far
remarkably (ridiculously) successful, even at LHC energies

But attempts to break it are ongoing from
all directions

Combination of precision measurements of
SM parameters

Searches for excesses in high-energy tails
of distributions/anomalous couplings

Close connections to Higgs, top, flavor-
physics studies (see upcoming lectures)

Apart from the “pure” electroweak physics, W/Z/y remain important tools to
probe the internal structure of the proton
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Extra
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