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Outline: Introduction to Hadron Collider Physics

Yesterday Today
® [ntroduction and overview ® W and Z production
® Cross section calculations: The ® Top physics
basics * The Higgs
® Soft Physics: Min bias and e Conclusions

underlying event
® Jet Physics

® \What we have learned so far
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Reminder: Cross Sections at Hadron Colliders
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® Rates determined by
» Hard Scattering Cross Section
» Parton luminosity

® QCD processes dominate

» EW rates lower by a/ag

Main background for W and
Z production: QCD jets

Cannot see single W — qq’
or Z — qq above jet
background

» Almost all studies of W and Z
in hadron colliders in leptonic
decay modes
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Production of W and Z Bosons

® |owest order diagram: quark annihilation

d 0 q -

v Z/y

u Uy

q I
At lowest order (pure electroweak), W and Z are produced with no pr
® Adding diagrams of order as: Annihilation and Compton Scattering:

u s q +
W+ W+

g U
These give the W and Z pr

® |n addition to these one gluon diagrams, must include emission of
multiple soft gluons: Can be handled using resummation techniques

Y]
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Full QCD Calculation: Boson pr Remains Small
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Distribution dominated by multiple soft gluon emission
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Reconstruction of Z Bosons

® In general, limited to leptonic modes
® Large QCD jet background swamps signal in jet channel

® |n principle, can find regions of phase space where hadronic mode can be
reconstructed, but in very specialized analyses with other objects

® Two high pr leptons, nearly back-to-back

® Reconstruction straightforward, background small
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Reconstruction of W Bosons

® Again, restricted to lepton channels
® But here, one of the nearly back-to-back leptons is a neutrino
How do we “detect” a particle that doesn't interact in our detetor?

® Look for momentum imbalance and assign the missing
momentum to the v

But in hadron colliders, limited to using only the 2 transverse
components of the momentum
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Neutrino Reconstruction

® Must add the momentum of all objects in the event

® The traditional way: calorimeter only

Define £7(2 vector)
Er = — Yo Eirhl

—l — Y E;sin 0
Similarly total E,

E: = Ytowes [Eir]
detector _ ZlE{‘ sin0;

Calorimeter “Tower”

» Create a grid of calorimeter towers
» Treat each tower as a massless particle with momentum direction normal

to the tower

® For better resolution: Use reconstructed objects
> “Particle-flow”: Use tracking information to improve calorimeter

resolution (pioneered by CMS)
OR:

» Combine the momentum of all the jets and electrons, muons
» Then add the remaining unused energy using towers as above

» When combining, can have different calibrations to each object
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W Decay: Lepton pp

W+

® |n CM frame, e and v are

back-to-back and balance pr:

1
pT2 = Z§ sin’

Distribution

® Changing variables from cos 6 to pr
introduces a Jacobean:

dcosf 2

dp2. ~  3cosf
But we know

do 2
1
dcos@oc( + gAcos0)

where q is the charge and A is helicity
wrt beamline

SO

do (1 + cos®6) 2 (1 - 2P2T/§)
T2 <2 &
dp7- 5cosf

§(1—4p7./3)

Nl=
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The Jacobean Peak

* Notice do 1+ cos20

dpr X o
Diverges for § = 7/2 (which is pr = v/5/2)
® Diverence results from the Jacobean factor in tranformation to pr
® |ntegration over Breit-Wigner removes singularity but leaves the peak

® HO corrections give W transverse momentum and further smear the peak

3
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Transverse Mass

® W pr gives £ and v by same boost

® Define /-v transverse mass:
mi = (Et + E7)* — (07 + 1)

® Note that for p¥/ = 0, mr = 2|p%| = 2|p4|

® Thus
do 4 do

dmj, " dp}
® m7 sensitive to transverse boosts only at second order
» Predicted my distributuion not very sensitive to modeling of boson
pr
® But my more sensitive to detector resolution since depends on
measurement of the v
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Transverse Mass for W Bosons

10°
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® Background small in both e and p channels

® Small theoretical uncertainties: a better choice of variable than
lepton pr in most cases
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W-mass Measurement

® Precision measurement that oWty L S i L ST
. pLwosTy ATLAS = Stat. Uncertainty
depends on detailed control of Bt | Ga7Tov 4146 —em o —lmerany
. .. F e e ittt (i {
systematic uncertainties Wy . POy
| e

® Select well-measured subset of
events: No jet activity

® Separate fits in e and p and for +

d I Bl Wi fy ——
and — leptons " 80280 80300 80320 80340 80360 80380 80400 80420 80440 80460
. . . . my [MeV]
® Compare fits of different kinematic
varibles . . :
ATLAS ® my
== Stat. Uncertainty
— Full Uncertainty
We'll come back to importance of
. LEP Comb. P 80376433 MeV.
this measurement later today
Tevatron Comb. @ 80387¢16MeV
LEP+Tevatron _.Msus MeV
ATLAS PS 80370+19 MeV
Electroweak Fit _.s_oass:e MeV
1 1 Il Il
80320 80340 80360 80380 80400 80420
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Top-Pair Production

® Strong production: tt pairs

® Tevatron: (pp collder)
» Production rate suppressed: 2miop ~ 0.2¢/s
> 15% gg, 85% qq

® LHC: (pp collider)

> Production rate larger 2my¢op ~ 0.054/s
> 90% gg, 10% qq
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Top Decay Signatures (¢t Production)

® ¢t — Wb BR~ 100% in SM (Vi)

® Top lifetime ~ 5 x 1072 sec
Decays before hadronization

® Top Pair production gives:

Top Pair Branching Fractions

“alljets" 46%

quarks jets

THjets 15%

1%
pees
1ﬂic Z’Zg'lul
T ol s,
V*\\;\'c ,Lo’l\%(ﬁ utjets 15%
. [} ctjets 15% o
"dileptons" lepton+tjets
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Jets Produced from b-quarks

® Characteristics of B decays':

Displaced

» B lifetime long cks

» Semileptonic BR 10% per
species

Secondary
® Two methods of b-tagging Vertex
» Displaced vertex tag , LA
> “Soft” leptons inside jets pr
® Today, multivariant techniques /
combine all information into a Primary /

. . Vertex
single metric
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Top Pair Cross Section
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* Preliminary

T T T T T T T T T T T
Tevatron combined 1.96 TeV (L < 8.8 lb")
CMS dilepton,l+jets 5.02 TeV (L = 27.4 pb")
ATLAS ep7TeV (L=4.61b")
CMSen7TeV (L=51b")

ATLAS epn 8 TeV (L = 20.2 fb™)
CMSen8TeV (L=19.71b")

LHC combined eyt 8 TeV (L = 5.3-20.3 fb™) LHCtopwG
ATLAS ep 13 TeV (L= 36.11b™)
CMSepn 13 TeV (L=35910")
CMS t+e/p 13 TeV (L =35.9 fb™)

LHCIOpWG

ATLAS+CMS Preliminary

Nov 2020

ATLAS l+jets 13 TeV (L = 139 fb™)
CMS l+jets 13 TeV (L =2.2 fb™)

CMS all-jets* 13 TeV (L =253 fb™) 900F

800f

700F
=== NNLO-+NNLL (pp)

=== NNLO-+NNLL (pp)

10— Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 s [Tevl |
E NNPDF3.0,m,_ = 1725 GeV, ai(M,) = 0.118  0.001 E
= R RN RN T N N TN R
2 4 6 8 10 12 14
Vs [TeV]

® Good agreement with pQCD predictions

® Important since top a major background to BSM searches
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Top Mass Measurement Summary

ATLAS+CMS Preliminary
LHCIopWG

World comb. (Mar 2014) [2]

stat
total uncertainty

LHC comb. (Sep 2013) Lrctopwa

World comb. (Mar 2014)

ATLAS, l+jets

ATLAS, dilepton

ATLAS, all jets

My, Summary,{s = 7-13 TeV  May 2019

total stat

m, = total (stat syst)
173.20+ 0.95 (0.35+ 0.88)
173.34+ 0.76 (0.3 + 0.67)
17233+ 1.27 (075 1.02)
17379+ 1.41 (0,54 1.30)
1751418 (1.4£12)

Vs Ref.
7Tev 1]
1.9

7TV )
Tev )
v i

ATLAS, single top 1722421 (07 20) 8TeV (5]
ATLAS, dilepton 172,99+ 0,85 (0.41£ 0.74) 8Tev 5]
ATLAS, all jets 173724115 (0.55% 1.01) 8Tev 1]
ATLAS, l+jets 172,08+ 0.91 (0.39£0.82) 8Tev 8]
ATLAS comb. (Oct 2018) 172,69 0.48 025+ 0.41)
CMS, Isjets 173,49+ 1.06 (0.43£ 0.97)
CMS, dilepton 172504 1,52 (0.43+ 1.46)
CMS, all jets 173,49+ 1.41 069+ 1.23)
CMS, I+jets 172,35+ 0.51 (0.16+ 0.48)
CMS, dilepton 172821123 0.1921.22) 8TV [12]
CMS, all jets 172,32+ 0,64 (0.25+ 0.59) 8ToV [12]
CMS, single top 172,95+ 122 (0.7740.95) 8Tev [13]
CMS comb. (Sep 2015) 172.44:+ 0.48 (0.13+ 0.47) 748TeV [12]
CMS, I+jets 172,25+ 0,63 (0.08 0.62) 13Tev [14]
CMS, dilepton 17233+ 0.70 (0.14% 0.69) 137eV [15]
CMS, all jets 172344 0.73 (0.20+ 0.70) 137ev [16]
1o ' ore
TR R P T S IR
165 170 175 180 185
Myop [GeV]

LA L L B O B L B

ATLAS Preliminary m,, from cross-section measurements

September 2019

NNLO+NNLL: ff inclusive, 7 TeV 2014 171.4£26

NNLO+NNLL: ff inclusive, 8 TeV 2014 1741227

NNLO+NNLL: tf inclusive, 7-8 TeV 2014 1729777

NNLO+NNLL: tf inclusive, 13 TeV 2019 173420

NLO: ti+1 jet, 7 TeV 2015 173727

NLO: fi leptonic differential, 8 TeV 2017 1732416

NLO: ti+1 jet, 8 TeV 2019 171.152

m,, from top quark decay, 2018 * 172,69+ 0.48

PRI I R SR | o e e ey
140 150 160 170 180 190

m,op[GeV]

® Good agreement between
experiments for direct
measurement of Mmop

® myop derived from cross section

consistent with direct
measurements
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Why do m,, and my matter?

I 68% and 95% CLfit contours M Tevatron ayetige +1c

w/0 My, and M measurements.

80.45- 68% and 95% CL fit contours

w/0 My, m¢ and My measurements "
M, world average t1o W w
80.40 = p

=
3
< 80.35-]

=
=

<

T T T T
140 150 160 170 180 190 200
m, (GeV)

mw depends quadratically on m;,, and logrithmically on m g4,

Would also be sensitive to other BSM particles with moderate mass

Before Higgs discovered, gave prediction for its mass

® Now, can constrain possible BSM physics
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M VS My, Are things consistent with Electroweak fits?

80.5

m,, [GeV]

80.45

80.4

80.35

80.3

80.25

ATLAS

I m,, = 80.3|70 +0.019 GIeV ]
Bl m,=172.84 £ 0.70 GeV
-----my = 125.09 £ 0.24 GeV
=== 68/95% CL of m,, and m,

||||‘1‘|||||

III“Ill\II

1

== 68/95% CL of Electroweak

Fit w/o m,,, and m,
(Eur. Phys. J. G 74 (2014) 3046)

170

175 180 185
m, [GeV]

® No signs of disagreement to date
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EWSB and the Higgs Boson

® Without Higgs, Lagrangian does not contain mass terms for the gauge bosons
or the fermions

® If we introduce a mass term “by hand” for the gauge fields, it violates gauge
invariance

— That's why the photon is massless in QED

® For the fermions, a mass term would have the form
—myg (€rer, +€Ler)

But ey, is an isodoublet and epg is an isosinglet: this term violates weak isospin
symmetry
® The trick around this: Dynamic symmetry breaking

» Maintain gauge invariance of £

» Introduce a new field that has self interactions

» These interactions induce a non-zero vacuum expectation value of one
component of the field

» Change of coordinate system to reinterpret this field in terms of physical

states
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Choose a Scalar Field

® Introduce a complex SU(2)r, doublet

_ ™\ _ 1 [ ¢1+ip2 _
¢ = (¢0>_\/§(¢3+i¢4) Yo =+1

® With the following Lagrangian

‘Cscala'r = DH¢DM¢ - V(¢T¢)
.y .
D, = 8u+%AuY+%F~BH

V(glg) = 1(¢T¢) +IN(s79)°
® |ntroduce interactions between scalar field and the fermions

g — —
['yukawa = _72 (L¢R + R¢L)

couples fermion states of opposite helicity (as mass term in QED did)
Each fermion has own gy: m; remain free parameters!
® Coupling of gauge bosons to the Higgs specified by D,

Gauge boson masses predicted
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V(') = 1 (6'¢) + I\ (¢79)*

® Now, suppose p? is negative

Form of potential in complex space:

® Minimum not at < ¢ >=0

® Define minimum as “vacuum expectation value” (VeV) v:
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osing a direction for the VeV

® V(¢t$) has a degenerate ground state
® Pick vaccum to make < ¢ >¢ real

<¢>0:( v/(\)/i); v:\/T/W

® Spontaneous symmetry breaking in choice of ground state similar to how
ferromagnet spontaneously chooses direction of B field

® Our choice conserves charge but breaks SU(2)r, x U(1) symmetry

® Examine small excitations about the ground state
1 0
x) = + h(z) = —
¢(@) = do + h(z) \/i(v+77(w))

® Substituting into Lscqiar:
Escalar = DM¢DM¢ - V(¢T¢)
1 1
= 5(8,m)2 —22n? = — Z)\n4 + const

® 15t term is kineteic energy term, 2nd |ooks like mass term, others look like self
interactions

Interpret field 7 as particle (the Higgs) with mass m, = v2\v
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Some Observatio

® Single fundamental Higgs is only simplest possible theory
® Important aspect is dynamic symmetry breaking where vacuum state
breaks the symmetry rather than the Lagrangian
® SM predicted W and Z mass using values of G and sin 6y measured in
[-decay and v-scattering respectively
» Predicted before W and Z decays observed experimentally
» Gave motivation to build accelerators able to reach these energies
® Higgs mass not predicted by SM
> my, = V2 v?
> We know v but not A

® Fermion masses “explained” but masses themselves are just parameters of
the theory

9r 7 )
Lyukawa = — 2= (LOR + RoL
Yuk \/§(¢ + ¢)

with unknown gy
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Couplings of the Higgs Completely Specified in SM

w.Z
) K " gMy
-t :‘,11 = giMw cos Oy
TwW,Z
f
h ___ gMy
My
f

® But Higgs mass is an unknown parameter (since A not determined)
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Higgs Production at the LHC

Vector Boson Fusion (VBF)

Associated production (VH)

L L2ET 1012 e —
HU .
P T tth production
soppogegel o,
9 1 39
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Cross Sections Calculated to NN

\'s=14 TeV

2

L1 11l II|
LHC HIGGS XS WG 2010

o(pp — H+X) [pb]

10"

| L L . ]
100 200 300 400 500 1000

Gluon fusion dominates
® Importance of VBF increases with mpy
® Associated production falls rapidly with mg

ttH always small
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Higgs Branching Fractio
h — bb,TT ———]3’—<f

h— vvs - vif - v

1E =z
I -
£ f 1
3 it
e :
P 4
%10 E
® Higgs likes to decay to the 8 1
heaviest available states = 1
10°E 3
® Once diboson channels open, they F ]
dominate 1
_ 10° ; :
100 120 140 160 180 200
® [ow mass: h — bb largest mode M, [GeV]

® h — VV™ significant for
my > 120 GeV 29/36



50 100 200 500 000
M [Gev]

® Before Higgs discovered, mass could be anywhere below ~ 1 TeV
® Indirect measurements favored light Higgs (mn <~ 240 GeV)

® Broad search strategy for all masses, production and decay modes
® If my >2Mz, h — ZZ is the golden mode

® For my, < 2Mz look in multiple modes

- Largest BR (h — bb) has huge background from QCD HF production

- h — ZZ* with leptonic decays clean but low rate (BR(Z — ££) ~ 3%
per species)

- h — 7 has good mass resolution but large continuum background

- h — 77 requires good 7 identification
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Search Strategy (Il)

Independent search in each decay mode

For given mode, categorize events into categories with different S:B

» These categories will also tell us about production mechanism
» Important for measuring coupling

Measure rate relative to SM prediction

_ oXBR
m= (O’XBR)SM

Initial discovery presented as p-value plot vs my,

Construct likelihood function from Poisson probabilities

L(data|u,0) = H L(data;|u, 6;)

where i are the categories and 6 are “nuisance parameters’ representing
systematic uncertainties
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h — vy

Y weights / GeV

Z weights - fitted bkg

T
e Data

------ Background
—— Signal + Background

—— Signal

T T T =

ATLAS
Vs=13TeV, 36.1 fb”

In(1+S/B) weighted sum

20
10

T T T [ T[T T TITT]77

-10-

|
120

Narrow peak over large continuum
background

Determine background from fit to
data itself

Depends critically on mass
resolution

Likelihood performed summing
over different event categories
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h— Z7* — 44

> 50— T ® (Clean signature with narrow peak
(o) E Data B
C 45 ATLAS E ® SM background largely from ZZ
& {s=13TeV,36.1 fb" —Fit E & gey
> 40 Hzzsa [ Background 7 ® Low statistics due to small BR but
& 351 E very clean
O gk E ..
E E ® |mportant mode for constraining

25 E Higgs spin and parity

20 ]
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P P R
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m,, [GeV]
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Constraining Higgs couplings

€t Faras Preliminary
2
ATLAS (5=13Tev,245-79.8 1" % TE Vs=13TeV,245- 139 10"
my =125.09 GeV, Iy, | <2.5 ,L‘I’> F my=12500GeV 3
68% CL: —— — —— Ekw 10t T SM Higgs boson _
95% CL: — E E
Bgsu=0  Kky<1 Kon = Koif = 3
Pgy=88% Py, =96% pg,=95% ~ i
- 10° -
K Faas E E
z —— o ]
Kw = E E
= - . g(my,) used for quarks ]
K — ——— =
t e —_ L L 3
. : _ E ]
K — = 12 E
b == 5 1 ]
& 1 7 & 1 £}
Ke —_— F I 1
——— 08fF E
——g— 4
Kq = 107 1 10 102
K, 5 : 7 Particle mass [GeV]
1 1 ] ® Coupling to W, Z and 3"¢ gen.
= — fermions consistent with SM
B ndetv .—: T ® h — ptpu~ not yet unambiguously
ul ) . .
i : | seen (only 20 significance)
B 3 .
BSM i ; i ‘ | | ® Dependence of couplings on mass
45 -1 05 0 05 1 15 2 established and consistent with SM

Parameter value
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What's next for Higgs Measurements?

® Tighten constraints on Higgs-boson and Higgs-fermion
couplings

® | ook for possible admixture of CP-odd state with the Higgs

® Higgs width measurements to constrain decays to unseen
states

® Rare decays to look for new particles in loops

® Can we see the Higgs self coupling (di-Higgs production)?
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The future of the LHC

LHC / HL-LHC Plan

i LHC HL-LHC
Fun 1 | unz | T Funs Fun 4 5.
T
— = — 13-14Tev. 14Tev s

oll. installation I8 70 oA -

=

mmmmmg Illllw
s
A age. ATLAS - CMS

2 x nominal R So——

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY. @ | PROTOTYPES CONSTRUCTION insTaLLaTioN & comm[[|  pHysics
HL-LHC CIVIL ENGINEERING:
DEFINTION EXCAVATION /BUILDINGS

Current Run 2 data set: 140 fb—!
Run 3: 2022-2024 ~ 200 fb—!
High luminosity LHC: 2027-2040, 14 TeV ~ 3000 — 4000 fb—!

Large future data sets and improved detector will allow
- Increased reach in direct searches for new BSM particles and interactions
- Strong constraints or evidence of new physics via loop diagrams through
precision measurements

- Insightful probes of new physics using the Higgs boson as a tool, including

probes of the Higgs self coupling

iti i !
Exciting times ahead! 36/36



