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An_exciting time for physics

2015 Long Range Plan for Nuclear
Science 15 Oct 2015

We recommend a high-energy high-
luminosity polarized EIC as the highest
priority for new facility construction
following the completion of FRIB.
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An early Christmas present from CERN??? 15 December 2015

95% CL Upper Limit on o, x BR [fb]

What is going on at 750 GeV??7?

ATLAS and CMS see an excess in pp— v v
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Questions that Physicists Ask

*Is this a real signal or a fake Ty

mmmmmm

e Could this be a sign of: [your favorite theory here]

* Who will win the Super Bowl
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The Key to Discovery:  The Parton Model

Notation: The “hat”
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... things that go bump in the data ...
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What might the new physics be??? ... another Higgs???
What lessons might we learn from the Higgs discovery???

Let's get some perspective on
where the Higgs fits into our models

Higgs boson wins Physics Nobel Prize:

October 2013
From the official Nobel Prize Press release:

“On 4 July 2012, at the CERN laboratory for particle physics, the theory
was confirmed by the discovery of a Higgs particle. CERN’s particle
collider, LHC (Large Hadron Collider), is probably the largest and the
most complex machine ever constructed by humans. Two research
groups of some 3,000 scientists each, ATLAS and CMS, managed to
extract the Higgs particle from billions of particle collisions in the LHC.”



What are the fundamental constituents which comprise the universe?

Periodic able @ |
Circa 400 BC '

Compact
Easy to remember

“The perodic tabls.” Fits on a T-Shirt
Sidney
Harris
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Complex
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ELEMENTARY
PARTICLES

Circa 2010
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What's so special
about the Higgs *?

Let's consult the experts
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implified ...
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Higgs Bosons: OVER Simplified ...

THE |DEA \S THAT THE

« SLOWER TIME GOES.

FASTER WE GO, THE |

Underwater!!!

F=ma

m = F/a

Condensed Matter:
Negative electron mass
in a semiconductor

Enables the theory to have a mass term AND respect gauge invariance

Could this be 21 Century aether???



What might the new physics be???

There are a variety of Grand Unified Theories

Others predict the
existence of:*

SUSY
Extra Higgs Bosons
Extra Gauge Bosons
Extra Dimensions
Composite particles

*For more details, ...



Did we discover the “Garden Variety” Higgs??? Are there extra Higgs Bosons???
Are the branching ratios of the Higgs boson consistent with the standard model? Is there only one type of
Higgs boson?

Hierarchy problem:

Why is gravity such a weak force? It becomes strong for particles only at the Planck scale, around
10°GeV, much above the electroweak scale (100 GeV, the energy scale dominating physics at low
energies). Why are these scales so different from each other? What prevents quantities at the electroweak
scale, such as the Higgs boson mass, from getting quantum corrections on the order of the Planck scale?
Is the solution supersymmetry, extra dimensions, or just anthropic fine-tuning?

Supersymmetry:

Is spacetime supersymmetry realized at TeV scale? If so, what is the mechanism of supersymmetry
breaking? Does supersymmetry stabilize the electroweak scale, preventing high quantum corrections?
Does the lightest supersymmetric particle (Lightest Supersymmetric Particle) comprise dark matter?

Generations of matter:
Why are there three generations of quarks and leptons? Is there a theory that can explain the masses of
particular quarks and leptons in particular generations from first principles?

Electroweak symmetry breaking:

What 1s the mechanism responsible for breaking the electroweak gauge symmetry, giving mass to the W
and Z bosons? Is it the simple Higgs mechanism of the Standard Model, or does nature make use of
strong dynamics in breaking electroweak symmetry, as proposed by Technicolor?

Dark matter

What is the identity of dark matter? Is it a particle? Is it the lightest superpartner (LSP)? Do the
phenomena attributed to dark matter point not to some form of matter but actually to an extension of
gravity?




How to make




We need high energies to create massive particles

Compare these machines:

LEP  e‘e Vs =200 GeV
HERA ep Vs =314 GeV
RHIC NN Vs =N x 100 GeV
Tevatron p p-bar Vs =2000 GeV

LHC  pp Vs = 13,000 GeV

Hadron beams provide the highest energy



LHC The High Energy Frontier (2015)

P P collisions

Vs = 13,000 GeV

Note: 5 GeV ~ 1 Fermi
13,000 GeV ~ 3x10"m

The LHC has opened
up one of the largest
Kinematic frontiers in

many decades

You need big detectors to study small stuff!!!

Size of a person
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You need big detectors to study S



The speed of light
1S Just
too darn slow!!!



How do we make predictions at the LHC
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The parton model

O_Py—>c — fP—>a ® O_ay—>c

Experimental Parton Distribution Theoretical
Observables Functions Cross sections



Artist's interpretation of a hadron-hadron collision
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Higgs Simulation from CMS




Theorist #1:
Theorist #2:
Theorist #3:

Experimentalist:

Theorist #1:
Experimentalist:

Accelerator
Operator:

Statement of the problem

The universe 1s completely described by the
symmetry group SO(10)

You're wrong; the correct answer is
SuperSymmetric flipped SU(5)xU(1)
You've flipped! The only rational choice 1s
ES8xES dictated by SuperString Theology.

Enough of this speculative nonsense.

I'm going to measure something to settle this question.
What can you predict???

We can predict the interactions between fundamental
particles such as quarks and leptons.

Great! Give me a beam of quarks -
and leptons, and I can settle this debate, @ \

Sorry, quarks only come %
in a 3-pack and we can't break a set! @

http://en.wikipedia.org/



Proton as a bag of free Quarks

flz,Q) =u(z,Q) +d(z,Q) =2d(x — 3) +1d(x — 3)



Quarks are not quite free

Hard Interaction time
~T, ~ 1/Q

Electron

Q Soft Interaction time
~ T ~1/A

This picture is valid IF:

T, <<T, thus Q>>A
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We are going to “absorb” our ignorance of the non-perturbative processes into the PDF




The Parton Model and Factorization

Parton Distribution Functions

(PDFs) f

P— a
Electron

are the key to calculations

iInvolving hadrons!!!
Proton

Notation: The “hat”
indicates a “quark”
Cross section

O_Py—>c — fP—>a ® O_ay—>c

in the limit of a spherical horse

measure in where do we get calculable from
experiment these??? theoretical model

Cross section is product of independent probabilities!!! (Homework Assignment)



The Parton Model: Connecting Experiment to Theory 30
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How do we parameterize our ignorance?

Proton
ﬁ
7,000 GeV ' o .
in the limit of a spherical horse
- up quark
o
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Generalized Parton Distribution Functions

Wigner: W(R,F)

Fourier Transform
GTMD f(GTM D)
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All 1s not lost ...



What QCD Tells Us About Nature — and Why We Should Listen

Frank Wilczek (arXiv:hep-ph/9907340)

QCD is our most perfect physmal theory

It embodies deep and beautiful principles.
It provides algorithms to answer any physically
meaningful question within its scope. oe

Its scope is wide. .t %
It contains a wealth of phenomena. N WY
It has few parameters ... ornone. . _.:* o -
It is true.

It lacks flaws.

Lessons: The Nature of Nature
.. alien, simple, beautiful, weird,
& comprehensible




The Renormalization Group Equation 35

Experimental Parton Distribution Theoretical
Cross section Function Cross section

Parton Model 0 — f(,u) ® /O\'(,u)

Notation: Sorry, I
switched from

do df (1) "

Renomalization ~ —0=
Group Equation du du

Constant

QCD is an elegant theory



Recap

Parton Model
N\
oc=f® o0

Experimental p,iton Distribution  Lheoretical
Cross section Function Cross section
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Parton Distribution Functions
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95% CL Upper Limit on 6,4 x BR [fb]
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ATLAS SUSY Searches™ - 95% CL Lower Limits

ATLAS Preliminary
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The Parton Model: Connecting Experiment to Theory 38
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Proton = uud Momentum Fraction “x”



Up and Down Quark: ... not as easy as it looks

proton neutron

J(x,0)

Up quarks couple with 4 times the
strength of down quarks

| more difficult to determine down quarks
| BoNuS @ JLab

Isospin terms are comparable to
NNLO QCD

Proton = uud *S~70 47 137

g ~ Q



Gluons: ... carry 50% of the momentum fraction of the proton

neutron

J(x,0)

up down
quark quark

Carry 50% the momentum
fraction, but not measured by -y

/ more difficult to determine than quarks

Important for Higgs production

Proton = uud



LHC Results: Incredible Progress

41

Standard Model Production Cross Section Measurements siws: iach 2015 JLdt
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Strange Quarks: ... difficult to distinguish Down and Strange

{ll, ¢, t} {d, S, b}
J(x,0) Charge 2/3 Charge 1/3
up Strange Quark can give large
quark /, gﬁm contributions at the LHC
d strange y
"‘m\(‘:\ontributi0‘1}/

~~~~~~~

Cross Section

2
rapidity

Very different from Tevatron case

Proton = uud

strange content at LHC different from Low Energy
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PDF Uncertainties <« SP‘!PDF & W/Z at LHC
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Slide from Carl Schmidt 19 October 2015: INT
Workshop

CT14 strange quark PDF

e Conlflicting results from experiments:

. ATLAS r* =309 _0969% 41 0023, Q=14GeV

d(x,0)
7o = 0.5320.20
I oo = 0.76+0.17

C x[5(x,0)+5(x,0)] dx

: K' ==t —
et f Ox[ﬁ(x,Q)+d(x,Q)]dx

e NOMAD k =0.591+0.019

Ko oo = 0.620.14

\)

Koo = 0.73£0.11

A man with one watch ...

=052 at 0% =20 GeV?
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PDF Flavor Differentiation: A difficult problem

vd

DIS Production Drell-Yan Jet Production

R I ] By o~ () ld+s
)~ FS+u-—+c¢ _ _
2 + (3)lute
Fy = 2|[d+s—u—¢

F g =) [u N d — 5} The DIS combinations have

historically been particularly useful

Different linear combinations — key for flavor differentiation
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The n-DIS data typically use heavy targets, and this requires the application of nuclear corrections
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Nuclear data 1s key for flavor

differentiation

... motivation for

nCTEQ Project



now that we see necessity of nuclear corrections ... A long time ago in a galaxy far, far away .f];7

... there was a time when
nuclear corrections
were carved in stone ...

Nuclear
PDFs

SLACNMC para

Ly
ol NH*H\!MJ(
| »{Q, A Indepéendent

g 07
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Now & Then
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Things can change a bit over the years

PAST PRESENT FUTURE
Bubble LHC LHC Run 2

Chambers

T :
>
AN =
o 1l
: ol 1
T 4
T : A ®
ox CEFY i '."
- o | i
Pt
!
5
a

Next generation
computer

?

Next generation
phone

the same is true for PDFs
not just a Tevatron re-do




Nuclear Corrections: Compare Neutrino and Charged Lepton DIS  4°

Charged Lepton DIS

There is tension between the data sets
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Neutrino DIS
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iIsospin

DGLAP violation??? : .
violation

saturation quark-gluon

resummation
plasma

Fermi

QCD jagmotion
QED 75 a0tE hi-x '
Proton Nuclear
PDFs PDFs
% g low-Q? e.qg. flavor
", A differentiation  jet
higher twist quenching target mass
hon-linear QCD shadowing corrections
A Kusina,
IT<' JKovank Data from nuclear targets play a key
. Jezo, . . . e
D. Clark, role in the flavor differentiation
C. Keppel,
F. Lyonnet,
J. Morfin, ‘ :l I IE _ 1 5
F. Olness n Q
J. Owens, o : .
1. Schienbein, nuclear parton distribution functions
J. Yu

E. Godat ... the original motivation for nCTEQ15



Conclusions



Recap

Parton Model
N\
oc=f® o0

Experimental p,iton Distribution  Lheoretical
Cross section Function Cross section
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95% CL Upper Limit on 6,4 x BR [fb]
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Our field is data driven!!! 53

9

Jet
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Electron lon Collider:
The Next QCD Frontier
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Many inputs are needed for the PDFs and nPDFs 54

isospin
DGLAP violation??? e
violation

saturation quark-gluon

resummation

plasma _
QCD '- jaggmotion
QED ' H2 & hi-x
Proton Nuclear
. PDFs
low-Q? e.g. flavor
), differentiation  jet |
higher twist quenching target mass
hon-linear QCD shadowing corrections

Data from nuclear targets play a key
role in the flavor differentiation

ATLAS Preliminary
Vs=13Tev,3.21b"

95% CL Upper Limit on 6, x BR [fb]
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"""500 400 600 800 1000 1200 1400 1600 1800
m, [GeV] ... the original motivation for nCTEQI5
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