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What the Standard Model is

Our current understanding of the basic constituents of matter

@ 3 generations of
i e 2 quarks (u, d)

H e 1 charged lepton (e™)
. . o 1 neutrino (ve)

1

(]
4
g d .. . @ 3 fundamental forces
o e Electromagnetism
) \5 “. . " e Weak interaction (3 decays)
I e e Strong interaction (nucleus
Temm:
3 générations @ A spin 0 particle: the Higgs boson

@ 1stlecture: a few elements on weak and strong interactions
@ 2nd lecture: techniques to tackle problems with both interactions
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Back to basics with |
Quantum ElectroDynamics

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17 3



Quantum field theory

@ Combine special relativity and quantum mechanics
@ Fields — operators acting on a state to modify particle content

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17 4



Quantum field theory

@ Combine special relativity and quantum mechanics
@ Fields — operators acting on a state to modify particle content

|_~

N——]
@},
Source

Young double-slit experiment

I = |A? = |Apath1 + Apanz|?
Diff. in length path, hence interferences

a_) b Z el phase __ /DX Iphase x(t)]
all paths
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Quantum field theory

@ Combine special relativity and quantum mechanics
@ Fields — operators acting on a state to modify particle content

|_~

N——]
@},
Source

Young double-slit experiment

I = |A? = |Apath1 + Apanz|?
Diff. in length path, hence interferences

a_) b Z el phase —/DX Iphase x(t)]
all paths

@ Classic: Only solutions are classical paths,
minimising the action defined from a Lagrangian £

=0 S:/dtL:/d4x£
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Quantum field theory

@ Combine special relativity and quantum mechanics
@ Fields — operators acting on a state to modify particle content

|_~

N——]
@},
Source

Young double-slit experiment

I = |A? = |Apath1 + Apanz|?
Diff. in length path, hence interferences

a_) b Z el phase —/DX Iphase x(t)]
all paths

@ Classic: Only solutions are classical paths,
minimising the action defined from a Lagrangian £
J

st 0 S:/dtL:/d4x£
6X(t) [ ( )] Xclassical

@ Quantum: Take phase = S/h  A(a— b) = [ Dx(t) eSX®/h
classical sols recovered in the limit S > h (other paths cancel)
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Free lagrangians

Lagragian to recover equation of motion in classical limit

oL oL
= 4 — E_gn (=) =
S /d XL($,0,0) IS =0—= 3 d (a(aw)) 0
which yields the corresponding free Lagrangians
@ Klein-Gordon spin 0: (9,0* + m?)¢ =0 L = 01p*0up — MmPe* o
@ Dirac spin 1/2: (iv0, —myp =0 L =iy 9, — m)y
with ¢ = 9140

@ description of free scalars and fermions
@ theory can be quantized to analyse free propagation

@ and to compute (free) correlation functions (0|¢(x1)é(x2) ... |0)
which can be related to Scattering matrix elements

@ but not interaction at that stage, so very little dynamics !
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Classical electrodynamics

@ Maxwell equations{ . . 9 - _ - 9B -
VxB—a—t:J V><E—|—a—t:0

oA - - -

wﬁhthepotenhalsE——VV—E B=VxA
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Classical electrodynamics

@ Maxwell equations ¢ _, _ E . . S B -
VxB—%:J VxE—l—a—zo

t ot

. Y . SO
wﬁhthepotentlalsE:—VV—E B=VxA

@ Summarised in relativistic notation: 9, F*" = J”

0 -E -E -E )
E, 0 -B; B Ar = (V, A)
E B3 0 -5 J' = (p,J)
Es -B, B, 0

Fiv = 91AY — O A =
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Classical electrodynamics

@ Maxwell equations ¢ _, _ E . . S B
VxB—a—:J VxE—l—a—B:O

t ot

. Y . SO
wﬁhthepotentlalsE:—VV—E B=VxA

@ Summarised in relativistic notation: 9, F*" = J”

0 -E -E -E )
E;, 0 -B; B A= (V,A)
Eo B3 0 B Jr = (p,J)
E; -B, B 0

Fiv = 91AY — O A =

@ For a free field (no current, J = 0), comes from £ = —%F’“’FW

@ Gauge invariance: same equation and same physics
if arbitrary shift in potential A* — A" + OFA
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Gauge principle: coupling the fermions

@ Free (Dirac) theory: £ = (iv*0,, — m)y with global phase inv.

p(x) = e %(x)
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Gauge principle: coupling the fermions

@ Free (Dirac) theory: £ = &(iy“@u — m)«y with global phase inv.

P(x) = €% (x)
@ Gauge principle: (phase) invariance promoted to local version

Y(x) = e*%(x)
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Gauge principle: coupling the fermions

@ Free (Dirac) theory: £ = &(iy“@u — m)«y with global phase inv.
b(x) = €*%(x)
@ Gauge principle: (phase) invariance promoted to local version
U(x) — €°09%x)

@ “Inhomogeneity” of derivative: 9,1 — €Q(d), + i(9,a) Q)
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Gauge principle: coupling the fermions

@ Free (Dirac) theory: £ = &(iy“&u — m)«y with global phase inv.
b(x) = €*%(x)
@ Gauge principle: (phase) invariance promoted to local version
Y(x) — *%)(x)

@ “Inhomogeneity” of derivative: 9,1 — €Q(d), + i(9,a) Q)
@ Solving by introducing the covariant derivative

Db = (9, — ieQA,)Y — €°XAD, 4

with A, spin-1 field such as A, — A, + 19,a
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Gauge principle: coupling the fermions

@ Free (Dirac) theory: £ = &(iy“&u — m)«y with global phase inv.
b(x) = €*%(x)
@ Gauge principle: (phase) invariance promoted to local version
Y(x) — *%)(x)

@ “Inhomogeneity” of derivative: 9,1 — €Q(d), + i(9,a) Q)
@ Solving by introducing the covariant derivative

Db = (9, — ieQA,)Y — €°XAD, 4

with A, spin-1 field such as A, — A, + 19,0, like the potential !
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Quantum Electrodynamics or QED

Invariance under local phase redefinition
yields QED, sum of the two Lagrangians

1 174
Lr = —FuF"

Lp = Y(iy"Dy—m)yp
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Quantum Electrodynamics or QED

Invariance under local phase redefinition
yields QED, sum of the two Lagrangians

LF = —%FWFW e e

- ~

Lp = Y(iv"Dy —m)p
= G(ir"Dy — M) + eQA, D"
= free theory + interaction eQ
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Quantum Electrodynamics or QED

Invariance under local phase redefinition
yields QED, sum of the two Lagrangians

Lp = —%FWFW C C

- ~

Lp = Y(iv"Dy —m)p
= G(ir"Dy — M) + eQA, D"
= free theory + interaction eQ

@ Promoting symmetry to local level yields interaction (em)
related to the conservation of a charge (electric charge)
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Quantum Electrodynamics or QED

Invariance under local phase redefinition
yields QED, sum of the two Lagrangians

Lp = —%FWFW C C

Lp = Y(iv"Dy —m)p
= G(ir"Dy — M) + eQA, D"
= free theory + interaction eQ

@ Promoting symmetry to local level yields interaction (em)
related to the conservation of a charge (electric charge)

@ Equations of motion for potential A“: 9,F* = —eQ(v"v))
Maxwell equation with current from electron
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Quantum Electrodynamics or QED

Invariance under local phase redefinition
yields QED, sum of the two Lagrangians

LF = —%FWF’“’ e €

Lo = By D, — myp
= P(iv*8, — m)y + eQA, Y'Y
= free theory + interaction eQ

@ Promoting symmetry to local level yields interaction (em)
related to the conservation of a charge (electric charge)

@ Equations of motion for potential A“: 9,F* = —eQ(v"v))
Maxwell equation with current from electron

@ Massterm Ly = %mﬁA“A# forbidden by gauge invariance,
som,=0[exp<2-10"" eV]
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Loop effects

@ Each photon exchange comes with a power of o = €2/(4n)
@ Perturbation theory (if & small enough to ensure convergence)

A=AO L A L 2AQ)
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Loop effects

@ Each photon exchange comes with a power of o = €2/(4r)
@ Perturbation theory (if & small enough to ensure convergence)

A=AO L oA 4 2AC) 4
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Loop effects

@ Each photon exchange comes with a power of o = €2/(4r)
@ Perturbation theory (if & small enough to ensure convergence)

A=AO L oA 4 2AC) 4

@ Integration over momenta of internal particles

@ ...even for configs not acceptable classically (E? # p? + mP?)

@ They should only satisfy the conservation of enegy-momentum

@ Sensitivity to all particles coupling to photons (electrically charged)
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Loop effects

@ Each photon exchange comes with a power of o = €2/(4r)
@ Perturbation theory (if & small enough to ensure convergence)

A=AO L oA 4 2AC) 4

@ Integration over momenta of internal particles

@ ...even for configs not acceptable classically (E? # p? + mP?)

@ They should only satisfy the conservation of enegy-momentum

@ Sensitivity to all particles coupling to photons (electrically charged)

@ Ultimately, UV divergences for large momenta to be renormalised
gauge symmetry constrains also structure of divergences
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Experimental consequences: «

Em interaction between two electric probes
= photon exchange, sensitive to

pair creation of electron/positron from vacuum
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Experimental consequences: o

€

Em interaction between two electric probes
= photon exchange, sensitive to

pair creation of electron/positron from vacuum

@ Vacuum similar to a dielectric medium
containing orlentak.)Ie'dlpoIes which screen e
the electromagnetic field HO|EREEL, | O
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Experimental consequences: o

Em interaction between two electric probes
= photon exchange, sensitive to
pair creation of electron/positron from vacuum

€

@ Vacuum similar to a dielectric medium

containing orientable dipoles which screen e
. . — —

the electromagnetic field +0 _._. -Q
@ Virtual electron/positron loops make e
o = €2/(4r) increases at short distances e
.
(or at large energies) Electric| SEsaoci
field £/
- —»
_de(q) _ B(e) = & +0(e%) > 0 "_'

d IOg(Q) 1272 Polarized molecules

The fine-structure “constant” « is not constant
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| e'e™— e’e” L E P

1Ja=constant=137.04

135 |

Q L
~ 130

¥ *  1.81GeV’ < -Q° < 6.07GeV OPAI
[ O ® 210GeV <-Q°<6.25GeV L3
125 F O W 12256ev2 < 07 < 2434GeV? L3
[ [ 1800GeV? < .-Q° < 21600GeV* L3
‘T.ml Q‘E[?..‘m\ vl ol ‘a.)..

1 10 10° 10° 10!

-Q? (GeV?)

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1)

Tested at LEP
in 1990-2000
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A coloured world with'
Quantum ChromoDynamics
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Colours

@ Quark model: proton uud, neutron udd. ..

@ Among states discovered in 50’s ATt (J = 3/2,J3 = 3/2) = uTulu?

@ But A is a fermion, with antisymmetric wave function (Pauli)

—additional d.o.f.: colour (green, blue, red)

AYT(J=8/2,J3=3/2) =M uulul

More generally, if i, j, k flavour and «, /3, v colour, hadrons combine
quarks in colourless combination

@ Baryons consist of eabcnggqﬁ

@ Mesons consist of 5*°q, &

@ Exotics (tetraquarks, pentaquarks recently observed at Babar,
Belle, LHCb. . .) combining the previous structures
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How many colours ?

o(ete™ — hadrons) Y go(ete” — qq) 5
- el - - = Ne) G5
olete” = putp~)  olete” —putu~) 7

10/9 - N, (u,d,s,c)

2/3- N (u,d,s)
11/9 - N (u,d,s,c,b)

vary when a qq threshold production is crossed
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3 colours

107 T T T
F 4 u,d, s
u 3 loop pQCD
10 Naive quark model -
L
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Resonances after each
qq threshold, then
asymptotic value with
N, =3

Colours have to do with
the dynamics of quarks
since coloured quarks
bound in white objects
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A few words on symmetries
@ In QED, symmetry under phase redefinition
Y — e
@ U(1) equivalent to O(2) symmetry, rotations in 2 dimensions

0, 9
04

abelian (i.e.m commuting) group:
R(61)R(62) = R(62)R(01) = R(61 + 62)

Not always the case !
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Nonabelian symmetries

Rotations in larger spaces are nonabelian,
for instance O(3): rotations and reflexions in 3 dimensions

T @
¥y P
99
@ A group: Ry R still a rotation, belongs to O(3)

@ But not abelian: R{R> # R>R;
@ Structure of the group specified by [Ry, R2] = R1R2 — R2Ry
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Group transformation

@ Representation of the group: “how the object transforms”

For instance, under a SO(3) (three-dimensional) rotation
@ scalar S: S— S
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Group transformation

@ Representation of the group: “how the object transforms”

For instance, under a SO(3) (three-dimensional) rotation
e scalar S: S~ S o
o vector A: A' — RYA = [exp[—i0.J]]" A
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Group transformation

@ Representation of the group: “how the object transforms”

For instance, under a SO(3) (three-dimensional) rotation
e scalar S: S~ S o
o vector A: A' — RYA = [exp[—i0.J]]" A

0 —i o0 0 0 —i 0 0 o0
Jé = i 0 0 0 0 0 0 0 —i
0 0 i 0 o 0o i o0

@ spinor ¥: Y — [81/2(R)]“ﬁw5 = [exp[—i0a03/2]]*PyP

=(1e) (09) (o)
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Group transformation

@ Representation of the group: “how the object transforms”
For instance, under a SO(3) (three-dimensional) rotation

@ scalarS: S—+ S o
o vector A: A" — RIA = [exp[—ifJ]T A
0 —i o0 0 —i 0 0 0
Ja:<i 00) (o )(oo:’)
0 0 0 i 0 i 0
@ spinor ¢: Y — [Sy o(R)]*PyP = [exp[—ifa0?/2]]*PyP
=) (0 7)) (0 )

@ Lie Algebra: “how the group is characterised” (indep of repres.)

U = exp(—i05T?) with T2 traceless hermitian generators
where [T2, TP] = jfabeTe fabe group structure csts

o oo
oo
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Group transformation

@ Representation of the group: “how the object transforms”
For instance, under a SO(3) (three-dimensional) rotation

@ scalarS: S— S o
o vector A: A" — RIA = [exp[—ifJ]T A
0 —i o0 0 —i 0 0 O
Ja:<i00> <o )<00i)
0 0 0 i 0 i 0
@ spinor ¢: Y — [Sy o(R)]*PyP = [exp[—ifa0?/2]]*PyP
w=(20) (7 7) (5%)
@ Lie Algebra: “how the group is characterised” (indep of repres.)

U = exp(—i05T?) with T2 traceless hermitian generators
where [T2, TP] = jfabeTe fabe group structure csts

Rotations: [J2, JP] = jedbCyc [03/2,0P/2] = i€@C5C )2
= Infinitesimal version of the “table of multiplication” of the group
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SU(2) and SU(3) groups

U = exp(—i65T2) € SU(N) parametrised by 6,
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SU(2) and SU(3) groups

U = exp(—i65T2) € SU(N) parametrised by 6,

@ SU(2): a=1...3 matrices 2 x 2
Fundamental represent. T2 = 1@ from Pauli matr (2 = ¢3b)

(7)) (74) (0 %)
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SU(2) and SU(3) groups

U = exp(—i65T2) € SU(N) parametrised by 6,

@ SU(2): a=1...3 matrices 2 x 2
Fundamental represent. T2 = 1@ from Pauli matr (2 = ¢3b)

(7)) (74) (0 %)

@ SU(3):a=1...8 matrices 3 x 3
Fundamental represent. T2 = %)\a from Gell-Mann matrices

0 0 0 -/ 0 1 0 O 0 0 1
1 0 i 0 0 0 -1 0 0 0O0]|...
0 0 0 0 O 0 0 O 100
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Colour symmetry

q
@ Free coloured quarks g = ( q ) L = q(iv*0, —m)q
q
with a global colour symmetry g(x) — Uqg(x) = exp[iccar?/2]q(x)

@ Colour related to strong interaction, interpreted as a charge ?
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Colour symmetry

q
@ Free coloured quarks g = ( q ) L = q(iv*0, —m)q
q
with a global colour symmetry g(x) — Uqg(x) = exp[iccar?/2]q(x)

@ Colour related to strong interaction, interpreted as a charge ?

@ Gauge principle:  g(x) — U(x)q(x) = explica(x)A\%/2]q
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Colour symmetry

q
@ Free coloured quarks g = ( q ) L = q(iv*0, —m)q
q
with a global colour symmetry g(x) — Uqg(x) = exp[iccar?/2]q(x)

@ Colour related to strong interaction, interpreted as a charge ?
@ Gauge principle:  g(x) — U(x)q(x) = explica(x)A\%/2]q

D,.q = (130, — igsG,)q — UD.q
G, — UGMUT — i(af‘U)UT

G5 = Ga2(\%)ap/2 collects eight gluons !

@ Covariant derivative: {
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Colour symmetry

q
@ Free coloured quarks g = ( q ) L = q(iv*0, —m)q
q
with a global colour symmetry g(x) — Uqg(x) = exp[iccar?/2]q(x)

@ Colour related to strong interaction, interpreted as a charge ?
@ Gauge principle:  g(x) — U(x)q(x) = explica(x)A\%/2]q

Duq = (138u - IgSGu)q _> UDuq
G. — UG,U' — L(oru)Ut

G5 = Ga2(\%)ap/2 collects eight gluons !

@ Covariant derivative: {

QED QCD
One phase Three colours
u@) SU(3)
Abelian symmetry Nonabelian symmetry
1 parameter 8 parameters
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QCD Lagrangian

Invariance under local colour rotations yields QCD Lagrangian
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QCD Lagrangian

Invariance under local colour rotations yields QCD Lagrangian
@ A term for the quarks: free + interaction

Lo = §(iy'D,—m)g
= ("0, — M)+ 2u(\)as7" 9G]
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QCD Lagrangian

Invariance under local colour rotations yields QCD Lagrangian
@ A term for the quarks: free + interaction

Lp = q(ih*D,—m)q
= (70— MG+ F (Va0 G
@ but also a kinetic term for the gluons
1 1 Y
Lr= —ZGQ G, = —ETr[G“ G
where G is the analogue of electromagnetic F*¥

G = g’[D“, D" = 9"G" — 0" G" — igs[G*, G'] — UG U!
S
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QCD Lagrangian

Invariance under local colour rotations yields QCD Lagrangian
@ A term for the quarks: free + interaction

Lp = §(in"D,—m)q
= ("0, — M)+ 2u(\)as7" 9G]
@ but also a kinetic term for the gluons
1 1 Y
Lr= —ZG’; G, = —ETr[G“ G
where G is the analogue of electromagnetic F*¥
G = g’[D“, D'] = 9G¥ — 0" G* — igs[G*, G'] — UGH UT
S

@ No mass term (not gauge invariant), hence gluons are massless
@ Interactions: g-g-g from Lp, 3 gluons and 4 gluons from Lg [new !]

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17 21



QCD interactions

> > Y g g
q q
g
g
g g g

957" Aap/2

Js fabe Q§ fabcfade

Differences from electromagnetism
@ Gluons themselves sensitive to strong interaction

@ Universal coupling gs (no “colour-electric charge”)
related to the existence of 3- and 4-gluon interactions
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Asymptotic freedom

And vacuum polarisation, e.g. gluon exchange between 2 quarks ?
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Asymptotic freedom

And vacuum polarisation, e.g. gluon exchange between 2 quarks ?
a g
q g
Pairs of virtual quarks AND gluons from the vacuum
@ modification of ag = g2/(4) with the distance/energy

dgs(q) g [ 2
Tloola) = B9) =1 [sNC— SNf] T
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Asymptotic freedom

And vacuum polarisation, e.g. gluon exchange between 2 quarks ?
a g
q g
Pairs of virtual quarks AND gluons from the vacuum
@ modification of ag = g2/(4) with the distance/energy

dgs(q) g [ 2
Tloola) = B9) =1 [sNC . SNf] T

@ N; from quarks: ag increases at small distances (large q)
(screening from quarks, like dipoles against field from a charge)
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Asymptotic freedom

And vacuum polarisation, e.g. gluon exchange between 2 quarks ?
a g
q g
Pairs of virtual quarks AND gluons from the vacuum
@ modification of ag = g2/(4) with the distance/energy
d 3 11 2
019 _ sg)= -2, [Nc - Nf] T

dlog(q) 472 | 3 3

@ N; from quarks: ag increases at small distances (large q)
(screening from quarks, like dipoles against field from a charge)
@ N from gluons: «s decreases at small distances
(antiscreening from gluons, like magnets along colour field lines)
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Asymptotic freedom

And vacuum polarisation, e.g. gluon exchange between 2 quarks ?
a g
q g
Pairs of virtual quarks AND gluons from the vacuum
@ modification of ag = g2/(4) with the distance/energy

dgs(q) g [11 2
dlog(q) B(g) = 42 [SNC - 3Nf:| +...
@ N; from quarks: ag increases at small distances (large q)
(screening from quarks, like dipoles against field from a charge)
@ N from gluons: «s decreases at small distances
(antiscreening from gluons, like magnets along colour field lines)
@ in our world (N; = 3, Nt < 6), the gluons winand g < 0!
g decrease at small distances
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as at various scales

v Tdecays (N3LO)
a DIS jets (NLO)
0 Heavy Quarkonia (NLO)

o (Q?)

03}
® c.w. precision fits (NNLO)
v pp—> jets (NLO)
v pp —> tt (NNLO)

October 2015

o e'e jets & shapes (res. NNLO)

02+
g
ka7 YA
011 e, R
= QCD ag(M,) =0.1181 £ 0.0013
1 ‘ 160 1600

" QIGev]

—asymptotic
freedom:
at large energies,
interactions (prop to gs)
small perturbations

Consistency over a very large range of energies
(from m, up to LHC pp collisions)

Sébastien Descotes-Genon (LPT-Orsay)
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Confinement

At distances of order 1 fm, as becomes of O(1)
=—breakdown of perturabtive picture

proton
®
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Confinement

At distances of order 1 fm, as becomes of O(1)
=—breakdown of perturabtive picture

proton

o
"y
cl

@ Quarks cannot escape from hadrons, confined in radius of O(1 fm)
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Confinement

At distances of order 1 fm, as becomes of O(1)
=—breakdown of perturabtive picture

proton

@ Quarks cannot escape from hadrons, confined in radius of O(1 fm)
@ No perturbation theory possible for soft physics (below 1 GeV)
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Confinement

At distances of order 1 fm, as becomes of O(1)
=—breakdown of perturabtive picture

proton

@ Quarks cannot escape from hadrons, confined in radius of O(1 fm)
@ No perturbation theory possible for soft physics (below 1 GeV)
@ Often processes mixture of strong and electroweak

=—quark decays weakly into another quark inside a hadron

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17 25



Confinement

At distances of order 1 fm, as becomes of O(1)
=—breakdown of perturabtive picture

proton

€
o

@ Quarks cannot escape from hadrons, confined in radius of O(1 fm)
@ No perturbation theory possible for soft physics (below 1 GeV)
@ Often processes mixture of strong and electroweak

=—quark decays weakly into another quark inside a hadron
@ Hard to connect theory (quarks) and experiment (hadrons)
@ solve numerically the equations (lattice gauge theory)

@ build a theory of more limited scope (effective field theory)
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Lattice gauge theories

Compute propagation and decay of a particle
@ Discretise space and time (lattice spacing)

@ Finite 4D box (finite-volume effects) with
Euclidean metric

@ Sum over all possible configurations (Monte
Carlo methods)

R
Recent progress in - %
understanding effect of - _ ]
(virtual) sea quarks, finite ~ Eesf T g ]
volume, lattice spacing 3 s T LT ]
and renormalisation. . . S E
R e R R T S S 2

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17 26



Deep inelastic scattering: parton model

oK) e (k)p(P)— e (K)+ X

e(k) @ g = k — k' momentum transfer
@ s = (P + k)? cms energy
@ X = —% scaling var

@ y = £9 relative energy loss

In parton model, energetic proton
made of nearly collinear partons
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Deep inelastic scattering: parton model

e(K) e (k)p(P)— e (K)+ X

e(k) @ g = k — k' momentum transfer
@ s = (P + k)? cms energy
@ X = —% scaling var

o y= Pk 9 relative energy loss

In parton model, energetic proton
made of nearly collinear partons

G = G x T2+ (1 )
f

f¢(x): parton distribution function, probability of finding a constituent f
with a longitudinal fraction x of momentum

=Parton model: pdf scale with x, parton cross-section depend on y
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Deep inelastic scattering: QCD

e~ (k)p(P) — e~ (K') + X

N
T
Q
<
I
:
>
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Deep inelastic scattering: QCD
e~ (k)p(P) — e~ (k') + X
q° P-q

“2p.q YT P
QCD provides corrections to the parton scaling

g=k—-kK x=

=

d’c 5 2maPs >
dxdy Zf:[Xff()C q)Qf] x 7 [1+ (1 —y)]+ Oas)

fr(x, q): probability of finding a constituent f
with a longitudinal fraction x of momentum
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Deep inelastic scattering: QCD
e~ (k)p(P) — e~ (k') + X
q° P-q

“2p.q YT P
QCD provides corrections to the parton scaling

g=k—-kK x=

=

d’c 5 2maPs >
dxdy Zf:[Xff()C q)Qf] x 7 [1+ (1 —y)]+ O(as)

fr(x, q): probability of finding a constituent f
with a longitudinal fraction x of momentum

Two types of QCD correction
@ O(as) and higher-order corrections to vertex
@ variation of fi(x, q) with g
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F> measurements

2 10°
«
= Proton
% 8
10 * H1
X ® ZEUS
« < BCDMS
= 107 O E665
2 =0 2 NMC
eo00s 2 S
x=0.00102
106} x=0.0013
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1051 x=0.00253
x=0.0032
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e .+ %=0.013
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Measurements of

Fo=) xQffi(x.q)
f

Variations with g
in agreement with QCD
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Jets

In collisions, quarks/gluons emit further gluons/quarks and lose energy,
until they become soft (around 1 GeV) and bind into hadrons

ete” —qq ete” — qqg

N ALEPH s N

\‘,/ = L
Two jets Three jets

—Global observables, dependent on high energies (infrared safe),
well described by perturbative QCD: total o, thrust, sphericity
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QCD@LHC

. June 2016 CMS Preliminary
=)
%105 E- :
u* 5 10FF E
= .
8 10° . -
> s
1 Gaof SN 1
n n+’ r L
o + o + . g 10k #* g 7 1
S ] L ; 1t
S 1 i Mg o
o9 3 i ¥
S Si01f ]
Y 0 10—2 L 4
underlying .
0°F T ” =
proton proton s

@ Separation of scales between hard (perturbative) and soft
(hadronic) dynamics

@ Probe QCD and approximate models for Monte Carlo simulations
@ Constraining as and/or parton distribution functions

@ Good agreement with NLO QCD over 11 orders of magnitude

@ Next steps: NNLO (already for tt production), processes with H
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From left o right and back
with the weak interactions
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A detour through chirality and helicity

@ Helicity: Projection of spin on direction of motion (frame-depend)

§ R > >
h— #p . P . [
| P | right-handed left-handed

Spin-1/2 particle (electron) [opposite for antifermion]:
h =1/2 right-handed, h = —1/2 left-handed
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A detour through chirality and helicity

@ Helicity: Projection of spin on direction of motion (frame-depend)

s ©.- o .
| Y | right-handed left-handed

Spin-1/2 particle (electron) [opposite for antifermion]:
h =1/2 right-handed, h = —1/2 left-handed

@ Chirality: Lorentz-invariant version ~5 = in%y142+3 = ( _012 Z >

1_
21275, P, = B W= (P +Pa)V =y, + Vg

Pgr 5
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A detour through chirality and helicity

@ Helicity: Projection of spin on direction of motion (frame-depend)

§ R > >
h— _’P . P . [
| Y | right-handed left-handed

Spin-1/2 particle (electron) [opposite for antifermion]:
h =1/2 right-handed, h = —1/2 left-handed

@ Chirality: Lorentz-invariant version ~5 = in%y142+3 = ( _012 Z >

1 1-
Pr = 275, PL=—5", W=(PL+PR)V =V +Vg

L = P8, — myw 5= pin0
= PO + Yriv*Ouvr — M(YrbR + YRYL)
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A few observations

l//,

Charged weak currents s
(charged boson exchange ?)

@ Only left-handed fermions produced (right-handed antifermions)
parity symmetry violated by the weak interactions

@ Doublet partners (¢, v;): v, X — p~ X' but not v, X — e~ X’

@ Universal strength: (¢ — vel'vp) ~ GEm3

@ Charged bosons require embedding both weak and em interactions

Neutral weak currents (neutral boson exchange ?)

® v,(p) + N(q) — vu(p') + N(q')
@ Tiny flavour-changing neutral currents

Can we build a theory of weak interactions

embedding such elements ?
Strong and weak in SM (1) 15/3/17 34



Fermion content

Free massless fermions
L=3"1 s "Oub
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Fermion content
Free massless fermions

L=3_1 ps "

fa
@ Right-hd singlets of two types

@ Left-hd doublets: ¢, = ( fu )
L

Leptons Quarks

3 générations

vr=(f)r  ¥s=(fa)r
with difference between "high” and "low” electric charge fermions

fu:UaCa tayeaV;MVT fd:d,s,b,e_,,u_,T_
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Fermion content

Free massless fermions
L=3 "1 sV 0u

@ Left-hd doublets: v, = ( ;“ )
d /L

@ Right-hd singlets of two types

Yvr= ()  Ys=(f)r

O .< Q .

n
ions

]
[
Q
=
o
'8

Leptons Quarks

w
w
[y
A
o
£

with difference between "high” and "low” electric charge fermions

fu:U,C, tal/eay,uvyT fd:d,s,b,e_,,u_,’l'_

in order to distinguish between
@ left-handed doublets involved in charged currents
@ right-handed fermions of different charges

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17
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Symmetries

w=(f)  wR=(n  vs=(s

with fermions classified f, = u, ¢, t,ve, vy, V7 fy=d,s,b,e ,u, 7"

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17 36



Symmetries

f,
w=(p)  va=ta  vs=(a
d /L
with fermions classified f, = u, ¢, t, ve, vy, V7 fy=d,s,b,e ,u, 7"

We introduce the SU(2); ® U(1)y symmetry
@ U(1)y: phase /3, somehow related to QED

@ SU(2),: rotation U, = exp[i%] affecting only left-hd doublets
“weak isospin” (for all families)
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Symmetries

f,
w=(p)  va=ta  vs=(a
d /L
with fermions classified f, = u, ¢, t, ve, vy, V7 fy=d,s,b,e ,u, 7"

We introduce the SU(2); ® U(1)y symmetry
@ U(1)y: phase /3, somehow related to QED

@ SU(2),: rotation U, = exp[i%] affecting only left-hd doublets
“weak isospin” (for all families)

which yields the transformation of the doublets and singlets

v — YUY Yr— eYRpp s — €YSPys

Historically, many attempts with different symmetry groups

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17 36



Gauge bosons

Promoting SU(2), ® U(1)y to local symmetry, thus covariant deriv
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Gauge bosons

Promoting SU(2), ® U(1)y to local symmetry, thus covariant deriv
@ U(1)y: f = pB(x) = 1boson B,

Dibr = [0, —igyrBulvr — €YD,y lid for 1]
1
BM(X) — B“(X) + E(m(x)

where yg is the hypercharge, arbitrary for the moment

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17 37



Gauge bosons

Promoting SU(2), ® U(1)y to local symmetry, thus covariant deriv
U(1)y: 8 =B(x) = 1 boson B,

Dibr = [0, —igyrBulvr — €YD,y lid for 1]
1
BM(X) — B“(X) + aﬁuﬁ(x)

where yg is the hypercharge, arbitrary for the moment
@ SU(2).: a = d(x) = 3 bosons W/ in W, (x) = §W,(x)
U

Dyt = [0p— igW, — ig'yiBulwor — €U, (x) Dy
W,(x) = U)W U] () = 28U () U[(x)

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17 37



Charged currents

Write down the Lagrangian for fermions with covariant derivatives

L= ) iy Dty = free + Py Wb + 9By > Yo"y
j=L,R,S

j=L,R,S

The interaction term involves the
L

@ 3 bosons related to SU(2)
Fao 1 W vew] -
W =5 W = ( VoW, -ws ) o= 05 + MR/
@ 1 boson related ot U(1)y: B,
15/3/17

Strong and weak in SM (1)
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Charged currents

In the interaction term 9y Wh + 9'B,, Z/:L,R,syﬂzﬂ“%bj
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Charged currents

In the interaction term 9y Wh + 9'B,, Z/:L,R,syﬂzﬂ“%bj

select charged current processes

Lcc = FWJ[%W (1 —5)qq + ey (1 —5)¢] + h.c.
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Charged currents

In the interaction term 9y Wh + 9'B,, Z/ZLFLS}/]"(ZI"}/“T,Z)/'

select charged current processes

Lcc = FWJ[%V (1 —5)qq + ey (1 —5)¢] + h.c.

@ Mediated by two charged bosons
W+ and W—

@ Quark and lepton universality (one
coupling)

@ At low energies, reduces to
9%/M2, — Gr (Fermi constant)

@ Left-handed interaction
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Neutral currents: the photon

ENCZQ%Z_)W“W‘O’ ¢L+QB Z Vi
j=L,R,S
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Neutral currents: the photon

ENCZQ%Z_)W“W‘O’ ¢L+QB Z Vi
j=L,R,S

2 neutral bosons mixing to yield physical gauge bosons

ij [ cosfy sinfy Z,
B, ) \ —sinfy cosfy A,

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1)
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Neutral currents: the photon

ENCZQ%Z_)W“W?’ ¢L+QB Z Yt
j=L,R,S

2 neutral bosons mixing to yield physical gauge bosons
ij [ cosfy sinfy Z,
B, ) \ —sinfy cosfy A,

. - 1/2 0 -
Lnc > Au[gsmewww”( (/) —1/2 )wL+g’cosﬁw > il

j=LR,S

= eA, ZQZNMQJ.% Q = (%fu C())f ) ,Qr=Q;,,Qs = Q,
j d
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Neutral currents: the photon

ENCZQ%Z_)W“W?’ ¢L+QB Z Yt
j=L,R,S

2 neutral bosons mixing to yield physical gauge bosons
W3\ _ [ cosby sinfy Z,
B, ) \ —sinfw cosfy AL

. - L 1 2 0 T
Lnc 2 A,l[Qsmewww’( (/) —1/2 )wL+g’cosew > vl

j=LR,S

= eA, Zq[j,yuojwj Q = (%fu C())f ) ,Qr=Q;,,Qs = Q,
j d

provided that the following relations hold
@ Weinberg angle: e = gsinfy = g’ cos fyy = —2

Vg?+g?
@ Hypercharge: y;, = qu 5 = Qfd+2 Yr=Qy,, ys = Q,
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Neutral currents: the photon

ENCZQ%Z_)W“W?’ ¢L+QB Z Vi
j=L,R,S

2 neutral bosons mixing to yield physical gauge bosons
W3\ _ [ cosfy sinfy Z,
B, ) \ —sinfw cosfy A,

o 120 , o
Lnc > Au[gsmewm“( (/) _1/2)¢L+g cosbw Yyl

j=LR.S

- 0
= eAu Z?/J/W”Qﬂ/fj Q= <C())fu Q ) ,Qr = quv Qs = Qfd
7 o

provided that the following relations hold
@ Weinberg angle: e = gsinfy = g’ cos Oy = —%

@ Hypercharge: Y = Q—¢3/2
Strong and weak in SM (1) 15/3/17 40



Neutral currents: the Z boson

In addition to the photon part, £Ly¢ contains interactions for Z+

e - o3 . 2 n
o S — RS0 — sin®f AP Qi
NC sinfy cosfy " VLY 2¢L ngswﬂ Qv

e -
- - E M _
sin29WZ“ r v = anslf

where fermions f are quarks and leptons containing both f; and fg
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Neutral currents: the Z boson

In addition to the photon part, £Ly¢ contains interactions for Z+

e - o3 . 2 -
NG sinfy cos By " {ww o YL —sin szmswﬂ Qv

e -
- - E M _
sin29WZ“ r v = anslf

where fermions f are quarks and leptons containing both f; and fg

| uct | d,s,b | ve,vu,vr | € ,u7, 7
2vi [1-8sin®0y | -1+ 3sin® Oy 1 —1+4sin® 0y
2ay 1 —1 1 —1
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Neutral currents: gauge bosons

i I i J
g z

eQy zsirelgw(vf - af’YS)

Lnc = €A Z¢j'7 ijj W Z?’Vu[vf_af'YS]f
f

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17
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Neutral currents: gauge bosons

J i f i
~y Z()

eQy %(Vf — ars)

Lnc = €A Z¢j'7 ijj W NZ?’y”[Vf—af'%]f
f

@ Weinberg angle only in vector part v; (“electromagnetic” rotation)
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Neutral currents: gauge bosons

J i f i
~y Z()

eQy %(Vf — ars)

Lnc = €A Z¢j'7 ijj W uZ?VH[Vf_af'YS]f
f

@ Weinberg angle only in vector part v; (“electromagnetic” rotation)

® v,, = a,,: no interaction for right-handed neutrinos
— Sterile (component of) neutrinos
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Neutral currents: gauge bosons

J i i i
~y Z()

eQy %(Vf — ars)

Lnc = €A Z¢j'7 ij/ W #Z?’y”[Vf—a(m]f
f

@ Weinberg angle only in vector part v; (“electromagnetic” rotation)

® v,, = a,,: no interaction for right-handed neutrinos
— Sterile (component of) neutrinos

@ No flavour-changing neutral currents from Z and y-exchange
=—0Occur only through loop effects in the SM (small)
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Couplings with fermions

i i I f
g z
eQy ﬁ(Vf — ars)
0~ vy qd Qu
w W
azs(1 =) azs(1—15)

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17
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The mass issue

Too symmetric a theory: problems with the mass

® Lm, = mib*b, not invariant under gauge transformations:
i
W,.(x) = UL(x)W,(x)U] (x) — aaﬂUL(X)UZ(X)

All the masses of gauge bosons should vanish but
my, =0 my = 80 GeV mz =91 GeV

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17
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The mass issue

Too symmetric a theory: problems with the mass

® Lm, = mib*b, not invariant under gauge transformations:
i
W,.(x) = UL(x)W,(x)U] (x) — aauuL(x)UZ(x)

All the masses of gauge bosons should vanish but
my, =0 my = 80 GeV mz =91 GeV

@ Lm, = —myff = —my(f,fz + faf,) not invariant under gauge tf:
YL — MUY, vp — €YFPyp

All the masses of the fermions should vanish but
me =05MeV...m; ~ 170 GeV

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17
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Not covered here: the Higgs mechanism

Mass issues by the introduction of a doublet ¢ of scalar complex fields
@ Spontaneous breakdown: SU;(2) ® Uy(1) — Ugep(1)
@ Yukawa interaction of ¢ with fermions provide their mass terms
@ 3 d.o.f. of ¢ provide longitudinal polarisations of the (massive) W, Z
@ One d.o.f. remaining as particle in the spectrum, the H boson

19.7 fb (8 TeV) + 5.1 ib™* (7 Tev)

£ CMS S/(S+8) weighted sum
Hoewy

i =11e%3

151
E f,=124702034 Gev

S/(S+B) weighted events / GeV

ITRITIR AR,
Ty }}

s SO | | | | | |
110 115 120 125 130 135 140 145 150

m,, (GeV)

This does not explain the mass hierarchy among the various fermions
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Fermion mass matrices

@ Yukawa interactions, but 3 generations
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Fermion mass matrices

@ Yukawa interactions, but 3 generations yield 3 x 3 matrices

S (@) LMa) (YR + (@)L (M)i(quYe + ()L (Me)i(¢' Yz
ij=1,2,3
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Fermion mass maftrices

@ Yukawa interactions, but 3 generations yield 3 x 3 matrices

S (@) LMa) (YR + (@)L (M)i(quYe + ()L (Me)i(¢' Yz
ij=1,2,3

@ Mass states ? Diagonalise M; = V| m; Uy
where U and V unitary, and m diagonal

[(Qd).Ma(da)r + (Gu)Mu(qu)r + ELmelr + h.c.]
with mass eigenstates g from interaction eigenst. g’ via unitary rot

Qd)e = Va(gg)  (Que=Vulay)L L=Vl
(@i)r=Ud(ay)r  (qu)r=Uu(a))r ‘tr=Ulg
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Fermion mass maftrices

@ Yukawa interactions, but 3 generations yield 3 x 3 matrices

S (@) LMa) (YR + (@)L (M)i(quYe + ()L (Me)i(¢' Yz
ij=1,2,3

@ Mass states ? Diagonalise M; = V| m; Uy
where U and V unitary, and m diagonal

[(Qd).Ma(da)r + (Gu)Mu(qu)r + ELmelr + h.c.]
with mass eigenstates g from interaction eigenst. g’ via unitary rot
(o) =Va(@)  (Qu)=Vula)e o= Vil;
(@a)r = Uda(qe)r  (qu)r=Uu(a))r  (r=Ulg

@ Interactions defined in terms of ¢’
leading to U, V in interactions when expressed in terms of q
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Charged & neutral currents

@ Flavour-conserving neutral: f,['f, = f[Tf], fal'fg = f5T f}

e -
e K —
Lne sin(29W)Z“ Ef fyH[ve — ays]f
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Charged & neutral currents

@ Flavour-conserving neutral: f,['f, = f/T'f], fal fg = f5I {4

e -
_ By, —
Lnc sin(29W)Z“ Zf: A" [ve — arys|f

@ Flavour-changing charged: & Id, = 0y V,, I Vid, = &, VEMra,

Lec = 7WT ZU/’Y (1 =)V ™Mai + > " o™ (1 = ys)ti | +h.c.
i
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Charged & neutral currents

@ Flavour-conserving neutral: f,['f, = f/T'f], fal fg = f5I {4
e _
= H _
@ Flavour-changing charged: & Id, = 0y V,, I Vid, = &, VEMra,

Lee = 2\g/§ W0 (1 =s) Vi + > o (1 =)t | +h.c.
ij i
@ For 3 generations, Cabibbo-
Kobayahi-Maskawa matrix V
contains one imaginary term, (only)

source of CP violation in SM
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Charged & neutral currents

@ Flavour-conserving neutral: f,['f, = f/T'f], fal fg = f5I {4

e -
___° Ky, _
Lnc sin(29W)Z“ Ef fyHve — apys|f

@ Flavour-changing charged: & Id, = 0y V,, I Vid, = &, VEMra,

Loc = —WT Zu,’y (1 =)V ™Mai + > " o™ (1 = ys)ti | +h.c.

]

@ For 3 generations, Cabibbo-
Kobayahi-Maskawa matrix V
contains one imaginary term, (only)
source of CP violation in SM

@ If novg, m, = 0, ¢ rotation absorbed
in v, no lepton mixing matrix,
otherwise Pontecorvo-
Maki-Nakagawa-Sakata matrix
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Pure gauge: self-couplings
Let us introduce the field tensors
W = ot W» — o WH — ig[W*, W¥] — U, W“”UZ

B = 9B’ — 9B" — B
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Pure gauge: self-couplings
Let us introduce the field tensors
W = WY — 9" WH — iglWH, W¥] — U W U]
B" = 9'B” — 0B — B

The kinetic part of the Lagrangian Lx = —1B*B,, — 1W* W,

W W+ W+ W
v, 2° < >< >
W~ W~ W~ w-

contains three and four-boson couplings
(W8, B combinations of A, Z)
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Z coupling to neutrinos

ALEPH
DELPHI

r OPAL
ZO

+ average measurements,

error bars increased
by factor 10

[(Z — ff) o |vi|?+]ar|?

36

90
Epl[GeV]
[(Z — invisible)  T(Z — viy) 2 _ 196N
[Z > v0) T(Z—0he) "1 (1—4sinfoy)2

LEP measurements: Only 3 light neutrinos !
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Z related observables

Consider the cross section for ete~ — v, Z — ff
with an angle 6 between in and out states in center of mass

2
gg — O‘BL:N,[AU +c0s?0) + Bcos 6 — h[C(1 + cos® §) + Dcos 0]
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Z related observables

Consider the cross section for ete™ — ~,Z — ff
with an angle 6 between in and out states in center of mass

2
gg — OéL:N,[AU +c0s?0) + Bcos 6 — h[C(1 + cos® §) + Dcos 0]

@ N; number of fermion species: N, = 1, Ny = No(1 + as(M2) +...)
@ hy helicity of the fermion
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Z related observables

Consider the cross section for ete™ — ~,Z — ff
with an angle 6 between in and out states in center of mass

2
gg = OéL:N,[A(1 + c0s26) + Bcos 6 — h/[C(1 + cos? ) + D cos 0]
@ N; number of fermion species: N, = 1, Ny = No(1 + as(M2) +...)
@ hy helicity of the fermion

@ A, B, C, D predicted functions of Z couplings: ae, Ve, ar, V¢
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Z related observables

Consider the cross section for ete™ — ~,Z — ff
with an angle 6 between in and out states in center of mass

2
gg = OéL:N,[AU + c0s26) + Bcos 6 — h/[C(1 + cos? ) + D cos 0]
@ N; number of fermion species: N, = 1, Ny = No(1 + as(M2) +...)

@ hy helicity of the fermion
@ A, B, C, D predicted functions of Z couplings: ae, Ve, ar, V¢

471'04%,” f Ne—Ng 3B

7 = 3s NiA AFB_N/:—‘rNB_gZ
¢ O.hf:1 . O.hf:—1 C
AR = T A

@ Atthe Z peak, ALy = 2A? Al (measures polarisation of quarks)
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Electroweak precision measurements

M, [e] itter[-.J¢ 0.0
My 14 @ Fitting the previous observables and
N i others, depending on My and my
2 oo @ Good overall agreement
O:an -15
RY, 0.9 , .
i o W@W W@W
A(LEP) 0.2
A,(SLD) 2.0
sin"07'(Q,,) 0.7 -
Ars — 0.9 wwvu@wwr
AL 25
A, 0.0 "
Ao = 0.6 w/z 7N wyz
R? 0.0
R —_ 0.8 W
me 0.0 RN :
m, 0.0 s g
m, = 0.5 W
Aag) (M?) 1 -0.2
B IPRFOOLAOR SYOL O SV
©,, - Oneas) ! Oeas
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The CKM matrix

S ) IR R
i Ly 5 1 @ VCM depends on
10|~ s gl AT, ] 4 parameters
- ] AN Byl
05 am, ' 1 @ Eachbandis a
- 1 constraint from
1= ook A . one (or several)
C 4 i weak process
-05 . involving quarks
C 1 @ Agree, lead to
10 Y K accurate p, 7
E % Gawcow 1 @ 7 £ 0 indicates
T ‘-0‘.5‘ T o0 ‘o.‘s‘ - ‘1?0‘ - ‘1.‘5‘ —y CP-violation

P
Important constraint for any theory beyond the Standard Model
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As conclusions

@ QFT framework powerful for particle physics

@ Requires gauge symmetry to describe 3 interactions in the
Standard Model

@ QED template of all three interactions for the Standard Model

@ QCD non-abelian structure yields confinement, with running of a;
well tested

@ Weak interactions described together with electromagnetism,
distinguishing left and right chiralities

@ Accurately tested through several ways (electroweak precision
tests, CKM matrix structure)
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Any questions ?
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