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Quantum Chromodynamics

Hadrons — mesons and baryons — are "bound states” of quarks and gluons.




Asymptotic freedom| : the effective coupling vanishes at high energies
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— Interactions of quarks and gluons visible at high energies

— Perturbation applicable, but parameters connecting quarks/gluons
to hadrons need to be known

* structure functions (parton distributions)

* decay constants (f;, - )
* wave functions (quarkonia)



Color confinement| :

neither free quarks nor free gluons

— Crucial to separate short— and long—distance physics

QCD Lagrangian

— Gauge group : SU(3)

gluons 8

ns : #(flavors)

quarks (31 4 3g) X ny

— Parameters : masses generated by Higgs mechanism

gauge coupling oy = %
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quark masses My, Mg, Mg, M, My, My
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Gauged Higgs System

SU(2)., doublet|: ¢ with hypercharge Y = 1/2

@1(iWM—ﬂm)) SU2) = ¢ — exp(iT.0) ¢
V2 o — i U(l) : o —exp(iY0) e

Potential| : The gauge invariant and renormalizable Lagrangian

LHiggS — (DHSO)TD,U Y — V(SO)

for the Higgs doublet is given by the most general potential

V(p) = p2oTp + M)




Spontaneous Breaking of SU(2), xU(1)y

e |1” < 0and A > 0] (vacuum stability) :
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with losing the generality leading to the vacuum expectation value (vev)
of the Higgs doublet

e Unbroken gauge symmetry leaving () invariant
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e The potential itself has the custodial SU(2)p symmetry.

This group is the symmetry of the Higgs potential only; in the full
theory SU(2)r and SU(2)p are explicitly broken by the U(1)y gauge
interactions.



Gauge Boson Masses

e SU(2);xU(1)y covariant derivative

T 1
Dusp = (6M + ZQEaW;LL + Zgl§BM) ©Y

e Gauge boson mass terms come from the Higgs kinetic term :
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— The state orthogonal to 7,
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is massless so that it is nothing but the photon field.

A,u — (g/Wj) + gB,LL)



— The weak mixing angle 0y is defined as

Z, = W/i’ cos by — B, sin Oy

/
tan Oy = g =
g A, = W/f:’ sin Oy + B, cos Oy

e Among the four scalar fields ;(i = 0, 1, 2, 3) the three fields (¢1, @2, ©3)
become the longitudinal components of the massive gauge bosons (W=, 7)
while ¢y = (v + H)/+/2 remains as a physical field - this is called the
Higgs boson.

e The so—called p parameter

B miyy  gz/my NC Fermi coupling
P= m% cos2 Oy g2/m?,  CC Fermi coupling

— SM Higgs : p=1
— General Higgs :
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SU(2).
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e Covariant derivative in terms of physical gauge bosons

Dy

D, +

Y
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19 _ . : :
0459 (W, W) iz (s - Qo) 2, +i004,

SU(2)xU(1) Gauge Interactions

g

V2

NG

(W + I W) +iglsW) +ig'Y B,

(W3, B} — {Z, A}

— W* couples with pure SU(2) gauge coupling

— Z couples to a linear combination of SU(2) and EM charge

— v couples to the electric charge () = QED
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e Fermion gauge interactions

L= Y YriPvr+vriPip

fermions
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d
/

Z —192V <]3PL — @ sin” 9W>
/
/

g —ieQ),
/

e Yang—Mills Interactions
Fi, = 0,A% — 0,A% + gf™" A A,
1
(T2, T =ifePeTe  Tr(ToTP) = Zo%°
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—SU(2) : [ =e® [qg=1,2,3]

— Gauge boson self couplings*

‘Higgs—gauge /Higgs—fermion interactions later
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Fermion Masses

e Only Higgs doublets can give known fermion masses while any nontrivial
Higgs representation can give gauge boson masses

e Fermions cannot have SU(2)xU(1) invariant mass term, i.e. quarks and
leptons are massless before symmetry breaking

e A single doublet ¢ can generate masses of all quarks, leptons and W=, 7

e Yukawa interactions [only one generation is considered| :

—L = f(qd)p —h(qru)p+hc
M ERCE A

1 = 1 :
ﬁfv(dd) + %hv(ﬂu) = mgydd + m,iu
= myq = ifv m, = ihv

V2 V2
Minimal Model based on SU(2)xU(1)xSU(3)

e The only dimensionful parameter is v; all other masses are secondary

1 1
my = 3gv mz = 39zv
1 1
My, = —ﬂhuv mq = 75 fav

mi = s fiv my = 2\

e Neutrinos were exactly massless within the SM = Not any more

e Baryon and lepton numbers are automatically conserved (no renormal-
izable B/L—violating interactions) = Probably not any more
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Higgs Phenomenology

Minimal Higgs Boson

Something needed in J = 0 sector

e Assume SU(2)xU(1) without Higgs and with W= Z masses put by
hand

—ete” = 27
e” ——(VWVWWW\ o —— 7
et NNV e 7

do TQC M

D DN

W

dcosf  16s%.ch my,

This comes from J = 0 partial wave and eventually violates unitarity
at high energies; so something is needed to cure the J = 0 part.
Adding the standard Higgs cancels the ill behavior entirely. [Higgs—
fermion coupling must be proportional to the fermion mass !|

e~ A
et 7



-WW- > WtWw-

W~ W~
77 Z iE:: E " E2
+ v Z + do
dcos S
W+ W+

W= | A A
H | M ~ constant
e - - + H =
| dggse ~1/s
W+ W+ ANNNNNANAN

e SU(2) doublet with 4 components - 1 physical H & 3 unphysical (W=, Z)

e Higgs : vibration of the vacuum

J=0,P=+,C=4,Q=0, -



Higgs Couplings

Higgs couplings can be derived by replacing v by v + H

m = m (1 + J H)
2mW

e With gauge bosons
1

L= myWiW!+ om3 27,
2 g 1 1 2( 9z )
B 1+ 2 H|WIWF+ -m, 1+ 2H| Z'Z
mw( b ) R L AR T g

1
— (masses) + ngHWJW’“‘ + §meZHZMZ“

1 1
+ 192H2WJWM + ég%[ﬂZﬂZ“
W A
H------ 1gMyy 9o H - igzngaﬁ
W A

No HZ~, Hyvy, Hgg at tree level

e With fermions
L = —msff

— —mf(l%—ﬁlf)ff:(mass)—%lfff



/
|2 < —i % flavor—conserving scalar coupling (Q*™)
/

Higgs Decays

Partial Decay Widths

_ ozm?cm H

D(H = ff) = — — N3]
8m§v sin® Oy
Grmimpy ¢ 4m3
_ P _ 2
427 Cﬁf b m%{



ozm\QNBW 4dmiy

[(H— WIW7T) = = |1—-—~

( Wr) 2my sin? Oy B m?,
3 2 2
F(H = WiWE) = S (g
16m, sin” Oy mi

; dmi,  12m
D(H — W) = v () Ay 12y
16myiy sin” Oy mi miy

B G rmi; B ( 4m3, N 12m%4/)

827

7 4m%  12m;
D(H — 77) = GFmHﬂZ(1— i mz)

1
2 82w
e In the limit of my > my, my

1
D(H — Z27) = JT(H = WW)

e H — ~v,Z~,gg : only via fermion and/or W loops leading to small
branching ratios in general

e |Equivalence theorem|: I'(H — Vi V1) > I'(H — VpVp)

2
D(H — ff) ~apmy x (ﬂ> ~ (Yukawa)®m
myy
['(H = VV)~apymg X (—) ~ Ampy + (gauge) mpy
my

in the limit of myg > my.



Higgs Boson Production

e 1st and 2nd generation quarks/leptons couple extremely weakly to H

e "Large” coupling required, i.e. production via heavy particles

e Main production modes

a) Higgs—strahlung: 2 274
(a) Higg g o~ GEME g

Vs lower part

b) W fusion: - . Ve G3, MA 5
( ) € - o ~ 413/572/ log i
+W+ ;. V/S upper part
e < e
(c) Gluon fusion : g
t,b ---H LHC
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Excluded \

— 0.02758%0.00035
----0.02749+£0.00012
* incl. low Q2 data
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Signal significance

10

[Ldt=30fb™
(no K-factors)

ATLAS
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Higgs Physics Menu

elementary or composite ?
electroweak physics
tt condensation ?

'y

Higgs sector
Resonance shape (if wide)
How to measure ? (if narrow)

JPC’ — O++

Branching Ratios

H — W*W~/ZZ — custodial SU(2) symmetry
H — tt, 77—, -+ — Yukawa; minimal or not ?
H — ~vv, Zv,99 — one—loop structure





