
Sheldon: “Research Lab” is more than a game:

The physics is theoretical, but the fun is real!
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Electroweak and Theory (I):

Higgs and Electroweak in the SM (I)
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1. The Standard Model and the Higgs boson

Current status of knowledge: the Standard Model (SM)

1. family: quarks: d, u leptons: e−, νe (neutrino)

2. family: quarks: s, c leptons: µ−, νµ (neutrino)

3. family: quarks: b, t leptons: τ−, ντ (neutrino)

In total:

6 quarks and 6 leptons

The heavier particles (2. and 3. family) decay in very short time into the

lighter particles (1. family)

Example:

µ− → e− + ν̄e + νµ
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Forces and force particles (I):

1. electromagnetic force: photon: γ

e−

e−

γ

Ion

2. weak force: W+,W−, Z0

n

p

W
ν̄e

e−
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Forces and force particles (II):

3. strong force: gluon: g

g

g g

u

u
d

4. gravitational force: graviton(?)
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SM: Quantum field theory ⇒ interaction: exchange of field quanta

Construction principle of the SM: gauge invariance

Example: Quantum electro-dynamics (QED)

field quanta: photon Aµ

e−

e−

γ

nucleus

LQED invariant under gauge transformation:

Ψ → ei e λ(x)Ψ, Aµ → Aµ + ∂µλ(x)

mass term for photon: m2AµAµ not gauge invariant

⇒ Aµ is massless gauge field
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Current status of knowledge: the Standard Model (SM)

⇒ all particles experimentally seen
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Current status of knowledge: the Standard Model (SM)

⇒ all particles experimentally seen

⇒ but it predicts massless gauge bosons . . .
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Problem:

Gauge fields Z, W+, W− are massive

explicite mass terms in the Lagrangian ⇔ breaking of gauge invariance

Solution: Higgs mechanism

scalar field postulated, mass terms from coupling to Higgs field

Higgs sector in the Standard Model:

Scalar SU(2) doublet: Φ =





φ+

φ0





Higgs potential:

V (φ) = µ2
∣

∣

∣Φ†Φ
∣

∣

∣+ λ
∣

∣

∣Φ†Φ
∣

∣

∣

2
, λ > 0

µ2 < 0: Spontaneous symmetry breaking

minimum of potential at |〈Φ0〉| =
√

−µ2

2λ
≡ v√
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Φ =
1√
2





0

v +H



 (unitary gauge)

H: elementary scalar field, Higgs boson

Lagrange density:

LHiggs = (DµΦ) † (DµΦ)

− gdQ̄LΦdR − guQ̄LΦcuR

− V (Φ)

with

iDµ = i∂µ − g2~I ~Wµ − g1Y Bµ

Φc = iσ2Φ
∗ QL ∼





uL

dL



 , Φ ∼




0

v



 , Φc ∼




v

0





Gauge invariant coupling to gauge fields

⇒ mass terms for gauge bosons and fermions
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1.) V VΦΦ coupling:

V +
v

+ + · · ·

1

q2
→ 1

q2
+
∑

j

1

q2





(

gv√
2

)2
1

q2





j

=
1

q2 −M2
: M2 = g2

v2

2
⇒ M ∝ g

2.) fermion mass terms: Yukawa couplings:

f +
v

+ + · · ·

1

6q → 1

6q +
∑

j

1

6q

[

gfv√
2

1

6q

]j

=
1

6q −mf
: mf = gf

v√
2

⇒ mf ∝ gf
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3.) mass of the Higgs boson: self coupling

xv

xv

λ

H

H

. . .

λ = M2
H/v

MH = v
√
λ free parameter

→ last unknown(??) parameter

of the SM
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3.) mass of the Higgs boson: self coupling

xv

xv

λ

H

H

. . .

λ = M2
H/v

MH = v
√
λ free parameter

→ last unknown(??) parameter

of the SM

⇒ establish Higgs mechanism ≡ find the Higgs ⊕ measure its couplings
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Another effect of the Higgs field:

Scattering of longitudinal W bosons: WLWL → WLWL

MV =

W

W

W

W
γ, Z

+ γ, Z + = −g2 E2

M2
W

+O(1)

for E → ∞
⇒ violation of unitarity

Contribution of a scalar particle with couplings prop. to the mass:

MS =

W

W

W

W
H

+ H = g2WWH
E2

M4
W

+O(1)

for E → ∞

Mtot = MV +MS =
E2

M4
W

(

g2WWH − g2M2
W

)

+ . . .

⇒ compensation of terms with bad high-energy behavior for

gWWH = gMW
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Cross section with/without the Higgs:
[taken from M. Schumacher ’12 / C. Englert]
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What else do we know about the Higgs boson?

Running of Higgs self-interaction:

H

H H

H

λ

H

H

H

H

H

H

H

t

H

H

Renormalization group equation:

d λ

d t
=

3

8π2

[

λ2 + λg2t − g4t +
1

16

(

2g42 + (g22 + g21)
2
)

]

, t = log

(

Q2

v2

)

Two conditions:

1.) avoid Landau pole (for large λ ∼ M2
H)

2.) avoid vacuum instability (for small/negative λ)
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1.) avoid Landau pole (for large λ ∼ M2
H)

dλ

d t
=

3

8π2

[

λ2
]

⇒ λ(Q2) =
λ(v2)

1− 3λ(v2)
8π2 log

(

Q2

v2

)

λ(Λ) < ∞ ⇒ M2
H ≤ 8π2 v2

3 log
(

Λ2

v2

) : upper bound on MH

2.) avoid vacuum instability (for small/negative λ): V (v) < V (0) ⇒ λ(Λ) > 0

dλ

d t
=

3

8π2

[

−g4t +
1

16

(

2g42 + (g22 + g21)
2
)

]

⇒ λ(Q2) = λ(v2)
3

8π2

[

−g4t +
1

16

(

2g42 + (g22 + g21)
2
)

]

log

(

Q2

v2

)

λ(Λ) > 0 ⇒ M2
H >

v2

4π2

[

−g4t +
1

16

(

2g42 + (g22 + g21)
2
)

]

log

(

Λ2

v2

)

: lower bound
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Both limits combined:

mt = 174 GeV
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Landau pole 

Potential bounded from below 

Λ: scale up to which the SM is valid

Λ = MGUT ⇒ 130 GeV <∼ MH <∼ 180 GeV
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Top quark physics in (B)SM

Top-quark mass is a fundamental parameter of the electroweak theory

By far the largest quark mass,

largest mass of all known fundamental particles

Window to new physics?

Large coupling to the Higgs boson; physics of flavor;

prediction of mt from underlying theory?

Radiative corrections

⇒ non-decoupling effects proportional to powers of mt

⇒ Need to know mt very precisely in order to have

sensitivity to effects of new physics
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EWSB: just a heavy quark?

special role for t in EWSB?

strong constraint on any model

Precision physics:

δmexp
t leading parametric uncertainty

→ could obscure new physics

SUSY: mt crucial input parameter

drives SSB/unification

Little Higgs: heavier top

What can be done at the LHC?
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What is the top mass?

Particle masses are not observables

one can only measure cross sections, decay rates, . . .

Additional problem for the top mass:

what is the mass of a colored object?

Top pole mass is not IR safe (affected by large long-distance

contributions), cannot be determined to better than O(ΛQCD)

Measurement of mt:

• At Tevatron, LHC:

kinematic reconstruction, fit to invariant mass distribution

⇒ “pole” mass

• At the ILC:

mainly from threshold behavior ⇒ threshold mass
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Top quark production at the LHC:

Top production through quark antiquark annihilation and gluon gluon fusion

qq̄ → tt̄ : 10% gg → tt̄ : 90%

σLHC
NLO = 830 pb ± 15%
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Top quark decays (I):

The dominant decay is t → W+b:

t

b

W+
µ

= −i
g

2
√
2
|Vtq|2 γµ (1− γ5)

Γ(t → W+b) =
Gµm2

t

8π
√
2
|Vtb|2

(

1− M2
W

m2
t

) (

1− 2M2
W

m2
t

)

≈ |Vtb|2 × 1.42 GeV

Unitarity of CKM matrix: |Vtb|2 + |Vcb|2 + |Vub|2 = 1 ⇒ |Vtb|2 ≈ 1

⇒ top quark life time τt ≈ 5× 10−25 sec

Typical QCD time scale for hadron formation: τQCD ≈ 3× 10−24 sec

⇒ the top quark decays before it can form bound states
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Top quark decays (II):

Signature depends on the WW decay modes

⇒ often semi-leptonic channels easiest
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Measurement of Vtb (I):

Measure the ratio

BR(t → W+b)

BR(t → W+q)
=

|Vtb|2
|Vtb|2 + |Vcb|2 + |Vub|2

If one assumes 3 generations then |Vtb|2 + |Vcb|2 + |Vub|2 = 1

Current Tevatron measurements:

|Vtb| =



















1.05+0.10
−0.09 ([CDF ′10])

0.95+0.02
−0.02 ([DØ ′11])

⇒ ATLAS and CMS are taking over now . . .

However:

assuming three generations we know 0.9990 < |Vtb| < 0.9993 anyway

from unitarity of the CKM matrix
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Measurement of Vtb (II):

Cleaner: single top production

s-channel t-channel Wt

s-channel t-channel Wt

σNLO
t [pb] ∼ 7 ∼ 153 ∼ 31

σNLO
t̄ [pb] ∼ 4 ∼ 90 ∼ 31

⇒ better prospects, no assumption on unitarity needed

Sven Heinemeyer, SUSSP69 (St. Andrews), 27.08.2012 I/24



Top quark physics at the LHC:

The top cross section is σtt ≈ 830 pb

One year LHC running at low luminosity, ∼ 10 fb−1 ⇒ O
(

107
)

top events

Physics goals:

• δmt = 1 GeV with
∫ L = 100 fb−1

• Observation of single top production,

measurement of Vtb with
∫ L = 30 fb−1

• test of quantum numbers

• measurement of rare (BSM) decay modes
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Electroweak Precision Observables (EWPO):

Comparison of electro-weak precision observables with theory:

EW Precision data: Theory:

MW , sin2 θeff , aµ ↔ SM, MSSM , . . .

⇓
Test of theory at quantum level: Sensitivity to loop corrections, e.g. H

H

⇓
SM: limits on MH

Very high accuracy of measurements and theoretical predictions needed

Sven Heinemeyer, SUSSP69 (St. Andrews), 27.08.2012 I/26



Example: prediction of MW , sin2 θeff

A) Theoretical prediction for MW in terms

of MZ, α,Gµ,∆r:

M2
W

(

1− M2
W

M2
Z

)

=
π α√
2Gµ

(1 +∆r)

m
loop corrections

Evaluate ∆r from µ decay ⇒ MW

One-loop result for MW in the SM:

[A. Sirlin ’80] , [W. Marciano, A. Sirlin ’80]

∆r1−loop = ∆α − c2W
s2W

∆ρ + ∆rrem(MH)

∼ log
MZ
mf

∼ m2
t log(MH/MW)

∼ 6% ∼ 3.3% ∼ 1%
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Example: prediction of MW , sin2 θeff

A) Theoretical prediction for MW in terms

of MZ, α,Gµ,∆r:

M2
W

(

1− M2
W

M2
Z

)

=
π α√
2Gµ

(1 +∆r)

m
loop corrections

B) Effective mixing angle:

sin2 θeff =
1

4 |Qf |



1− Re g
f
V

Re g
f
A





Higher order contributions:

g
f
V → g

f
V +∆g

f
V , g

f
A → g

f
A +∆g

f
A
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Comparison of SM prediction of MW with direct measurements:

∆r = − 11g22
96π2

s2W
c2W

log

(

MH

MW

)

general for EWPO:

∆ ∼ g22

[

log

(

MH

MW

)

+ g22
M2

H

M2
W

]

leading term: log(MH)

first term ∼ M2
H with g42 80.3

80.4

80.5
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LHC excluded

mH [GeV]
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mt  [GeV]

m
W

  [
G

eV
] 68% CL

∆α

LEP1 and SLD

LEP2 and Tevatron

March 2012

[LEPEWWG ’12]⇒ light Higgs boson preferred
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Results for MH from other EWPO:

light Higgs preferred by:

MW , ALR
l (SLD)

heavier Higgs preferred by:

AFB
b (LEP)

⇒ keeps SM alive

MH   [GeV]

March 2012

ΓZΓZ

σhadσ0

RlR0

AfbA0,l

Al(Pτ)Al(Pτ)

RbR0

RcR0

AfbA0,b

AfbA0,c

AbAb

AcAc

Al(SLD)Al(SLD)

sin2θeffsin2θlept(Qfb)

mWmW

ΓWΓW

QW(Cs)QW(Cs)

sin2θ−−(e−e−)sin2θMS

sin2θW(νN)sin2θW(νN)

gL(νN)g2

gR(νN)g2

10 10
2

10
3

[LEPEWWG ’12]⇒ light Higgs boson preferred
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Global fit to all SM data:

[LEPEWWG ’12]

⇒ MH = 94+29
−24 GeV

MH < 152 GeV, 95% C.L.

Assumption for the fit:

SM incl. Higgs boson

⇒ no confirmation of

Higgs mechanism 0

1

2

3

4

5

6

10040 200

mH [GeV]

∆χ
2

LEP
excluded

LHC
excluded

∆αhad =∆α(5)

0.02750±0.00033

0.02749±0.00010

incl. low Q2 data

Theory uncertainty
March 2012 mLimit = 152 GeV

⇒ Higgs boson in the SM must be light, MH <∼ 160 GeV
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Improvement in the Blue Band plot:

[GFitter ’09]
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Another EWPO: the anomalous magnetic moment of the muon

aµ ≡ (g − 2)µ/2

Overview about the current experimental and SM (theory) result:

[M. Davier, A. Hoecker, B. Malaescu, Z. Zhang ’10] → T

aexpµ − a
theo,SM
µ ≈ (28.7± 8)× 10−10 : 3.6σ
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The (g − 2)µ experiment:

Coupling of muon to magnetic field : µ− µ− γ coupling

ū(p′)
[

γµF1(q
2) +

i

2mµ
σµνqνF2(q

2)

]

u(p)Aµ F2(0) = aµ
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Current status of (g − 2)µ:

Experiment:

− 2001 - 2006: very stable development

− final error: 6× 10−10 , still statistically dominated

Theory:

− the light-by-light contribution:

µ

γ

µ

2002: sign error discovered; since then stabilized

− the hadronic vacuum contribution:

µ

γ

µ
q

q̄

problems with the τ data ⇒ hardly used anymore

’direct’ e+e− data:

from CMD-II, SND, KLOE (radiative return)

⇒ agree quite well (also with old e+e− data)
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new SM evaluations, based on new exp e+e− data for ahadµ :

aµ(Exp-SM) =















































[HMNT ’06] 28(8)

[DEHZ ’06] 28(8)

[FJ ’07] 29(9)

[MRR ’07] 29(9)

[DH ’10] 28.7(8.0)















































× 10−10

better agreement between evaluations, more precise,

larger deviation from exp than ever before

⇓
3σ deviation has now been definitely established

(based on e+e− data)
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New development for τ data:

[F. Jegerlehner, R. Szafron ’11]

Re-evaluation of τ data: improved evaluation of ρ–γ mixing

⇒ shift in τ data:

Now: agreement with e+e− data! ⇒ still tbc!

If correct: ⇒ new average of all data possible . . .
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New development for τ data:

[F. Jegerlehner, R. Szafron ’11]

Re-evaluation of τ data: improved evaluation of ρ–γ mixing

⇒ shift in τ data:

Now: agreement with e+e− data! ⇒ still tbc!

If correct: ⇒ new average of all data possible . . .

New physics needed to explain this discrepancy?
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Restrictions on MH from aµ?

⇒ Higgs enters only at the two-loop level

Example for MH dependence: [S.H., D. Stöckinger, G. Weiglein ’04]

0 50 100 150 200 250 300 350 400 450 500
MH

SM [GeV]

-2.4

-2.3

-2.2

-2.1

-2.0

-1.9

-1.8

-1.7

a µbo
s,

2L
 [1

0-1
0 ]

pure Log term

LEP exclusion bound for MH
SM

⇒ no restrictions on MH (but just wait a bit . . . :-)
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