
Discovery of the Wtc and Higgs Lf
-

The predictions of electroweak symmetry breaking were confirmed

in spectacular fashion with the discovery of the W and Z

bosons at CERN
in 1983

,

and the discovery of the Higgs boson

in 2012 . Today we will survey these processes, which took place

at proton-proton
colliders

,

and additionally examine the precision

electroweak tests that can take place at electron-positron
colliders . Throughout we will exploit the simplifications of tie
narrow

- width approximation to factorize production and decay
'

.

o( initial state → ✗→ final state) EOC initial state→×) ✗ Br(✗→ findstare)

W production in pp- collisions
-

From the W coupling to quarks, the following diagram exists '

.

Wt"

my
= i¥VuÑcpa1V( '¥)ulpn)E:(Pw)

imud → wt = 9

d-
e- (mnemonic : u- type arrows going into a vertex get CKMB :
PA this will be important later)

As we saw win we discussed QCD
,

we need to weight this matrix

element by the parton distribution Function of the proton, which county

quarks. At energies > too Gev, the proton 's quack content is mostly u and

d valence quarks, so this diagram suffices.

This is very similar to the t→ 6W diagram we computed last time . Indeed
,

all that changes is Vt, → Vnd and air instead
of a ñ spinor. But since

the only difference is the sign of the quark mass term in the face
,
and

the terms proportional to me vanished
,
we can just borrow the result

from last time ,

with a slightly different prefactoi.
2

ant> =
,

9- that ( pipe + tPd)12

average over spins
=D colors : 2×2 for spins

,
only 3 colors since W doesn't change quark Colo-

This time
,

we have pntpd .=pw . Defining lpntpe )
-

=3
,
the dot products are

pipe = Ig , piPw=pµpw = II , so Cini> = ÷jvnaT(s ME )



✓ ( ud- → wt) = ¥ Ida, Clint> where £

Sd -11
, =/dtd (za )

- r
"'( pntpa - Pw ) = 211-015 -mi)

cry)32Ew

(as we're alluded to before
,

I -particle phase space has one unresolved 5-Function)

Therefor we can set 5--mi in the matrix element
, giving

out →wt)= ¥1m ( 5=1%1
- exit )N5 -mi)

= _ lunatics -mi)

= T"; / vudÑ(5-ni) where ✗
w
= ÷

,

(weak "Fine -stuck constant
"

)

Integrating over PDF 's ,

o(pp- → wt ) = fdqdxzffucxpfgk.to/ulx,P,)dCxrPd-wY+ I → 2)

Whee P
,
and Pu are the initial pip f-

moneta :

P
,
= ( ¥ , 0,0, %) , Pr=( ¥0,0,

- Ia) ( s It 5 ! Protons have the fun can
or mass energy)

=> pw=× , P, + ✗up- = ((✗ its) ¥10,0
,
Cx, -E) ¥ )

.

This looks more symmetric if we parameterize pw in terms of rapidity y:

Pw = (55 cosh Y
,

0
,

0
,
Fssinhy) where pi=3 ( which we leae Free F.- now)

change variables (×
, ,
✗a) → 15

,
y ) :

1×1+121%+4 , -g)¥ = fnsfcoshytsinhy) (equating pwotpw
'
in both coordinates)

⇒ ✗
,
= e

"

,
similarly ✗i- Irs e-

"

d" =/ ÷÷s É÷s / = ÷vi. Y) rs -F

⇒ dx
,
dans -mi )= ÷ didYrs -mil

⇒ oCpp- → wt ) = 1vuÑdY[Fal E) fi(^÷é
"

)+fñ( Erse
"

)Fu( E. e-7)



Note that once we know the W exists
,
this process can be used 8L

to measure the PDF 's !

Wdeca#
Two kinds of decay processes, which look very different at colliders :

w/C

wt "

hadronic
" ( note mwcmt

,
so W can't decay to top

MY
d-g-a-

quarks)

nÉ "

leptonic
" It -- e, n, t )

Ve

These matrix elements are very similar to the production matrix

element : only differences are Colo- Suns and CKM elements
.

Hadronic : sum→ average over W spins I→ tg
average→ sum over quark spins : £ → 1

average→ Sum over quark colors : ↳ → 3

=> overall facto- of 12
in the matrix element

< 1m15 = g-WantMJ = TT ✗www.mlmi

so e. g. Tw → as = Inn ¥ tttwlvcstni = % West
e-

2-body

phase space

Fo- mis>me,n, : ¥2 1¥ Sdr
= 1¥ £14T ) = ¥

However
,
there are also QCD corrections from quarks emitting final

-state gluons
,

90 Tw
→ jets

= ✗wI=( It 41m¥)[Matt 14,1-+14.1-+1 Vuattlvnsttlvu . I]
¥y nitwit> ¥

= 1.399 GeV

F-
• +
= 2.085 Gev from PDG

,
so predict B- (w- ie b) = = 671%

Experimentally, B- (w → jets ) = 6 >- 41% : not bad ! (QCD corrections important)

Fo- leptonic decay, no sun over colors : Tw→ej = %?÷ , equalfoe
, M,

T up to phase space effects Fo- nonzero me . Again, well
- supported by data.



Even without knowing W mass precisely
,

can p
-edict ratios of &

branching ratios :

- =

since {1Viji = 2B- (w+→ée

µ÷yqT
"

611T¥
,
) F- yaBlurt→ hadrons) i-736

i. me
j= d. 5,6

Measurement of W mass is a little tricky
'

.

Fo- 2-jet event, Cpj
,
,- pj
,
)-=mi,

but lots of QCD background . Instead
, use

transverse mass derived

from leptonic decoys (important implications for recent CDF W-mass result:)

Z boson decays
-

For HW, you will calculate the 2 production cross section at ete
-

colliders
'

,
here we will focus on the decay modes

.

The Z boson

couples to all 5M fermions
'

.

Fk
P'

im = if ( T
'

VP
,

-Qsiiowr)En(palI f- cosow

=Éw( T ' ra- r' ) - rasiio-wrYE.gs )

I L÷ow(Cvv - Carr ')Edpz) .

Here
,
[
✓
IT

}
- 2Qsiiow and CAIT} are

" vector " and "

axial - vector " couplings
.

This way of writing things makes Spiro- products in 4-component notation easier :
'

.

[ a- g-rsv]+= ✓
+Vcr)tr°u = ✓

+ rsV°r^u= - Tryin = tvrnrsu
-

-

For example, for
f-- e

,
T= - £ and Q= -1

,
Cv =

- I + 2siio-w.ca = -E .

B

so < 1Mz→eeT> = ↳ f÷io~¥→J(Herr
"
-Carr

')u(A) ñlpilcur
"
-carry up,) ftp.ltypd

Getting me :o) = ÷ f÷µwTr[ V14 -cars)krTu -cars ) ) l-ynvi-PI.PE)--v

= ; f÷µwTr[painter -4+8714-4+4]t9~+m;÷ )
= § f÷µwTr[☒VK.tn/citcai-2cvcarsDl-z~+Pz-nY-.)



As with top quote decay
,
tiers trace is proportional to the to

antisymmetric tensor C-
" "

,
so it vanishes when contracted with the

polarization sum
.
The 4-vector products are identical to previous

calculations
,
so we can just skip to the answer :

4m15= z%¥w ( Pip, + ✗Pinkpipe)
→ ) (circa)

= ÷:÷cñnñ)
F- In

,
# 4mm ,-15 = Gitai)

2-ete - 12 cos%w

As with his , this predicts :
• equal branching fractions into elm/ t, up to mass erects (• Hw)
• hadronic decays enhanced by a facto- of 3 for Colo-, but atso

circa in different ! In the end
,
70% to hectors vs

.
30% to

chased leptons + neutrinos .

• Decay products are polarized ! Indeed, W decay products are fully

polarized ( in massless approximation) , since W only couples to L spinors,
but 2 decoys are partially polarized, depending on fermion (• HW)

• Easy to reconstruct mass of 2 at ete
-

collide : look for

events with ntñ
,
mi-- Cpi ,- put (see plot on course webpage)

Higgs

Finally, let's examine the last piece of the standard model
.

Fo- Hw,

you
will calculate It→ bi and It → WW

,
22 - Since Higgs couplings are

proportional to mass
,

we should try to produce it and detect it
with

the teeniest initial- and final - tate particles possible .
However, perversely,

my 2Mt
and mh<2mW , so decoys into on -shell tops or gauge bosons

are kinematically forbidden . Even vote, ME 0-02Mt
,
so decays to his a-c

smaller by - lot, Mf 2-jet events have an enormous QCD backsome!

To find the Higgs at the LHC
, experimentalists and theorists

had to get creative .



Two strategies :

1) 0Ff 4 gauge bosons
,
H → 22° → n'

-

irtn
-

ÉÉh Here
,
one 2 can be on-shell

,
so

- -
-

-

Wyn , 1pm,tpmzT=mI, and together
,

zB
no (Pr

, tprztpn ,tp→T=m[
Indeed

,
this "golden channel " confirmed the initial Higgs discovery

,

and with more data became the best channel to study the Higgs
.

2) photon and gluon couplings

g

7¥ .

±t

g mm t t r

The photo- ad gluon are massless, so there is no coupling to the

Higgs in the Lagrangian .
However

, such a coupling does_ exist at 1-Coop,

much like tie anomalous magnetic moment diagram we studied .

Calculating these diagrams is beyond the scope of this course,

but note that they are both proportional to m when the loop consists

of top quarks. This lets us exploit the large coupling to tops as

a viral particle .
Indeed

,
in the first Higgs discovery analysis

in 2012
,
the Higgs was mostly produced via qluon-r-us.in

( left diagram and detected via the dip (right diagram )
,

through a small bump in the invariant mass distribution

MIE Cpr,tpr,T at mini GLS Gert.


