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Handout 14 : Precision Tests of the Standard Model
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The Z Resonance

* Want to calculate the cross-section for ete™ — Z — u+u_
*Feynman rules for the diagram below give:

N L py . WF o etervertex: V(pa)-—igz¥H3(ch —cq¥) u(p)
—i
Z propagator: 3 guvz
q- —my

€ whw vertex:  1(p3) - —igzy" 3(cly —ci V) - v(pa)
i
= —iMgi=[V(p2)-—igzV" 3 (ch — i) u ]qu‘;: >-[i(p3) - —igzy" 3(cy —c47) - v(pa)]
Z
2
87
= Mfi:_qz—oguv[V(PZ)Y# ¢ —c47) - u(p)].[u(p3)y’ 5 (chy — i) v
o Z

* Convenient to work in terms of helicity states by explicitly using the Z coupling to
LH and RH chiral states (ultra-relativistic limit so helicity = chirality)

slev —eaP) = crs(1=9) +ery(14+7°)
A\ _—

LH and RH projections operators
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hence cy = (CL —I—CR) CA = (CL — CR)
and ey —ca?’) = Ler4cr—(cL—cr)Y)
7\V A F\CL R L R

= ab(1-7)+erb(1+7)
with ¢ = %(CV +ca), crR= %(CV —ca)
* Rewriting the matrix element in terms of LH and RH couplings:

2
8
My = —

szzguv[cliv(mw“%(l - 7’5) (p1) +cgv(p2) V" 3 (1+ YS
x[ep@(p3)v" 3 (1 =7 )v(pa) +6Rﬁ(p3)?"’%(1 + YS)V(IM

* Apply projection operators remembering that in the ultra-relativistic limit

Ler _ adN, — Lit oady, — Lir  apd\y, — Lit o ad\y, —
\1 ,}” l/L‘L, \l—l_l’}l/t l/L|’ \1 )’}V V|7 2\1TI}V Vl’

':> My = — qg %gMV[CLV(PZ)YH”L(PI)+CRV(P2)VuMT(P1)]

x[cpu(p3) Y vi(pa) +cgti(p3) 7'V (pa)]
* For a combination of V and A currents, ET}/“VT =0 etc, gives four orthogonal

contributions
2
8 _ _
= —qz_ﬁguv[CiVT(Pz)Y”w(Pl) + gV (p2) 7" ur(p1))]
VA
x[cpu (p3) Y vi(pa) + cgiiy (p3) Y v) (pa)]
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* Sum of 4 terms

Mgr = ——— %CRCRg,uV[Vl(pZ)’YHMT(pl)][”T(p3)’y v (pa)] . 2 e’
.................................. v T
Mpgr, = — ng chck guvl? (p2) ¥ ur (pON[E (p3)7 vi (ps)] €52 et

) " .
&7 72
Mg =——3 _Z cicrguv Vi (p2) Y uy (p))[ar(p3) 7 vy (ps)] €52 = ¢+
YA u‘l' :
g2 e 1
Mip=—— _Z crer8uvVr(p2)Yu (p)lla (p3)y'vi(ps)]  e—= &&= et
Z +
u

Remember: the L/R refer to the helicities of the initial/final state particles
* Fortunately we have calculated these terms before when considering
ete” —y—utu- giving: (pages 137-138)
V1 (p2) ¥ uy (p)][#1(p3) Y v  (p4)] = s(1+cosB)  ete.
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2 2
e
* Applying the QED results to the Z exchange with — = %cec“
giveS: |M ‘2 2 g% 2( 6)2( .u>2(1 9)2 1 1 _mZ
RR|” =S C c +cos
—m3 k7R where g> =5 = 4E§
2 2
fasr 12 _ 2 8z (eN2¢ MN27q N2
|1V1RL| — ) > \(,R) \(,L) Kl bUbU}
2 |
Mir|* = 5" | =25 | (c7)*(ck)*(1 —cos )
2 |
Mirl* = 5*| =25 | (cf)*(c])*(1+cos6)

* As before, the angular dependence of the matrix elements can be understood
in terms of the spins of the incoming and outgoing particles e.g.

MRR

w |1,1>9
Y/
- =

b &
V N

v == 11,1) o=
e
w/
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The Breit-Wigner Resonance

* Need to consider carefully the propagator term 1/(s — m%) which
diverges when the C.o.M. energy is equal to the rest mass of the Z boson
* To do this need to account for the fact that the Z boson is an unstable particle
*For a stable particle at rest the time development of the wave-function is:
Y~ e—imt
*For an unstable particle this must be modified to
—imt ,—I't/2
[I/ ~ e e /
so that the particle probability decays away exponentially

vy ~e TT=e /7 with T= i
*Equivalent to making the replacement
m—m—il'/2

*In the Z boson propagator make the substitution:
my — my — iFZ/Z
* Which gives:
(s—mZ) — [s— (mz —iT2/2)] = s —m%+imzlz+ ;T5 ~ s —m% +imzI;
where it has been assumed that [y < my """ i
* Which gives 1 |2 1
2

2 .
s —my s—m5+imgzly

(s —m3)? +myT
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* And the Matrix elements become
42
878 eN2/ MN2 2
Mpr|? = C C 1+4+cosB
Murf* = o (R () ) ete.

* In the limit where initial and final state particle mass can be neglected:
do 1

@ = eanas Ml (page 31)
* Giving: 5
dGRR . 1 g4ZS ( 3)2( N)Z(I-I-COSQ)Z 4
dQ  64n2 (s —m%)2+miIr’ R) R \Mge|* + M|
do _ 1 gk e o ;
= (c7)(c )" (14cosB) ;
dQ 6412 (s—m%)j+m%F% \
dorg _ 1 8725 (P20 HN201 oo n)2 |Mgr|* + |Mp.|?
dQ  64m? (s—m2)2 4 mdlg L VRS :
dogy 1 gz8 20 1y2 2 ' g
30~ 6in (s—mdy 4 marg 1) (cr) (1 meosf) N cosd H
B
* Because |MLL‘2 + |MRR‘2 %+ |MLR‘2 + ’MRL|2 , the e 9\ :
differential cross section is asymmetric, i.e. parity > < .|
violation (although not maximal as was the case / e
for the W boson). A
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Cross section with unpolarized beams

* To calculate the total cross section need to sum over all matrix elements and
average over the initial spin states. Here, assuming unpolarized beams (i.e. both
e* and both e- spin states equally likely) there a four combinations of
initial electron/positron spins, so

N
11
(IMyi)*) = 5-5-(|MRR’2+ My + Mg |* + [Mge]?)
11 84232
- + 4 % eN2( H\2 eN2 221 92
22 (22 mil2 {[(c&)*(cg)*+ (c§)*(c7)*](1+cos )

+(ef)?(cg)? + (cg)?(c7)?)(1 —cos 8)* }
*The part of the expression {...} can be rearranged:

{3 =[(ck)* +(c0)?ll(cr)* + (c1)*](1 + cos® 6)

+2[(cg)* = (¢§)*][(ck)* — (cf )*]cos B (1)
and using c‘z/ + C/% = 2(0% + cl%) and CyCq = c% —I—C%e
1

{} = 21(e)? + (@) l(ey)* + (ch)*)(1 + cos® 8) +2ch ey cos O
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*Hence the complete expression for the unpolarized differential cross section is:

do
o = 647:2 (M)

6412 4" (s — m%)2 +mil%
{21(e)? + (ci)[(ey)? + (})?)(1 +cos 0) + 2§ cfeyc cos 0]

* Integrating over solid angle dQ = d¢d(cosf) = 2md(cos )
ffll (1+cos?>8)d(cos0) = ffll (1+x*)dx= % and tlcosBd(cos) =0

1 g7s eN2 | (e 21T N2 L [ HN2
G€+€7—>Z%‘u+‘u7 = 19271 (s—m%)z—i—m%l_% [(CV) +(CA) ][(CV) +(CA) ]]

* Note: the total cross section is proportional to the sums of the squares of the
vector- and axial-vector couplings of the initial and final state fermions

(ch)+ ()2
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Connection to the Breit-Wigner Formula

% Can write the total cross section

Cure—wn = o sy [+ (VI + (]

in terms of the Z boson decay rates (partial widths) from page 473 (question 26)

+ - g%mz e\2 e\2 +,,— g%mz N2 N2
[z~ ete ) = S22 (62 4 (c5)?) and T(Z—ptpo) = S22 (el + (k)

o 127 s
= omE (s—m3)2+maT%

[(Z—ete I(Z—putu)

* Writing the partial widths as I',, = '(Z — e*e™) etc., the total cross section
can be written

127 )
my (s—m3)? +m;T5

clete —=Z— ff)= | (2)

where f is the final state fermion flavour:

(The relation to the non-relativistic form of the part Il course is given in the appendix)
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Electroweak Measurements at LEP

*The Large Electron Positron (LEP) Collider at CERN (1989-2000) was designed
to make precise measurements of the properties of the Z and W bosons.

+26 km circumference accelerator
straddling French/Swiss boarder
* Electrons and positrons collided at
4 interaction points
4 large detector collaborations (each
with 300-400 physicists):
ALEPH,
DELPHI,
L3,
OPAL

Basically a large Z and W factory:
* 1989-1995: Electron-Positron collisions at Vs = 91.2 GeV
= 17 Million Z bosons detected

* 1996-2000: Electron-Positron collisions at Vs = 161-208 GeV
= 30000 W+*W- events detected
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e*e- Annihilation in Feynman Diagrams

In general e*e- annihilation et y f f
involves both photon and Z
Z exchange : + interference +

e ;fooe f

At Z resonance: Z

Well below Z: photon g
exchange dominant

exchange dominant

High energies:

WW production | | ¢ et —€—NANAN W
e AN W
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Cross Section Measurements

* At Z resonance mainly observe four types of event:
ete” —Z—ete” efe —=Z—utu- ete” =Z—-1tt1
ete” — Z — ggq — hadrons
* Each has a distinct topology in the detectors, e.g.
ete” —Z—ete” etfe” -Z—utu- ete” — Z — hadrons

* To work out cross sections, first count events of each type
* Then need to know “integrated luminosity” of colliding beams, i.e. the
relation between cross-section and expected number of interactions

Nevents =20
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* To calculate the integrated luminosity need to know numbers of electrons and
positrons in the colliding beams and the exact beam profile
- very difficult to achieve with precision of better than 10%

* Instead “normalise” using another type of event:

¢ ¢ + Use the QED Bhabha scattering process
+ QED, so cross section can be calculated very precisely
y + Very large cross section — small statistical errors
¢+ Reaction is very forward peaked - i.e. the
et et electron tends not to get deflected much
do 1 1 do 1
e S —— ) [
e ot dQ q4\ sin* 0 /2 \ de 63
Photon propagator e.g. see handout 5

+ Count events where the electron is scattered in the very forward direction

NBhabha = -Z OBhabha = & - OBhabha known from QED calc. :
* Hence all other cross sections can be expressed as
o; = Ni OBhabha| = Cross section measurements
NBhabha Involve just event counting !
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Measurements of the Z Line-shape

* Measurements of the Z resonance lineshape determine:
= Mz : peak of the resonance
= I’z :FWHM of resonance
= I’y :Partial decay widths
= N, :Number of light neutrino generations
* Measure cross sections to different final states versus C.o.M. energy \/E

* Starting from

olete —Z— ff)= 127 i

2 —m2)\2 2
m% (s —m%)2 +m3l%
maximum cross section occurs at \/E = my Wwith peak cross section equal to

50— 127 el sy
7w 12

lﬂeerff (3)

* Cross section falls to half peak value at \/‘ ~m.+ Q which can be seen
<
immediately from eqn. (3) 2
h
* Hence [y = — = FWHM of resonance
(74
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* In practise, it is not that simple, QED corrections distort the measured line-shape
* One partlcularly |mportant correction: initial state radiation (ISR)

* Measured cross section can be written:

cfmeas( ):fG(E/) (/’, )dE,

Probability of e+e- colliding with C.o0.M. energy
E’ when C.0.M energy before radiation is E

* Fortunately can calculate f(E’ E)very
precisely, just QED, and can then obtain
Z line-shape from measured cross section
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* |n principle the measurement of mz and 17z is rather simple:
run accelerator at different energies, measure cross sections, account for ISR,
then find peak and FWHM

| m7 =91.18754+0.0021 GeV| | I’z = 2.4952+£0.0023GeV

* 0.002 % measurement of m, !

* To achieve this level of precision — need to know energy of the colliding beams
to better than 0.002 % : sensitive to unusual systematic effects...

Moon: + As the moon orbits the Earth it distorts the rock in the Geneva
area very slightly !
¢+ The nominal radius of the accelerator of 4.3 km varies by #0.15 mm
+ Changes beam energy by ~10 MeV : need to correct for tidal effects !
Trains: + Leakage currents from the TGV tep # TN e ;
railway line return to Earth following / ‘\i’\;\ Py
the path of least resistance. ,’ \*‘ =
+ Travelling via the Versoix river and \ L H 7
using the LEP ring as a conductor. N i 7 g7 s
+ Each time a TGV train passed by, a small \&1& /1 /,// Ra'“"ajll}
current circulated LEP slightly changing B I | O
AT [, | [ ke
the magnetic field in the accelerator //zerk{\ J'l \( /,
¢+ LEP beam energy changes by ~10 MeV S N ES
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Number of generations

* Total decay width measured from Z line-shape: 1z =2.4952+0.0023 GeV

* If there were an additional 4th generation would expect Z — V;V, decays
even if the charged leptons and fermions were too heavy (i.e. > m,/2)

* Total decay width is the sum of the partial widths:
1—‘Z — ree + r[.t[J + r‘L"L‘ + rhadrons + 1_‘V] \%! + er 1% + 1_‘\/3\/3 _|_?

* Although don’t observe neutrinos, Z — VV decays

affect the Z resonance shape for all final states _ ete” — Z — hadrons |3

* For all other final states can determine partial deca).i & §

widths from peak cross sections: DE 30l ALEPH [ Py

o 12m LIy DELPHI I\ 3

o= L3 M\*\ B

mz z ol OPAL I\ -

* Assuming lepton universality: i i? \ N

_ eTor bars increased S

L'z = 31"y + I'hadrons H{Nv|L vv bytacor10° &

/ N t i N

measured from measured from calculated, e.g. 4.:‘

Z lineshape peak cross sections || question 26 <
=) | Ny = 2.9840 £ 0.0082 E_ [GeV]

* ONLY 3 GENERATIONS (unless a new 4th generation neutrino has very large mass)
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Forward-Backward Asymmetry

* On page 495 we obtained the expression for the differential cross section:

e\2

LA N21T0 MN2 7 HN2T71 0 o2 0
TACR)

J(cp )™+ (cg)7J(1+cos” 8) +[(cf)
* The differential cross sections is therefore of the form:
do 2 A=[(c§)*+ (cg)?(cp)* + (cp)?]
— =K X [A(1+cos“ 6)+ Bcos 0] { L R L R

B =[(c§)* = (cp)*]l(c})* — (cp)?]

dQ
* Define the FORWARD and BACKWARD cross sections in terms of angle
incoming electron and out-going particle

dcos @

dcosG

I do
= d 6 G—/
OF o dcos@ cos 5 1

B

e.g. “backward hemisphere”
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*The level of asymmetry about cos0=0 is expressed e 4. :
in terms of the Forward-Backward Asymmetry B F /
OfF — Op \'
AFB = ———— :
OF =+ O : —>
- Integrating equation (1): -1 cos6 +1
[ : [Mac+2 (24+15)
or =k | [A(14+cos“0)+BcosO]|dcos® =« | [A(1+x")+Bxldx=x| A+ =B
Jo ’ ) Jo = i ) \J 2 )
0 ’ ! 5 4 1
Op = K‘/ [A(14cos“0)+BcosB]dcos 6 = K/ [A(14+x7)+Bx|dx =« (§A — §B>
—1 0

* Which gives:
App = Or—0p _ B § (CL) —(cg)? . (cr)* = (cg)
Or + Op (8/3) 4 2 H
* This can be written as
3 c¢ 2 c 2 2Cfo
( L) ( R) _ V*A (4)

Apg = A A with Af = =
4" (i) +(ckR)* ()2 +(ch)

* Observe a non-zero asymmetry because the couplings of the Z to LH and RH
particles are different. Contrast with QED where the couplings to LH and RH
particles are the same (parity is conserved) and the interaction is FB symmetric
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Measured Forward-Backward Asymmetries

* Forward-backward asymmetries can only be measured for final states where
the charge of the fermion can be determined, e.g. ete™ — Z — uﬂu“

OPAL Collaboration, ) ~
Eur. Phys. J. C19 (2001) 587-651. Because sin20, = 0.25, the value of

[ ] Agg for leptons is almost zero
fee —)l,L |,L OPAL 1

-
(¥

[
.
(=]

T

For data above and below the peak
of the Z resonance interference with
ete” — Y — ,LL+[,L_ leads to a
larger asymmetry

*LEP data combined:
AFB = 0.0145 +0.0025

=4 AYE —0.0169 +0.0013

AYT —0.0188+0.0017

3
*To relate these measurements to the couplings uses Apg = ZAeAu

* In all cases asymmetries depend on A,
* To obtain A, could use AFB = iAg (also see Appendix Il for A )

dc/dcosﬂp. (nb)
2 &

e
=

)
¥

=]
.
=
T

-1 0.5 0 0.5 1
coseu_
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Determination of the Weak Mixing Angle

* From LEP : AOF’I]; = %AeAf A A A
ey UL Ty v
* From SLC: Argr = A,
Putting everything A, =0.1514+£0.0019 :
geher |4, =0.1456£00091| [[les e or
Ar =0.1449+0.0040
2C\J;C£ _ cy/ca

with Ar= —
PRy T (ev/ea)?

* Measured asymmetries give ratio of vector to axial-vector Z coupings.
* In SM these are related to the weak mixing angle
3 )
c I, —20sin” By 2 ,
cv _ 1y =20 l—I—Qsm 6w = 1 —4|Q|sin® By
3

CA ]3
* Asymmetry measurements give precise determination of SlIl Ow

sin” By = 0.23154 4+ 0.00016
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W*W- Production

* From 1995-2000 LEP operated above the threshold for W-pair production
* Three diagrams “CC03” are involved

* W bosons decay (p.459) either to leptons or hadrons with branching fractions:
Br(W~ — hadrons) =~ 0.67 Br(W~™ —e V) = 0.11
Br(W™ — u~vy)~0.11 Br(W~ — 177 v;) = 0.11

* Gives rise to three distinct topoloqles

WW~ — Tyl vV W+W — qqﬁv

Prof. M.A. Thomson

W+W — qqqq
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etewW*W- Cross Section

* Measure cross sections by counting events and normalising to low angle
Bhabha scattering events

30— ‘ R uexe % Data consistent with SM expectation
LEP * Provides a direct test of ZW1TW ~ vertex
| PRELIMINARY |

<. ¢ Z / WJr \
A || S ——
0o STZWEW T M
" — \ g e Wﬁ
+ e w+
o] - + M >

Oww (pb)

‘,:-,*' ....only v_ exchange (Gentle) €+ E ANANAN W+
0 T T T
160 180 200 i Y Ve

Vs (GeV)

* Recall that without the Z diagram the cross section violates unitarity
* Presence of Z fixes this problem
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W-mass and W-width

* Unlike ete™ — Z , the process ete™ — WTW™ is not aresonant process
—y> Different method to measure W-boson Mass
*Measure energy and momenta of particles produced in the W boson decays, e.qg.
Wtw— — qﬁe_v Pq = Neutrino four-momentum from energy-
momentum conservation !

De Pgy +Pg, T Pe TPy = (\/an)

= Reconstruct masses of two W bosons

M2 = E> = P* = (pg, +Pg,)’*

Pq>

} L |_| T T T T T T 1 ME:Ez—ﬁZI(pe+pv)2
3 500 E (@ 9alvBW E * Peak of reconstructed mass distribution
P . 1 gives
§ 400 my = 80.376 £0.033GeV
@ C
300 - * Width of reconstructed mass distribution
560 . E- gives:
- I'y =2.196 £0.083 GeV
100 ™~
- Does not include measurements
0 & J 1 from Tevatron at Fermilab
60 80 100 A~ 5(Mi+M_)
m,. (GeV)
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The Higgs Mechanism

(For proper discussion of the Higgs mechanism see the Gauge Field Theory minor option)

* In the handout 13 introduced the ideas of gauge symmetries and electroweak
unification. However, as it stands there is a small problem; this only works
for massless gauge bosons. Introducing masses in any naive way violates the
underlying gauge symmetry.

*The Higgs mechanism provides a way of giving the gauge bosons mass

* In this handout motivate the main idea behind the Higgs mechanism (however
not possible to give a rigourous treatment outside of QFT). So resort to analogy:

Analogy:

= Consider Electromagnetic Radiation propagating through a plasma
= Because the plasma acts as a polarisable medium obtain “dispersion relation”

2 2 _ . .
n.e w n = refractive index
From IB EM: n=1- 672 =1- —g ® = angular frequency
Eme w ®, = plasma frequency

= Because of interactions with the plasma, wave-groups only propagate if they
have frequency/energy greater than some minimum value
= Above this energy waves propagate with a group velocity v, = — =nc

Vp
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* Dropping the subscript and using the previous expression for »

2,32 2
P2 e\ I_Eo
o o hza)z o E2
» Rearranging gives
E? V2 2\ 2 i
01 = % »| with
E2 2 E=E <l_c_2> =Ymc| = Ey/c?

» Massless photons propagating through a plasma behave as massive particles
propagating in a vacuum !

The Higgs Mechanism

* Propose a scalar (spin 0 ) field with a non-zero vacuum expectation value (VEV)

Massless Gauge Bosons propagating through the vacuum with
a non-zero Higgs VEV correspond to massive particles.

* The Higgs is electrically neutral but carries weak hypercharge of 1/2
* The photon does not couple to the Higgs field and remains massless

* The W bosons and the Z couple to weak hypercharge and become massive
Michaelmas 2009
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* The Higgs mechanism results in absolute predictions for masses of gauge bosons
* In the SM, fermion masses are also ascribed to interactions with the Higgs field
- however, here no prediction of the masses — just put in by hand
Feynman Vertex factors:
W <

igwmw g™V lgzng”v 2mw

* Within the SM of Electroweak unification with the Higgs mechanism:
|:> Relations between standard model parameters

O, 1 " my
my — ” 7 —
v V2Gg /) sinBy cos By
* Hence, if you know any three of : Qy;,, Gg,my ,mz,sin Oy predict the other two.
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Precision Tests of the Standard Model

* From LEP and elsewhere have precise measurements — can test predictions

of the Standard Model !
-e.g. predict: | my = mzcos By measure mz = 91.1875+0.0021 GeV
sin® Ow = 0.23154+0.00016

*Therefore expect:

my =79.946+0.008GeV|  Put my = 80.376+0.033GeV

measure

* Close, but not quite right — but have only considered lowest order diagrams
* Mass of W boson also includes terms from virtual loops HO

t VRN
'\/\/\/\,|:>'\/VV\,+'\/\,<>\/\,+«N5\NV\\)\/\,
114 _ W
b

my = mgv —I—am[z—i—bln (@>
my

* Above “discrepancy” due to these virtual loops, i.e. by making very high precision
measurements become sensitive to the masses of particles inside the virtual loops !
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The Top Quark

* From virtual loop corrections and precise LEP data can predict the top quark mass:

m°® =173+ 11GeV

* In 1994 top quark observed at the Tevatron proton anti-proton collider at Fermilab
— with the predicted mass !

* The top quark almost exclusively
decays to a bottom quark since

Vis|* > [Vial® + [Vis|?
* Complicated final state topologies:
tt — bbqqqq — 6 jets
tt — bbqglv — 4 jets+{+v
tt — bbiviv — 2 jets+20+2v

* Mass determined by direct reconstruction (see W boson mass)

mmes = 174.2+3.3GeV
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* But the W mass also depends on the Higgs mass (albeit only logarithmically)

H°
t e .
\
AN+ + AAAMANA mwzmgv+am,2—|—bln(—)
4 . W w
!

* Measurements are sufficiently precise
to have some sensitivity to the Higgs
mass

* Direct and indirect values of the top
and W mass can be compared to
prediction for different Higgs mass

= Direct: W and top masses from
direct reconstruction

* Indirect: from SM interpretation

of Z mass, 6, etc. and

T T U T I
1 —LEP1 and SLD
80.5 - LEP2 and Tevatron (prel.)
68% CL

] , * Data favour a light Higgs:
150 175 200
—> |my <200GeV
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Hunting the Higgs

* The Higgs boson is an essential part of the Standard Model — but does it exist ?
* Consider the search at LEP. Need to know how the Higgs decays

» Higgs boson couplings proportional

100 e —
SN SN " S Touw-!
. to mass
m B B
2 ; - P o P
8 2l : : _
10 : : <
E 2 N - R AR woo¢b Z o I
= ' . uv ; uv : —i
% 103/ 1gWwmwg : 18zmz8 : lsz mg
5 i ) .
“ i * Higgs decays predominantly to
1074 ,' heaviest particles which are
o energetically allowed  (Question 30)
-5 |
10 1

200 300 400 500 600
Higgs Mass (GeV)

myg < 2my mainly HY — pp + approx 10% HY — tt7~
2my < myg < 2m; almostentirely HO -~ wtw- + HO - 77
my > 2my either HY — WJFW_7 HY — 77, HY — 17
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A Hint from LEP ?

* LEP operated with a C.0.M. energy upto 207 GeV
* For this energy (assuming the Higgs exists) the
main production mechanism would be the

“Higgsstrahlung” process /™88 f
* Need enough energy to make a Z and H; b
therefore could produce the Higgs boson if e-
myg < 207GeV —my
i.e. if my < 116 GeV b

*The Higgs predominantly decays to the heaviest particle possible
*x For myg < 116GeV this is the b-quark (not enough mass to decay to WW/ZZ/tt)

qqbb €+€ bb —e,u, T |VVbD

St

BR(Z — qq) =~ 70% BR(Z — (707) =~ 10% BR(Z — vV) ~20%
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Tagging the Higgs Boson Decays

* One signature for a Higgs boson <—t‘ g—:
decay is the production of two b quarks ) lz b ‘
0 b b d g b
H_ o —@Q——0 O&—0—
- —
=% g @@ @® =
C

* Each jet will contain one b-hadron which will decay weakly
* Because V,;, issmall (V. ~ 0.04) hadrons containing 5 Vb

b-quarks are relatively long-lived
W

* Typical lifetimes of 7~ 1 x 107125
* At LEP b-hadrons travel approximately 3mm before decaying

* Can efficiently identify

> ?«%{ < jets containing b quarks

Displaced Secondary Vertex
from decay of B hadron

Primary vertex

521

Prof. M.A. Thomson Michaelmas 2009




* Clear experimental signature, but small cross section, e.g. for my ~ 115GeV
would only produce a few tens of ete™ — HY events at LEP

* |n addition, there are large “backgrounds”

- 10 5 ; HIGGS SIGNAL: 7
S OPAL o
g 10 f
= : N -
210 : f e~ H°\,< b
2 (
1 27T b
2107 Z(y)
bt i W+W' MAIN BACKGROUND:
© 10 it / 4 f
1| 77 &' —
10 : e A _
g Z b
210 HZ eT—>
10" 50 100 120 140 160 180 200 b
\/S /| GeV Higgs production cross
section (m =115 GeV)
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* The only way to distinguish

7 f
e ——e—
f from f
S b e A 7 5
w \< Mpp — MH e+\M\< Mpp — M2
b

is the from the invariant mass of the jets from the boson decays

* In 2000 (the last year of LEP running) the ALEPH experiment reported an excess
of events consistent with being a Higgs boson with mass 115 GeV

GeV/c?)
S

| First preliminary data
r = ALEPH found 3 events which were

high relative probability of being signal
H°? = L3 found 1 event with high relative
74 probability of being signal

: + + % = OPAL and DELPHI found none
51 +

Events /(4
&
————

=
o
T

0

E b b b b b L

50 60 70 80 90 100 110 120 130
2

mpp(GeV/c')
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Example event: Displaced vertex from b-decay

LR

£Q 20:pT:L1 000T-80V-0€ U0 dpey

Sd'ETLI 0£8000 SSFLOO 8699500 :oun

14 TTVA YNA Juelsuoy
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Combined LEP Results

Phys. Lett. B565 (2003) 61-75

N F
L ;L LEP  s-200209 Gev Tight . . .
> * Final combined LEP results fairly
36 - E::(grmmd inconclusive
o r - Signal (115 GQV/('Z) * A hint rather than strong eVidence...
- 3T * All that can be concluded:
E . r all > 109 GeV/e?
@ " Data 18 4
§ | Backgd 14 1.2 mgp > 114G6V
3 | signal 2.9 22 t 1
2
1
0

0 20 40 60 80 100 120
2
myree (GeV/eT)

The Higgs boson remains the missing link in the Standard Model

*The LHC will take first physics data in early 2010
* If the Higgs exists it will be found ! (although may take a few years)

*The SM will then be complete...
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Concluding Remarks

* In this course (I believe) we have covered almost all aspects of modern particle
physics (and to a fairly high level)

* The Standard Model of Particle Physics is one of the great scientific triumphs
of the late 20t" century

* Developed through close interplay of experiment and theory

Experiment

Dirac Equation Gauge Principle Higgs Mechanism

\@Standard Model /

Experlmental Tests

* Modern experimental particle physics provides many precise measurements.
and the Standard Model successfully describes all current data !
* Despite its great success, we should not forget that it is just a model;
a collection of beautiful theoretical ideas cobbled together to fit with
experimental data.

* There are many issues / open questions...
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The Standard Model : Problems/Open Questions

* The Standard Model has too many free parameters:
My, s My, 3 Mlyy s N, My Bz, N, Mg, My, My, N, My
9127613762376 * AaAapan eaGFWOW?OCS mHaecp

* Why three generations ?

* Why SU(3).x SU(2), x U(1) ?

* Unification of the Forces

* Origin of CP violation in early universe ?

* What is Dark Matter ?

* Why is the weak interaction V-A ?

* Why are neutrinos so light ?

* Does the Higgs exist ? + gives rise to huge cosmological constant
* Ultimately need to include gravity

* Over the last 25 years particle physics has progressed enormously.

In the next 10 years we will almost certainly have answers to some
of the above questions — maybe not the ones we expect...
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The End
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Appendix I: Non-relativistic Breit-Wigner

* For energies close to the peak of the resonance, can write \/E =myz+A
s =mz+2mzA+A* = mZ +2myA  for A< my
so with this approximation

(s —m3)* +mzIy ~ (2mzA +mzl;, = 4mz(A+3T%)

. = 4mz[(Vs—mz)* + ;1]
T

my (/s —mgz)?+ 112

!

* Giving: o(eTe” —Z — ff)~ LIy

* Which can be written:
o(E) = ghe  Tily
4 (E —Eo)?+ 112
Fi, Ff . are the partial decay widths of the initial and final states
E7 EO . are the centre-of-mass energy and the energy of the resonance

_ (2Jz+1) . _ ] 3
8= (2Se+1) (28 +1) is the spin counting factor § = 535

/le = ZFE . is the Compton wavelength (natural units) in the C.0.M of either initial particle

3)

* This is the non-relativistic form of the Breit-Wigner distribution first encountered
in the part Il particle and nuclear physics course.
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Appendix II: Left-Right Asymmetry, A ¢

* At an e*e- linear collider it is possible to produce polarized electron beams
e.g. SLC linear collider at SLAC (California), 1989-2000
* Measure cross section for any process for LH and RH electrons separately

LH /' B RH /’
_ <4 6 e~ >
€ > < ) e’ vs. /
pt / p

= At LEP measure total cross section: sum of 4 helicity combinations:
/ 2 / n /‘ [V /v W
e—&= - . e &= &= + e—= et
N e e e’
wZ v w / u /

= At SLC, by choosing the polarization of the electron beam are able to
measure cross sections separately for LH / RH electrons

LR - - | I[RR - [RrRL _
u/ mf/ wZ -
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* Averaging over the two possible polarization states of the positron for a
given electron polarization:

(IML)? = S(IML*+ Mg l?)  (IMg])* = 5(|Mge|* + Mgz |?)
1
2

= |oL= %(GLIH—GLL) OrR =

(Orr + ORL)

* Define cross section asymmetry:

O1, — OR
Oy, + ORr

* Integrating the expressions on page 494 gives:

AR =

o o< (cf)*(e})®  orros () (ck)* OrL o< (cR)*(cf)”  Orm o< (ck)*(ck)’
= op e (cf)(er)? + (k)] or o (cg)*[(cf)? + (k)]
i) () _
AR = (€)% + (c4)? =4,

* Hence the Left-Right asymmetry for any cross section depends only on the
couplings of the electron
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