Particle Physics

Dr Lester
I I I I 1
40l i,..\: .................... 2 GO
ALEPH Fiy ]
DELPHI H “..
L3 { \
OPAL |

[\
(—
—

L @ measurements, error bars /
increased by factor 10 7

[u—y
—)

I~ —— o from fit

o(ee” — Z — hadrons) /nb
w
(—)

92 94
Vs/GeV

Handout 14 : Precision Tests of the Standard Model

Frankenstein’s Monster’s Version

86 88 90

In Handout 14, all page numbers bottom right are too small. Add 49 to each of them to get the “correct” page number.

499 / 557


Christopher Lester
In Handout 14, all page numbers bottom right are too small. Add 49 to each of them to get the “correct” page number.


The Z Resonance

* Want to calculate the cross-section for ¢ e~ — Z — ,uﬂ,t_
*Feynman rules for the diagram below give:

et ., P4, ut etevertex:  V(po)-—igz¥* (e —civ) - ulpr)
Z —iguy
Z propagator: > 5
q- —my

utu- vertex: ﬂ(ps) —igz )’ 2 CV_CAYS)

= —iMfz—[?(pz)-—ing“%(C%—Cif)-u(pl)].qui:%-[ﬁ(ps) —igzY" 5 (cy =k v’) -v(pa)]

g
- Mfi: _C] _Z zguv[v(p2 7” _CAYS M(P3 % CV_CA'}’S

* 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)

Sev—caP) =c3(1=9) +erz(1+7°)
A\ _—

LH and RH projections operators
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hence cy = (CL—I—CR), CA — (CL — CR)
and %(Cv—CA'}’S) = %(CL—FCR—(CL_CR)?;)
= cz(1=7)+erz(1+7)

. 1 1
with ¢ = Q(CV—FCA), CR = Q(CV—CA>
* Rewriting the matrix element in terms of LH and RH couplings:

2
My = ——32— o, [c5¥(p) P L (1 = P )u(p1) + 53(p2) ¥ L (1 4+ 7)u(p1))

o 2 2
q- —my
x[er(p3)y’ 3 (1 =7 )v(pa) + cgii(p3) 7" 3(1+ 7 )v(pa)]
* Apply projection operators remembering that in the ultra-relativistic limit
l(1 —P)u = u; %(1 + 7 )u = iy, %(1 — Pl = V1, %(1 + Py = V|

2
=) Mp=- 2§Zm2 guvlcrv(p2) v u) (p1) + cgv(p2) v up (p1)]

x[eru(p3) Y vi(pa) +cgi(p3)y'v (pa)]

* For a combination of V and A currents, ET}/“VT = (0 etc, gives four orthogonal
contributions

2
= | b e ()P (p1) i (p2) P ()]

X [cr @) (p3)Y v (pa) + gt (p3)Y'v| (pa)]
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* Sum of 4 terms

Merp — — e H oy — A% e+
== 2 crrguv [V (P2) Y ur (p)][ar (p3)y"v (pa)] " 2
.................................................................................................................................................................................... —
2 /
e - _ - -
MpL = —— Zm% crer guv[V (p2) Y ur (p)][E (p3) 7 vi (pa)] eu* / ¢ e
A g2’ """" poo
Mg = =~ cicpguv[V1 (p2) P (pO][E (p3) 7"V  (Pa)] 8= &= e
7 +
i
2 P |1

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—putu~ giving: (page 181-182)
1 (p2) Y uy (p)) [y (p3) Y v  (pa)] = s(1+cos6)  etc.
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* Applying the QED results to the Z exchange with — — g—ZCeC‘u
2 472 2 ___,712
gives: [Mgg|* = s 52 (c%)?(ck)*(1 +cos 8)? ! 3
—my R where q2 =5 = 4Ee2
2 2
8
Mp” = 5% | —%5| (cg)*(c)*(1—cos6)
s —m5
g |
2/ M2 2
il = | 5] ()21~ cose)
Z
g |
My | =5° _Z 5 (c6)*(ch)*(1 +cos 6)?
s —m;

* 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 /!J_ |1a1>9
e = .l

+ == 11,1) =
e :
L[#{’gb// ._;-=r”,,/
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The Breit-Wigner Resonance

* Need to consider carefully the propagator term 1/(s—m3) which
diverges when the C.o0.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:
—imt
y~e
*For an unstable particle this must be modified to
Y~ e—imt p,—Tt/2
so that the particle probability decays away exponentially
Yy ~ e T = e t/T with T= i
*Equivalent to making the replacement
m—m—il/2
*In the Z boson propagator make the substitution:
myz — mz —il'z/2
* Which gives: 5
(s—m%) — [S— (mZ — lrz/Z)] = S—m%+imzrz—|— 4111_% ~ S—m%—l—l'mzrz

»

where it has been assumed that 1 7 < my
* Which gives 1 1% 1

N 2
s —my s—mz +imzl'y

(s =m3)>+m3T%
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* And the Matrix elements become
iz (c)2(ch)*(1+c0s6)>

etc.

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

— = M| ((6) on page 59)
3 | fi
* Giving: de> 647°s R
dogr 1 875 eN2( M2 2
00~ 64 (s— )2 4mar2 R (GRS COSE)T iyl 2y g
dorr 1 g75 eN2( HY2 2 5
— 1 0 :
00~ 6 (s—ni)2 parg 1) () (I eos O
dorr 1 g5 N2 ( HN2 2
= 1 —cos6 :
30~ 6w (s—ni)2 3 marg ) (cr) (1 —cosf) R
4 | |
dorr, _ 1 875 (cfg)Q(c“)z(l —0059)2 -1 cosO +1
dQ 6472 (s —m2)2 +mil% B e,
b

* Because ‘MLLP + |MRR|2 =~ |MLR|2 + |MRL|2 , the

differential cross section is asymmetric, i.e. parity
violation (although not maximal as was the case

for the W boson).
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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

2 ~ :1 1 o 2 2 2 2

(|Mi| >=§-5(|MRR| + |Mrr|” + [Mpr|” +|MgL|7)
gys’

—m3)2 +myI%

X {[(ck)*(ck)> + (cg)*(c1)*](1 +cos 8)°
+(cf)?(cg)? + (cg)*(c7)?](1 —cos )? }
*The part of the expression {...} can be rearranged:
{}=1(ck)® + (c0)?l(cg)? + (c1)?)(1 +cos 6)
+2[(c)? = (cf)?][(cg)* — (¢} )*] cos ©

— 11
_2'2(S

and using ¢& +¢2 =2(c2+¢3) and Cyea =cp— g
1
V= T8N (VA2 = (Y211 +cos? 0) + 25 ¢t et cos O
4\ A % A VEACYCH
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*Hence the complete expression for the unpolarized differential cross section is:

do 1 )
Q@ = ens Ml
1 1 gys

6472 4" (s —m2)2 + miI% .
{2108+ (c5)A[(ch)* + ()11 4 cos? B) +2c%,c ¢y cly cos 6}
* Integrating over solid angle dQ = d@d(cos6) = 2md(cos6)

[T (14 cos?0)d(cos0) = [ (1 +x2)dx = 2 and [ cosBd(cos @) =0

1 g5s eN2 | [eN2TT BN L [ HN2
Ge+e——>Z—>/,L+u— — 19271 (s—m%)z—l—m%F% [(CV) _I_(CA) ][(CV) _I_(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)?
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Connection to the Breit-Wigner Formula

* Can write the total cross section

Cove—wtn = o (s [+ P+ (7]

in terms of the Z boson decay rates (partial widths) from (pg 546)(question 26)

+—:g%mz e\2 e\2 —I——_g%mz
[(Z—e"em) [(ev)"+(c3)’] and T(Z—pu"nu™) [(ey)? + (ch)’]

481 4871
o 127 ’ [(Z—ete )(Z— utu)
p — € é —
= m3 (s —m3)? +m3 s

* Writing the partial widths as Fee = F(Z — e+e_) etc., the total cross section
can be written

127 S
my (s—mz)2 +mzl7

G(€+e_ — L — f?) — l_‘eel_‘ff

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)
(the above appendix is at the end of this handout,

not one from much earlier in the course)
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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 % 7 ?
involves both photon and Z
Z exchange : + interference +

e / c f

105

M ®eooo .
+ — 2 104 ! T 7 2
€ : e :
Y . 7
: 103. . -

c f ’... e f
Well below Z: photon 10255 At Z resonance: Z
exchange dominant g i exchange dominant

Trean LEP I

High energies: [ 2

WW production | et W er Z Wt e —— AN W
M + M + Ve
e W— e W= e —>—ANAAN W™
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Cross Section Measurements

* At Z resonance mainly observe four types of event:
ete” =Z—eter ete =Z—-utu"
ete” — Z — gg — hadrons

* Each has a distinct topology in the detectors, e.g.

ete” —Z —efe” ee” = Z—putu
..',n’.' " .\' \\"

ete” =7 —>1t1™

_|_

e"e” — 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

N, events — of ]
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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
% + 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

- _ X — X — |:> oc
= ¢+ dQ ¢* sin*6/2 do 673
\ \
Photon propagator e.g. see handout 5

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

NBhabha = O%O-Bhabha I::) 4 OBhabha known from QED calc.

* Hence all other cross sections can be expressed as

N; :
Cross section measurements
= ——O |:',>
NBhabha Bhabha Involve just event counting !

O;
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Measurements of the Z Line-shape

* Measurements of the Z resonance lineshape determine:
= Mz :peak of the resonance
= Iz :FWHM of resonance
= Iy :Partial decay widths

= Ny :Number of light neutrino generations
* Measure cross sections to different final states versus C.o0.M. energy \/E

* Starting from
g 127 s

T _
ole'e / — =
) gy it

1—‘eel—‘ If (X)

maximum cross section occurs at \/E = my with peak cross section equal to

0o _ 127 Feel“ff

O—-=
2 2
1 ms T
* Cross section falls to half peak value at \/g ~m, £ & which can be seen
immediately from eqn. (X) 2
h
* Hence Iy = — = FWHM of resonance

(%4
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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)

e . E 9 E o \/E —9 E o Physics Reports, 427 (2006) 257-454
~ b >
‘becomes g / A i 0
""""" E E—-Ey o __~prq Evy S oo fi

> < \/E NZE( — ﬁ) §= L3 i “x
.............................................................................. = 30 OPAL _
* Measured cross section can be written: T 1
_ / / N I
Omeas(E) = [O(E") f (/, )dE Y ]
I
Probability of e+e- colliding with C.0.M. energy o O e eneed by ;:{g:{’.;“’s/
E'when C.0.M energy before radiation is E +® 10 '__Gfmmm
b .....
* Fortunately can calculate f(E',E) very ;
precisely, just QED, and can then obtain L N
i : 86 88 90 92 94
Z line-shape from measured cross section /5/GeV
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* In principle the measurement of 71z and Iz is rather simple:
run accelerator at different energies, measure cross sections, account for ISR,
then find peak and FWHM

myz = 91.1875+0.0021GeV|| |1z =2.49524+0.0023 GeV

* 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
railway line return to Earth following
the path of least resistance.

¢+ Travelling via the Versoix river and
using the LEP ring as a conductor.

+ Each time a TGV train passed by, a small
current circulated LEP slightly changing
the magnetic field in the accelerator

¢+ LEP beam energy changes by ~10 MeV

g
3
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Number of generations

* Total decay width measured from Z line-shape: 177 =2.495240.0023 GeV

* If there were an additional 4" generation would expect Z — V4V4 decays
even if the charged leptons and fermions were too heavy (i.e. > mz/2)

* Total decay width is the sum of the partial widths:
1_‘Z — ree + F,LL,LL -+ FT’L’ + Fhadrons + 1_‘V] Vi + FVQVQ =+ FV?, V3 +7?

* Although don’t observe neutrinos, 7 — vV decays

: +a—

affect the Z resonance shape for all final states e e — Z — hadrons |
. " . = I
* For all other final states can determine partial decay= | R &
widths from peak cross sections: bE 30l ALEPH 7Y
127 T I - DELPHI S
0 ee’ ff . 9
* Assuming lepton universality: | verng . ,S
" “error bars increased S
17 = 3F€€ + 1ﬂhadlrons +{Vy Fvv | byfactor 10 S
/ N t 10 - N
measured from measured from calculated, e.g. : 4.:‘
Z lineshape peak cross sections || question 26 : X
0 | A (S S SR [ S ST SR S SR S 1

=) | 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:
(IMyif)? o< [(cf )%+ (cg)?][(cr)* +(cg)? (1 +cos® 0) + 2 [(cf)* — (c)?][(c1)* — (cg)*] cos 6
* The differential cross sections is therefore of the form:
_ 2 2 N2
(943) — =Kk x [A(1 —|—c0329) + Bcos 0] { A= [(cp)"+ (cg)7]l(cr )"+ (c
Texi B =2(cf)* = (cg)’ll(cz)* = (c

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

— = dcos 6
or = /dcos@dcose OB = /1dcos@ 08

)’
)

U
R
U
R

2 B F > e.g. “backward hemisphere”

: B F _ oo

: ///////,w H ; H

\ e_ » la 6\ e_ LBA

§ P |€ e+ » & e+

; T > / \ +
-1 cosO +1 e ” ......
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*The level of asymmetry about cos0=0 is expressed > /

in terms of the Forward-Backward Asymmetry B F
OF — Op :
f&FHS - .
OF + OB : i e
-1 cos0 +1

- Integrating equation‘ (943)
! ! 4 1
Oop = K'/ [A(1+cos® 0)+Bcos 8]dcos 6 = K/ [A(1+x%) +Bx]dx = (§A+ §B>
0 0

0 0 4 1
Op = K‘/ [A(1+4cos” @)+ Bcos 8]dcos 8 = Kf [A(1+x*)+Bxldx=x (§A — 53)
-1 —1
* Which gives: , , o Lo
AFB:GF_GB: B :El(CE) — (ck) ][(CL) — (ck ]
or+0op (8/3)A 4 [(cf)?+ (k)] L[(cf)?+(cg)?

* This can be written as
2 2 f.J
3 . () —(er)”  2cycy
Arg = 7 AAy with Ap = (€2 ()2~ (s (e
L R (cy)*+(cy)
* 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. e7¢~ — Z — [.L u-

OPAL Collaboration, a2 ~
Eur. Phys. J. C19 (2001) 587-651. Because sin?0,, = 0.25, the value of

[ ] Agg for leptons is almost zero
L e'e o’ u OPAL _

-
(¥

e
e

For data above and below the peak
of the Z resonance interference with

] ete” —y— UTU™ leadstoa
: / larger asymmetry

*LEP data combined:

g
=N

dG/dcoseu- (nb)
=

.
=

.
)

= FB = 0.0145+0.0025
0.0_1' - '_0'.5' - '(')' = '015' : '9‘1 AFB =0.01691+0.0013
O Apg =0.0188+0.0017
3
*To relate these measurements to the couplings uses App = ZAeA,J

* In all cases asymmetries depend on A,
* To obtain A, could use Agg 2‘A2 (also see Appendix Il for A R)

(the above appendix is the one in this handout, not

the one from much earlier in the course)
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Determination of the Weak Mixing Angle

* From LEP : A} = 3AA; AAa
€y L UL Ty e
* From SLC: Aigr = A,
Putting everything A, =0.1514£0.0019 — —
aetner 3+ A, —0.1456£00001] [l res o
A =0.144910.0040
2‘3{/C£ B cv/ca

with Ar= —
PP T (ev/ea)?

* Measured asymmetries give ratio of vector to axial-vector Z coupings.
* In SM these are related to the weak mixing angle

I, —2Qsin® 2
v _ 1w Q;“‘ Ow 11— 220y = 1-4|0]sin 6y
CA Iy I3

* Asymmetry measurements give precise determination of Sin2 Ow

sin? Oy = 0.23154+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- — 17 v;)~0.11

* Gives rise to three distinct topoloaies

WTW— —/tvivy W+W — qqﬁv WTW~ — qqqq
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ete->W*H*W- Cross Section

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

30

12022005 * Data consistent with SM expectation

— T ' T
a LEP * Provides a direct test of ZW W ™ vertex
> | PRELIMINARY ] n i \
g .y B ‘ AR
20
I s e w-

e wt
10{ . + >
;,,;.'""" YFSWW/RacoonWW o W-

....no ZWW vertex (Gentle)

,{;,'4' _...only v_ exchange (Gentle) €+ E ANANAN W_'_
0 1 N T N I ve
160 180 200 +
Vs (GeV) e —>—NNAAN W

* 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 €te™ — Z | the process ete™ — WTW ™ is not a resonant process
—> Different method to measure W-boson Mass
*‘Measure energy and momenta of particles produced in the W boson decays, e.g.

WW- — qqe v Pq, = Neutrino four-momentum from energy-
momentum conservation !
De Pq, —|—qu + Pe+pyv = (\/570)

Pq> = Reconstruct masses of two W bosons

M} =E*~ P = (pg +Pg)’

> E s I S S S B B pa M%:E2_I3’2:(pe_|_pv)2
S so0 F. (© 99lvBW = * Peak of reconstructed mass distribution
2 - ] gives
400 [ my = 80.376 +0.033GeV
v -
300 _ * Width of reconstructed mass distribution
200 |- gives:
: [y = 2.196 40.083GeV
100 | ™~
B Does not include measurements
o= - 1 from Tevatron at Fermilab
60 80 100 A~ 5(Mi+M_)
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The Higgs Mechanism

* Higgs mechanism can be used to give masses to both fermions and gauge
bosons — but mechanism is different in the two cases.

* Explaining how the Higgs mechanism gives the W and Z gauge bosons
masses, while leaving the photon massless, is (unfortunately) beyond this
course. [ See, hopefully, Gauge Field Theory minor option) ]

* By way of apology, we instead provide here an attempt to at least describe the
way the mechanism gives masses to fermions — that will hopefully whet your

appetite.
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H14

Higgs Yukawa Interaction Simulator Lagrangian

Demonstration

@ Close to this point in the lecture the lecturer will introduce a demonstration which
seeks to show how Yukawa interactions between massless fermions and a Higgs field
can make fermions appear massive.

@ The full technical details explaining what the simulator simulates are explained in
documentation which may be read at
https://www.hep.phy.cam.ac.uk/~lester/higgs-simulator/index.html

The lagrangian used in the simulator has the Lagrangian density shown below:

T M H 5
Test Missive.  Condrll Hinas Frelh 7)/\% ):sz&m

é=ﬂ@¢X%M+K@M@m)+M@M@%.+gg@@%ﬂ Upene

_[ + /’q’m +ﬂ\ (messes)

5 N ey Bt D 4bd + D
N—

—
Cv\ ot usck)

b 43, PIENTI (1)

TTHH

A428h [| g

4..

=

=5
"
»\®

31T

4
Nt
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Higgs Mechanism & Higgs Boson (1)

*Quantum Field Theories (QFTs) are written down in a Lagrangian formalism.
*A scalar field x with a mass m must have a term “=2m2xx” in the Lagrangian.

A fermionic field ¢ with a mass m must have a term “myy” in the Lagrangian.

*QFTs that are “Gauge Field Theories” have a Lagrangian which is also invariant
under the action of a “Gauge Group”.

*The Standard Model “Gauge Group” is chosen to be U(1)xSU(2), xSU(3) in order to
allow it to model EM, weak and strong interactions in accordance with experiment.

Terms of the type myy are (unfortunately!) not invariant under the above gauge
group. So one cannot have massive fermions (eg muon) in the Standard Model ®

‘However, interactions between fields enter the Lagrangian as products of three or
more fields. For example, a term proportional to “@yy” leads to the theory having
an interaction vertex connecting one ¢ to two g particles. So:

*IF you could contrive to have a term “pyy” in the Lagrangian AND could guarantee
that ¢ could spend most of its time taking values near some non-zero value “m”,
THEN (1) the fermion field ¢ would act “as if”’ there were a term “myy” in the
Lagrangian, and so would look very much like it had mass m, even if it were actually
massless, and (2) the field ¢ would have an interaction with the field ¢, leading to
the testable and falsifiable prediction that an excitation of the field ¢ (i.e. a “¢
particle”) should couple to, or decay into, the fermions to which it “gives mass”.

525 / 557



Higgs Mechanism & Higgs Boson (2)

*A field @ could spend a lot of time near a non-zero value if it took a non-zero value
in its ground state. Most fields take the value of zero in their ground-state, but this
need not always be the case: V(o) < @*- 22

*For example, a field @ having a potential

energy V(o) = ap*- bg? has a g Pes
ground-state located at @gs=1V(b/(2a)) : l
.So by arranging: I—l‘.SI - ‘—IA T ‘—IAS‘ —— ; ~ ‘OTS o 170‘ ] 1.‘5 I‘

*(1) for @ to have a non-zero value Qgs in its
ground state by ensuring that the potential
V(o) in the Lagrangian is of the right form, and

*(2) for there to be a (gauge invariant) interaction term “yoyy” in the Lagrangian (“y” being
just a constant of proportionality called the “Yukawa Coupling”) ...

... then the field @ will look like it has a mass m=y@gs5! Call ¢ the “Higgs Field”.
*Give different fermions different masses by using different Yukawa Couplings.

*Note that in the vicinity of the minimum, the potential V(@) necessarily takes the
form V(@gs*+x) = VimintAXx2+O(x3) for some constants A and V,,,;,. We already said that
terms like Ax? are banned from the Lagrangian if x is a fermionic field as they break
gauge invariance. However, these terms are not banned if x is a scalar field. So this
excitation x of the Higgs Field must be a scalar. Call it the “Higgs Boson”. We recognise
AxZ as a mass-term for a scalar, so the Higgs Boson has a free (and unknown) mass.

—-1.0+
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Higgs theory summary for fermions:

Fermions are intrinsically massless, and need to be so to satisfy
“Gauge Invariance”.

Nevertheless, interactions with the Higgs field make fermions look like
they have mass at “low temperature” (i.e. when the Higgs field is
near its ground state, below ~107° K)

Apparent fermion masses are controlled by free parameters called
Yukawa Couplings (the strength of the coupling to the Higgs field)

A Higgs Boson is an excitation of the Higgs Field.
The Higgs Boson must be a scalar particle to make everything work.

The Higgs Boson has a mass, but the mass is not predicted by the
theory — we have to find it experimentally.

The Higgs Boson has couplings to all the particles it gives mass to (and
indeed to gauge bosons too!) and so has many ways it could decay,
all fully calculable and determined by the theory as a function of its
(as yet unknown) mass

(For proper discussion of the Higgs mechanism see the Gauge Field Theory minor option)
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Higgs mechanism for gauge bosons:

* 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

* The Higgs is electrically neutral but
carries weak hypercharge of 1/2

* The photon does not couple to the wt
Higgs field and remains massless o
* The W bosons and the Z couple to

W

weak hypercharge and become

massive igwmwg"? lgzng“" _lﬁ
4

Feynman Vertex factors:

* Within the SM of Electroweak unification with the Higgs mechanism:

I::} Relations between standard model parameters

TOpm \2 1 - myy
m — —
v V2Gg /) sinBy 7 cos Ow

* Hence, if you know any three of : Oy, Gp,mw ,mz,sin By 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 = myzcos Oy measure mz =91.1875+0.0021GeV
sin? Oy = 0.23154 +0.00016

*Therefore expect:

my = 79.946 +-0.008 GeV but my = 80.376 +0.033 GeV

measure

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

t
fvvv\,::>fvvv\,+'va»+'v\}vvvvv»
1% ¢ 1%
b

my = myy +am? +bln (m—H>

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°P =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 — bbqqqqg — 6 jets
tt — bbgglv — 4 jets+ {0+ v
tt — bblviv — 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)
| 0
b A -
\
AN+ + AARAAAAA, mW:mgw+amt2+bln(—)
W > W My
4

* 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, 0,y etc. and

T 1

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

_ ; | * Data favour a light Higgs:
150 175 200
—y |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

100?'“"‘*-\ Ll U yw 17T = Higgs boson couplings proportional
— . to mass
1071 it E wt
) :
fe ( 1 |7 'i 'i <
o0 ' : W
é 10-3 — fowmws™ ‘szmzg™ g™
A I’ S 1 = Higgs decays predominantly to
1074 : T -3 heaviest particles which are
T S e e energetically allowed (Question 30)
1075 Lt sl e

| 1 1 | - 1 1 11 1 1 1 1 I
00 200 300 400 500 600
Higgs Mass (GeV)

my < 2my mainly HO — pp +approx10% HO — 77~
2my < mg < 2m; almost entirely H —wtw~— —+ H° — 77
my > 2my either HO - WTW—, H’ =77 H° — 11
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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

* Need enough energy to make a Z and H;
therefore could produce the Higgs boson if

my < 207GeV —my
ie.if myg<116GeV

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

I
—_—

ol —

e

qqgbb _|¢tebb| t=epr |VVDD
q b o+ -
b _ b b

q -
BR(Z — qq) =~70% BR(Z— (*0")~10% BR(Z—VvV)~
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Tagging the Higgs Boson Decays

b b
* One signature for a Higgs boson <b—. .—6>
d is th ducti ftwo b <
ecay is the production of two b quarks —o .
0 b b q ¢ b
H* —o——0 &——o0—
- —
— @ @ @® —
 —eed e —
—_—
* Each jet will contain one b-hadron which will decay weakly c
* Because V,;, issmall (V,, ~0.04) hadrons containing V.
b-quarks are relatively long-lived b+
* Typical lifetimes of 7~ 1 x 10712g w-

* At LEP b-hadrons travel approximately 3mm before decaying

- 3mm
é * Can efficiently identify
;> ?‘%I \ jets containing b quarks
Primary vertex Displaced Secondary Vertex
from decay of B hadron

534 /557



* Clear experimental signature, but smaII Cross sectlon e.g. for myg ~ 115GeV
would only produce a few tens of ete™ — HY events at LEP

* In addition, there are large “backgrounds”

-
=

=

[
=

-

Cross-section / pb
[
e

[
=

=

s =

W

()

OPAL

80 100 120 140 160 180 200

Vs / GeV

HIGGS SIGNAL.:

Z(y)

WW- MAIN BACKGROUND:
Ty / .
7.7

e+

HZ e

Higgs production cross
section (my=115 GeV)

(o)
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* The only way to distinguish

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

from

\\ —b
b

I~

zZ f
f
Z b

b

* 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

Events /(4 GeV/c* )

y
)]
—TTT

First preliminary data

n
o
T

—
o
L

0

HY?

50 60 70 80 90 100 110 120 130

mREC(GeV/cz)

= ALEPH found 3 events which were
high relative probability of being signal

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

= OPAL and DELPHI found none
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Example event:

Displaced vertex from b-decay
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Events / 3 GeV/c’

Combined LEP Results

Phys. Lett. B565 (2003) 61-75

_ LEP  V5-200-209 Gev Tight

e Data

Background
B signal (115 GeV/c)

i ~all >109 GeV/c
- Data 18 4

- Backgd 14 1.2
“Signal 29 22 1 1

m,,rec (GeV/cZ)

* Final combined LEP results fairly
inconclusive

* A hint rather than strong evidence...

* All that can be concluded:

myg > 114GeV
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The Large Hadron Collider

The LHC is a new proton-proton collider now running in the
old LEP tunnel at CERN.

ATLAS
General purpose

ALICE
Heavy ions
Quark-gluon plasma

10T superconducting
magnets

Superconducting
magnets

LHCDb
B Physics
Matter-Antimatter

asymmetries General purpose

— ZTKm ——¥
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Higgs at Large Hadron Collider

Higgs Production at the LHC
The dominant Higgs production mechanism at the LHC is

& ¢
“gluon fusion” {

g {

Higgs Decay at the LHC

Depending on the mass of the Higgs boson, it will decay
in different ways

Low Mass Medium mass High mass
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Y T T T T T T Y T T T T T Y T Y

— Exp. Obs. Exp. Obs. ]

N T — Hoyy === m— He ZZ— -
== =—— HoWWo Ny e —— H— 2Z— liqq

L T T —— W,ZH— bb “ie = H>ZZ vy N

= m— H- WW — vqq

—
o

95% CL limit on o/c,,

. .|‘
I S I |

ATLAS Prelimi‘nary J L dt~ 1.0-1.2 fb",\s=7 TeV CLs limits
[ ATLAS-CONF-2011-112 my, [GeV]

LHC Higgs data is interpreted in the above plot. For any particular hypothesised
Higgs boson mass (shown on the x-axis) the data places (at 95% confidence) an
upper bound on the cross section for Higgs-Boson-Like events, in units of “how
many would be expected from the Standard Model. In other words, a line level
with “10” on the y-axis at mH=125 GeV means “If the Higgs boson has a mass of
125 GeV, then it could have been produced at up to 10 times the rate expected in
the Standard Model and could still (just) have gone un-noticed, at 95%
confidence”.

I T TTTTH
L 1 1111l
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As data arrives it should lower the curves, unless
support from a Higgs boson can prevent curve from

passing through dotted line at “1”

—
o

95% CL limit on /o,

A

Exp. Obs.

=== —H ZZ-

------ — H— 22— liqq
ce = H5ZZ5 vy

- w— H- WW — Ivqq

Exp. Obs.
PP — H—)W

= — Has WW-— v
e W,ZH — bb

Prellﬂjnaly

A TLAS

> 1 1111+

L1 1||i'1|

Ldt~1.0-1.2fb ,\s_7 TeV CLs Ilmlts :I

100

ATLAS-CONF-2011-112

500 600
my [GeV]
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Here is the (unconvincing) data that was shown in Feb 2012

The black blobs are
data. The smooth
curve is the expected
background shape.

The small dotted
“bump” indicate how
a Higgs signal might
change the shape of
the distribution if the
Higgs boson mass
was 120 GeV.

The variable on the x
axis is the invariant
mass two photons.

Events/ 1 GeV

Data - Bkg model
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1000

I|II
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Inclusive diphoton sample

ATLAS Preliminary

] Y el |

Data 2011
Background model
SM Higgs boson m, =120 GeV (MC)

\s=7TeV, f Ldt=4.9fb"
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I {1}
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The astonishingly (un?)convincing evidence in the
analysis looking for Higgs decays pairs of Z bosons

e DATA

= ]
The black blobs are . _
dat S 10 mmBackgrouna  ATLAS Preliminary ~
ata. Te) - [ Signal (mH=125 GeV) i
@ | [ Signal (m =150 GeV) -
The three triangular ~ § [ m@ Signal (m =190 GeV) -
lumps indicate whata 7 | ) ]
Higgs signal might - H—oZZ"'—4l :
6 |Ldt = 4.8 fb™ ¢ =
look at (for three n | : |
different Higgs boson - \s=7TeV -
masses). 4 1
The variable on the x i I

axis is the invariant 2

mass of four leptons
which seem to have

0
come from two Z 100 150 200 250

bosons. m,, [GeV]
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The 2015 public ATLAS data for Higgs
turning into two photons

1 400 I I I I I I I I I I I I I I I I I I I I I I
- [Ldt=4510", vs=7TeV ATLAS

1200 [Ldt=203", \s=8TeV 4 Data
Central Iow-th

Events / GeV

— Signal+background

1000 --=+ Background

— Signal

800

600

data - fitted bkg
N
o
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The 2018 public ATLAS data for Higgs

turning into two photons
> —T T T T T T T T T T
o [ ¢ Data ATLAS Preliminary
(OD 1500 — Signal + background Vs=13TeV,79.8fb™" B
— | -+~ Continuum background m,, = 125.09 GeV |
~ In(1+S/B) weighted sum, S = Inclusive |
%)
= a
2 1000
(<) !
=
©
E -
A 500 _
m 60
x
O 20}
1]
s
) | S 1 |

ATLAS-CONF-2018-028

PRI (N ST S TN T (N SO S W'
140 150 160

m,, [GeV]
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... or turning into four leptons

> lllllllllllIIIIIIIIIIIIIIIIIIIllllllllllllll
& [ ATLASPreliminary * °=
100 - " Signal (m =125 GeV)
o T H—> ZZ* - 4l 2z
S - 13 TeV, 79.8 fo B z:jets, , iV, VWV
(2] 77/, Uncentainty
+ 80
(O]
>
L

(0))
o

1N
o

1T 1 | LI ] T 1 ] T T I T

—
—
—
—
—
—
—
—
e
—
—
—
—
—
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080 90 100 110120130 140 150 160 170

ATLAS-CONF-2018-018 m,, [GeV]
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The discovery plot ... 2#10° = probability of fluctuation

=. 10 :r-l L o —
c E ATLAS 2011-2012 mg:1 E
€ [ {s=7TeV:[Ldt=4648f! 12 -
E I e-sTev JLdt=ses0m! — Observed d
- = - ' et ----Bkg. Expected -
O
SO A e e
(9
(@))

10 CL, Limits _|

400 500

m, [GeV]

Spring 2012 data ... this is the
data that took us past the 5-
sigma “discovery” threshold
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Higgs boson

Now considered to be “discovered”. ATLAS Preliminary :"‘(i‘yitglc_ Total uncertainty
Nobel Prize 2013! my=12536GeV | v T+ ds onp
o ;1:117“28§? i ;
What has been discovered is a bump [ —— rE T = =
in the sort of place you’d expect to b= 1.46°0 B
find a Higgs Boson. In other H - Ww* =
words, a particle consistent with p=1.18702 103 ‘ A
the Higgs Boson. H - bb =
H- 1t O | R
To be really sure its “The” Higgs b= 144704202 B
Boson, we are acquiring more H - = §
information on its spin and =0T g7 it N ;
couplings (e.g. data shown to the H -2y B , |
right) . So far everything checks H=2T 4 1 |
out. The Higgs looks “standard”. Combined T
Nonetheless, other (non-standard) k=118 e ‘ i
Higgs Bosons could yet be found. 30 ‘1 é 3
\s=7TeV, 4547’
\s=8TeV, 203 b’ Signal strength ()
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Concluding Remarks

* In this course (Il believe) we have covered almost all aspects of modern particle
physics — though in each case we have barely scratched the surface.

* 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

Dirac Equation Experiment Gauge Principle Higgs Mechanism

~ U
\@e Standard Model /
I

Experimental 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:
mV1 7mV27mV37me7mH7mT7md7m57mb7mu7mcaml

9127913792375 + AaAapan e,Gr, By, Qs my, Ocp
* 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 ?

* 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:m%—|—2mZA—|—A2 %m%—I—ZmZA for A< my
so with this approximation
(s—mz)* +mzT5 ~ 2mzAV +myly = 4mz(A+1iT3)
2 2 12
= 4mz[(vs—myz)” + ;T3]

— 3z
* Giving: o(eTe” —Z — ff) ~ 1 > Iy

my (\/s —mz)? + %,F%

* Which can be written:
gh; ny;
O-<E) — 1
dn (E —Ep)* + ZFZ
Fi, Ff . are the partial decay widths of the initial and final states

E, EO . are the centre-of-mass energy and the energy of the resonance

2J7+1 _ _ ' o
g= (258&1§(252+1) is the spin counting factor § = 5~5

Ae = %t . is the Compton wavelength (natural units) in the C.0.M of either initial particle
* 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 lI: 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

RH

LH /
0)

P

e > VS. /L
pt / b

= At LEP measure total cross section: sum of 4 helicity combinations:

/‘H

+u/

= At SLC, by choosing the polarization of the electron beam are able to

measure cross sections separately for LH / RH electrons

¢-

ll+

/.'”+

LL

P«_

u/

e—‘

ﬂ'”—:

pt

/”

yea
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* Averaging over the two possible polarization states of the positron for a
given electron polarization:

(IML))* = 3(IMiL* + Mg ) (IMR])* = 3(IMRe|> + [MRr|*)
= |oL= %(GLR +orr) OR = %(GRR + ORrL)
* Define cross section asymmetry:
O7, — OpR
Arp =
LR 01, + OR

* Integrating the expressions on page 494 gives:

oL o< (¢§)*(c1)®  opre< (c§)*(ck)* o< (cg)(cf)?  oRr o< (c§)*(ck)?
= opo< (¢§)*[(ch)*+(cg)?]  oroc (c)?(ch)?+(ck)?]
()= ()
SN AR

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