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fThe SM is based on a local gauge symmetry: invariance under T
Gsm = SU(3)¢ x SU(2), x U(1)y
e The group SU(3)¢ describes the strong force:
— interaction between q, g, g which are SU(3) triplets

— mediated by 8 gluons, GZ corresponding to 8 generators of SU(3)C

Gell-Man 3 x 3 matrices: [T?, T?]| = ifaP°T_ with Tr[T2TP] = %5ab

— asymptotic freedom: interaction “weak” at high energy, ag = % <1

The Lagrangian of the theory is given by:

Laop = —3GR,GE +137,Gi(0, — igsTaG)y ai(— 22 midiq;)
with G2, = 9,G2 — 9,G2 + g, f2P°GPGe

— fermion gauge boson couplings : —g; ¥V, Y"1

— triple gauge boson couplings : ig; Tr(0,V,, — 0,V,)[V,, V)]

L_ quartic gauge boson couplings : %gf TT[VW V,,]2 J
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|70 SU(2)r, x U(1)y describes the electroweak interaction: T

— between the three familles of quarks and leptons
3L,3R Ve _ U
If ::‘:%70 :>L:( )LaR:eRaQ:( )LauRadR

Vi = 2Qs — 208 = Y- <1, Yre—2, Yo L, Yo =4, Yo, =
f — Qf f:> L — ) R — y Q_37 ur = 8> dR_ g
Same holds for the two other generations: u, v, c,s; 7,v;,t,b.

There is no VR (and neutrinos are and stay exactly massless)!

— mediated by the WM (iIsospin) and BM (hypercharge) gauge bosons

the gauge bosons, corresp. to generators, are exactly massless

T2 = 172; [T? TP =1ie**°T, and [Y,Y]=0

Lagrangian simple: with fields strenghs and covariant derivatives
W2 =0,Wa—0,Wa+g,e**WPW¢ B, =0,B,-9,B,
. e 1Y
D,y = (QH —igT W7, — 1g’5B“) Y, T? = %Ta

]_ ]_ — ° Fo °
ESM — _ZWZVWSW — ZBM,/B’LW -+ FLi 1]:)’,/Y'u FLi -+ fRi IDM’Y'LL fR.
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But if gauge boson and fermion masses are put by hand in Lqy
f %M%V“VM and/or mfy fr terms: breaking of gauge symmetry. T
We need a less “brutal” way to generate particle masses in the SM.
In the SM, for the mechanism of spontaneous EW symmetry breaking,

—> Introduce a doublet of complex scalar fields
® = (%) with Yo = +1
with a Lagrangian that is invariant under SU(2);, x U(1)y
Ls = (D*®)'(D,®) — 2®'® — \(PTP)?
1? > 0: 4 scalar particles.

1? < 0: ® develops a vev:

- (0]@]0) = ( ; ) v= (=% :
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f To obtain the physical states, write L g with the true vacuum: T
e Write ® in terms of four fields 64 2 3(X) and H(x) at 1st order:

i0,(x)72(x)/V ~ 02+10
(I)(X) — 99 (x)T2(x)/ %(?’—FH(X)) ~ %(sz[_l_lig?’)

e Make a gauge transformation on ® to go to the unitary gauge:

®(x) — e 0alIT) P (x) = %(&LH(X))

e Then fully develop the term |D ,®)|? of the Lagrangian Lg:
. . 2

D,®)]?=|(0, —ig12W?2 —i&2B,) |
au.—%(ngfj—l—ngp,) —%.(Wﬁ—iwz) (o )
—82(W1+iw2) Out5(g2W3—g1By,) | \VHH

1 1 . 1
=3(0,H)*+ 582 (v+H)* W, +iW "+ 3 (v + H)*|g2 W — g1 B, |*
e Define the new fields Wff and Z,, [A , is the orthogonal of Z,,]:

+ _ 1 1 A g2W3—gi1B, A — g2W3+g1B,
W \/§(W,u + W,u) y 2 m y I \/m
\_ sin’ Ow = g2/1/83 + 82 = e/g, J
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e And pick up the terms which are bilinear in the fields Wi, Z, A: T
2 — 12 1N\A2
My W W™ + SM3ZZ, 74 + M3 A AF
= 3 degrees of freedom for Wf, Zi1, and thus M=+, Mz:
Mw = 3vg2, Mz = 1vy/gi + g}, Ms =0,
with the value of the vev given by: v = 1/(v/2Gg)'/2 ~ 246 GeV.

—> The photon stays massless, U(l)QED IS preserved.

e For fermion masses, use same doublet field ® and its conjugate field

~

® = 175 P* and introduce L+ Which is invariant under SU(2)xU(1):
£Yuk:_fe(é, D)L(I)eR — fd(l_l, (_i)L(I)dR — fu(l__l7 (_jl)L(i)uR + ...

—%fe(ﬂea eL)(Vym)er - = —%(V +H)érer - -
jme:fe; 7mu:fuT; 7md:de;’

With same @, we have generated gauge boson and fermion masses,
while preserving SU(2)xU(1) gauge symmetry (which is now hidden)!

What about the residual degree of freedom?
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It will correspond to the physical spin—zero scalar Higgs particle, H.
The kinetic part of H field, 3 (8, H)?, comes from |D,®)|? term. T
Mass and self- interaction part from V(®) = p2®T® + \(DTPh)2:
V=9(0,v+H)( )+ 30,v+H) (O,
Doing the exercise you find that the Lagrangian containing H is,
Ly = %(@H)(@“H) —V = %(8“H)2 —MW?2H? - \WH? — %H‘l
The Higgs boson mass is given by: M% = 2\vZ = —242.
The Higgs triple and quartic self-interaction vertices are:
gus = 3iMz /v, gue = 3iM% /v?
What about the Higgs boson couplings to gauge bosons and fermions?
They were almost derived previously, when we calculated the masses:
Ly, ~M2(1+H/v)? |, Lo, ~ —mg(1+H/v)
= SHff = lmf/V , guvv = —2iM% /v, guavv = —2iMy,/v?
L Since v is known, the only free parameter in the SM is Mg or A. J
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In the SM, there are 18 free parameters (+9QCD -+ v sector):

e 9 fermions masses, 4 CKM parameters (see below for detalils).

e 3 coupling g5, g2, g1 and 2 parameters from scalar potential 11, A
More precise inputs, o, (M%), Gr, Mz and Mz (unknown)

Weak interactions of fermions with gauge bosons
_ L JA Z _ Ctrr—
LNc—eJHA“+g—2JHZ“ ] ﬁcc— %(J:W+“—|—JNW 'u)

cos Oy
A r 1 r ~ ~ 1 r
J2 = Qefvaf, TP = 1 fvlty —wsaglf , JF = 5 fuvu(L—5) fa
_ by 2I3-4Qysiy _ay 2
with Vf = dswew — 4dswew af = dswew — 4dswew

3-families: complication in CC as current eigenstates * mass eigenstate:
connected by a unitary transformation: (d’, s’,b") = Vexu(d, s, b)
Vokv = 3 X 3 unitarity matrix; NC are diagonal in both bases (GIM).
Parametrized by 3 angles and 1 CPV phase: tests at B—factories.
o

.
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o (M2 . M
fMW and sin HW predicted: ?/5 YVE (f(Mg)/M2); sin? O =1 — M—%’T

2

M2, :
In fact, they are related by p = 2 M2 = ] at tree—level in the SM
Wz

To have very precise predictions, include the radiative corrections:

The dominant correction is, besides Aq, the one to the p parameter

1 _ IOww(0)  Tzz(0) _ 3Gumi  GuM W My
PR AP =TI TR S she T wae O8ME T
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fc Z boson lineshape parameters at LEP1 (1/s ~ Mg): T
My, I'z,0(ete” — hadrons)
e Partial decay widths and asymmetries in Z decays at LEP1.:

r 2
D(Z = [f) =% NMy(v; +a3), App = § 2<% s

e Left-right polarized asymmetries in Z decays at SLC:

2a¢Ve Af 3 2a’fvf
v2+4a2 LR/FB 4 UJ2¢—|—G,?C

e W boson parameters: My, and 1y, at LEP2 and Tevatron.

Arr =

e Other observables at low—energy: v, DIS, PV in Cs and Th ...

e Use top quark mass value from Tevatron m; = 171 &+ 2 GeV

e Use value of o, from LEP and elsewhere: oo, = 0.1172 £ 0.002

e Use a(Mz) with Aa = 0.028 £ 0.00036 from low—energy data

—> Very high precision tests of the SM at the quantum level: 1%—-0.1%

LSM describes precisely (almost) all available experimental data! J
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2. Status of the SM: high—precision tests

Measurement Fit  |O™-0™|/g™Meas

o 1 2 3
m, [GeV] 91.1875+0.0021 91.1874
r,[GeV]  2.4952+0.0023  2.4957
o4 [Nb]  41.540+0.037  41.477
R, 20.767+0.025  20.744
A 0.01714 + 0.00095 0.01640
AP 0.1465+0.0032  0.1479
R, 0.21629 + 0.00066 0.21585
R, 0.1721+0.0030  0.1722
AP 0.0992 + 0.0016  0.1037
ASC 0.0707 £ 0.0035  0.0741
A, 0.923 + 0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD) 0.1513+0.0021  0.1479
sin’07(Q,) 0.2324+0.0012  0.2314
m,, [GeV] 80.392+0.029  80.371
ry[Gevl  2.147+0.060 2.091
m, [GeV] 1714 +2.1 171.7

0 1 2 3
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2. Tests of the SM: gauge structure

—_ 30 . 11/07/7?9:%
2 'LEP |
) ~ PRELIMINARY
WW production at at LEP2: 2 '
S
20 -
_>_W\/\/\/ —2 +—
Ve * R
10 s .
——"AWW i
K YFEFSWW/RacoonWWwW
] 2 ....Nno ZWW vertex (Gentle)
. . ,ﬂ' ....only v, exchange (Gentle)
General CPC WIWV coupling given by:
WWV Viru — +v 4 —y 0] . - . : :
Lg" o<glV (WWW W.LW ) 160 180 200
+1A7— 1/ 1V AV YUV TAT +PTA — Vs (GeV)
+ry WW,V +M3VV W "PW >
InSM: g{ =1,ky =1,A\y =0 3 e |
SU(2), xU(1)y gauge structure <D = .
checked rather precisely at LEP2 e e e T e e e
Note: QCD also very precisely tested! B i
— running of o, from m, to LEP2. el £ . e
+ 3 gluon vertex determined at LEP1. R Ui e et
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|7LHC: pp collider

~10"
e Huge cross sections for QCD processes. o0
e Small cross sections for EW Higgs signal. ii
S/B 2 10'° = a needle in a haystack! o
e Need some strong selection criteria: 1f09
Trigger: get rid of uninteresting events... 107
Select clean channels: H — vy, VV — / 126
Use different kinematic features for Higgs Ej
Combine different decay/production channels  1?
Have a precise knowledge of S and B rates. 12
e Gigantic experimental (+theoretical) efforts! tEg
10

.
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fExample of process at LHC to see how things work: gg — H T

hadrons

New=LXxP(g/p)xd(gg—H)x B(H—7ZZ)xB(Z — pu)xBR(Z — qq)
For a large number of events, all these numbers should be large!
Two ingredients: hard process (o, B) and soft process (PDF, hadr).
Factorization theorem! Here discuss production/decay process.
The partonic cross section of the subprocess, gg — H, is:
6(gg — H) = [ 35 X 35 X 5| Mugge|* Gofit—(27%)6* (q — pn)
Flux factor, color/spin average, matrix element squared, phase space.

Convolute with gluon densities to obtain total hadronic cross section
1 1 2 A
o= [y dxa [y AT B T(H — gg)g(x1)g(x2)d(8 — M)
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The calculation of oy, 1S NOt enough in general at pp colliders:
|7need to include higher order radiative corrections which introduce T

terms of order a2 log™(Q /My ) where Q is either large or small...
® Since oy Is large, these corrections are in general very important.
e Choose a (natural scale) which absorbs/resums the large logs.
Since we truncate pert. series: only NLO/NNLO corrections available.
e The (hopefully) not known HO corrections induce a theoretical error.
® The scale variation is a (naive) measure of the HO: must be small.
Also, precise knowledge of ¢ is not enough: need to calculate some
kinematical distributions (e.g. pT, 1, (?—13[) to distinguish S from B.
In fact, one has to do this for both the signal and background (unless

directly measurable from data): the important quantity is o = —Ns

—> a lot of theoretical work is needed!
LBut most complicated thing is to actually see the signal for S/B<1! J
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f Tests of the SM and background calibration for New Physics search T
e High—pr jets, v physics and QCD:
— allows to measure o, PDFs and check perturbation theory
— ¢, b, t production for QCD dynamics (resummation, quarkonia).
e The physics of the bottom quarks:
— study of QCD (as above), CKM matrix and CP violation (LHCb).
® The physics of the top quark:
— plays a key role origin of EWSB and clue to SM flavour problem?
— since lifetime shorter than hadronisation scale, QCD laboratory
e The physics of W, Z bosons:
— W, Z production allow to measure precisely My and L'y,
~-WW, W Z(~), ZZ(7) allow to measure the TGC.
L— VV and VV — V'V allow to test a strong interaction sector. J
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Top quark pair production: pp — tt

q>rn1%m\<f 9W
q t g t

b
M; measurement: AM; ~ +1 GeV

Single top production: pp -t + X

q b b t

Much smaller rates by enough events
for precise VCKM measurement....
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Single W/Z production: pp —+ qq — V

310152
q E %1014
W/Z 107
1012%
— 1011;
q l 101";
10°
10°
Very large number of events ~ 107: 07
Include RC: Ky = UNNLO/OLO ~ 14 izs
Systematical errors (L, PDF’s, etc..) 10%;
] ] 103
cancell in the ratio 0 (W) /o (Z) N
Use Z parameters from LEP1/SLC 10

Precise measurements of IV parameters:
Ex: AMw =~ 15 MeV (30 MeV now).....
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|7WW/ZZ/ny production important to check SM gauge structure T

q W+ ——WVW
Z H
Lq - --
J W= —

WWY/ZZ scattering important to check a strongly interacting sector

(in case where there is no Higgs boson found at the LHC!!)

-
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General form of the trilinear gauge boson couplings:

L%WV — ZQWWV [g}/V# (W’L;/W‘H/ . W’J;/W_l/) _|_ Ky W:WI/_V“V
T VWM'//JFPWP_M + iggguvpo ((apW_M)WJFV — W_M(apw+y)) Ve

% )
+igd W WO VY + 0" VH) — %W;W,jfs“”p“vpa —

o, Wl e

with overall couplings gy w~ = e and gywz = e cot Oy

In practice: introduce deviations from their tree—level SM values

Aglz (g1Z —1), Aky=(ky—1), Akz = (kz —1)

Use all production processes, W/Z decays, distributions and

Lspin—correlations (many observables!) to probe Az. J
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4. SM physics: constraintson TGCs
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fln SM with Higgs field integrated out (too heavy or absent), non— IlnearT
realisation of EWSB and ESMat scale below Agysg = 47mv &= 3 TeV

(and if no resonance appears) is given by

051 99’ 9
B, t ( WW) Ly =
167T2 g Pmv 93 2 16

2ig tr (W VEVY) | Ly =

1:

5ig' By, tr (JgV“V

7
Ly — 16”2 167T2 tr(V v) tr(v %

Ls = 16 5 tr (V V“) tr (V,,V”) , -+ L8910 (C/Pnon — conservir
2

2
Coefficients «; related to the NP scale A} by 12;2 = <AL)

$» Some operators, Ll,g,m, constrained by precisison data (Ap, ..).
® [ 53 contribute to TGC; probed inqq — WW, 22, Z~, ...
9 L3,4,5 contribute to quartic couplings and parametrize strongly

L interacting gauge bosons; probed in q¢ — WWqq, Z Zqq J
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fPropagators of gauge and Goldstone bosons in a general ( gauge: T
g

/\/\/\/\/\/\/\/ —z dud C:OOZ Landau gauge
2 +ie Iuv + (C R 1)(]2—N§],(42
— g vV | (=1:"t Hooft-Feynman
+ .0 —t
w—,w - = -C} - q?—C M2 +ie

e In unitary gauge, Goldstones do not propagate and gauge bosons

have usual propagators of massive spin-1 particles (old IVB theory).

e At very high energies, s > M?,, an approximation is My ~0. The

V1, components of V can be replaced by the Goldstones, Vi, — w.

e In fact, the electroweak equivalence theorem tells that at high energies,

massive vector bosons are equivalent to Goldstones. In VV scattering e.c

AVE--VE S VEL. VR = () (-D)YA(W! - w? > wl-ow?

Thus, we simply replace V' by w in the scalar potential and use w:
LV— H(H? 4+ wi +2wiw™ )H+ (H2—|—W0—1—2W+W )? J

Ecole doctorale Orsay, —26/03/07 Physics at the LHC — A. Djouadi — p.23/2¢



Scattering of massive gauge bosons V1,V — Vi, Vi, at high-energ

f W+ W+ i VWMWY
e “

W= W= MV

Because w interactions increase with energy (q* terms in V propagator),

s > M3, = o(wrw™ — whw™) o s: = unitarity violation possible!

Decomposition into partial waves and choose J=0 for s > M%V:

e oy

= [1 T M2 + Hlog <
For unitarity to be fullfiled, we need the condition |Re(a0)\ <1/2.

| | s>ME M2
At high energies, s > My, Mw, we have: a9 — —g—5

unitarity = Mg < 870 GeV (My < 710 GeV)

_ s<M?%
For a very heavy or no Higgs boson, we have: ag — ——32;‘,2

unitarity = /s < 1.7 TeV (/s $1.2 TeV) J

LOtherwise (strong?) New Physics should appear to restore unitarity.
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4. SM physics. strong W/Z sector
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Figure 1: Differential cross section measurements at LHC assuming
100 fb~! of luminosity and /s = 14 TeV: (left) do /d My and (right)
do /d| cos 8*|. The green circles are measurements assuming a single
1.9 TeV vector resonance, while the red squares are measurements
Lassuming a model without resonances. J
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