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fThe SM of the electromagnetic, weak and strong interactions is: T
e a relativistic quantum field theory,
e based on local gauge symmetry: invariance under symmetry group,
e more or less a carbon—copy of QED, the theory of electromagnetism.
QED: invariance under the local transformations of the abelian group U(1).
— transformation of electron field: ¥ (x) — ¥'(x) = e'*“¥) ¥ (x)

— transformation of photon field: A, (x) — A/ (x) =A,(x)—20,a(x)
The Lagrangian density is invariant under above field transformations
LoD = —iFWFW +iW D " — P PRVALL

with field strength I, =9, A, —0, A, and cov. derivative D, =0, —ie A
Very simple and extremely successful theory!
— minimal coupling: the interactions/couplings uniquely determined,
\_— renormalisable, perturbative, unitary (predictive), very well tested... J
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1. The Standard Model: brief introduction

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

— mediated by 8 gluons, G? corresponding to 8 generators of SU(3)c
Gell-Man 3 x 3 matrices: [T?, T?] = if*P°T, with Tr[T*TP"] = Zdap
— asymptotic freedom: interaction “weak” at high energy, oy = % <1
The Lagrangian of the theory is given by:
ﬁQCD — _inwGZV T iZi (_?li(au _ igsTan)WQi (— Zi mi(_?liQi)
with G2, = 0,G3 — 0,G3 + gs f**° G2 G¢
The interactions/couplings are then uniquely determined:
— fermion gauge boson couplings : —gi@V,ﬂ“w

L_ gluon self-couplings : ig;Tr(9,V,—9,V,)[V,, V, ]+ 1g? Tr[VWEF:
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1. The SM: brief introduction

fo SU(2)1, x U(1)y describes the electroweak interaction:
— between the three families of quarks and leptons: fi, g = 2(1 F 75)f
=210 = L=(*),,R=e, Q= (Y. ur, dr
Ye=2Q¢—2I = Y =-1,Yr=-2,Yq=3,Yu, =35, Yar =—
Same holds for the two other generations: 11, v, c,s; T,v;,t,b.

There is no R (and neutrinos are and stay exactly massless)

— mediated by the WL (isospin) and B . (hypercharge) gauge bosons
the gauge bosons, corresp. to generators, are exactly massless
T2 = 172; [T? TP] =ie?*°T, and [Y,Y]=0

2
Lagrangian simple: with fields strengths and covariant derivatives

W2, =0,W2-0,W2+gye2**WbW¢ B, =09,B,-0,B,
D,y = (0, —igTa W} —ig'3B,) ¢, T* = 37°
LLSM — —iWiVWg” — iB/WB’uV -+ FLi iD,u’Y'u FLi -+ fRi iD,u’Y'u fRJ
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But if gauge boson and fermion masses are put by hand in Lq\; T
f %M%V“VM and/or m;ff terms: breaking of gauge symmetry.
This statement can be visualized by taking the example of QED where
the photon is massless because of the local U(1)( local symmetry:
T(x) — T'(x) = e P(x), A,(x) = A (x) = Au(x) — 20,0(x
e For the photon (or B field for instance) mass we would have:
1\ A2 17\ 2 1 1 17\ 2
and thus, gauge invariance is violated with a photon mass.

e For the fermion masses, we would have (e.g. for the electron):

meee = —meé<%(1 — 75) + %(1 + 75)>e = —me(éReL + éLeR)
manifestly non—-invariant under SU(2) isospin symmetry transformations.

We need a less “brutal” way to generate particle masses in the SM:
L — The Higgs mechanism for EWSB —> The Higgs particle H. J
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fParameters of the SM: 18 free parameters (+9QCD+ neutrino sector):j
e 9 fermions masses, 4 CKM parameters (see below for details).
e 3 coupling g5, g2, £1 and 2 parameters from EWSB scalar potential.
More precise inputs, o, «(M?3), Gg, Mz and My (unknown)

Weak interactions of fermions with gauge bosons

'CNC — eJﬁAH + cos@ JZZM ’ ECC - %(J:W—H’J + JL_LW_M)

_ £ Z 1 A + _ 1F

— fo,)/,ufa J,u — fo)/,u[vf _ 75af]fa J,u — §fu,)/,u(1 o 75)fd
Ve _ 212 —4Q¢s3, ap  _ 213

4SWCW 4SWCW 4SWCW 4SWCW

with vy = , Af

3—-families: complication in CC as current eigenstates =* mass eigenstates

connected by a unitary transformation: (d’, s’ b’) = Vckwm(d, s, b)

VckMm = 3 X 3 unitarity matrix parametrized by 3 angles and 1 CPV phas
LBeautifuI tests at B—factories and further tests at Tevatron and LHC(b)J
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G 7Toz(1\/I ) . M3

Mw and sin? v predicted: \/E 2IMZ, (1-M3, /MZ) sin? 0w =1— W%
M2

cos2 HWM

To have very precise predictions, include the radiative corrections:

|\(

In fact, they are related by p = > = 1 at tree—level in the SM.

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

_ A Mww(0) _ Tzz(0) _ 3G.mi G.Mg log
Ap  SPT T2, M2 822 82r2 M2,
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fo Z boson lineshape parameters at LEP1 (/s ~ My): T
Mgz, I'z,0(ete” — hadrons)
e Partial decay widths and asymmetries in Z decays at LEP1:
[(Z — ff) = 22N Mg(v? + a?) , ALy = 3 28evg Barvy

Av2 a2 v2 a2
4 vit+ag vitag

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

__ 2aevVve f __ 3 2arvy
ALR = vZ+ta2 o ALR/FB T 4vZia?

e W boson parameters: My and I'yy at LEP2 and Tevatron.

e Other observables at low—energy: . 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: o, = 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%

LThe SM describes precisely (almost) all available experimental data! J
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|

1. The SM: precision tests

Measurement Fit  |QMees_Qff|gmeas
o 1 2 3

m,[GeV] 91.1875=0.0021 91.1874
r,[GeV]  2.4952+0.0023  2.4957
op. [Nb] 41.540 + 0.037 41.477

R, 20.767 £ 0.025  20.744
A 0.01714 + 0.00095 0.01640
A(P.) 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
AYC 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’6°7(Q,) 0.2324 +0.0012  0.2314
m, [GeV] 80.392+0.029  80.371
r,[GeV]  2.147 = 0.060 2.091
m, [GeV] 171.4 £ 2.1 171.7

o 1 2 3 \
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1. The SM: precision tests

30

11/07/2003.
I -7

= 'LEP
. - PRELIMINARY
WW production at LEP2: = '
S
20 -
vt
7
10 s
YFSWW/RacoonWW
g ....no ZWW vertex (Gentle)
. . ,;,’4' __._only v, exchange (Gentle)
General CPC WIWV coupling given by:
01— . . . ,
LY ocg) V(W W — W W) 160 180 200
T TV | AV Y AT +PTA — Vs (GeV)
+ry W, W,V +M€VV W PWw ., -

InSM: gf =1,6y =1,y =0 3 e |
SU(2), x U(1)y gauge structure & ‘
checked rather precisely at LEP2 e e LT e e e
Note: QCD also very precisely tested! I _— i
— running of « from m, to LEP2. ot 1 . e
— 3 gluon vertex determined at LEP1. o) TR St st
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f Physics at the LHC: some generalities T

Vs=T+7=14 TeV=/s_g~/s/3 ~ 5 TeV

LHC: PP collider L£~10fb~1 first years and 100 fb—1 later (we hope!)

PP/pPP cross sections

. 10— ‘
e Huge cross sections for QCD processes. g o :
© fﬁ O-tot ’_ :
e Small cross sections for EW (and H) signals " E B
10 : 107 5 — 1
S/B > 10'° = a needle in a haystack! 0 /“//
. e 100 b .
e Need some strong selection criteria: 0’ bb //
" - . u 8§ : / :
Trigger: get rid of uninteresting events... DT o im ?<7/
107 Ow 3 -
Select clean channels: H — v,V — /. YL ></
. - . . 107 1
Use different kinematic features for signal. 0t - /§
Combine different decay/production channels. " o //
102; et B> Vs/d) ]
Have a precise knowledge of S and B rates. 10 - Opgiggs M -lsocev>><><
. ] ] . 1E ]
¢ Gigantic experimental (+theoretical) efforts! .1 ouigou=smsy) | \ ]
103 10 5 (GeV)
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fExample of process at LHC to see how things work: gg — H T

hadrons

Nev=LxP(g/p)xo(gg—H)x BH—ZZ) xB(Z — pp1) xBR(Z — qq)
For a large number of events, all these humbers 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) = [ 5 x 55 X %’MHggP(QS;PQIEH(ZWAL)&I (a4 — pu)
Flux factor, color/spin average, matrix element squared, phase space.

Convolute with gluon densities to obtain total hadronic cross section
1 1 M A 2
g = fo dx, fo dxo ™ SgH F(H — gg)g(xl)g(xz)(S(S — MH)
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The calculation of 0}, is not enough in general at pp colliders:
fneed to include higher order radiative corrections which introduce T

terms of order o log™ (Q /My ) where Q is either large or small...
e Since (¢ 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.
e The scale variation is a (naive) measure of the HO: must be small.
Also, precise knowledge of o is not enough: need to calculate some
kinematical distributions (e.g. pt, 7, (;1—1\“/1) 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 0 — —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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2. EW Physics at the LHC: generalities

fTests of the SM and background calibration for New Physics searchesj
e The physics of the bottom quarks:
— Study of QCD.
— Further tests of CKM matrix and of CP violation (mainly LHCD).
e 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,
— single top production allows for further tests of the CKM matrix.
e The physics of W,Z bosons:
— W,Z production allow to measure precisely My and I'vy,
— the WW, WZ(),ZZ(y) processes allow to measure the TGC,
- VV and VV —VV allow to test a strongly interacting sector.
L The discovery of the Higgs boson is the ultimate test of the SM! J
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2. EW Physics at the LHC: the top quark

Top quark pair production: pp — tt

q>mgma\<t QW
q t 9 t

b
M; measurement: AM; ~ £1 GeV

Single top production: pp -t + X

Pl
q b b t

Much smaller rates by enough events

for precise ngKM measurement....

o
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|7 Single W/Z production: pp—qq—V "

Cross sections

<> ‘

- -

Tevatron

L

PP

—
e
7

q ( i
W/Z -
q ( -
Very large number of events ~ 10:
Include RC: Ky =onNLo/0LO~1.4 )
Systematical errors (L, PDF’s, etc..) %
cancell in the ratio 0 (W) /o (Z) .
Use Z parameters from LEP1/SLC
Precise measurements of W parameters:
ATLAS+CMS@10fb—!: AMyy ~15MeV -
L Now at CDF/D0: A My ~ 30 MeV .
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|7WW/ZZ/ny production important to check SM gauge structure (as at Lﬂ

q . wt ——{VWVWW
: qi )
q w-  ——VWWW

General form of the trilinear couplings

LWV =igwwv [gY VH (W, WY —wif w)
_ » Y ,, _

+rvWEW VA 4 ﬁ VHYWIEPW

tigY e po ((apw—ﬂ)w+v — W_“(8PW+V)) AV

+igy W, Wil (0FVY + 9V VH) — by W, WHetrPov,,

Ay +
YW, W ereeBy g

overall couplings g\ww- = e, gwwz = ecotow

In practice: deviations from SM values

AgZ = (g2 —1),Aky = (ky — 1), Akz = (kz — 1)

|

LEP TEV LHC TESLA TESLA
500 800

Aky

g

0
LEP TEV LHC TESLA TESLA
500 800

A,

Hﬂﬂ

Ag,z

-4
10

in

500 800

500 800

|
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WW/ZZ/WZ scattering: important if the Higgs is too heavy or absent'
|7 SM with Higgs field integrated out

—> non-linear realisation of EWSB. M :\?@
L below Acysp =4Tv3 TeV:

Ly = %%BMV tr(a3W’“/)
Lo — 12‘732 ig' B, tr(a3V“V’/)
Lg = —28, zlgtr(wwv“v'/)
Ly = 7525 tr(V,V, ) tr(VAVY)

Ls = =55 tr(V,VH) tr(V, V") 008
T [

-0.075 | \T

L6,7,8,9,10(C/P non — ConserVing) E‘HwHH\HH\HH\HHMH [ \‘Z‘ZH

-0.1

-0.1 -0.075 -0.05 -0.025 0 0.025 0.05 0.075 0.1

- o related to a; by ;i = (% )2 ——
. L. », enter precisison data (a,).
. L1.2 5 contribute to TGC; qq— VV
\_ . Ls .5 parametrize strong EWSB FEmEERRREE, v eeiad
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3. EWSB in the SM

In the SM, if gauge boson and fermion masses are put by hand in Lq);
breaking of gauge symmetry — spontaneous EW symmetry breaking
= introduce a doublet of complex scalar fields: ® = (%)  Ye=+41
with a Lagrangian that is invariant under SU(2);, x U(1)y

Ls = (D"®)'(D,®) — ) °>®'® — \(PTP)?

V() V(¢)

12 > 0: 4 scalar particles.

11? < 0: O develops a vev:
(0|2]0) = (3, 3)

with v = vev = (—u?/)\)

N|=

To obtain the physical states,

write £ ¢ with the true vacuum: m
o
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|7. Rewrite: ®(x) = %(3?&9393) ~ lfa)T(X)/V %(SJFH(X))

e Gauge transf. (unitary gauge): & — e (X)X P = % (8+H(x))

-

] ] ] . 2 L L ° T_a a_. g2
e Develop covariant derivative: |DM<I>)\ = ’ (8M ig; % VVM i& Bu) <I>‘
- WL TWS W3—g1B W3ig B
o Define: Wt = YufWu 7 _82W,—&1By 4 82W,+e1B,

) T Y T
V2 Y Vel b Vedted

e And pick up terms bilinear in the fields W+, Z, A (M%V:V_“)

= 3 degrees of freedom for Wf, Z.1, and thus M+, My:
MW:%ng MZZ%V\/g§+g%> Ma =0,

with the value of the vev given by: v = 1/(v/2Gg)'/2 ~ 246 GeV.

= The photon stays massless, U(1)qgp is preserved.

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

~

d — i75P* and introduce L+ which is invariant under SU(2)xU(1):
LYUk:_fe(éa D)L(I)eR o fd(ﬁy a)L(I)dR — fu(l_l, (_i)Li)uR 4+ .-
L (I)%%(O ):>me:fev mu:fuv md:fd_v J

Ho+v V2 V2 NG
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3. EWSB in SM: the Higgs boson

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

What about the residual degree of freedom?

It will correspond to the physical spin—zero scalar Higgs particle, H.
The kinetic part of H field, £ (0, H)?, comes from |D,,®)|? term.
Mass and self-interaction part from V(®) = ;2®T® + \(PTP)2:
with & — —=({;,,) the Lagrangian containing the H field becomes,
Ly = %(%H)(@“H) —V = %(8“H)2 —AW?2H?2 - \WH?3 — %H‘l
e The Higgs boson mass is given by: M, = 2\v? = —2/°,
e The self-couplings are: gz = 31 M7 /v, gua = 3iM7/v?
e Higgs couplings to gauge bosons and fermions almost derived:

Ly, ~ M2 (1+H/vV)? | Ly, ~—me(1+H/v)

L = gug = im¢ /v, ggvv = —2iM3%, /v, ggavv = —2iMZ%, /v? J

Since v is known, the only free parameter in the SM is My (or \).
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Propagators of gauge and Goldstone bosons in a general ( gauge:
f WVAVAVAVAVAYAY , ( =o00: Landau gaug]
—1 L 1) qudu

s | Gur T (C 5 N2
—q T Mytue =My 1 ¢ =11t Hooft-Feynman
+ .0 —i
Wwo,w. TT== =T qQ—CM‘%—i—ze

% q
¢ 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 > M2, an approximation is My, ~ 0. The
V1, components of V can be replaced by the Goldstones, Vi, — w.
¢ In fact, the electroweak equivalence theorem tells that at high energies,
massive vector bosons are equivalent to Goldstones. In VV scattering e.g
AVE--VE S VE V) = () (-D)YA(W! - w? — whow?

/

Thus, we simply replace |V by w in the scalar potential and use w:
2 - MZ; 112 2 Foo—\2
\_V— H(H?+ wi + 2w w™) s (H® +w§ + 2w w™) J
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3. EWSB in SM: constraints on Mg

Wdirect Higgs searches:
H contributes to RC to W/Z masses:

Fit the EW precision measurements:

Direct searches at colliders: T
H looked forinete™ —ZH

we obtaln MH = 85+39 GeV, or

| A Ao‘h
5 |\ i —0.02761:0.00036 | f: |
1 B . - 0.02747:0.00012 B
4 '.. i e incl. low Q° data H—
NX ]
3 ]
2 — —
1 - -
0 | Excluded .":‘:‘.‘;.~ ‘,r"'PreIiminary_
20 100 400
my, [GeV]

LMH < 180 GeV at 95% CL

CERN/FNAL School, Geneva, 8-17/06/09
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Tevatron Mg #160—17 OGeVJ
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3. EWSB in SM: constraints from perturbative unitarity
Scatterlng of massive gauge bosons V1,V — V1V, at hlgh-energyT

R S

Because w interactions increase with energy (" terms in V propagator),
s > M3y, = o(wrw™ — wTw™) & s: = unitarity violation possible!

Decomposition into partial waves and choose J=0 for s >> M3, :
M? M2,

o=~ 208 [ M Mg (11 5]

For unitarity to be fullfiled, we need the condition \Re(ao)\ <1/2.

s>M?2 M2
e At high energies, s > 1\/I2 , M3y, we have: a9 —" — o

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

_ s<M?%, <
e For a very heavy or no Higgs boson, we have: a, — T 3o.v2

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

LOtherwise (strong?) New Physics should appear to restore unitarity. J
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|7The quartic coupling of the Higgs boson \ < M%{ increases with energﬂ

~
~
’

-
~ 4 N ’
~ 1 ’
> H e
/’ 4 \\
\s_'

~
’
’

Heavy H: H contributions dominant

RGE: Ut = 2, \2(Q?) =
ANQ2) = A(v3)/[1 — 22\ log ]

o Q2 < vZ; )\ — 0. triviality
e Q2> v?
SM only valid before \ < 47 < o0
Ac = My = Mg <650 GeV
u:omparable to results on lattice!)

: A — 00: Landau pole

CERN/FNAL School, Geneva, 8-17/06/09

Light H: /W/Z contributions dominant

2 2M+,+ M2 —4m$ 2
Som = 1+ 3 gt log s

If A\ is small, i.e. if the H is too light:
top loops might lead to \(0) < A(V):
v not minimum = EW vacuum unstab

The SM is valid only if A\(Q?) > 0

2 _ 3(2Mg,+M7 —4m]
= Mg > -

Strong lower bound on the H mass:
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3. EWSB in SM: constraints from triviality+stability

Combine trivilaity+stability constraints and include all possible effects:

800|||||||||||||||_

Ac ~ 103 GeV =
70 GeV < Mgy <700 GeV 600 m, = 175 GeV

a,(M,) = 0.118
Ac ~ 101 GeV =

130 GeV < My < 180 GeV

400

My [GeV]

200
Very close to experimental limit

The Higgs is arround the corner! oL L1 I IO A A i
99 103 10° 109 1012 1015 1018

A [GeV]

o |
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|*Higgs couplings proportional to particle masses: once My is fixed, T
e the profile of the Higgs boson is determined and its decays fixed,

e the Higgs has tendancy to decay into heaviest available particle.

Higgs decays into fermions: _
f FBorn(H — ff) j\/lj; M m% 6f
e LR B¢ = /1 —4m2/M% : f velocity
f N. = color number

e Only bb, c¢, 777~ ut 1~ for My < 350 GeV, also tt beyond.

o' x 63: H is CP—even scalar particle (o< 3 for pseudoscalar H).

e Decay width grows as MH moderate growth....

e QCDRC: I' x I'y[1 — log ] => very large: absorbed/summed

using running masses at scale MH . my,(M$) ~ 2mp pole 3 GeV.
\—o Include also direct QCD corrections (3 loops) and EW (one-loop). J
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- V. T(H— VV) = S50 6y (1 - 4x + 12x2)
------ x = M3, /M%, Ov = V1 — 4x
Sw =2, 07 =1

V(%)

e For a very heavy Higgs boson:

I'H— WW) =2 x I‘(H — ZZ); = BR(WW) ~ 2 BR(ZZ) ~
I'H— WW + ZZ) «x 2 1 Te V)?,
heavy Higgs is obese: width very large, comparable to M at 1 TeV.

. : M2
EW radiative corrections from scalars large because o A = - 3.

because of contributions of Vy,:

e For a light Higgs boson:

My < 2My: possibility of off-shell V decays, H — VV* — Vff.

Virtuality and addition EW cplg compensated by large g11vv VS S1bb-
Lln fact: for Mg > 130 GeV, H — W W* dominates over H — bb J
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oooo®
f__[{___ Q g
g AH

' H— gg) =

G, a2 M3,
36273

ZQ A1/2 (TQ)ﬁ

1/2(7) = 2[7 + (1 = DE(7)] 772
f(7) = arcsin® /7 for 7 = M /4m3 < 1

e Gluons massless and Higgs has no color: must be a loop decay.

e Formg — 00,7qQ ~ 0= A1/2 = % — constant and [ is finite!

Width counts the number of strong inter. particles coupling to Higgs!

e In SM: only top quark loop relevant, b—loop contribution < 5%.

e Loop decay but QCD and top couplings: comparable to cc, 77.

e Approximation mg — 00/7q = 1 valid for Mg < 2mg = 350 GeV.

Good approximation in decay: include only t-loop with mg — ©c. But:

e Very large QCD RC: the two— and three—loops have to be included:

' = Tp[1 + 182 + 1562

Lo Reverse process g2 — H very important for Higgs production in p@
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-

G, o M
f Y I'= 128 \/_7T3 Zf NCG%AI;(Tf) + AIl_I(TW)

(2) ALy (r) =2[r + (1 — Df(7)] 72
AP (7)) = —[272 + 37+ 3(27 — 1)f(7)] 72

e Photon massless and Higgs has no charge: must be a loop decay.
e In SM: only W-loop and top-loop are relevant (b—loop too small).
eForm; — 00 = Ay/p = é and A; = —7: W loop dominating!
(approximation 7, — 0 valld only for Mg < 2Mw : relevant here!).
v~y width counts the number of charged particles coupling to Higgs!
e Loop decay but EW couplings: very small compared to H — gg.
e Rather small QCD (and EW) corrections: only of order s ~ H%.
e Reverse process 7y — H important for H production in .
Lo Same discussions hold qualitatively for loop decay H — Z~. J
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I'(H—X)

f Branching ratios: BR(H — X)) = T CF S all) T
e ‘Low mass range’, My < 130GeV:

- H — bb dominant, BR = 60-90%

-H — 7777, cC, gg BR=a few %

01f

- H — ~vv,vZ, BR = a few permille.

e 'High mass range’, Mg = 130 GeV: P
-H — WW*, ZZ* upto 2 ZMW e
-H —- WW, ZZ above (BR — g, §) -
- H — tt for high Mg; BR <20%. it

e Total Higgs decay width:
— O(MeV) for My ~ 100 GeV (small) |

1000 130 160 200 300 500 700 1000
— O(TeV) for Mz ~ 1 TeV (obese). My [GeV]

o |
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Total decay width: I'y = > I'(H — X)) T

e 'Low mass range’, Mg < 130GeV:  wii——— 37— . . .
- H — bb dominant, BR = 60-90%
-H — 7777, cC, gg BR=a few %

100 F

- H — v, vZ, BR = a few permille. ok

e 'High mass range’, Mg = 130 GeV:
-H —> WW* ZZ" upto > ZMW

-H —- WW, ZZ above (BR — ga g) n

- H — tt for high My; BR < 20%. |
e Total Higgs decay width: M
- O(MeV) for MH ~/ ]_00 GeV (Sma") 0.001 - | | | | | | |

100 130 160 200 300 500 700 1000
— O(TeV) for Mz ~ 1 TeV (obese). My [GeV]

o |
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5. The Higgs at the LHC

Production mechanisms Cross sections at the LHC
Higgs—strahlung Vector boson fusion T [— | -
ol o(pp = H+X) [pb]
' V=14 TeV
MRST/NLO
m; = 178 GeV

10

[ qq = Hog

. ~ Lgg—WH .,
gluon—gluon fusion in associated with ()¢ -
@q-ZH. .
4 000) J TOO—— () ARLIEN
H [
O === ¢----H
g 00000 g TO00—— ()
01 b
100
MﬂK%W
There are also subleading processes, gg — HH, etc...
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fLet us look at all the main Higgs production channels at the LHC: T

2\ 14
G2M4,
28873

v 610(dq — VH) =

. ~2 | A2\11/2 A+12MZ /8
. X (Ve +az)A / (1-1\/13,7@)2
Similar to e"e~ — HZ process used for Higgs searches at LEP2.
Cross section o< §1 sizable only for low My < 200 GeV values.
Cross section for W H approximately 2 times larger than ZH.
In fact, simply Drell-Yan production of virtual boson with g% # M3,
N A= dr
6(qq — HV) =6(qq — V) x 35:(V* — HV)
—> radiative corrections are mainly those of the known DY process
L(at 2-loop, need to consider also gg — HZ through box which is #)J
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o

Radiative corrections needed:

— for precise determination of o

— stability against scale variation

HO also needed to fix scales:

— renormalization u y for o

— factorization (i for matching.

RC parameterized by K—factor:

__ ouo(Pp—H+X)
oLo (pp—H+X)

Can also define K-factor at LO.

QCD RC known up to NNLO.

EW RC known at O(«): small.

CERN/FNAL School, Geneva, 8-17/06/09
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S. Higgs at the LHC: associated HV

Up-to-now, it only plays a marginal role at the LHC (small rates etc...).T
Interesting final states are: WH — ~+/, bb/, 3/ and ZH — qquvv.
Analyses by ATLAS+CMS: 50 discovery possible with £ = 100 fb.

But very clean channel when normalized to pp — Z. Measurements!

However: WH channel is the combined CDF /D0 thresholds

— 95% CL lmit
— 3o evidence
— 50 discovery

Possible discovery!!

o 102
most important at Tevatron: o |
Mp < 130 GeV: H— bb: g 20 1
—(ubb, vibb, (+(~bb E | 4
My > 130 GeV: H— WW* ; |
+p+:; qpt 3 -
= (F0F74, 3L . 2 b
5

(Report Tevatron Higgs WG) C o T o0 dscovery

(CDF/DO exclud M ;=160-170 GeV) 80 100 170 %0 160 180 200J
L Higgs mass (GeV/c?)
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s N

g | I oro(ge — H)= 8MH (H — gg)d(s — Mj;)

2

g G, a2(u%)
0000 O-%)_I — 288\/65: Z Al/Z(TQ)

Related to the Higgs decay width into gluons discussed previously.

e In SM: only top quark loop relevant, b—loop contribution < 5%.

eFormg — 00, 7q ~ 0= Ay/p = é = constant and ¢ finite.

e Approximation mqg — oo valid for MH 2m; = 350 GeV.

Gluon luminosities large at high energy+strong QCD and Htt couplings
gg — H is the leading production process at the LHC.

e Very large QCD RC: the two— and three-loops have to be included.

e Also the Higgs Pt is zero at LO, must generated at NLO.

o |
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QCD radiative corrections to gg — H: NLO case

Typical diagrams for virtual and real QCD corrections to gg — /1 at NLO:

y

DY

>

e Regularization of UV divergences from virtual and IR+collinear
divergences from real corrections in dimensional regularization.
e UV divergences cancelled by corresponding counterterms.
¢ IR divergences cancel in sum of virtual+real corrections.
Lo Collinear singularities are left: absorbed in PDF renormalization. J

CERN/FNAL School, Geneva, 8—17/06/09 EW&Higgs Physics — A. Djouadi — p.38/76



fo Corrections known exactly, i.e. for finite m; and M, at NLO: T

— quark mass effects are important for Mg

> 2mt.

Y

- m; — o< is still a good approximation for masses below 300 GeV.

— corrections are large, increase cross section by a factor 1.6-1.9.

Note 1: NLO corrections to P, 1) distributions are also known.

Note 2: NLO EW corrections are also available, they are rather small.

25

2+

1.5 F

K(gg — H)
Vs = 14 TeV

-0.5
100

1000

-0.5

K(gg — H)

100
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e Corrections have been calculated in m; — oo limit at NNLO.
— moderate increase of cross section by 30% (good behavior of PT!).
— large stabilization with renormalization and factorization scales.

— soft-gluon resummation performed up to NNLL: ~ 5% effects.

o(pp—H+X) [pb] Vs =14 TeV

10

1100 120 140 160 180 200 220 240 260 280 300
L M,, [GeV] J
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Relevant detection signals
|7 eH — bB T, tt: hopeless. 2 2000l T
e H — ~vyfor My < 150 GeV:

— large 0 and small BR: many events left.

~
o
o
o

6000 |-

Events/500 MeV for 100 fb
3
o
o

— huge irreducibe bkgs from jets: 10° rejection.

— large physics bkg from qq/gg — v+ X. I I
— measure do /dM.,, on both sides of peak.
-S/B=1/30 for M.,, ~2 GeV (good 77 res.).
e H—-WW — Wvv for My ~130-200 GeV:

— large 0 X BR in this range but no M "

Events/500 MeV for 100 fb?

— large bkg from WW/it but use spin-correlations!
oeH — Z7Z — 4/ for My = 180-500 GeV:
— gold plated mode, clean and small/measurable ZZ bkg.

e H — 727 — Uljj, tlvv, WW — (vjjfor M=0.5—-1 TeV.
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f q v*q H 5-LO — 11\6/;171;;_12]:‘(1_1 — VLVL)%’VLVL/qq —‘
q V*q %’VLVL/QQ 4 3(V<21 + aﬁ)z log(Méz )

Three—body final state: analytical expression rather complicated...

Simple form in LVBA: ¢ related to I'(H — V'V) and % VLV /aq

Not too bad approximation at \@ > My: afactor 2 accurate.

Large cross section: in particular for small My and large c.m. energy:
= most important process at the LHC after gg — H.

QCD radiative corrections small: order 10% (also for distributions).

In fact: at LO in/out quarks are in color singlets and at NLO: no gluons

are exchanged between first/second incoming (outgoing) quarks:

QCD corrections only consist of known corrections to the PDFs!
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Kinematics of the process: a very specific kinematics indeed.... T
e Forward jet tagging: the two final jets are very forward peaked.

e They have large energies of (1 TeV) and sizeable P of O(My/ ).

e Central jet vetoing: Higgs decay products are central and isotropic.

e Small hadronic activity in the central region no QCD (trigger uppon).

Allow to suppress the background to the level of H signal: S/B ~ 1.

10711 1T T ] BT 11 ]
: LHC (a) | - LHC (b) ;
i pp - HjjX 1 r pp - HjX
. 8or my=120 GeV | 2000~ m =120 Gev 7
> [ ] [
(] L = L
S S
S 60] 1500 |
L] e
—_ r g r
or— 'U L
& 40} 1000}
o ko]
>~ [
5 [
20 500 |
iy

0 A
0 25 50 75 100 125 150

Prj [GeV] Mj
— — —— lowest/central jet — — — — highest/central jet
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Relevant detection signals
fOH%T+T_f0rMHS15OGeV: - T

> 8 B LA B I

. . _ ~ —1 ) .

first to be established: needs £ ~ 30fb S ) m =120 GeV-

rerons. inst WW/it/Zjj bkg. 2 =
—+.— against tt/Zjj bkg 2 6 ——

T polarization usefull against Z — 777~ > B E

4 | ] €, WWEW -

e H — ~vfor My < 150 GeV: 3 S :

very clean with small/measurable bkgs 2 =

rare/needs L+combine with other channels ! s [~

eH - WW — (lvv 0 100 120 140 160 18

m_ (GeV)
very difficult as you need to know background.

but feasible at low M and efficient at high M.
e H — Z7 — (lvv, (ljj: have large bkg
need high L, usefull at high masses in combination.

e H — bb, tt very difficult and H — ;17 11~ needs high L.
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5. Higgs at the LHC: Htt production

fMost complicated process for Higgs production in pp: many channelsT

g xH

-
-
-

NLO corrections calculateda fewyears ago (at last!):

small K—factors (~ 1.2) but strong reduction of scale variation!

L B B B B B B RN L B L
o(pp — tH + X) [fb]

3

107 Vs =14 TeV
w=uy,=m +My/2
--- LO
—— NLO

]02_—

P R B EU B S U S B T

80 100 120 140 160 180 200
My, [GeV]

220 240

260

1400

1200

1000

800

600

400

200
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. LO

o(pp — tH + X) [b] |

Vs =14 TeV T
M, = 120 GeV
U, =m, + M,/2

0.2

0.5

1
W,
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|7$mall corrections to kinematical distributions (e.g: pr, PT), etc... T
e Rather tiny uncertainties from higher orders, PDFs.
e Other possible processes involving heavy quarks work only in BSM:
— Single top+Higgs production: pp — tH + X.
— Associated production with bottom quarks: pp — bbH.

Interesting signals at the LHC for this process are:
o pp — Htt — yy/*: clean but rather small rates.
e pp — Htt — bb/*: needs efficent b tagging; large jet bkg!
e pp — Htt — (T/*vv: large bckgs from ttWijj, etc...
Possibility for a 3-5 signal at M < 140 GeV with high luminosity.
Needs to be combined with similar channels and topologies (eg:
pp — WH — /v~, /bb) to increase total signal significance.
LBut process very important for measurement of Htt Yukawa coupling!J
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S. Higgs at the LHC: summary

All in all, when you do the hard experimental work, you will get:
8 S
= ®* H—yy + WHttHH — yy) g [Ldt=30fm" H = yy
s = ttH(H — bb) S P " UH(H — bb)
b= s H - 229 — 41 ﬁé (no K-factors) A H — 77 )*_) 41
S H - WW" - v &b ATLAS H - WW9 - Iy
'c_z 10 2 - H — 72 — llw T: 102} s qqH — qq WW"
g e H - WW — Ivjj s - A qqH — qqt
&b — Total significance %ﬂ Total significance
N
10 10
ATLAS
JLdt=100 b
(no K-factors)
Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il
1 ‘ — 1 00 120 140 160 180 200
10 10 2
my (GeV) my, (GeV/c")
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S. Higgs at the LHC: summary

Another wav too summarize the expections: in terms of luminosity

qgH, H—=WW—lvjj

qgH, H—=ZZ—llvv
H—WW*/WW —lvv, NLO
H—2ZZ*/ZZ—4 leptons, NLO

- CMS

o « ¢ 1

-
o
N

5- discovery luminosity (fb™)
o

*  qgH, H—=yy, vt
O H—yy inclusive, NLO
* ttH, WH, H—bb

Combined channels

| |
100 200 300 500 800

L mH(GeV/cz) J
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fSo in 1-2 years from now we will find the Higgs (and maybe nothing eg:
we celebrate, shake hands, drink champagne, take care of our bets, ...
and should we declare Particle Physics closed and go home or fishing?
No! We need to check that it is indeed responsible of spontaneous EWSB

Measure its fundamental properties in the most precise way:
e its mass and total decay width,
e its spin—parity quantum numbers and chek J*¢ = 01,
e its couplings to fermions and gauge bosons and check that they are
indeed proportional to the particle masses (fundamental prediction!),
e its self-couplings to reconstruct the potential V iy that makes EWSB.
A very ambitious and challenging program!

which is even more difficult to achieve than the Higgs discovery itself...

o
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6. Higgs properties: mass and width

Higgs boson mass from:
-H — vy for My < 130 GeV
-H — Z7Z — 4/% beyond

Final AMH/MH ~ 01% to 1%

Am/m (%)

Experimental precision on the SM Higgs mass

i ATLAS +CMS

300 fb™' /experiment

OH, WH, ttH (H —> »y)
OWH, ttH (H —> bb)
AH = 779 = 4

m All channels combined

10°

10
Higgs mass (GeV)

3

AT /T

Higgs boson total width:

— Too small for Mg < ZMZT
-H — ZZ — 4/* peyond
Final ATy /T’y ~ afew %

1 Experimental precision on the SM Higgs width

ATLAS+CMS
N 300 fb™' /experiment
\ ®WH — Z2Z — 4|
—1
10 |
@
—2
’]O I | I I | I I | I I
200 400 600 800

Higgs mass (GeV)

However: for large )/ effects from large width are important! J
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f. Higgs spin: T

Higgs can be observed in H — v~y decays: rules out J=1 and fixes C=+,

— argument not generalizable to H < gg since no g/q distinction,

— other particle spin—assignements might be possible J=2 (radion), etc.

e Higgs parity:

— Higgs can be observed in H — ZZ — 4/ rules out CP-odd state.

— Higgs spin—correlations in gg — H — W W™ also useful here...

But we need to check that H is pure CP—even with no CP-odd mixture:

— it becomes then a challenging high—precision measurement,

— can be done roughly by looking at correlations in H — Z7Z, WW.

Drawback: If H is mostly CP—even, rates for A — V'V too small...

More convincing to look at more democratic Higgs-fermion couplings.
LPossibIe channels: H — 777~ or pp — ttH: very challenging!! J
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H—ZZ— (&) H =77 = ({,f)(5,f) ]
L M, = 150 GeV - : Mj; =280 GeV
25+ - 02 =
- 0.18 | ]
% "g- I ] : / : /'-
> < B N ' N ' ]
83 ~ . ! : )
. <S0.16 - ' ; : ]
- S A e S
2 — : "’ \“ ,"l ““ :
0145 -
\ B /I ‘\\ ," ‘\\ ]
5 SM \ . 0.12 - )
———- Spinl N SM
[ eeieien Spin 2 N \: L e pseudoscalar
0 oo b e e by b ey \ it 0.1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
30 35 40 45 50 55 0 /2 T 3m/2 2n
M, (GeV) )

left: threshold behavior of dI'(H — ZZ*)/dM., distribution for J=0,1,2
right: azimuthal distributions dI'(H — ZZ)/d¢ for SM and CP-odd A
\—ATLAS simulation including bkgs with f L£dt = 300fb ! at the LHCJ
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|7Higgs couplings can be determined by looking at various Higgs T

production and decay channels and measuring N., = 0 X BR.
50 —8Mm ————F———————————

T T T T T T T T T T T

gluon fusion

LHC with £=300fb".

Only statistical errors.

Aoy/oy (%)

my (GeV)
| -
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The errors are in general rather large unfortunately:
e experimental errors: statistics, systematics, parton luminosity,...
e theoretical errors: PDFs, HO+scale variation, model dependence...

= ratios of 0 X BR: many errors drop out!

Process Measurement quantity | Error Mass range
(ttH+W H)—yy+X BR(H—v7)
(ttH+W H)—bb+ X BR(H—bb) ~ 15% | 80 — 120 GeV
oy R ~T% | 120 — 150 GeV
AL A (guzz/gpww)” | ~ 10% | 130 — 190 GeV

Note: for Mg = 2M only few processes accessible: H — WW /ZZ.
while o(gg — H) provides g+ but indirectly since loop mediated.
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e Then translate into partial widths < Higgs coupling squared. T
1 (A®PT+AT)

e Precision on coupling measurement is: Agyxx = 5 T

e Some theoretical assumptions (no invisible, SU(2) invariance, some

couplings are known, etc..) allow to extract additional couplings....

width ratios (partial) widths
O e B A A A 50 A I I I
| (a) | X (b) ]

40 [ . > 40 |- a

¢l ¢

8 [ ) I

O 30| - O 30 - ]

© B o L

o o I k

2 20 1 S0l \ Ty ]

o I'z/Tw 3 !

o - o, L

b - »

() 3 () S~ T
101 u 10 Iy "=~ = =
o) A I I IS S o IS IV N I
100 120 140 160 180 200 100 120 140 160 180 200

my (GeV) my (GeV)
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flmportant couplings to be measured: g3, g+ = access to V. T
e gyys is accessible in double Higgs production: pp — HH + X
e 2114 is hopeless to measure, needs pp— HHH+X with too low rates.

Relevant processes for HH prod:

9 SooEO0) ,H 00— | | | ]
g i SM:pp—>HH+X

@ > ---« j LHC: o [fb] j

I gg > HH ]

10 E

WW+ZZ - HH

WHH+ZHH

- WHH:ZHH= 1.6
- WWiZZ=~23

O ' 1 \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
9 100 120 140 160 180 190
M,[GeV]
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fCross sections small, except maybe for gg—HH at M g < 200 GeV: T

e H — ~7 decay too rare, R
— L S 44 -
e H — bb decay not clean i jp 4;1{ a
s = 14 Te
eoH — WW atlow My? k 95% CL limits
=
7] 2 —— s —
Yes, it has been tried: N o0 1
> |
— parton level analysis... L ]
< |
—look for 20* 3(* + v+jets+ | | o005
. . . = [ PP
— look at IM distributions 0 S
L D LR
— use large luminosity. : L T ot |
Some hope to set limits.... T .
140 160 180 200

Needs to go to SLHC...

o |
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fThe SM has many attractive theoretical/experimental features: T
e Based on gauge principle, unitary, perturbative, renormalisable - - -
e Once My fixed: everything is predictible with great accuracy.
e And has passed all experimental tests up to now.
But the model has too many shortcomings:
e Too many free parameters (19!) in the model, put by hand...
e Does not include the fourth fundamental force, gravity, ..
e Does not say anything about the masses of the neutrinos.
e No real unification of the three gauge interactions.
e Does not explain the baryon asymmetry in the universe.
e There is no stable, weak, massive particle for dark matter.
e No satisfactory explanation for ,u2 < 0O (put ad hoc).
LAnd above all that, there is the hierarchy or naturalness problem. J
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7. EWSB in SUSY: the SM hierarchy problem

f e Radiative corrections to M%; in SM
with a cut-off A — MNP = MGUT

i
)\2
AMZ; = Negh [-A® + 6milog - — 2mf] + O(1/A?)
My prefers to be close to the high scale than to the EWSB scale,
unless an extreme parameter fine tunning is made (also problematic).

= there is no symmetry to protect My in the SM (+~ fermions, photon, ..)

e Add scalar partner contribution: oo L

_ 2__ _ _
NS_Nfa)\f = —Ag, My =My =mg

-
-
“
L‘hﬂ
"
-
-

2 _ AN 2 2 A 2

AMEg|"" = “=[(mf — mg)log(Z-) + 3mglog(T2)]

— Symmetry between fermions—scalars — no divergence in A?
“Supersymmetry” no divergences at all: VI is protected!

LNote that if mg > my¢ ( 2 1 TeV) the fine tunning problem is back!!! J
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1

|7 Supersymmetry: symmetry relating fermions s=; and bosons s=0,17

— a new sparticle for each SM particle, with spin different by unit %
— beautiful: most general, link to gravity and superstrings,....
— however, SUSY must be broken — effective way at low energy?
— solves SM pbs: hierarchy, unification, dark matter (+P,mV,Bgenesis ...)
Focus on: Minimal Supersymmetric Standard Model (MSSM):
e minimal gauge group: SU(3) XSU(2) xU(1),
e minimal particle content: 3 fermion families and 2 P doublets,
o R=(—1)(25tL+3B) parity is conserved,
e minimal set of terms (masses, couplings) breaking “softly” SUSY.
To reduce the number of the (too many in general) free parameters:
— impose phenomenological constraints: O(20) free parameters,
L_ in general sparticles assumed to be heavy: decouple from Higgs.

— constrained models with universal boundaries, very few parameters_l
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7. EWSB in SUSY: symmetry breaking

f mSUGRA: Only 4.5 param: tan 3, my,2, mg, Ao, sign(u) T
All soft breaking parameters at /5 are obtained through RGEs.
With MGUT ~ 2 - 1016 GeV and MSUSY ~ \/mELmER:

Evolution of sparticle masses
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— Myp
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17
102 10* 108 10'° 10

Q (GeV)

Radiative EWSB occurs since M%< 0 at scale Mz (t/t loops)

—- EWSB more natural in MSSM (1:2 < 0 from RGEs) than in SM!
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7. EWSB in SUSY: MSSM Higgs sector

o

fln MSSM with two Higgs doublets: H; = (Ei_) and H, = (Eg), T

e to cancel the chiral anomalies introduced by the new h field,
e give separately masses to d and u fermions in SUSY invariant way.
After EWSB (which can be made radiative: more elegant than in SM):
Three dof to make Wf, 71, = 5 physical states left out: h, H, A, H*
Only two free parameters at the tree level: tan 3, M 4 ; others are:

M2 = § (M3 + M2 ¥ /(M3 + MZ)? — 4ME M cos? 27

MZ. = M2 + M3,
tan2a = tan23 (M% + M2)/(M3 — M3)

We have important constraint on the MSSM Higgs boson masses:
My < min(Ma,Mgz)-|cos 28| < Mgz, Myu+ > Mw, My > Maj...
M > My: decoupling regime, all Higgses heavy except for h.

M, NMz|COS26|§ Mz!, Mg ~ Mpgs ~Map, o~ % —ﬁ
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7. EWSB in SUSY: Higgs masses

fRadiative corrections very important in the MSSM Higgs sector. T

o

e Dominant corrections are due to top (s)quark at one-loop level
2
2 3g2 mf:l m; ] Milnax—>Mz—|—40 GeV >
AM; = 53 N2 log—mf large: 2 115 GeV

e Full one-loop corrections + approximate two—loop important.
e After RC: M;"™ ~ 110 — 140 GeV depending on tan and A,

200

T T T 500

| | |
Mg [GeV] Mg [GeV]
Xy =0 X, = V6Mg y
300 | - 300 |- -
tan f = 3 —— : tan f = 3 —— <
tan 3 = 30 ====--- tan 8 =30 ====---
200 [ - 200 | |

150 150

100 100

50 I I I I 50 I I I I
50 100 150 200 300 500 50 100 150 200 300 500
My [GeV] My [GeV]
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Higgs decays and cross sections strongly depend on couplings. T

Couplings in terms of Hg),; and their values in decoupling limit:

® 9ouu 9odd gevv

h s 1 a1 sin(8 — a)— 1
H iiﬁgﬁ 1/tan (3 cosg — tanp cos(f — a)— 0
A 1/tan (3 tan 3 0

— The couplings of H* have the same intensity as those of A.

— Couplings of h, H to VV are suppressed; no AVV couplings (CP)

— For tan 3 > 1: couplings to d enhanced, couplings to u suppressed.

— For tan 3 > 1: couplings to b quarks (my, tan () very strong.

—For M A > My: h couples like the SM Higgs boson and H like A.
Lln decoupling limit: MSSM reduces to SM but with a light Higgs. J
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7. Higgs decays: SUSY Higgs couplings

flncluding radiative corrections just as in the case of the Higgs massesﬂ

1:
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7. EWSB in SUSY: beyond the conventional MSSM

fGiving up some assumptions: the example of the CP-violating MSSMT
We can allow for some amount of CP-violation in eg. M;, 1t and A¢
Higgs sector: CP-conserving at tree level = CP-violating at one—loop
(good to address the issue of baryogenesis at the electroweak scale....)
= h, H,A are not CP definite states: h;, h,, h3 are CP mixtures
determination of Higgs spectrum slightly more complicated than usual
Additional Higgs representations: the example of the NMSSM
MSSM problem: 1. is SUSY-preserving but O(My); a priori no reason
Solution, (. related to the vev of additional singlet field, (S) o u
NMSSM: introduce a gauge singlet in Superpotential: Afllﬂgg + %S
—> SUSY spectrum extended by Xg and two neutral Higgs particles hs, as
less fine-tuning, richer phenomenology, interesting constrained version, ..
LBoth lead to a possibly very light Higgs that has escaped detection! J
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8. SUSY Higgses at the LHC

inggs decays in the MSSM:
General features:
e h: same as Hg); in general

(in particular in decoupling limit)

h — bb and 77~ same or enhanced

e A: only bb, 777 and tt decays
(no VV decays, hZ suppressed).

e H: same as A in general

(WW | ZZ, hh decays suppressed).

e H* : 7 and tb decays
(depending if Mgz < or > my).
Possible new effects from SUSY
LNote: total decay widths smailli....

CERN/FNAL School, Geneva, 8-17/06/09
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SM production mechanisms What is different in MSSM
Higgs-strahlung Vector boson fusion e All work for CP—even h,H bosons.

q

q H

—in @V, qq® h/H complementary
—o(h)+o(H) = c(Hsm)
— additional mechanism: qq — A+h/H

ZE _____ =, e Forgg — ®andpp — ttP
~ olpp— 0+X) [pb — include the contr. of b—quarks

gluon—gluon fusion

— dominant contr. at high tan(3!

100 |
e For pseudoscalar A boson:

Ul — CP: no ® A and qqA processes

] - gg — A and pp — bbA dominant.
| e For charged Higgs boson:

- My Smy: pp — ttwitht —H'b

T | — '."'1000 - MH 2 m;: continuum PP — tBH

Mq) [GGV]
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|7$ummary of higher order calculations in MSSM (for SM see earlier) T
For h/H: same processes as for SM Higgs (esp. for M 5 > M) but:
e Include b-loop contributions to gg — h/H and new gg — A
K—factors only at NLO (~ 1.5-2)
¢ Include b—final states in pp — bb + h/H (dominant at high tan (3)
large K—factors at NLO (50%)
e Additional SUSY-QCD corrections in pp— V+h/H;qq+h/H:
rather small at NLO (a few %) for heavy q/g
For A: rates including K—factors approx the same as above for h/H
For H": main process is pp — tt*) — tbH™ in general
relevant corrections known exactly at NLO
h,H,A,H" decays: well under control including SUSY+NLO corrections

Lsummarized in the program HDECAY J
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o

The lighter Higgs boson:

same as in the SM for M}, < 140 GeV
(in particular in the decoupling regime)
gg — h — vy, WW*

pp — hqq — qqvv,qq77,qqW W*
The heavier neutral Higgses:

same production/decays for H/A in general
pp — bb+H/A — bb+ 77/upu

(as in SM for H in anti-decoupling regime).
The charged Higgs:

t — bH™ — b7rv for Mg < my

gb — tH™ — t7r for My = my

reach depends on M 4 and tan/3
CERN/FNAL School, Geneva, 8-17/06/09
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8. SUSY Higgses at the LHC: detection
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f Lightest Higgs: as in SM

o

Higgs mass h — v, ZZ"
Higgs couplings from ¢ X BR
Higgs spin+CP numbers: hard

Higgs self-couplings hopeless...

width ratios

O,
o

IIIII

() ]

N
(®]

expected accuracy, %
(OY]
(@]

0 e e ey
100 120 140 160 180 200

my (GeV)
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The heavy Higgsses
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. SUSY Higgses at the LHC: difficult scenarios in the MSSM

f However: life can be much more complicated even in this MSSM T
e There is the ”bad luck” scenario in which only h is observed:
— looks SM-like at the 10% level (and Mgysy = 3 TeV...): SM
e There are scenarii where searches are different from standard case:
— The intense coupling regime: h,H,A almost mass degenerate....
e SUSY particles might play an important role in production/decay:
— light t loops might make o(gg— h—~7) smaller than in SM.
— Higgses can be produced with sparticles (pp — EE*h,.. )-
— Cascade decays of SUSY particles into Higgs bosons....
e SUSY decays, if allowed, might alter the search strategies:
-h — x{xY, U7 are still possible in non universal models...
— Decays of A, H, H* into x;", \? are possible but can be useful...
L Life can be even more complicated in extensions of the MSSM J
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|7h, H,A are not CP definite states and h, h5, h3 are CP—mixed states T
The relation for the Higgs masses and couplings different from MSSM.
There is the possibility of a light Higgs which has escaped detection.

An example is the CPX scenario

CPX scenario

— hy light but weak cplgs to W,Z

—hs — hih; decays allowed 20 W VBF: H, — v
bbh: H, — uu
r\ tth: H, — bb

— h3 couplings to VV reduced... :

All neutral Higgses escape detection:

B U1 &N NNeo
4 (

only (SM-like) h, has large cross section .

excluded by OPAL

h, — hih; — 4b, 47 unobservable.

. + N theoretically inaccessible
Stlll, one has t H H b H b _|_ h ! 100 200 300 400 500 600 700 800 900 1000

My, (GeV)

o |
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8. SUSY Higgses at the LHC: the NMSSM

fln the NMSSM with h; 5 5, a; o, h™ one can have Higgs to Higgs decaﬂ

then the possibility of missing all Higgs bosons is not yet ruled out!

2290 F
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1750 £
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/‘ |
1250 F
|
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-] LEP excl.
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8. SUSY Higgses at the LHC: invisible Higgs?
I_'I' here are many scenarios in which a Higgs boson would decay invisiblyT

e In MSSM, Higgs — x{x}, U7, etc.. as already discussed.
e In MSSM with R/,: Higgs — JJ could be dominant.
e The SM when minimally extended to contain a singlet scalar field
(which decouples from f/V), H — SS can be dominant
¢ In large extra dimensions H mixing with graviscalars.
... or very different couplings to fermions and bosons...
e Radion mixing in warped extra dimension models: suppressed f/V
couplings and Higgs decays to radions
e Presence of new quarks which alter production
e Composite light Higgs boson

... Many possible surprises/difficult scenarios.......

~ Conclusion: the LHC will tell! |
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