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CThe Standard Model of particle physics)

Interactions are described by gauge theory with gauge group

SU(3) X SUu(2) x U(1)
Strong interactions: QCD

SU(3) 8 massless gluons

Electroweak interactions:

Su(2) x U(1) Y massless

WlL, /. massive

W and Z masses and fermion masses violate SU(2) x U(1) gauge symmetry.
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C Spontaneous symmetry breaking )

Experimentally, the weak bosons are massive. The Standard Model gives mass to gauge bosons
and fermions via the Higgs mechanism:

Postulate existence of a complex scalar doublet
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V (®1®) is SU(2), xU(1)y symmetric.



( Consequences for the scalar field H )

The scalar potential

1% (cDTcD) — 2 <cDTcD _ %2>2

expanded around the vacuum state

1 0
O(x) = —
V2 \ v+ H(x)
becomes 3 ), 3
V=7 (2UH+H2) = S(2A)H? + MH® + ZH!
Consequences:

e the scalar field H gets a mass which is given by the quartic coupling A

ms; = 2A0 — A~ 0.13 since mpy ~ 125GeV and v = 246.22GeV

e there is a term of cubic and quartic self-coupling.

e The coupling A =~ 0.13 is small, i.e. perturbation theory is warranted.



C

Higgs kinetic terms and coupling to W, Z
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C Fermion masses and couplings to the Higgs boson

Fermion masses arise from Yukawa couplings via ~®T— (0, U%{)

LYukawa — _rdQ_L(DdR_r;d_R(DTQL_*"“

o 0
f— _rd (uL/dL) oL H dR—|—

V2
v+ H -
dpdr + ...
/2 LAR

_ —;mfff<1—|—%)

e Test SM prediction: ffH Higgs coupling strength = m £/

= Ty
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( Feynman rules for Higgs couplings )

18 MW Quv

. 1
Lg cos By Mz uv

Within the Standard Model, the Higgs couplings are completely constrained since the masses of
all SM particles® have been measured.

dexcept neutrinos



( The MSSM Higgs sector )

The SM uses the conjugate field ®. = iop @* to generate down quark and lepton masses. In
supersymmetric models this must be an independent field

Lyukawa = —TyQr®1dg —T.Ly®1er +h.c.
—FuQ_L(DZuR + h.c.

Two complex Higgs doublet fields @ and @, receive mass and VEVs v1, v, from generalized
Higgs potential. Mass eigenstates constructed out of these 8 real fields are

Neutral sector:
_ Charged sector:
2 CP even Higgs bosons: /1 and H

1 CP odd Higgs boson: A
1 Goldstone boson: X0

charged Higgs bosons: H*
charged Goldstone boson: x=
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( Higgs mixing and MSSM parameters )

The Higgs potential leads to general mixing of the 2 doublet fields

o 1( V2[HY sin 8 — xt cos ] ) 1( V2HT sin 3 )
L=

p— H—
V2 v1 4+ [H cosax — h sina 4 i[A sin 3 + xo cos 3] V2 \ v+ @1 +iAsinB

V2 V2

The angle 3 is determined by the VEVs:

o 1 vy 4+ [H sina+h cosal +i|A cos 3 — xo sin f3] 1 Uy + @y + 1A cos f3
2 = —= -
V2[H™ cos 3 + x~ sin 3] V2H™ cos 3

: v
U1 =70 Ccosf3, Uy =70 sinf3, — —2:tan[5
01

The mixing angle o between the 2 CP even scalars and the masses are determined by

tan 3, ma, 0 =\/v + 05 =246 GeV
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C Tree level relations

Higgs potential in the MSSM produces distinct mass relations at tree level

1
me,my = > [mi +m% + \/(mil + m%)z — 4m? m?% cos? Zﬁ]
- _ 2 4 .2
gt = \/mA + myy > My

Mixing angle « is also fixed by masses and tan /3

N

i, (m3, — i)

cos(B —a) = ———5

m4 (my — m%)

Behaviour for m4 > my:
= ~
My = MmMp~myg,

— 0 for mp—o

Q

cos(fB — «)

(decoupling limit)



( Coupling to gauge bosons )

L = (D*®y)'D,®;+ (D ;) D,®,

1 1 2 2 B
= C|0u@1P+ = 10upal? + (322,24 + EWI W) [(01 4 91)2 + (02 + 92)2| +...
2 2 8 4

The v7 + v5 = v” term gives same masses to W, Z as in the SM

) %P 2 (g2 +g?) 2 B m?,
w =y Z 4 cos? Oy

The couplings to the gauge bosons arise from

2011 + 20,0 = 2vcosBlH cosa—h sina| +2vsin 3[H sina+ h cos «f
= 2v[Hcos(f—a)+hsin(ff—«) ]

— extra coupling factors for h'VV and HV'V couplings as compared to SM
hVV ~sin(f3 — «) HVV ~ cos(f — «)

Note: cos(f3 — «)—0 for m4—o00 = H decouples from WW and ZZ, h has SM coupling



™ o ative corTvections ':nr.l.m:l_e_el

1.0 -rilllllillilllilllll T | T |—'—-
| tang =3 -, 1 rwn ]
0.8~ < ] Tepor +
T 06 — i
u =
t:}"'—'" b
= Bl 1
W 04~ -
B Hm = 1 TeV :
L i = —200 GeV 1
OE = maximal mixing (———) 7]
I minimal mixing (———-- 2
0.0 -|||I;l|||I|1|||"‘:|!I 1 L 1 L I L il 1 L I 1 1 L |"
70 100 200 300
IIlA (GEV)
1-0 l_'_‘lIJI Ilil.?lll‘!ll L} "i T I L) Ll T T [ L L :
! -
[ teng =30 ]
0.8~ ! =
’%“ 0.6 — ]
o B 1
= i ]
2 [ ]
w 04 =
: Mgygy = 1 TeV ]
[ = —200 GeV -
02— maximal mixing (———) |
i minimal mixing (————— e
D.Q -l L IIJ_J. L 1 1 I 1 L L 1 | L 1 L1
70 200 300

m, (GeV)



( Coupling to fermions )

Lyuk. = —FbELCI)(l)bR — thLCDguR + h.c.
- vy +Hcosax—hsina+ iA sin 3
= —Ipbr

V2

The vq, v, terms are the fermion masses

v + Hsina+ hcosa+iA cos/Bt
V2

br — Ttr r + h.c.

V2 mt_ﬁ — V2 vcosf V2  vsinf

Expressed in terms of masses the Yukawa Lagrangian is

Fbvl [too Fb my, I my
my = —— —

—iysAtanB | b— Tt (0 Hoo 4 h
v sin 3 sin f3

COS & sin «
—h
cos 3 cos 3

Lyuk. = —%E (’0 + H —1y5A cot /3) t

= coupling factors compared to SM hf f coupling —i 1y /v
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C Decoupling limit for fermions )

Consider limit  sin( —a)—1, cos(f — a)—0
e hbb, htr:

sin o :
" cos B = sin( —«) —tan B cos(B — a) — 1
o hitt
cosx . ., cos(B — «) N
sinp MmO Tang !
e Hbb, HtT
COS & -
cosfB cos(f — a)+tan B sin(f — a) — tanf3
o Hit:
sinax ., _sin(B—«) R —1
snp ~ 5P T T an tan

In the large m 4 regime

e light &  couplings to

fermions approach SM

values

e Hbb (and Abb, H/ ATT) cou-
plings are enhanced ~ tan 3

— potentially large cross

sections at LHC
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( Higgs phenonomenology )

Importance of decoupling limit in MSSM (large m 4) = Concentrate on SM case

Higgs couples to fermions and gauge bosons proportional to their mass =

Heavy SM particles are involved in both production and decay processes
W,Z,t, bt

Consider
e Higgs decay: partial widths, total width and decay branching fractions
e Production cross sections at LHC
e Signatures and backgrounds

e Measurement of Higgs couplings
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I'(h° — zx)/GeV

( Decay of the SM Higgs

Higgs decay width and branching fractions within the SM

SM Higgs Decay Width
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Higgs Production Channels at Hadron Colliders )
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C Total cross sections at the LHC )
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Gluon fusion cross section for m;, = 125 GeV at 8 TeV: 0(gg—h) = 21.4 pb at N°LO



o(pp —~ H+X) [pb]

10

Total cross sections at the LHC

\'s= 14 TeV
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Gluon fusion cross section for m;, = 125 GeV at 13 TeV: o(¢g—h) = 48.6 pb at N°LO
Gluon fusion cross section for n;, = 125 GeV at 14 TeV: o(gg—h) = 54.7 pb at N°LO



C Vector Boson Fusion )

W
r ~N H< my > 120 GeV
W

T
'< myg < 140 GeV
-l-+

- J -H-Qw my < 150 GeV

I 1

[Eboli, Hagiwara, Kauer, Plehn, Rainwater, D.Z. .. .]

Most measurements can be performed at the LHC with statistical accuracies on the measured
cross sections times decay branching ratios, o x BR, of order 10% (sometimes even better).
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Central jet veto




( Central Jet Veto: Hjjj from VBF vs. gluon fusion )
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1/0 do /dyrel
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[ Del Duca, Frizzo, Maltoni, JHEP 05 (2004) 064]
e Angular distribution of third (softest) jet follows classically expected radiation pattern

e QCD events have higher effective scale and thus produce harder radiation than VBF (larger

three jet to two jet ratio for QCD events)

e Central jet veto can be used to distinguish Higgs production via GF from VBF



C VBF signature )

A

Characteristics:
e energetic jets in the forward and backward directions (pr > 20 GeV)
e large rapidity separation and large invariant mass of the two tagging jets
e Higgs decay products between tagging jets

e Little gluon radiation in the central-rapidity region, due to colorless W/Z exchange
(central jet veto: no extra jets with pr > 20 GeV and |n| < 2.5)
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