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Outline of lectures -\\J(IT
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EW symmetry breaking within the SM

Extension to 2 Higgs Doublet Models (2HDM)

Kinematics of LHC events (rapidity, pT, R separation, invariant mass, phase space)
Higgs production and decay channels at the LHC

Effective field theory (EFT) parameterization of BSM effects
Beyond Higgs production: vector boson scattering (VBS)
Extension of EFT for VBS: dimension 8 operators

UV complete model(s) with fermions or scalars and their EFT
Conclusions
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SM of particle physics: basic structure

Interactions are described by gauge theory with gauge group
SU3)  x  SU(2) x U(1)
Strong interactions: QCD

SU(3) 8 massless gluons

Electroweak interactions:

Su(2) x u(1) Y massless

Wi, /. massive
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EW gauge-boson sector of the SM ﬂ(".
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Gauge invariance and renormalizability completely determine the
kinetic terms for the gauge bosons

1 1
Lym = —ZBWB“’” — ZW‘;’WW‘;”

B*Y = oMBY —9vB*
wa = J, Wy — af\,Wﬂ + ge"’bc W, We v

The gauge symmetry does NOT allow any mass terms for W= and Z,
i.e. forbidden are terms like

1
ﬁMass — E m%v Wﬁ Wt:f'i

. . : b : .
As in QCD, the nonabelian component of the field strength tensor, 8 € Wy Wery gives rise to

WWZ and WWphoton triple gauge couplings (TGC) as well as quartic gauge couplings (QGC),
already at tree level
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Spontaneous symmetry breaking ﬂ(".
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Experimentally, the weak bosons are massive. We give mass to the gauge bosons through the
Higgs mechanism: generate mass terms from the kinetic energy term of a scalar doublet field ©
that undergoes spontaneous symmetry breaking.

Postulate existence of a complex scalar doublet

N 0
o = . = e + Goldstone terms,
¥ V2

Lhiggs = (Du@)!(D*0)-V (0'0)
Dt = 8“—1’ng1$’ ig' -2 pH
i 2
. ; 02 2
V(d)TCD> = A<CDT<D—?>

V (@T®) is SU(2). xU(1)y symmetric.
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Goldstone modes and unitary gauge ﬂ(".
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Expanding ® around the minimum

et ¢ _ i0;0' (x) 0
= ( ¢° ) a ( %[5+H(x)+ix(x)] ) ; \/EE P[ v ] (U+H(x) )

We can rotate away the fields 6’(x) by an SU(2); gauge transformation

O (x) — @' (x) = U(x)D(x) = \/% ( U+;(I) )

U

where U(x) = exp [—m]

This gauge choice, called unitary gauge, is equivalent to absorbing the Goldstone modes &' (x).

The vacuum state can be chosen to correspond to the vacuum expectation value

-5

Notice that only a scalar field can have a vacuum expectation value.The VEV of a fermion or
vector field would break Lorentz invariance.
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Consequences for the scalar field H ﬂ(".
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The scalar potential

1 0
o) = V2 ( v+ H(x) )

vV = % (2aH+H2)2 —

becomes

A
(2A0?)H? + AvH® + 1H4

N =

Consequences:

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

my; =2Av> =  A~013 since my~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.
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Higgs kinetic term and couplings to W,Z ﬂ(".
: 1 1 0
D{D = (a“—i WwrZ. _ ’—B“) =
= —1— 0 — _Z_ g W?tl Wlu o iW; -l—g/Bu 0
V2 o*H 2v2 W{l+iwﬁl —W;i,‘ v+ H
' WH — iWH
oHH 2 _gwél _ng/Bu
\/i o*H 2 v _v\/(g.? _ur_g/.?)/z Zu

oo B I B
(“2—“) w“+w,;+%(5S +i’ £ 747,

(D*®) D, = %G“HauHJr

)

(Identification of properly normalized Z field: explained later)
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Consequences ﬂ(".
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e The W and Z gauge bosons have acquired masses

) _ﬁ (g2+g;2)vz B m%v

2 p— —_—
w =y Mz = 4 cos2 Oy
From the measured value of the Fermi constant Gr
%= (%) & 1
— = = V= ~ 246.22 GeV
V2 2v2) m3, V2Gr

e the photon stays massless

¢ HWW and HZZ couplings from 2H /v term (and HHWW and HHZZ couplings from H? /v?
term)

2m
v

2 2

W A7+ TA7— mz — AT — 1 gmz
W"WHH 4+ —~£7ZFZ, H = WTW™MH 4+ —

K * v H SMW Jr2(:05t9w,,v

Lyvy = Z*Z,H

Higgs coupling proportional to mass

e tree-level HVV (V = vector boson) coupling requires VEV! e.g. gmyy = ¢?v/2
Normal scalar couplings give ®'®V or ®'®VV couplings only.
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SM fermions and their gauge representations ﬂ(IT
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su@3) su(2) Uy

u c t

Qi = L L L 3 5 %
dr SL. by

ub, = m t 3 1 2

R — R CR R 3

diy = dR SR br 3 1 -3
v % vV

Li _ eL uL TL 1 ) _%
er HL TL

e‘R = €R UR TR 1 1 —1

va = VoR VuR ViR 1 1 0

Could add more, e.g. vector-like fermions, if discovered by experiments
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Fermion Lagrangian fixed by renormalizability ~ NCIT
and gauge quantum numbers

Following the gauge recipe (for one generation of leptons, quarks work the same way)

f.lp = iELDLL—Fi‘f’BR Dv.,r +iég Pegr

where
. . 1 .
D* = 9" — igW* T! — ig'Y,, B T‘:% or T'=0, i=1,2,3
Ly = Lyin + Lcc + Lnc
Liin = 1L gLy +iVerdVer +ierder
Lee = gW, I‘L”}’uﬁLL_"gWEELY“%LL — S Wy yre + S W v
- K 2 u 2 \/E u \/E U
Lnc = % W, [Ver ¥ Ver — L ¥* e1] + &' By {YL (Ve V¥ ver +eL V" er)
+Yvg Ver Y Ver + Yeg €r V" ER]
with ’
+ 1 A2
Wt = = (w“ q:zw“)
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Weak mixing angle ﬂ(".
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WS and B,, mix to produce two orthogonal mass eigenstates

massive partner : gWS—g’ By = \/¢*+¢?%7Z,=1+/¢*+g"? ( cos By — Bysin Bw)
orthogonal, massless : g Wi’ +¢By = /¥ +§%AL=1/g*+¢" (Wisin Ow + Bycos Qw)

!

8

with mixing angle fixed by cosby = 8 sin Oy =

Write the NC Lagrangian in terms of these mass eigenstates

1

Lne = Py (§TsWi +8'YB*) = dy, ( (§°Ts —g°Y)Z" + % (T3 + Y)A“) ¥

Must identify electron charge, ¢, as

/
e= S8 = gsinBy = ¢’ cos Oy

o 32 + gfz
and the charge of a particle, as a multiple of the positron charge, is given by the
Gell-Mann-Nishijima formula: Q = T3 + Y
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The neutral current ﬂ(".
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It is customary to write the Z coupling to fermions in terms of the electric charge Q and the third
component of isospin (T3 = +1/2 for left-chiral fermions, 0 for right-chiral fermions)

/

_ 1 _ _
Lnc = Pyu ((g2T3 0y — S, Y)A“) ) = Py QUA* + Py, Q pZH

22 1 g2 22 1 g2
Qz is given by
-~ 1 2 2(A _ € _ Osin2
Qz = \/W(g I=87Q=T)) = 5o sinbw (Ts Qsin Qw)

This procedure works for leptons and also for the quarks (see more later)

Qi - Uur CrL. fL u}a = UR,CR, fR
L — ’ ’ .
dr, SL br, di = dg,sr,br

Weak mixing angle from W/Z mass ratio and from Zff couplings receive different loop corrections,
especially from heavy degrees of freedom/fields in the loops (top quark, Higgs boson, spatrticles...)
» distinguish source of mixing angle determination

« gain sensitivity to BSM physics

« — perform precision measurement of sin 0y in all possible ways, and compare....
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Fermion mass generation ﬂ(".
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A direct mass term is not invariant under SU(2); or U(1)y gauge transformation

mep = my (Prpr + Pryr)
since left- and righthanded fields have different gauge quantum numbers

Generate fermion masses through Yukawa-type interactions terms

EYukawa == _rdQLCDdR - r;JR(DTQL

- 1 v+ H(x)
—1,0; @ ur + h.c. O, =i " = —
uQr@cug c 2 /7 ( 0 )

—rgEL(DE'R + h.c.

—FVJT_-L{DL-’VR + h.c.

where Q, L are left-handed doublet fields and dg, ug, eg, Vg are right-handed SU(2) -singlet
fields.

Notice: neutrino masses can be implemented via Iy term. Since m+ ~ 0 we neglect it in the
following.
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Fermion masses for three generations ﬂ(".
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A direct mass term is not invariant under SU(2); or U(1)y gauge transformation
mepp = mys (Prpr +PrLr)

Generate fermion masses through Yukawa-type interactions terms

P P
EYukawa - _F;JQE(DEIR] o rg*d}gqﬂQLj
TP - , 1 v+ H(x)
—F;]Q'LICDCME + h.c. D, =ior®* = E 0
—FeijiL(De% + h.c.

where Q’, u’ and d’ are quark fields that are generic linear combination of the mass eigenstates u
and d and Iy, I; and T, are 3 x 3 complex matrices in generation space, spanned by the indices i
and j.

Ly vkawa is gauge invariant and renormalizable and thus it can (and should)
be added to the Lagrangian
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3 X 3 mass matrix ﬂ(".
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In the unitary gauge we have

- 0 i ol e gy
& - 'y _ /]
Qfwdy = (af &) | ., |dd= N
V2
v+H
o.u] = (u d”) V2 ul) = it u]
Q R ¥ 0 R \/i LR
and we obtain
v+ H / iiv+H / iiv+H ;.
£ = l"” d”d] ) ——a'tul —T/ e el +h.c.
Yukawa \/5 u \/E L “R e \/E LER
H
= - [M{/ i ud + M did] + M & +h.c.] (1+ ;>

with mass matrices M/ = I'J %
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Mass matrix diagonalization ﬂ(".
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f

L/R must

It is always possible to diagonalize M}F (f = u,d, e) with a bi-unitary transformation (U
be unitary in order to preserve the form of the kinetic terms in the Lagrangian)

!:' _ uf ‘
fL ( L) ij ij
A f ‘
fro = (Uk), fr;
with u{ and u{; chosen such that
T
(uf)’ My, = diagonal

For example:

my 0 0 ‘ mg 0 0
, f
un MUt =| 0 om0 (uf) Maug=| 0 m,
0 0 my 0 0  my
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Mass terms ﬂ(".
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Lyikawa = — 2, M” o (1+%) +h.c.
flij
- _f%ﬁ' [(u{) M uf] }fR (1+ H) +he.
= — > my (fufr + frfr) (1+I:)
7

We succeed in producing fermion masses and we got a fermion-antifermion-Higgs coupling
proportional to the fermion mass.

The Higgs Yukawa couplings are flavor diagonal: no flavor changing Higgs interactions.
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Mass diagonalization and CKM matrix

The charged current interaction is given by

El _ .
=’
V2 sin Ow

After the mass diagonalization described previously, this term becomes

W d +h.c.

e L 3 ;
Gl () uf] W] the
W

and we define the Cabibbo-Kobayashi-Maskawa matrix Vcgp

Vekm = (UE)T ug

e Vg is not diagonal and then it mixes the flavors of the different quarks.

SKIT
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e Itis a unitary matrix and the values of its entries must be determined from experiments.

By contrast, the neutral current remains flavor diagonal, no FCNC,

since the unitary matrices of mass diagonalization cancel (GIM mechanism)

Electroweak and Higgs Physics CTEQ Summer School 2024
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Summary of Higgs-boson Couplings ﬂ(".
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We have identified the relevant terms in the SM Lagrangian for Higgs boson couplings
to gauge bosons:

2
1 1 H
‘Ckm - (DH(D)T D,® = EapHaHH + [mﬁva+w;;_ + Emézuzg] (1 + E)

which produces the HV'V coupling term

2m? 2m
—Y V,VFH = =% q*“’V VyH
v v
to fermions:
m}r ~
EYukawa= meff (1+ ) Z Z?Hff
f f
and the Higgs self-couplings
1 A 1 m2 m2
— (oA VH? — AvH® — Ot — ZHZ—JH:”— "'H pp4
Ly = —5(2A7%) ¢ 1 2 20 802

Note that the Higgs couplings increase with the mass of particles the Higgs boson couples to.
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Feynman rules for SM Higgs vertices ﬂ(".

f
H- M
f
W,
& EER— .
+
u
Z,
H-- o1
18 cos Oy mz gﬁ”’
Z}—l

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

dexcept neutrinos
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2 Higgs Doublet Models (2HDM): the MSSM case ﬂ(IT
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The SM uses the conjugate field ®. = io, @* to generate down quark and lepton masses. In
supersymmetric models this must be an independent field

Lyikawa = —T4Qr®1dr —T.Lr®qer + h.c.
_FHQL(DZMR +hC

Two complex Higgs doublet fields @1 and @, receive mass and VEVs vy, 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=

The Yukawa Lagrangian above makes the MSSM a 2HDM of type Il
Type I: ®> and its charge conjugate generate all SM fermion masses
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Higgs mixing and Higgs mass eigenstates e

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

® 1 ( V2[H" sin 8 — xT cos 3] ) 1 ( V2H? sin )
1= — —

v1+ [H cosa — h sina| +i[A sin 3 4+ xo cos f3] V2 \ v+ ¢ +iAsinp

V2 V2

The angle 3 is determined by the VEVs:

o 1 vy + [H sina+h cosa] +i[A cos 3 — xp sin f3] 1 Uy + @y +1A cos f3
P = — —
V2[H™ cos 8 + x~ sin 3] V2H™ cos 3

: v
U] =0 Ccosf3, Up =0 SIinf3, — U—z—tanﬁ
1

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

tan 3, my , U:\/U%+Z.J§:246GGV
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Decoupling behavior for large my,
Higgs potential in the MSSM produces distinct mass relations at tree level
2 2 1] 5 2 2 212 2.2 D
mi,my = 5 |ma+mzt (m% +m%)" — 4m%m? cos? 23

My = y/m% +m, > my

Mixing angle « is also fixed by masses and tan 3

2 (11,2 2
cos(f —a) = :;((ﬁg __’:;hz))
A\""H h
Behaviour for m 4 > my:
my N ma N my,
cos(B—a) = m‘%:;f i — 0 for my—o0 (decoupling limit)
A

« Loop corrections substantially change mass relations, e.g. raise light Higgs mass
* Qualitative features of decoupling limit are preserved
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Coupling to gauge bosons

L = (D*®1)' D,@q + (D*®,)' D, @,

2
Ouer|* + §|a#‘92|2 + (gSZZ#Z” + iW:W_”) [(U1 +1)% + (02 + @2)2] + ...

N[ =

The U] e °’2 — 2 term gives same masses to W, Z as in the SM

g*v’ o _ (g HgR) v mi

2 — 2 _
w 4 z 4 cos? Oy

The couplings to the gauge bosons arise from

20101 +202¢pp = 2vcosfB[H cosa—h sinal +2vsin 3[H sina + h cos «]
= 20 [Hcos(f—«a)+hsin(ff —«) |

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

Note: cos(f — a)—0 for my—oo0 = H decouples from WW and ZZ, h has SM coupling
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CO u p I i n g to q u ar kS a_n d I epto n S Karlsruher Institut fir Technologie
Lyuk. = _rbBL(D?bR - FffL(DSuR + h.c.
_ _rbBLvl + Hcosax —hsina +iA sm{SbR B FJLUZ + Hsina+hcosa+iA COSBtR Che.

V2

The v, v, terms are the fermion masses

V2

- rbUl B rt'()z Fb B my, I"t 1y
my —

= - £ E— = —
V2 i V2 V2 vcosf3 V2  vsinf

Expressed in terms of masses the Yukawa Lagrangian is

Cosa—hsma—i)@Atanﬁ b—ﬁf U—I—H?na—&—hc?sa—in/lcotﬁ t
cos f3 cos f3 v sin f3 sin 3

Lyvik. = —?E (U + H

= coupling factors compared to SM hf f coupling —i n; /v
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Behavior in decoupling limit

Consider limit  sin(8 —a)—1, cos(3 —a)—0
e hbb, htT:

sin &
— =sin(ff—«a)—tanfBcos(ff—«x) — 1
cos § = Sin(B — ) — tan p cos(p — a)
o hitt:
cos « _ cos(f3 — &)
— — 1
sin 3 sin(f —a) + tan f3 -
e Hbb, HtT:
COS :
= COS|p—« tan p sin(p — « tan
~oef = COS(B—a)+tan B sin(p —a) — tan
o HIt:
sin « sin(f3 — « —1
: =cos(f—«a) — (8 ) —
sin f3 tan 3 tan 3
27 Electroweak and Higgs Physics CTEQ Summer School 2024
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In the large m 4 regime
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e light &  couplings to

fermions approach SM

values

e Hbb (and Abb, H/ ATT) cou-
plings are enhanced ~ tan f3

—> potentially large cross

sections at LHC

Dieter Zeppenfeld



Higgs properties and collider signatures ﬂ(".
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Importance of decoupling limit in MSSM (large m4) = 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 b1

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

e Signatures

28 Electroweak and Higgs Physics CTEQ Summer School 2024 Dieter Zeppenfeld



Hadron Collider Kinematics .\\J(IT

m Collisions are between partons not between incident protons

?"' € (lllJ‘O‘\) P2= Eb(“ 9,0,-')

' b

P""""OV\ > & protow

FO\T{:VV\.F ___> {,___... Pm-«"‘f‘\?vx 2
q,: xf Pf qz:‘ X?‘)z

m Lab frame and center of mass frame are not the same
—> a boost along the beam axis (taken as z-axis) connects the two

~3

- Q X, ~Xe A .
3 s -a. s —‘——‘x v %y Z Wwith c.m. momentum Q 2 % ey, = Eb( X, *X,,90, 9, X~ %)
, :

Described by Lorentz transformation with rapidity Y,

. [T oo ¥h coshy, . ©° s«'w:z,.
AR S A 0 i 2
(v o |\ 0 0 o ) 0
¥YB 9 ©° ¥ sinh Yoou 0 © coshy

. . S 7»« "7
m Relation to Feynman xis x,= J‘; e"™ and xz=\|;-§ e "™ (%: At QEY xx)
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Consecutive boosts along beam axis A\‘(IT
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The generator for boosts along the beam = z-axis is
v 0 0O | Por K
K= T ( g g g) l.e. boost matrix is A: e 7 with y the rapidity of the boost

As a result, rapidities are additive for boosts along a common direction
v
M _ M
NN () = AT, Cy,+72)

Now consider the momentum of a particle of mass m in the lab frame

a3 i il \ .
A — 3 P
V boost v
, o o Sl s o
Boost with ¢~ K to frame in which momentum is perpendicular to beam axis
\

P/A = (MT y PR, By Siw ¥, © ) with transverse energy mo = VR
Boost back with rapidity +y to lab frame

P N, pYs (m_coshy, preos?, Py Sl.\'\\Q)W\Ts'}\\w}
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Rapidity and transverse momentum of a single particle A\‘(IT
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a This procedure gives momentum parameterization
PI“‘,—.— /\/_v‘v(y) P‘V: (W\Tcos\sy) PTLOS‘f) PT Siwn \Q) W\Tsm\ny)

in terms of

s particle mass, m

s fransverse momentum, PT or transverse energy,m = J (also called transverse mass)
w the particle’s rapidity, y

» its azimuthal angle, around the beam axis, \¢

m Since ;‘ tank y = %’-’ the rapidity in the lab frame is y = 3 & i;’%
P

31 Electroweak and Higgs Physics CTEQ Summer School 2024 Dieter Zeppenfeld



Rapidity and transverse momentum of a single particle ﬂ(I.I.
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m This procedure gives momentum parameterization

32

P/*,-.- /\/_\"VCY) 'Y= (W\Tcosky) PrLoSY Py 5C“q)w\_‘_s&s\~7)
in terms of

s particle mass, m
’ !
s transverse momentum, PT or transverse mass,MT = Vw4 P+ (also called transverse energy)

s the particle’s rapidity, y
» its azimuthal angle, around the beam axis, \¢
Since -%i = tanh y=< %“: the rapidity in the lab frame is y = 3 & ii%
- P2

These variables are also called “legoplot variables”
fit neutrino jet #3  jet #1

Example: CDF top-pair candidate event
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Massless momenta as special case
Special case: m=0 (or negligible particle mass), i.e. g =\pl, Pa = \Pleos ©
g S
= ) eVL S.'\'\E? = ' eV\ l—t—cis*—. e
Y <2 € py 2 1-cs® 4

v Is called pseudo-rapidity, also for massive momenta

rapidity = pseudo-rapidity only for massless (i.e. light-like) momenta
Using pseudo-rapidity for massive objects (e.g. jets) can lead to severe
distortions in forward/backward region (i.e. high y)

Rapidity and the invariant mass of two massless objects
2 momenta P’Z‘ Pr: (coshy; , cos ¢, , S ¥, sinhoy. ) have invariant mass

o il .
m; = (p,+Pe > & 2 Pi'Pe = 4 Pr Pry (stnh Z—'Tyf + s ‘fo; Vz)

For modest angle between the momenta
2

2 2
mip % Pr Pry (=) + C4-9)7)  OF  mp = PriPrj Ry

-y
with separation R;J- = W‘Yj )+ e ¥;)° inthe lego-plane
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Rapidity and pT as phase space variables ‘(IT
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m  Compare momentum parameterizations via polar vs. legoplot coordinates

i im@sl ® i ALl
PI*: (E) ps QCOS\I’)PS S\W‘P,PCOS ) with Y E "ie -E__%_c.—oT-é
= (\MTws\m)') FTCO)Y) P+ Sl’v\‘?, i 5‘."\\"/) Pr =P sin ©

m mand % are common to both parameterizations,
m The transformation of (py, ¥) to (p, cos @) has a very simple Jacobian

2
oL)f olPT = —E%-: A cos © i?

which leads to the Lorentz invariant 1-particle measure in legoplot variables

_£E__ = ___.alza\y ’l?
QWY E  few?

m This is used to build the Lorentz-invariant phase space measure (Lips) in e.g.
the VBFNLO Monte Carlo

d Lips =L2'r:')"$Ct=|'+°|z .. )Ir )PéE;
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Some further comments .\\J(IT
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The rapidity of a particle in the c.m. frame, y*, and in the lab frame, y, are
connected by a boost with Y .and hencey = y* + Yern

In rapidity differences, ¥; ~V;, the dependence on this boost disappears. More
generally, rapidity differences are invariant under boosts along the beam axis

The physics is Lorentz invariant, i.e. we should remember that only rapidity
differences matter in the theoretical description at the parton level

Of course, low vs. high rapidities pose very different challenges at the detector
level! But one should (and does!) strive for high, uniform detection efficiency
over a wide rapidity range.

... and in the theoretical description the c.m. rapidity enters via the parton
distribution functions which depend on

"‘x—'\ b
x‘= _-_;_ e ch and ng J-g:‘ e CwWA
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Higgs properties ﬂ(".
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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 PProduction cross sections at LHC

e Signatures
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Higgs decay in the SM

Decay to 3" generation fermions

b
H--—<_
b

H- LE

SKIT
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Due to low Higgs mass, H>WW or
H->ZZ require off-shell weak boson

Even though there are no tree-level couplings to gluons or photons, decays into
gamma-gamma or glue-glue proceed via top quark and W loops

oo o - = "*@w
B ‘d"

w

+—-- —

s
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Evaluating the top triangle =0 B

Two on-shell gluons. Graph is gauge-invariant i.e. 1" Ty s (41, @2) = ¢5°Tpyps (1, q2) = 0

K1.09090 | Ta| d'k ! ! !
- ) mp2 o - Y —T 1 He
' k r 'Mr:"J J ’f*mﬁ ’f*ﬂlfmtﬁy Ftdy+dy—mu
Tlihl‘lz ————— H Rb
@ =~ YVeMy o (., [A (- g0 " at)* B o Mi”q”j
Ha oY 'n’

The B term does not contribute for light-like gauge bosons, while the SM value of the top
Yukawa coupllng y; = m/v together with

(1 " ()’(LMJc >>

leads to

M2 ! Me M ab
T/ = 5 [_"l. % "‘-«1,%2 Js

in the large m, limit

Dieter Zeppenfeld
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Decay width of the SM Higgs boson

SM Higgs Decay Width

SKIT
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« Many accessible decay channels at mH=125 GeV
(rich physics compared to a universe where the SM Higgs has a mass of e.g. 200 GeV)
» All partial decay widths calculated with loop corrections
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Zeroing in on mH = 125 GeV ﬂ(“.
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« Many accessible decay channels at mH=125 GeV

For H>VV channels, one must in addition multiply by (small) leptonic
branching ratios of W (11%) and Z (3.4%)
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Tomorrow:

Higgs production and EFT



