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Life without a Higgs boson



We have discovered a zoo of particles, yet simple
rules govern their phenomenology:

Interactions and decays obey selection rules:
electromagnetic charge Q is always conserved

Spectrum degeneracy: particles organized in multiples
with same electromagnetic charge

We feel a long-range force:

U(1)q is o (= local) and the photon
is its carrier




In the spectrum of fundamental particles there are
also massive spin-1 fields: W=, Z°

W,z They can be thought of as the carriers
of the
It is natural to conjecture that: W and Z are the gauge fields of a

larger local SU(2).xU(1)y invariance



In the spectrum of fundamental particles there are
also massive spin-1 fields: W=, Z°

W,z They can be thought of as the carriers
of the
It is natural to conjecture that: W and Z are the gauge fields of a

larger local SU(2).xU(1)y invariance

1. SU(2).xU(1)y is not a symmetry of the particles’ spectrum

2. W and Z are massive, and the EW force is not long-range

What is the origin of the W,Z mass 2



The SU(2).xU(1)y local symmetry is spontaneously broken

by the vacuum via the

The problems of the mass and of the missing NG bosons can solve each other:

* F. Englert, R. Brout, PRL 13 (1964) 321, “Broken symmetry and the mass of gauge vector bosons”

“'it is precisely these singularities [of the NG bosons] which
maintain the gauge invariance of the theory, despite the
fact that the vector meson acquires a mass ”

q \‘\ f"'. q ‘\\ ’."’
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FIG. 1. Broken-symmetry diagram leading to a
mass for the gauge field. Short-dashed line, (¢,);
long-dashed line, ¢, propagator; wavy line, A, propa-
gtztox;z. (a)— (2n)‘x’e’g“ y (o2, (b)— -(2x)‘ie2(q“qy/q2)
xX q)l .

® P. Higgs, Phys. Lett. 12 (1964) 132, “Broken symmetries, massless particles and gauge fields”

the choice of Coulomb gauge to quantize a gauge
theory implies the existence of a time-like vector and thus
invalidates Goldstone’s theorem based on manifest
Lorentz covariance

the group as coefficients. Now the structure of
the Fourier transform of i([A ' (¢}, @{(¥)]) must
be given by eq. (3). Applying eq. (5) to this com-
mutator gives us as the Fourier transform of
Wl ), 2100]) the single torm
[k%n,, - &, (nk)] p(k2, nk). We have thus exorcised
both Goldstone's zero-mass bosons and the
"spurion” state (at &, = 0) proposed by Klein
and Lee.

In a subsequent nole it will be shown, by con-
sidering some classical {ield theories which dis-
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The SU(2).xU(1)y local symmetry is spontaneously broken
by the vacuum via the

The (massless) NG bosons from the spontaneous symmetry breaking are
‘eaten’ to form the longitudinal polarizations of the massive vector bosons

-----------------------------------

, Symmetry Breakin
}1}1 \/\N\/\/\/ 7 7 9

sector

SU(2)uxU(1)y E
: SU(2)ixU(1)y—=U(1)q g

W i X

-----------------------------------

Englert and Higgs received the 2013 Nobel prize in Physics

11

... for the theoretical discovery of a mechanism that
contributes to our understanding of the origin of mass of

subatomic particles ”



-----------------------------------

: Symmetry Breaking
A}l NN

sector
SU(2)xU(1)y
. SU(2)uxU(1)y—U(1)a
W i X°

----------------------------------

The theory can be described by a manifestly gauge-invariant Lagrangian
by including the NG fields:

Y(x) =exp (to?x*(x)/v) a=1,2,3 (2x2 matrix )

SU(2). acts on the left Ur(x) = exp(iaf(x)o®/2)

>, — UL by U;r/
U(1)y acts on the right Uy (2) = exp(iay (z)o°/2)

The vacuum (¥) = 1 spontaneously breaks SU(2)uxU(1)y—U(1)q (Q =T +Y)



The x“(x) transform:

under SU(2)xU(1)y

ex: under SU(2), X ¢ =x? (1 +
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The x“(x) transform:

under SU(2).xU(T1)y

ex: under SU(2) ¢ =x (1 + % a-x Cot(%)) + %a cot(%) + O(a?)
sin (%’) = sin <%) [1 — %52 X cot(;)] + O(a?)

under the unbroken U(1)q subgroup:
Up = Uy = exp(iac®/2) = Ug

- UQ eix.a/v Uél _ 67; UQ(X-O')UCS /v ()Z/ . 5_») _ UQ ()Z 5_») Uél



The x“(x) transform:

under SU(2)xU(1)y

ex: under SU(2) ¢ =x (1 + % a-x cot(%)) + %a cot(%) + O(a?)
sin (X;/) — sin (%) [1 — %52 X C%(%)] + O(a?)
X" =x"/IX|
under the unbroken U(1)q subgroup:
Up = Uy = exp(iac®/2) = Ug
Y = Ug eXo/v UGl = i UalxaIVg /v (V&) =Uq (X 6)U5"
Notice: the field >. does transform linearly, but it is subject to the

non-linear constraint 273 = 1
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It is natural then to define the covariant derivative:

DS =8,% — igg% WS +ig) ¥ %BM
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It is natural then to define the covariant derivative:

DS =8,% — igg% WS +ig) ¥ %BM

There are two kinetic terms invariant under SU(2).xU(1)y local transformations:
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Lonass = %Tr [(DMZ)Jr (D“Z)] + %Tv? Te[2f D, 5 0]

1
= m3y W;W“_ + imQZ Z,Z"

in the unitary 22
gauge X(:C) =0 MI%V — Zgg
, v, 2
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It is natural then to define the covariant derivative:

DS =8,% — igg% WS +ig) ¥ %BM

There are two kinetic terms invariant under SU(2).xU(1)y local transformations:

2

Emass

1
= m3y W;W“_ + imQZ Z,Z"

in the unitary

v
gauge X(:C) =0 MI%V — _gg

%Tr [(DMZ)Jr (D“Z)] + %Tv? T[S, 5 0]

(p—1) < afew x 107°
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Lonaee = T2 [(D,3)] (DF5)

%
Jr8

V2 Te[S1D, % %]
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Lonaee = Tt [(D,5) (D)

2

UZ Tr [@2)* (@MZ)}

+ 0’ Tr[21D, 80"

if gauging is switched off the first term has
a larger SU(2).xSU(2)r global symmetry:

> — Un U, UL € SU(2)L
Ugr € SU(Q)R
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2
Lonass = %Tr [(DME)T (DMZ)} + %TUQ Te[2tD, > 03]’

v t o au } if gauging is switched off the first term has
— >
1 [(8“2) (07%) a larger SU(2).xSU(2)r global symmetry:

> — Un U, U, € SU2)L

Ugrp € SU(Q)R

The pattern of global non-linearly realized symmetry is

complete analogy with chiral symmetry in QCD
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2
Lonass = %Tr [(DME)T (DMZ)} + %TUQ Te[2tD, > 03]’

v if gauging is switched off the first term has
Yo [ T (gey } if gauging
r| (9u2)" (07%) a larger SU(2).xSU(2)r global symmetry:

> — Un U, U, € SU2)L
Ugrp € SU(Q)R

The pattern of global non-linearly realized symmetry is

complete analogy with chiral symmetry in QCD

The vacuum preserves a global SU(2)v (weak isospin)

physical states come in multiplets of SU(2)v

the NG bosons X" form a triplet of SU(2)v My =Mz  for g =0
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The Lagrangian L,,.ss gives an effective description valid below

some cutoff scale:

CI{(0,5)1 (9,5)] = £ @) +

. (Cx) = (x0ux")”| + O°)

1
6v2
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The Lagrangian L,,.ss gives an effective description valid below

some cutoff scale:

U2 1 a 1 a a a 2
TTO,D) (0.D)] = 5 0 + 53 [(0x) = (8ux)] + O°)
X \\ /’ X
\\\ /’ S
/
:)(\ A(S,t,U) — ﬁ
7 N
X X

A (Xaxb — chd) = A(s,t,u)d%6 + A(t, s,u)6%¢6% + A(u,t, s)5%%6"
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The Lagrangian L,,.ss gives an effective description valid below

some cutoff scale:
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TTO,D) (0.D)] = 5 0 + 53 [(0x) = (8ux)] + O°)
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In general:

A2 — 2) = Coupling2 g(F) =

In absence of additional contributions to the scattering amplitude, the
coupling strength becomes (g(F)= 47 ) at energy

scales B ~ A, = 4nv
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In general:

A2 — 2) = Coupling2 g(F) =

In absence of additional contributions to the scattering amplitude, the
coupling strength becomes (g(F)= 47 ) at energy

scales B ~ A, = 4nv

\ - =
\\\ /// \\\ // \\ ///
NRe N/ \
¢ + X X +
’ S // \\ 4 \\
e AN / S N\
// \\ // \\
S LB ey (2L
02 Y 1672 v4 1672
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Loop diagrams are divergent and need to be renormalized

by operators
\\ _ 7/
N ," BN ///
N/ N\ s
X X
7 N\ 7 N\
/ S o P \
// - N\
’ \\

counterterm from

N R
AN i 4-derivative
:@,: operator. Ex:
/ \ 2
o . (Tr[9,=To"x])
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Loop diagrams are divergent and need to be renormalized

by operators
N p counterterm from
SN 7 SN 7 N 4-derivative
N/ N\ s N v
X X + ] operator. Ex:
7 N\ // \ 7 N\
// S~a-- \\ // \\ + 2
R . / . (Tr|0,X70"%])
1 E* (1, E* Ve (1
* 1672 vt <E T fzmte) e [CW 1672 (E _bg”)]
d (1) = e
C p—
dlog i a 1672
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Loop diagrams are divergent and need to be renormalized

by operators
\ ’ \ / counterterm from
\ - - Vs N\ /
., Sy s SN 4-derivative
Y \ 7 N v
/X\ IK\ + /@, operator. Ex:
// \\__,/ \\ // \ 5
.’ N , . (Tx[9,576"%))
1 E* (1 . E? Yo (1
> 16m2 oA <E i fzmte) o [CW 1672 (E _bg”)]
d c(,u) — e Operators are additively renormalized
dlog i 1672
1-loop O(p?) O(p?)
Ye M
c(pu) = c(A) + lo (—)
(1) (A) 1672 5 A 1-loop O(p?) O(p?)

2-loops O(p?)
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The Lagrangian of NG bosons is thus and should
be thought of as a

L=03 1G4 p06)

£® = U1r{(D,) (D)

L = ¢, T[(D, ST DE)] + ¢ Tr[(D,E'D, 5]

Expansion parameters:

— (E'/A) controlling the derivative expansion

— (04/47T) weak gauging expansion parameter
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The

relates the scattering of NG bosons to that of longitudinal vector bosons
ViVe = ViVr, (V=W, Z) at high energies > mw

B B B B M2 2
AWIW, = WiW: ) = Alx Ty — xTx )(1%—0(55)):4352 (s+1)+...
it
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The evidence for a spontaneously-broken SU(2).xU(1)y gauge
symmetry is founded on the following facts:
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The evidence for a spontaneously-broken SU(2).xU(1)y gauge
symmetry is founded on the following facts:

the transverse WMT, ZZ interact weakly: g1 2 < 4m

there exists an energy window my < E < 4nrmy /g

in which the EW effective theory applies

the transverse Wg, ZZ are elementary up to

energies £ > 4dnrmy /g
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Ayv

As =4mmy /g
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to (much) higher scales (shorter distances)
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transverse modes must remain elementary up

A
uv to (much) higher scales (shorter distances)
o scale at which V, ~x eventually
--------------------- AS = dm mv/g become strongly interacting
my

NOTICE:

the longitudinal polarizations need not be elementary

(i.e. they can be composites of some new dynamics)
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transverse modes must remain elementary up

A
uv to (much) higher scales (shorter distances)
o scale at which V, ~x eventually
--------------------- AS = dm mv/g become strongly interacting
to keep the theory perturbative must

come in before A to regulate the scattering amplitudes

NOTICE:

the longitudinal polarizations need not be elementary

(i.e. they can be composites of some new dynamics)
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Elementary nature of W,Z tested at LEP, Tevatron and LHC through
Triple Gauge Couplings (TGC)

Suppose an anomalous coupling is measured g2 CW3 abe we Wb we
i i 2 € v'Vu
which can be parametrized by the operator m K P pu

E2
~ g (1 + cws —2>
myy
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Elementary nature of W,Z tested at LEP, Tevatron and LHC through
Triple Gauge Couplings (TGC)

Suppose an anomalous coupling is measured g2 Cw3
which can be parametrized by the operator m%v

!
¥

mw

O(1) correction at E ~ = M

CWw3

cws3 7= 0 may signify the emergence of
“structure” (form factor) at the scale M,
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€ W,LWWVPWP,U



Elementary nature of W,Z tested at LEP, Tevatron and LHC through
Triple Gauge Couplings (TGC)

Suppose an anomalous coupling is measured g2 CW3  abe we Wb we
1 1 —2 ¢ v 174
which can be parametrized by the operator ms K P pu

E2
~ 94 <1 + Cw3 —2>
My,

O(1) correction at E ~ mw

— m*
Cw3s

cws3 7= 0 may signify the emergence of
“structure” (form factor) at the scale M,

mw g9 if new physics arises
s

at the 1-loop level
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Elementary nature of W,Z tested at LEP, Tevatron and LHC through
Triple Gauge Couplings (TGC)

Suppose an anomalous coupling is measured g2 CW3 abe we Wb we
i i 2 € v'Vu
which can be parametrized by the operator m K P pu

E2
~ g (1 + cws —2>
myy
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Elementary nature of W,Z tested at LEP, Tevatron and LHC through
Triple Gauge Couplings (TGC)

Suppose an anomalous coupling is measured g2 Cw3 cabe y7e b e
which can be parametrized by the operator m%/[/ pr Tt vp Tt p
E? .
~qgll+ec — if no new states appear before, the
ws ‘2/‘/ coupling strength becomes strong at
41
E ~ mw — AS
w3y

(transverse modes are composite)
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Elementary nature of W,Z tested at LEP, Tevatron and LHC through

Triple Gauge Couplings (TGC)

Suppose an anomalous coupling is measured
which can be parametrized by the operator

E2
~ 94 (1 + Cw3 —2>
My,

g2 CWws

2

abc a b c
— € W,LWWVPWP,U
%%

if no new states appear before, the
coupling strength becomes strong at

47

CwsJg

EAS

Ewmw

(transverse modes are composite)

AS z 4 TeV
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Strong bounds on “structure” scale m, come also
from modifications to the vector propagator

Ex: S-parameter ag Tr [W;w 3 0-3B'ul/ ET} D ’YW/ZW/

NNV ~ (919207 + ag E?)

( Z-photon mixing )
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Strong bounds on “structure” scale m, come also
from modifications to the vector propagator

Ex: S-parameter ag Tr [W;w 3 J3BMV ET} D ’YW/ZW/

ANV ~ (91920 + ag E?)

/ 1
O(1) correction at  F ~ my, AN = M4
g2 as

( Z-photon mixing )
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Strong bounds on “structure” scale m, come also
from modifications to the vector propagator

Ex: S-parameter ag Tr [W;w 3 J3B/W ET} D) %WZ/W ( Z-photon mixing )
NNV ~ (919207 + ag E?)
92 _ m%/V < -3
—as(mz)=—- < 2x10
1 m

/ 1
O(1) correction at  F ~ my, I = My e > 1.8 TeV
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A counter-example: the p in QCD

Could the p be the gauge field of a larger spontaneously-
broken global symmetry SU(2).xSU(2)rxSU(2)r— SU(2)v ¢

Pu

§

SU(2)xSU(2)HxSU(2)x

Sakurai, Currents and Mesons, 1969
Schwinger, PRL 24B (1967) 473

Wess, Zumino, Phys. Rev. 163 (1967) 1727
Weinberg, Phys. Rev. 166 (1968) 1568
Bando et al., PRL 54 (1985) 1215
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A counter-example: the p in QCD

Could the p be the gauge field of a larger spontaneously-  Sakurai, Currents and Mesons, 1969
Schwinger, PRL 24B (1967) 473

broken global symmetry SU(2).xSU(2)uxSU(2)r— SU(2)v 2 Wess, Zumino, Phys. Rev. 163 (1967) 1727

Weinberg, Phys. Rev. 166 (1968) 1568
Bando et al., PRL 54 (1985) 1215

Pu

§

SU(2)xSU(2)HxSU(2)x

1
The p is not weakly coupled: g,rr = 6.04 ~ 5(477)

There is no separation of scales scale at which p-
becomes strongly interacting

..................... As — 41 m T — 1.0 GeV
Amfr =1.2GeV —— oo /91

scale at which 7T ‘s m, = 0.77 GeV
become strongly

interacting
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The role of the Higgs boson



24

EW condensate

oooooooooooooooooooo

QCD condensate

oooooooooooooooooooo

What Higgs bosons are

(®) =

W, Z, h

(qq) = A%CD
p,n



24

EW condensate

oooooooooooooooooooo

QCD condensate

oooooooooooooooooooo

What Higgs bosons are

(®) =

W, Z, h

(qq) = A%CD
p,n

massless excitations
(NG bosons)



24

EW condensate

oooooooooooooooooooo

QCD condensate

oooooooooooooooooooo

What Higgs bosons are

(®) =

W, Z, h

(qq) = A%CD
p,n

radial excitations
(massive)

massless excitations
(NG bosons)



24

What Higgs bosons are

Higgs —»

bosons
EW condensate
(@) =
.................... W, Z. h
QCD condensate - 5
(qq) = AQCD
.................... P, N

radial excitations
(massive)

massless excitations
(NG bosons)
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Demystifying the Higgs boson

“The Higgs boson gives mass to the elementary particles’

One has to distinguish between the vacuum
and the quantum excitation around it

Particles can have mass even in absence of
a light Higgs boson (Technicolor)

The Higgs model predicts: A, = My
v

“The Higgs boson is at the origin of the mass in the Universe ”

The bulk of the mass of the proton and - A > m
neutron comes from the QCD dynamics P QUD q
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Non-linear effective Lagrangian with a light Higgs

Assumption: h(x) is a scalar (spin-0) field, singlet of the custodial SU(2)v

L="Te (D) (D"5)| (14260 = +cav 75 + -
(% v

U

(J)
AL (@' @)y Ui e, 20 ) fhe
\/5 1) L L 0 U v

N 0 h
(% ( 1
_ EA’% (@ & (d(”> (1 +ca—+. ) + h.c.
R




Non-linear effective Lagrangian with a light Higgs

Assumption: h(x) is a scalar (spin-0) field, singlet of the custodial SU(2)v

L =T [(D,%) (D*D)] (1+Zev)~ +ean) 5 + -+
(% (Y

(7)
i) (i h
_ v )\%({L(L)d(L))Z <uR> (1—|—cu—+...>+h.(3.

V2 0 v
N 0 I
v
— — AL @ dNhs (1 —+... | +he
\/5 1] (uL L) dg) —|_Cdv+ + &
Cv, C2v, Cud, C3,4 Are
+ %(aﬂhﬁ —V(h) free parameters

cu,d assumed to be flavor
universal to avoid large FCNCs
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Example of possible (arbitrary) assumption:

Partial UV completion (PUVC)

at F=A coupling strength of the
Higgs boson is of the same order
as that of the NG bosons

RC, Marzocca, Pappadopulo, Rattazzi JHEP 10 (2011) 081


http://dx.doi.org/10.1007/JHEP10(2011)081
http://dx.doi.org/10.1007/JHEP10(2011)081
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The Higgs boson can moderate the energy growth of scattering amplitudes:

_|_
' X ' X
h + oy 1 i s?
A(x™x —>XX)—§ S—WJF(SH@
X X X - s
X ~ (1= + (s e 1)
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The Higgs boson can moderate the energy growth of scattering amplitudes:
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X" X X el
h + oy 1 i s?
AXTXT = XTXT) = S—S_m%+(8Ht)
X X X - s
X ~ S =)+ (s o 1)
X" Y X" Y

<
Ay

o
Sy

S

A(xTx™ = hh) ~ S (cov — ¢i)

<

28 See for ex: RC, Grojean, Moretti, Piccinini, Rattazzi, JHEP 1005 (2010) 089
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AXTXT = XTXT) = S—S_m%+(8Ht)
X X X - s
X ~ S =)+ (s o 1)
X" Y X" Y

<
Ay

o
Sy

B S
A(X+X — hh) ~ v—2(CQV — c%/)

28 See for ex: RC, Grojean, Moretti, Piccinini, Rattazzi, JHEP 1005 (2010) 089
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The choice Cy = Cay = Cy,q = C34 = 1 defines the

(vanishing higher-order terms)

if the scalar h is sufficiently light and narrow, m; < v8mv = 1.2TeV,
all scattering amplitudes stay perturbative up to arbitrary energies

the scalar h and the three NG bosons X" form a doublet of SU(2).

1 . a4 a 0
_ 10 x" /v
H /2" <v+h>
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The choice Cy = Cay = Cy,q = C34 = 1 defines the

(vanishing higher-order terms)

if the scalar h is sufficiently light and narrow, m; < v8mv = 1.2TeV,
all scattering amplitudes stay perturbative up to arbitrary energies

the scalar h and the three NG bosons X" form a doublet of SU(2).

1 . a a 0
_ = o) /v
=75 (o )
in terms of H the theory is manifestly renormalizable
L=10,H?-V(HH) -\ ¢V B — 2L gV HAD + hee.

V(H'H) = Ay (H H — v?)° m2 = Ay v?
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The choice Cy = Cay = Cy,q = C34 = 1 defines the

(vanishing higher-order terms)

there is an unbroken SO(3) custodial symmetry:

w3 + 1 W4

[ (wl +iw2> HTH:;(wi)z

V(HTH) is SO(4)~SU(2).xSU(2)r invariant

(HTH) = v? breaks SO(4)—SO(3)



The choice Cy = Cay = Cy,q = C34 = 1 defines the

(vanishing higher-order terms)

First theory of this kind (an abelian SO(2) model) was constructed by P. Higgs

P. Higgs, PRL 13 (1964) 508, “Broken symmetries and the masses of gauge bosons”

about the ‘“vacuum?” solution ¢,(x) =0, @,(x) =¢,:

a“{au(qul)—e@OAu}:O, (2a)
P. Higgs pointed out the existence of
a massive scalar (the Higgs boson) in {0%=400* V" (0o") (Ag@,) =0, (2b)
addition to the eaten NG boson auFW:ewo{au(mﬁ)'wofiu}' (2¢)

Equation (2b) describes waves whose quanta have
(bare) mass 2¢{V'"(¢,2)}''%; Egs. (2a) and (2c)

may be transformed, by the introduction of new
variables
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beyond the gauge paradigm: not of gauge type: Ay, \“?
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A closer look at the Higgs model reveals how special it is:

the Higgs boson is elementary:

an elementary Higgs boson goes
beyond the gauge paradigm:

both A4, A" are marginal couplings
and evolve logarithmically:

d
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d
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mpy
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elementary scalar in Nature
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my, too large:
perturbativity lost
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non-perturbativity
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)\4(’0)--
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A closer look at the Higgs model reveals how special it is:

the Higgs boson is elementary:

an elementary Higgs boson goes
beyond the gauge paradigm:

both A4, A" are marginal couplings
and evolve logarithmically:

d
1672 A =24)02 =6y + -
T d]QgQ 4 4 Gyt—l_
2
mpy
)\4(1}): )2

first example of an
elementary scalar in Nature

two new fundamental forces
not of gauge type: Ay, \“?

my, too large:
perturbativity lost

(@)
‘ \
non-perturbativity
-------------------------------------- Ay = 1677
A 1
(v my, too small:
Aa(v)+ / vacuum unstable
0 >
vacuum instability log(Q)
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Theoretical Questions

e How far in energy can we extrapolate our theory ¢

Do fundamental interactions among particles stay weak or
do they get strong at high energy ¢

® Is the newly-discovered Higgs boson elementary or composite ¢

Are the Yukawa couplings and Higgs self-coupling new
fundamental interactions, beyond the gauge paradigm ¢
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Higgs couplings must be proportional to
masses for the Higgs to moderate the
energy growth of scattering amplitudes

2
ghvv = % cy Clear experimental
evidence for
My
Jhapp — T Cy)

coupling oc mass

19.7 0" (8 TeV) + 5.1 fb' (7 TeV)

[T T T
" CMS

| Preliminary

=== 68% CL
—95% CL
---SM Higgs

T
3 (M, ) fit E
" =68%CL | ]
—95%CL | ]
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mass (GeV)
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Higgs couplings must be proportional to

masses for the Higgs to moderate the

energy growth of scattering amplitudes

2
vy = % cv Clear experimental
evidence for
My
Ihpp = =
coupling oc mass
19.7 o' (8 TeV) + 5.1 6" (7 TeV)
2.0_I T 1T 17T 17T 17T 171 | T T 1T 17T 17T 17T 1771 | T T 1T 17T 17T 171 I_
- CMS contours: 68%, 95%, 99.7% CL -
1 -5:_ Prelimipary ... B
- " .
1.0¢ //@ ) -
E K (\_’/“{’," E
o5 I =
Cyp  0.0F =
0.5 e =
108 A -
1.5F =
_2.0:I | I [N N | | | N [ [N I N | | | Y N I N N | I:
0.0 0.5 1.0 1.5

v

19.7 b (8 TeV) + 5.1 1b' (7 TeV)

Q B I I I T TTT | I I I T TTT | TTTTT | 'li
— " CMS ]
2 Preliminary t

> 1F :
= E
S ~ | ==—=68% CL i
= | |—95% CL ]
5 10k |---SM Higgs _
5 ] -
= - i
S i -
- l
10% (M, ¢) fit E
» =68%CL | ]
—95%CL | ]
| | | 1 1 11 I| | | | 11 1 1 |||||||||||||||||||||

1 2 345 10 20 100 200
mass (GeV)

Data also indicate
c=14+ dc

0c| < 0.2—-0.3
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At the SM point (¢;=1) we can
extrapolate up to £ ~ Mp;

................... 47-(-?}/1 /5Ci ~ 55 Tev

T
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With current knowledge of the Higgs couplings

(dc; < 0.3) we can extrapolate so much
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How far can can we extrapolate our theory

At the SM point (¢;=1) we can
extrapolate up to £ ~ Mp;

drv/+/dc; =~ 5.5TeV

mp

With current knowledge of the Higgs couplings
(dc; < 0.3) we can extrapolate so much

36

Residual log ' dependence of Higgs

trilinear coupling

dlog@ 272 "% 8x2 7!

For m, = 125GeV —=> A4 remains

weak

0.10
008 - M, = 125.66 GeV i
r 30 bands in
_ M, = 173.36 + 0.66 GeV |
3 006- as(My) = 0.1184 + 0.0007 7
S |
o |
£ x
2 004- ]
= L
o
Q
L H
E 002+ 1
= r N\ -
o NG L S |
2, I NS - M, =1714GeV
20 0.00 N =
= I \\«XM;) =0.1205 - - ]
~0.02 | TN~ (M) 011637
I M, = 1753 GeV
_0-04 L1 | | | | | | | | | | | | | | | L]
102 10* 10° 10% 10'° 10'2 104 10'® 10'® 10%

RGE scale p in GeV

from: G. Degrassi et al. JHEP 1208 (2012) 098



How far can can we extrapolate our theory

At the SM point (¢;=1) we can
extrapolate up to £ ~ Mp;

................... 47-(-7}/1 /50@- ~ 55 Tev

T
- m

With current knowledge of the Higgs couplings
(dc; < 0.3) we can extrapolate so much

36

Residual log ' dependence of Higgs
trilinear coupling

dlog@ 272 "% 8x2 7!

For m, = 125GeV —=> A4 remains weak

0.10

"] 0\0
008 i Mh = 12566 GeV 6
i 30 bands in \()\‘
_ I M, = 173.36 + 0 0’(\
3, 0.06 a,(M ) =0 & |
E/ L s VA O
: A\
T% 0.04 \'\6 .
38 Q
2 «O
£ o002p \ ]
= O\e o |
% 3 C \ Dopo M= 1714GeV
- (O(\ \\“N@;) =0.1205 - -
o\ Se._ e
: (o) L =~ (Mz) =0.1163 B
M, = 1753 GeV
-0.04 | | | | | | | | | | | | | | | | L]
102 10* 10° 10% 10'° 10'2 104 10'® 10'® 10%
RGE scale g in GeV

from: G. Degrassi et al. JHEP 1208 (2012) 098



How far can can we extrapolate our theory

Residual log ' dependence of Higgs
trilinear coupling

dlog@ 272 "% 8x2 7!

At the SM point (¢;=1) we can

extrapolate up to £ ~ Mp, For m;, = 125GeV =—=> EW vacuum metastable

180 "
..~ Meta=$tability -~
= 175 / ‘
T ........... 47-(-?}/,/562,25.5']:‘6\/' CCB = 5
/' mp S 0l ;
107 Stability

With current knowledge of the Higgs couplings g - - - N

(dc; < 0.3) we can extrapolate so much 115 120 125 130 135
my, [GGV]

37

from: G. Degrassi et al. JHEP 1208 (2012) 098
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strong dynamics at the TeV (i.e. cutoff is low) but form factors: at energies

higher than compositeness
scale they vanish:
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The puzzle of Higgs lightness (aka the Hierarchy Problem)

If the Higgs boson is elementary, why it is so
much lighter than the cutoff scale ¢

The Higgs boson is a composite of a new

strong dynamics at the TeV (i.e. cutoff is low)

Problem:  from loops of

pure composites

EWPT require

Acomp 2 a few TeV

38

couplings are not pointlike,
but form factors: at energies
higher than compositeness
scale they vanish:

A= Acomp
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The puzzle of Higgs lightness (aka the Hierarchy Problem)

If the Higgs boson is elementary, why it is so
much lighter than the cutoff scale e e e

A symmetry protects the Higgs mass term,
new particles ® cancel the SM loops

Known examples:

Supersymmetry top partners = stops

Global symmetry top partners = vector-like fermions

(Higgs is a Nambu-
Goldstone boson)



The puzzle of Higgs lightness (aka the Hierarchy Problem)

If the Higgs boson is elementary, why it is so
much lighter than the cutoff scalee =

A symmetry protects the Higgs mass term,
new particles ® cancel the SM loops

Notice: the protecting symmetry must be broken in a soft way

Supersymmetry Only A-terms and soft masses
Global symmetry Collective breaking
(Higgs is a Nambu- (Little Higgs theories)

Goldstone boson)

40
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Loops of pure composites
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The puzzle of Higgs lightness (aka the Hierarchy Problem)

If the Higgs boson is elementary, why it is so
much lighter than the cutoff scale ¢

Loops of pure composites

.......... -0
vanish due to NG symmetry '

NG symmetry broken by - 22 A2
elementary-composite couplings: 1672 = comp

A< 4r

Known example:
the EM mass of the pion

78 T Am?T ~ 3 Qem m>
—————————— Ao F
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Effective Lagrangian for a Higgs doublet
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How to live near the SM point

1. The new boson is part of an SU(2). doublet

_ im/v 0
H=e <v+h)

2. There is a gap between the NP scale m, and my,

19.7 o7 (8 TeV) + 5.1 f5" (7 TeV)

2.0_IIIIIIIII|IIIII

- CMS

1.5¢ Preliminary

1.0
0.5
Cy 0.0
-0.5 .

-1.0
-1.5

_2.0IIIIIIIII|IIIII

-------
.Q

.
........

0.0 0.5

1.0 1.5
%
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1. The new boson is part of an SU(2). doublet

H — 67;7T/’U (

2. There is a gap between the NP scale m, and my,

® At energies IE < m, , NP effects are well
approximated by local operators

How to live near the SM point

0

v+ h

)

Operators “generated” at m., with coefficients

19.7 fb' (8 TeV) + 5.1 f6' (7 TeV)

2.0

1.5C preliminary

1.0

0.5

Cy) 0.0
-0.5

-1.0

-1.5

.........

-
......
-

.
--------
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Effective Lagrangian for a Higgs doublet

® Operators can be classified according to their dimension

L=Lsy+ Y 60 =Lsy +ALO +ALS 4
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Effective Lagrangian for a Higgs doublet

® Operators can be classified according to their dimension

L=Lsy+ Y 60 =Lsy HALOHALS 4

/

Leading effects from dim-6 operators

59 independent operators for T SM family

Buchmuller and Wyler NPB 268 (1986) 621
Grzadkowski et al. JHEP 1010 (2010) 085

For a review see:
RC, Ghezzi, Grojean, Muhlleitner, Spira JHEP 1307 (2013) 035
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Effective Lagrangian for a Higgs doublet

ALO® = ALsirg + ALece + ALgipote + ALY 4+ +ALyy,
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Effective Lagrangian for a Higgs doublet

ALO® =IALsirm |+ ALce + ALgipote + ALY 4+ +ALyy,

16 operators Optimal basis to test light composite Higgs
(12 CP even, 4 CP odd) Giudice, Grojean, Pomarol, Rattazzi JHEP 0706 (2007) 045
— Ce A
ALsipm = QC—H2 o*(HH) 0, (H H) + 2—2 <HTD“H> (" DMH> - L2 (HH)
v v v

+ ( "y HUH g Hup + ! ya H'H g Hdg + Ly HYH L Hlp + h. c>

. RN )
n ’LCW2g (HTO_rLD,uH> (DVW/M/)Z 4+ ;CBg <HTDNH> (aVB'L”/)

2miy, miy
. Yol /
ic . . 1C
+ L (pr ) (DY HYW, + 2 (DF H) (DY H) By,
miy myy,

+29 HiHB,,B" + €9 9s 95 HiHG, G

miyy mW

. , y ic ! >
I ZCHZVg (DMH)TO'Z(DVH)W'&V—'_ Hfg (DMH)T<DVH)B/LV

miy My

i ’Vg HIHB,,B" + 995 HYHGS, G
mW mW
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Effective Lagrangian for a Higgs doublet

ALO® = ALsirg + ALece + ALdgipote + ALY 4+ +ALyy,

6 current-current operators

ALce = . L (@ aqr) (HTﬁMH) + UI-2[q (QLVMUiQL) (HTUi(B)MH)

1CHJ
’U2

(drydr) (HY'D (1)
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Effective Lagrangian for a Higgs doublet

ALO® = ALsirg + ALece H ALgipote + ALY 4+ +ALyy,

8 dipole operators

cuBY9  _ Cu : : Cu
Acdipole — LQQ Yu QLHCO'MV’U,R B,u,y + —V[2/g Yu QLOJHCO"LWUR W'sz 4+ G2gS Y qLHCO.,LW)\auR Ga,/
myy, myy, myy g
J— / J— R
CdB _ v Cd _ v i c - vya a
+ 989 g Ho" R By + 2y qrot Ho dp W, + 22595y g HoM A\ G2,
myy, myy myy,
cgqg = ¢ _ .
+ lB2g yi Ly Ho"lr B, + ZL29 y Lpoc'Ho" R WZ’W + h.c.
myy, myy,
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Effective Lagrangian for a Higgs doublet

ALOS) = ALsrr + ALce + ALgipote H ALY [+ +ALyy

7 operators built with gauge fields only
(5 CP even, 2 CP odd)

ALy = 25 (D" W) (D,W) 4 27 (0" Bu) (9,B) + 5 (D' Gy )" (DG

myy My myy

n Caw g° ik vy ek 30 9% abecyav 1bp e
m2, € p W TW m2, FGETESG,

+ C3w 93 eijkW'L'l/Wj ka,u 4+ C3G gg fachavapéc,u
m2, p v p m2, p v Mp
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Effective Lagrangian for a Higgs doublet

ALO) = ALsrrw + ALce + ALgipote H ALy [+ +ALyy

/

22 four-fermion operators

7 operators built with gauge fields only
(5 CP even, 2 CP odd)

ALy = 25 (D" W) (D,W) 4 27 (0" Bu) (9,B) + 5 (D' Gy )" (DG

myy My myy

n Caw g° ik vy ek 30 9% abe cya v (1bp e
m2, € p Wi tWe T W f p v Yp

+ C3w 93 eijkW'L'qu ka,u 4+ C3G gg fachavapéc,u
m2, p v p m2, p v Mp
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Estimating the coefficients at m,

SILH power counting
Giudice et al. JHEP 0706 (2007) 045

: . 1
- each extra (covariant) derivative costs a factor —
uz
1
- each extra power of H(x) costs a factor I — 7
Tr 4
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Estimating the coefficients at m,

SILH power counting
Giudice et al. JHEP 0706 (2007) 045

- each extra (covariant) derivative costs a factor

- each extra power of H(x) costs a factor
m

For a strongly-interacting light Higgs (SILH):

Example: On = % 0"(H'H) 0, (H'H

Oy = Z—‘g (HTH)pH + h.c.

Jx

1

T4

1
.

1>> 1
/ T«

)

2
_—

CV:1—5H/2

Cop = 1 — (EH/2—|—E¢)



Estimating the coefficients at m,

V7 miy ms;
CH, CT Cg5 Cyy ~ O , C¢w,cg~ 0 ,  CHW,;CHB,Cy,Cqg ~ O( )

72 m?

A2 4,2 Audg 02 ;
~ _/ p U = uid U C C C My
CH¢76H¢ NO<g>%f2> ) CHudNO< gz F) ’ Cyw, Cy B CyG NO(167T2f2>



Estimating the coefficients at m,

v? mé, miy
EH,ET,56,5¢NO( ), Ew,EBNO< ) ) EHWaEHBaévaégNO( )

72 m?

A2 2 Ay v my
- _/ Y - u/\d — - — W
CH¢76H¢ NO<g>%f2> ) CHudNO< gz F) ’ Cyw, Cy B CyG NO(167T2f2>

Extra symmetry protections might be at work in the UV theory

Ex: in the MSSM g« ~ g

2 2
: m g
R-parit o o~ W
parity Cw,CRB mz 16722
Ex: if the Higgs is a pNGB
2 2
Goldstone symmetry Cryy Cg ~ mw Ig

1672f2 " 42
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Strong-coupling vs form-factor effects

ALsiim = 2% o"(HVH) 0, (H H) + 2% (H D ) (D ) - Ej—? (H'H)’

c, G ] c _
+ (Shyu H'H Gl un + 5 ya H'H GuHdg + 5y H'H L Hlg + hec.)

s . cr g
(HTUzDMH> (DVWIUJV)Z 4 ZCB29
2miy,

1Cw g
2
2miy,

+ (HT ﬁﬂ) (0" B,.)

. C !
I ZCHIQ/Vg (DMH)TO_'L(DVH)W'ZV 4 ICHB g (DMH)T(DI/H)B“V

My, My,
+ —5— H'HB,,B" + 255 H'HG G
My, My,
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Strong-coupling vs form-factor effects

Zo \ '

AL S O (T H) 0, (HTH) + o (H'DiE) (D) - o (')

E Cy _ c C _ C - .
L+ (U—QyuHTHqLH UR + U—gdeTHqLHdR—F v—;ylHTHLLHlR—Fh.C.)E

1Cw ( " . icp g —>
T sz (HTU[/DMH> (DVWW)L + Bi} (HTDH ) (()U /w)
2mW 21

1ICHW ¢ ) y ; icyB g ., )
+ 2 (D/H) (D H)W;U/ + 2 (D H) (D H)B,u,l/

miy miy
g’ Gy g2
+ 25— H'HB,, B" + 2% H'HG?, G,
miy miy
. . A 2 .
Parametrize corrections to c O v Probe Higgs
tree-level Higgs couplings: csn f2 interaction strength



o only this operator formally
Strong-coupling vs form-factor effects | ' = "- - cymmetry

ALsrru = o (HH) 0, (HH) + =5 (HTD“H) (H"'DH) - if—j (1t i)’

/Gy -
:‘|‘(2yuHTHQLHUR‘|‘ deTHQLHdR+ ylHTHLLHlR+hC)

ic S i, gy 1YL
+ I(WQQ (HTU[’D“H) (DVW/W)L + [(Bég (HTD“ ) (&V /”/>
2mW 21

N . /.73 /
+ S (prEy e (DY YW, + <L (D) (DY H) B,

U

TTLW ’TTLW
= 12
(/’Y g HFHB B/”/ (] ]5 H HG(} G(I,UI/
+ 2 21 + 2 U
my, My

Parametrize corrections to Ac O v Probe Higgs
tree-level Higgs couplings: CS M interaction strength
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Strong-coupling vs form-factor effects

ALsion = 5o 0" (H'H) 0, (H'H) + 5 (H'D”H) (H1'D,H) - C;jj (H'H)

(V)

+ ((z yu H'H g Hup + 5 vaH'H quHdp + 5y HUH L Hlg + M')
/U /U

ic - i *
S (1ot (0w, 4 28 (5 E) (005,
2myiy, 2
I ZCHIQ/VQ (D’LLH)T z(DuH)Wz + 1ICHB Y (D,LLH)T(DVH)BMV i
m2, My I

. C’Vg H'HB,,B" + 995 HYHGS, G

- myy miy
Parametrize corrections to 1-loop ol _ 0 (v_2> Probe Higgs
Higgs couplings ( hyZ, hyy, hgg ): s 12 interaction strength
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Strong-coupling vs form-factor effects

ic . . aBy '
+ I (prH) o (D YW, + <8 (D H) (DY H)B,.,
L My Mw :
i c 9’2 C 92
99 g, e 1 95 ggge, g
L omy myy
Parametrize corrections to 1-loop ol" 0(02) Probe Higgs
Higgs couplings ( hyZ, hyy, hgg ): NSV 12 interaction strength
L 2 2
If Higgs is PNGB, hyy, hgg 5_F — 0 U 9sm Form factor effect
protected by shift symmetry: s 2 g



Strong-coupling vs form-factor effects

: CW > . qC <> :
L (HTU%DNH) (DYW,,)" + =27 (HT D“H) (0VB,,)
: 2miy, 2miy, '
: |

: . ' . = / -
+ S prHY (DY YW, + ~“HEL (pr Y (DY H)B,,

oy ot
E c 12 T
+ 2 _H'HB,,B"
: My :
Modify h—WW, ZZ (total rates oT ms; mé,
L — =0 + O
and differential distributions): Usar ms 1672 f2



Strong-coupling vs form-factor effects

mW

: = / -
4 BV (Dol (D YW, + “EBS (DR (DY H)B,,

oy ot
4 c’yg H'HB,,B"
om?, :
Modify h—WW, ZZ (total rates 6T ms; mé,
L — =0 + O
and differential distributions): Usar ms 1672 f2

Probe NP scale

(form factor)
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RG evolution of

® Loops of light (SM) particles induce the RG

flow (and mixing) of the coefficients ¢;

_ asp I
¢i(p) = (57;9' +755) % 10gm*

) Cj(my)

Elias-Miré et al. JHEP 1308 (2013) 033; JHEP 1311 (2013) 066
Jenkins et al. JHEP 1310 (2013) 087; JHEP 1401 (2014) 035
Alonso et al. JHEP 1404 (2014) 159

coefficients

UV theory
matching (
éi (m*) m*
RG_ range of validity
evolution of eff. Lagrangian
\/
ci(p) Ll

low-energy scale
(exp’s done here)
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RG evolution of coefficients

® Loops of light (SM) particles induce the RG
flow (and mixing) of the coefficients ¢;

_ asp I
Ci(p) = (5w' 75 % log

) Cj(my)

Elias-Miré et al. JHEP 1308 (2013) 033; JHEP 1311 (2013) 066
Jenkins et al. JHEP 1310 (2013) 087; JHEP 1401 (2014) 035
Alonso et al. JHEP 1404 (2014) 159

UV theory
matching ( m
RG. range of validity
evolution of eff. Lagrangian

low-energy scale
(exp’s done here)

- By dimensional analysis: 1-loop RG come from diagrams

with 1 insertion of a dim-6 operator



RG evolution of coefficients

UV theory
matching
® Loops of light (SM) particles induce the RG ci(m,) ( iz
flow (and mixing) of the coefficients ¢;

RG range of validity

_ 0y asm(p) B - uti :
C; (’u) — (570 + %(j —4 1Ogm*> C; (m*) evolution of eff. Lagrangian

\/
ci(p) 9 ‘—‘
Elias-Miré et al. JHEP 1308 (2013) 033; JHEP 1311 (2013) 066

low-energy scale

Jenkins et al. JHEP 1310 (2013) 087; JHEP 1401 (2014) 035
(exp’s done here)

Alonso et al. JHEP 1404 (2014) 159
- By dimensional analysis: 1-loop RG come from diagrams
with 1 insertion of a dim-6 operator

- dim-6 operators can mix with dim-6 and dim-4 (through

mH insertions) operators
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RG evolution of coefficients

® In case of strong dynamics, leading effects come from
loops of composite particles (i.e. Higgs, top quarks, ...)

Examples:

1. Running of ¢y p OwipB = 5 7’92 DVW:W(HTO'ZD'LLH) +
myy

/

19
My

S
0" B, (H'D*H)
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RG evolution of coefficients

® In case of strong dynamics, leading effects come from

loops of composite particles (i.e. Higgs, top quarks, ...)

Examples:

1. Running of ¢y p

Ow+B =

2m

19
2
W

- !

2

v ) iH tg 1% Y=/
D"W! (H'o'D'H) + 550 B, (H'DFH)

o

(-

My,

Q
= X log> short-distance (local) correction
s

_|_

E) long-distance (threshold) correction
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RG evolution of coefficients

® In case of strong dynamics, leading effects come from
loops of composite particles (i.e. Higgs, top quarks, ...)

Examples:
' . S g S
1. Running of ¢y 5 Owip = —s-D"Wi (H'¢'DFH) + —2—0"B,, (H D*H)
2miy, 2miy,
B Q
N N 0(4— X log> short-distance (local) correction
RN 7 \ i
& wwwv N

o)
O(E) long-distance (threshold) correction

cw+B(1) = Cw4B(Mms) — L 2 log( . ) Cr (M)
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RG evolution of coefficients

® In case of strong dynamics, leading effects come from

loops of composite particles (i.e. Higgs, top quarks, ...)

Examples:

2. Running of ¢t Or

HTE?H\



RG evolution of coefficients

® In case of strong dynamics, leading effects come from
loops of composite particles (i.e. Higgs, top quarks, ...)

Examples:

2. Running of ¢ Or = L]HTEZHf

_ 3 @7 N v2 12 My
er(p) = 5tamzé’w —;log (—) CH(m«) <«— | ¢er(myg) ~ 72 X 1272 log<m )
Z

Small but leading effect since ¢r(m.) =0
due to custodial invariance
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Q: Which operators are constrained by Higgs searches only 2

In total: 59 dim-6 operators

Elias-Miro, Espinosa, Masso, Pomarol

17+4 involve the Higgs JHEP 1311 (2013) 066

Pomarol, Riva JHEP 01 (2014) 151
8+3 affect Higgs physics only
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Q: Which operators are constrained by Higgs searches only 2

In total: 59 dim-6 operators

Elias-Miro, Espinosa, Masso, Pomarol

17+4 involve the Higgs JHEP 1311 (2013) 066

Pomarol, Riva JHEP O1 (2014) 151

8+3 affect Higgs physics only

All other operators
already constrained by:

See:
Pomarol, Riva JHEP 01 (2014) 151

RC, Ghezzi, Grojean, Muhlleitner,
Spira JHEP 07 (2013) 035

and references therein
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Operators that affect Higgs physics only

On = (OuH[?)?
Opp = ¢'°|H|*B,., B""
Oww = 92|H\2WWWW
Occ = 62| H|*G ., GH

Oy, = ya|H|*qrHdp
O,, = yo|H|?qr Hur

Oye — ye‘HIQZLHGR

O = N H|°

+ other 3 CP odd

Elias-Miro, Espinosa, Masso, Pomarol
JHEP 1311 (2013) 066

Pomarol, Riva JHEP 01 (2014) 151



Operators that affect Higgs physics only

Elias-Miro, Espinosa, Masso, Pomarol
JHEP 1311 (2013) 066

Pomarol, Riva JHEP 01 (2014) 151

Oy = (8M|H‘2)2 shifts all Higgs couplings

Opp = ¢'°|H|*B,., B""
OWW = g2|H|2WWWW
Occ = 62| H|*G ., GH

Oy, = ya|H|*qrHdp
O,, = yo|H|?qr Hur

Oye — ye‘HIQZLHGR

O = N H|°

+ other 3 CP odd
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Operators that affect Higgs physics only

Oy = (8M|H|2)2 shifts all Higgs couplings

Opp = ¢'*|H|* B, B" h — vy

Oww = g°|H|* W, WH affect h — Z~

Oce = g5 |H|*G ., G* g9 — h

Oy, = ya|H|*qrHdp
O,, = yo|H|?qr Hur

Oye — ye‘HIQZLHGR

O = N H|°

+ other 3 CP odd

Elias-Miro, Espinosa, Masso, Pomarol

JHEP 1311 (2013) 066

Pomarol, Riva JHEP 01 (2014) 151



59

Operators that affect Higgs physics only

O = (0uH[*)"

Opp = ¢'*|H|* By, B"
OWW = g2|H|2WWWW

Oca = ¢2|H|?G ., G*

Oy, = ya|H|*qrHdp
O,, = yo|H|?qr Hur

Oye — ye‘HIQZLHGR

O = N H|°

+ other 3 CP odd

shifts all Higgs couplings

h — vy

affect h — Z~

gg — h

shift A

Elias-Miro, Espinosa, Masso, Pomarol

JHEP 1311 (2013) 066

Pomarol, Riva JHEP 01 (2014) 151
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Operators that affect Higgs physics only

O = (0uH[*)"

Opgp = ¢ *|H|*B,,, B""
Oww = g*|H|*W,,, WH”

Occ = g2 H|G . G

Oy, = ya|H|*qrHdp
O,, = yo|H|?qr Hur

Oye = ye‘H|2ELHBR

O = N H|°

+ other 3 CP odd

shifts all Higgs couplings

h—=

affect h — Zv

gg — h

shift ha) <

Elias-Miro, Espinosa, Masso, Pomarol

JHEP 1311 (2013) 066

Pomarol, Riva JHEP 01 (2014) 151

o

modify inclusive rates and
| differential distributions

(constrained by fit to Higgs
couplings)
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Operators that affect Higgs physics only Eliais-Miro, Espinosa, Masso, Pomarol

O = (0uH[*)"

Opp = ¢ *|H|*B,, B"
Oww = g*|H|*W,,, WH”

Occ = g2 H|G . G

Oy, = va|H|*qLHdrg
Oy, = yo|H)?qr Hug
Oye p— ye‘H|2ELHBR

O¢ = N\H|°

+ other 3 CP odd

JHEP 1311 (2013) 066

Pomarol, Riva JHEP 01 (2014) 151

shifts all Higgs couplings 4—‘

h — vy modify inclusive rates and
affect h— Z~ | differential distributions
(constrained by fit to Higgs
gg — h couplings)
shift ha) <
gg — hh yet un-probed
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Conclusions

Without the Higgs boson, our description of Nature is effective and
valid up to A < 47v

The Higgs boson delays the onset of strong coupling to A < 47v/+/d¢;
The smaller §¢;, the higher the scale to which we can extrapolate the

theory

Current data do not show any sign of a strong coupling scale:
- Higgs couplings are close to their SM values: éc; < 20—30%

- my, = 125GeV is in the range in which A4 remains perturbative and
the vacuum is (meta)stable

60



61

Conclusions

Higgs Effective Lagrangian is the tool for future precision physics
(in absence of discovery of new particles !)



61

Conclusions

Higgs Effective Lagrangian is the tool for future precision physics
(in absence of discovery of new particles !)

Dimension-6 operators classified many years ago, yet much
theoretical work still needed in the applications



61

Conclusions

Higgs Effective Lagrangian is the tool for future precision physics
(in absence of discovery of new particles !)

Dimension-6 operators classified many years ago, yet much
theoretical work still needed in the applications

Dimension-6 analysis of Higgs physics:
- 1 yet un-probed direction to New Physics (Higgs trilinear coupling)

- many directions already closed by past experiments



61

Conclusions

Higgs Effective Lagrangian is the tool for future precision physics
(in absence of discovery of new particles !)

Dimension-6 operators classified many years ago, yet much
theoretical work still needed in the applications

Dimension-6 analysis of Higgs physics:
- 1 yet un-probed direction to New Physics (Higgs trilinear coupling)

- many directions already closed by past experiments

One must always check that any effective Lagrangian is used within
its range of validity



- Extra slides
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The Higgs as a composite pseudo-NG boson

[ Georgi & Kaplan, "80 ] S'frnong
A}l
sector

The Higgs doublet H is the NG boson associated Y G-GC’

to the global symmetry G = G’ of a new strong 5

dynamics

Minimal example (with custodial symmetry):

SO(5) = SO(4) ~SU(2). x SU(2)r four real NG bosons:

4 of SO(4) = real (2,2) of SU(2).x SU(2)r

Agashe, RC, Pomarol, NPB 719 (2005) 165

= complex 2 of SU(2).

RC, DaRold, Pomarol, PRD 75 (2007) 055014; Carenaq,

Ponton, Santiago, Wagner, PRD 76 (2007) 035006;

Hosotani, Oda, Ohnuma, Sakamura, PRD 78 (2008) . . I .
096002; Hosotani, Tanaka, Uekusa, PRD 82 (2010) At hlgh energies 50(4) IS I'nedrly realized
115024; Redi, Gripaios, JHEP 1008:116 (2010);

Hosotani, Noda, Uekusa, Prog. Theor. Phys 123 (2010)

123; Panico, Safari, Serone, JHEP 1102:103 (2011)
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L= "5 (Duo)" (D"9)

2
o'p=1
(O [
5 T 8 sin(7/f) X
0
\1)  \ cos(a/f)

vacuum manifold

is the 4-sphere
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_ T SO() _ o
£_7(DM¢) (D) som ~°
vacuum manifold
¢T¢ —1 is the 4-sphere
gauged SO(4)
o A
. _arpa ! Sin(ﬂ-/f)x =3
¢ — o7 T/ f 0l = T
0 it

)\ st

At tree level, gauged
and unbroken SO(4)
can be aligned

gauged SO(4)




o f2 T SO(B) 4
vacuum manifold
¢T¢ =1 is the 4-sphere

gauged SO(4)
\(8\ g [ A
¢ — ez‘qr&T&/f ol — Sln(ﬂ/f) X 73_3 _ Sin(H + h(x)/f) 6’LXZ(:1:)A@/U X
0 7'(4 A |
Klj \ cos(m/ f) ) \ cos(0 + h(z)/f) )

At tree level, gauged <7T> =0- f
and unbroken SO(4)
can be aligned At 1-loop the NG

bosons acquire a vev
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$
gauged SO(4) 'b&

i SO(5
£="1(D,9)" (Do) o =
vacuum manifold
¢T¢ =1 is the 4-sphere
gauged SO(4)
~ 1
¢ _ eiw&T&/f 0l = Sln(ﬂ/f) X 73_;9,: _ Sin(@ + h(aj)/f) elX (z)A" /v )
0 T A |
Klj \ cos(m/ f) ) \ cos(0 + h(x)/f) )

At tree level, gauged <7-(-> — Qf 3 NG bosons eaten

and unbroken SO(4) to fo.rm W,Z
can be aligned At 1-loop the NG longitudinal

bosons acquire a vev
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$
gauged SO(4) 'b@

_ 1 T SO(5) _ 4
E-;(Dﬂ(b) (D) som ~°

vacuum manifold

¢T¢ =1 is the 4-sphere

‘radial’ excitation h(x)
not eaten since it is
SO(4) invariant

T

sin(f + h(z)/f) ex @A*/v

gauged SO(4)

Y.

b = o T/ f

)

w N =

sin(w/f) X

= O O O

N Y p P

0
0
Klj \ cos(m/ f) ) \ cos(d + h(z)/f) )

At tree level, gauged <7-(-> — Hf 3 NG bosons eaten

and unbroken SO(4) to fo.rm Y‘/,Z
can be aligned At 1-loop the NG longitudinal

bosons acquire a vev
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b = o T/ f

f2

£ =L (D,0)7(D"9) d00) _ g

o' =1

gauged SO(4)

o

)

VACUUM
MISALIGNMENT

vacuum manifold
is the 4-sphere

‘radial’ excitation h(x)
not eaten since it is
SO(4) invariant

Co

sin(f + h(z)/f) ex @A /v

N =
_—

)

Z.
=
=
~~—
=
X
N Y p P
w
_ o O O

cos(m/ f) ) \ cos(0 + h(xz)/f) )

_ 3 NG bosons eaten
<7T> 0 f to form W,Z
longitudinal

The angle 6 measures the degree of
misalignment between the gauged SO(4)
and the SO(4)’ preserved in the true vacuum
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f? T SO(5)
L= 7(Du¢) (D) SO s
vacuum manifold
¢T¢ — 1 is the 4-sphere
‘radial’ excitation h(x)
not eaten since it is
gavged SO(4) SO(4) invariant
i \
A N
o=/ | o] = sin(r/f) x| za | | | sin@ +h(@)/f) exX @A
0 /A 1

$
gauged SO(4) @&

b) \ cos(m/ f) ) \ cos(0 + h(z)/f) )

0. 3 NG bosons eaten
<7T> =0 f to form W,Z
longitudinal
A TWO-STEP / v
SYMMETRY BREAKING: SO(3) = SO(4) = SO(3)
composite EWSB
doublet H
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L

f2
2

(Do) (D" )
f2

1
= 5(8’uh)2 -+ ?TI'

(D, X)T(DFY)] sin® (9 +

P —

oo X" (@) /v
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L

f2
2

(Do) (D" )
f2

1
— 5(6’uh)2 -+ ?TI'

(D, X)T(DFY)] sin® (9 + =2

2 £2 A
miy, = J 4f sin® @ § = (f) — sin® 6
4 — 0
m, ~4nf = e decoupling limit: :
VE v = fixed

P —

oo X" (@) /v
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f2

c=L (Do) (D)
= %(@Mh) + f; Tr[(D,X)T(D*Y)] sin (9 + h(faj)) Y — pio' X (@) /v
2
ma, = 924f2 sin” 6 § = (;) = sin“ 0
m, ~4nf = 4%} decoupling limit: i_)ﬁ(jged

Expanding along the vacuum:
1 2 ’U2 + ]'L :
£ =5 (9uh) +ZTI'[8ME(9“Z] 1+2\/1—§ +1=2)( ) +...

Y S a - Higgs couplings to gauge bosons fixed by the coset,
cv=VI=g ey =128 and predicted in terms of 1 parameter ()
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Implementing the Effective Lagrangian into software tools

® MC event generators

At least two FEYNRULES models implementing the Higgs Effective Lagrangian:

“Higgs Effective Lagrangian”
Alloul, Fuks, Sanz arXiv:1310.5150

http: / /feynrules.irmp.ucl.ac.be /wiki/HEL

“Higgs Characterization Model”
P. Artoisenet et al. JHEP 1311 (2013) 043

http: / /feynrules.irmp.ucl.ac.be

® Higgs decay rates and BRs

eHDECAY [based on HDECAY v5.10]
RC, Ghezzi, Grojean, Muhlleitner, Spira arXiv:1403.3381

http: / /www-itp.particle.uni-karlsruhe.de /~maggie /eHDECAY


http://www-itp.particle.uni-karlsruhe.de/~maggie/eHDECAY/
http://www-itp.particle.uni-karlsruhe.de/~maggie/eHDECAY/
http://arXiv.org/abs/arXiv:1403.3381
http://arXiv.org/abs/arXiv:1403.3381
http://www-itp.particle.uni-karlsruhe.de/~maggie/eHDECAY/
http://www-itp.particle.uni-karlsruhe.de/~maggie/eHDECAY/
http://www-itp.particle.uni-karlsruhe.de/~maggie/eHDECAY/
http://www-itp.particle.uni-karlsruhe.de/~maggie/eHDECAY/
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D)

T () sm

D'(h — WHW*)

T(h— WEOW*)gu

L'(h — Z5)Z*)

['(h — Z7)

F(h — Z’Y)SM

L'(h = 77)

L'(h — yv)sm

I'(h — gg)

L'(h — g9)sm

A closer look to eHDECAY

RC, Ghezzi, Grojean, Muhlleitner, Spira arXiv:1403.3381

~1—c¢cg—2¢y,

~1—cyg+22cw +3.7cgw,

~1—cyg+ 20 (EW + tanQQW EB)

+ 3.0 (EHW + tan29w EHB> —0.26 Cy

~1—¢y+0.12¢ —5-10"%*¢. — 0.003¢, —9-107°¢.

4
+4.2¢cw + 0.19 (EHW —Ccyp + 857 sin26W) i

~]1 —cyg +0.594¢; —0.003 ¢. — 0.007 ¢, — 0.007 ¢,

4
+5.046 —0.546, ——
Q{Gm
_ _ _ _ _ A4r
~1—cy—212¢;,+0.024¢c. +0.1¢, +22.2¢c, — .
a2

V A20em, 7



http://arXiv.org/abs/arXiv:1403.3381
http://arXiv.org/abs/arXiv:1403.3381
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A closer look to eHDECAY

RC, Ghezzi, Grojean, Muhlleitner, Spira arXiv:1403.3381

®  Decay rates computed by making a multiple perturbative
expansion in (E/A), (v/f), (asy/4m)

® QCD (long-distance) corrections factorize and can be easily included

® EW corrections do not factorize and can be included at O(as/47), i.e.
neglecting O[(aws/4m)(v?/f?)]

F(¢¢)‘SILH = 5" () |1 — e — 26y + ‘A5M|2Re (45 SMAfﬁ{U) [1+ 6y k9P



http://arXiv.org/abs/arXiv:1403.3381
http://arXiv.org/abs/arXiv:1403.3381
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A closer look to eHDECAY

RC, Ghezzi, Grojean, Muhlleitner, Spira arXiv:1403.3381

®  Decay rates computed by making a multiple perturbative
expansion in (E/A), (v/f), (asy/4m)

® QCD (long-distance) corrections factorize and can be easily included

® EW corrections do not factorize and can be included at O(as/47), i.e.
neglecting O[(aws/4m)(v?/f?)]

() ‘SILH =T (V) [1 \A(?LMPR (A*SMAf]é{U) [1+ 6y k9P

O(v*/f?)

corrections


http://arXiv.org/abs/arXiv:1403.3381
http://arXiv.org/abs/arXiv:1403.3381
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A closer look to eHDECAY

RC, Ghezzi, Grojean, Muhlleitner, Spira arXiv:1403.3381

®  Decay rates computed by making a multiple perturbative
expansion in (E/A), (v/f), (asy/4m)

® QCD (long-distance) corrections factorize and can be easily included

® EW corrections do not factorize and can be included at O(as/47), i.e.
neglecting O[(aws/4m)(v?/f?)]

FE)sn =T ) s e (AT [

O(UQ/fQ) QCD corrections

corrections


http://arXiv.org/abs/arXiv:1403.3381
http://arXiv.org/abs/arXiv:1403.3381
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A closer look to eHDECAY

RC, Ghezzi, Grojean, Muhlleitner, Spira arXiv:1403.3381

®  Decay rates computed by making a multiple perturbative
expansion in (E/A), (v/f), (asy/4m)

® QCD (long-distance) corrections factorize and can be easily included

® EW corrections do not factorize and can be included at O(as/47), i.e.
neglecting O[(aws/4m)(v?/f?)]

R R

2
( /f ) EW corrections QCD corrections

corrections O(&2/47T)


http://arXiv.org/abs/arXiv:1403.3381
http://arXiv.org/abs/arXiv:1403.3381

T

Validity of the EFT description
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So far Higgs searches have focussed on single-Higgs

on-shell production and decay

— gives information on on-shell couplings
at a fixed scale ) = my,

On shell:

5 2 2 2
C~O<mg) or O( - X g:
C T 9sm e
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So far Higgs searches have focussed on single-Higgs
on-shell production and decay

— gives information on on-shell couplings
at a fixed scale ) = my,

On shell:

oc ms 2 mi; v’
CNO<TTL>2K) or O<2 Xm2:P <1

Next frontier: measure 2— 2 scattering processes to probe

directly the strength of SSB dynamics at energies I/ > my,
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R. Rattazzi, talk at “BSM physics
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Validity of the EFT description

In general:
v? g2 E?
s () (25
~_~ ~—

Inspired by:
R. Rattazzi, talk at “BSM physics
opportunities at 100TeV”, Cern 2014
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Validity of the EFT description  inspired by,

R. Rattazzi, talk at “BSM physics
opportunities at 100TeV”, Cern 2014

In general: dim-8 operators

further suppressed by

A= ggy % (1+0(02)> +0(93E2> +...‘/ E*  9(E)

1 m3 m2 g2
N \_/
= Asm — g(E)2
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Validity of the EFT description

In general:
02 2 72
A= géu X (1 +O(F>> +0(g;12 ) +
~— ~—__
= Asm =g(E)’
Interesting gsy < g(E) < g, 5 A

coupling range:

Inspired by:
R. Rattazzi, talk at “BSM physics
opportunities at 100TeV”, Cern 2014

dim-8 operators
further suppressed by

“‘/ E* g(E)?

5 ™ 2
m* g*

Interestin
energy window:
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Validity of the EFT description  inspired by,

In general:

A= ggp % (1+O(v2)> +0(93€2> +...‘/ E*  9(E)

R. Rattazzi, talk at “BSM physics
opportunities at 100TeV”, Cern 2014

dim-8 operators
further suppressed by

1 m; m2 g2
N——— ~~— —
= Asm = g(E)?

Interesting
coupling range:

Interesting
energy window:

0A

Asm

Thus:

_9(EB)?

gsm < 9(B) < g« S 4m

Y

gsm f < E < my !

can be > 1 if NP dynamics is strongly coupled ( g+ > gsns)
9sm
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Validity of the EFT description  inspired by,

R. Rattazzi, talk at “BSM physics
opportunities at 100TeV”, Cern 2014”

In general: dim-8 operators
further suppressed by

A= g5 X (1+O(vz>> +O(‘qz€2> L X B gy

f2 T m—i 93
N—" \_/
= Asm = g(E)?
Interesting gsm < g(E) < g 5 A

coupling range:

Interesting

<E<m » F
energy window: gsm - 7;1*

E Parameter space
I::> min = 7 < gy < Am under scrutiny within

f — best sensitivity on f
D the validity of EFT

For:
FE = largest energy probed
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Example #1:

Ca2v

Double Higgs production via VBF (V,V, — hh)

el /
/,, /
- /
e
N Cy \\
CV \\\ \

(1 -+ 0(52, 53)) — CV

Cy — —7
coy = 1 — 2¢cgy

3_ _
63:1—§CH—|—C6

63 =1 —cov /s

03 =1—c3/cy
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Example #1:

/, e /
,/ ,/, /
,/ i /
Cav ---@ C3
"\ C \
. ~ V \
\ CV \\ \

A = ¢t

= Asm

Double Higgs production via VBF (V,V, — hh)

1+ 0(52,53)) — C%/U—Sz(sg + ...

CH
CV:].—?
coy = 1 — 2¢cgy

3_ _
63:1—§CH—|—C6

63 =1 —cov /s

53 =1 —Cg/CV
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Example #1:

,r e /
,/ ,/, /
,/ i /
Cav ---@ C3
"\ C \
. ~ V \
\ CV \\ \

Double Higgs production via VBF (V,V, — hh)

A= A@ 1+ 0(52,53)) — c%/%éz + ...
~ v

= Asm

O(v*/f?)

CH
CV:].—?
coy = 1 — 2¢cgy

3_ _
63:1—§CH—|—C6

63 =1 —cov /s

03 =1—c3/cy



Example #1: Double Higgs production via VBF (V;V;, — hh)

/I ,/,’ / EH
’ 4 / — 1 — =
,/, -7 / CV 1 2
@D =120
\\\ . Cy \\ 3 B B
‘ cv -, \ c3=1——-cyg +cs

2

‘ 5251—62V/C2
A_Cl+0(52753)) @ 5:1_C/CV
~" . o
- 2/ ¢2 L
= Asy O/ f7) =g(E)* ~ —
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Example #1: Double Higgs production via VBF (V;V;, — hh)

/’ ,’,’ // - CH

- , v=lm

“2v ___@03 coy = 1 — 2¢cgy
\\\ \\ CV \ 3_ )
B cy . \ cg=1-— §CH + Cé
— 2
/ from heavy b =1-— CQV/CV

A=c 1+ 0(527 53)) e resonances .
03 =1—c3/cy
~
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Example #1: Double Higgs production via VBF (V;V;, — hh)

P / _
/’/ /’, ,/ cy =1— 67]{
\ Cov ———@03 cov = 1 — 26y
\\\ \\ CV \ 3_ )
' cv -, N c3=1-— §CH + Cg
E? E?
o % 2)
_ 2
) / from heavy b =1-— CQV/CV
A=c 1+ 0(527 53)) e resonances .
03 =1—c3/cy
~_
_ 2/ 2 E?
— Agpy O(v*/f*) :g<E)2NF
If best sensitivity (02 )4, comes from E
_ / i , <
events with invariant mass m(hh)~ E: (02)min " Imin < g« S 4T
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Example #1: Double Higgs production via VBF (V;V;, — hh)

pp colliders pp — hhjj — 4bjj

4b final state

14TeV, L=300fb~*| 8-9 0.35  1.5TeV

14TeV, L=3ab* 5—8 0.2 1.5 TeV

100TeV, L =3ab™* 4—6 0.04  3.5TeV

work in progress with O. Bondu, A. Massironi, J. Rojo

Jo =1 — czv/c%/

03 =1—c3/cy

10 — T A
'PQ/
. 14TeV 300fb" M,
AT e '4,{)
g
36 ol 14TeV 3ab’! |
;7T S
L \
2.7 | R
\\ 100TeV \\
28 - \\ 3ab! \\
\ \
5 O r \\ \\ |
\ \
3 i N\ \\
\ \
\ \
\ \
\ \
L \\ \
ol \ ‘. f
\\ /I
L AN Phe
\ -~
\ P
\‘~//
~-10- 1
04 —02 0.0 0.2 0.4
02
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Example #1:

pp colliders pp — hhjj — 4bjj
14TeV, L=300fb~' | 8—9 0.35 1.5TeV 3.6
14TeV, L=3ab* 5—8 0.2 1.5TeV 2.7
100 TeV, L =3ab™* 4—6 0.04 3.5TeV 2.8

work in progress with O. Bondu, A. Massironi, J. Rojo

CLIC ete” — hhvo — 4bvi

‘ (53)min (52)min E 9min

3RV,L=1%”W 0.3 0.05 18TeV 1.6

RC, Grojean, Pappadopulo, Rattazzi, Thamm JHEP 1402 (2014) 006

1 0 T

Double Higgs production via VBF (V,V, — hh)

4b final state

14TeV 300fb’!

--------------------
e
~§
~

el
-
----------

-
-
-----------

14TeV 3ab’!
———————— AN
H \
\
\\ 100TeV
\ -1
. 3ab
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
AN
\
\
\
-0.2 0.0

Jo =1 — czv/c%/

03 =1—c3/cy
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Example #1:

pp colliders pp — hhjj — 4bjj
14TeV, L=300fb~' | 8—9 0.35 1.5TeV 3.6
14TeV, L=3ab* 5—8 0.2 1.5TeV 2.7
100 TeV, L =3ab™* 4—6 0.04 3.5TeV 2.8

work in progress with O. Bondu, A. Massironi, J. Rojo

CLIC ete” — hhvo — 4bvi

‘ (53)min (52)min E 9min

3&V,L=1%”W 0.3 0.05 18TeV 1.6

RC, Grojean, Pappadopulo, Rattazzi, Thamm JHEP 1402 (2014) 006

EFT better justified at high-precision
machines (such as e"e colliders)

1 O T

Double Higgs production via VBF (V,V, — hh)

4b final state

14TeV 300fb’!

L LS
- LT
e

el
-
----------

-
-
-----------

14TeV 3ab’!
———————— AN
H \
\
\\ 100TeV
\ -1
. 3ab
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
AN
\
\
\
-0.2 0.0

Jo =1 — czv/c%/

03 =1—c3/cy
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Example #2: Higgs associated production ( ¢qg — Vih )

19
Ouvr —
W Qm%V

(' aiﬁH) (D" W,

g >
Op = 525 (H'DH) 0" By,
2myy,

7: /
Onp = —4— (D"H)'(D"H)B,,
myy

Ony = 5 (") (H'D 1)
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Example #2: Higgs associated production ( ¢qg — Vih )

h
E? E?

A=g¢g*"+0 (92—2 Ez—HB,(W—B)> + O (92—2 CHw) v
~~ %% %% L

— Agy | | | |

E? E?
2 o 2
_0(9 mz> -o(23)
Ow = Q;j%v (HT aiﬁH) (D" W,

g’ {—»

Op = 525 (H'DH) 0" By,
2myy,
7: /

Onp = —4— (D"H)'(D"H)B,,
myy

Ony = 5 (") (H'D 1)
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Example #2: Higgs associated production ( ¢qg — Vih )

for EFT to be valid

;
Ow = 2

= = (H'0'DIH ) (D*W,,)'
myy

g’ e

Op = 5o (H'D'H) 0" B,,
My
7: /

Onp = —4— (D"H)'(D"H)B,,
myy

Ony = 5 (") (H'D 1)

E? E2
A=g*+0 (92—2 Cz—HB,(W—B)) + O (9 —5—
~~ % %%
— ASM | I |
E2
2 - 2
_O<gwﬁ> -o(»
T
must have
Riva et al.
arXiv:1406.7320 0A/Asy <1
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Example #2: Higgs associated production ( ¢qg — Vih )

~~ %%
= Asym : |
E2
m*
must have
Riva et al.
arXiv:1406.7320 0A/Asy <1

for EFT to be valid

Ow = 2292 (HTUZD“H) (D"W )"
My

g’ e

Op = 525 (H'DH) 0" By,
2myy,
7: /

Onp = —4— (D"H)'(D"H)B,,
myy

Ony = 5 (") (H'D 1)

0A/Aspy > 1
if A> g
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Example #2: Higgs associated production ( ¢qg — Vih )

2 ) B 5 E?
A=g"+0 (g 9 5z—HB,(W—B)> + O (g —5 Eﬂw)
~~ %% w
= Agm | | | |
E*? E?
_O<92 2> :O<>\2 2)
ms m?
f !
h
Riva et al. 5An/]jt CIVi | 5A/ASM > 1
arXiv:1406.7320 SM £\ > q
for EFT to be valid
Ow = 5 (H'o'DEH) (D" W)
g’ Opp,( Ow — O
Oy — zg2 (HUWH) 9" B,, . B, (Ow B)
2myy, constrained by TGC

Z’ /
Onp = —5— (D*H)!(D"H)B,,
myy

Ony = 5 (") (H'D 1)
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Example #2: Higgs associated production ( ¢qg — Vih )

~~ %%
= Agm : |
E2
m*
must have
Riva et al.
arXiv:1406.7320 0A/Asy <1
for EFT to be valid
Ow = 5.7 (H'o'DEH) (D" W)

g’ {—»

Op = 50 (H'D"H) 0" B,,
myy
Z’ /

Onp = —5— (D*H)!(D"H)B,,
myy

Ony = 5 (") (H1'D 1)

0A/Asn > 1
if A> ¢

Ong, (Ow — Op)
constrained by TGC

constrained by Z-pole data at LEP1
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Events

Example #2: Higgs associated production ( ¢qg — Vih )

Experimental searches not yet ATLAS-CONF-2013-079
™ to SM Hi . | CMS PAS-HIG-13-012
SEASIIVE 1O 1ggs sigha DO, PRL 109 (2012) 121802

EFT not valid when setting limits

on CyRB, (EW — EB)

70

Riva et al. arXiv:1406.7320

LHCS8 ATLAS VH

60"

40

30-

50 100 150 200 256
pr(V) [GeV]

from: Ellis et al. arXiv:1404.3667
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Events

Example #2: Higgs associated production ( ¢qg — Vih )

Experimental searches not yet ATLAS-CONF-2013-079
™ to SM Hi . | CMS PAS-HIG-13-012
SEASIIVE 1O 1ggs sigha DO, PRL 109 (2012) 121802

EFT not valid when setting limits

on CyRB, ((_ZW — (_ZB)

70,

Riva et al. arXiv:1406.7320

sensitivity comes from last bin
where EFT breaks down
LHCS8 ATLAS VH /

40

30-

0 50 100 150 200 250

pr(V) [GeV]

from: Ellis et al. arXiv:1404.3667



Example #2: Higgs associated production ( ¢qg — Vih )

Experimental searches not yet

sensitive to SM Higgs signal

EFT not valid when setting limits

on CyRB, ((_ZW — (_ZB)

LHCS8 ATLAS VH

ATLAS-CONF-2013-079
CMS PAS-HIG-13-012
DO, PRL 109 (2012) 121802

Riva et al. arXiv:1406.7320

sensitivity comes from last bin
where EFT breaks down

70,
60
50
40 ¢, =0.1

30-

Events

100
pr(V) [GeV]

150

20 . P S

CHB

78 from: Ellis et al. arXiv:1404.3667

Compare with LEP2 (TGCs):

v strongest bounds
v EFT valid

solid=95%

----------

0.10/

0.05/

0.00

_0.05:

~0.10-*

~0.15

2004 —002 000 002 004 006
(EW — 53)/2

from: Riva et al. arXiv:1406.7320
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Example #3: Telling the top loop from a point

On-shell single-Higgs cannot distinguish
the top loop from a point-like interaction: h

~~

mp < th

4
A(gg — h) = Asp <1 — Cy + 12 (—W) Eg) +

Q2
- S~ Ou:y—gHTHCjLHCuR
v
O(’U2/f2) O (AQ m%) O g%« HTHGG Ga/“/
2 n2 = =0 y
yi m3 7= e ;



Example #3: Telling the top loop from a point

On-shell single-Higgs cannot distinguish

the top loop from a point-like interaction: h s h
mp, << 2my
_ dm\ _

A(gg — h) = Asp (1 — Cy + 12 (—) Cg) +

Q2

— ~_ O, = i—g HYH g, Houp
OW*/1%) (X mi 02
7 0,= &5 HiHG, G

My,

An extra hard jet can probe the top loop Banfi et al. arXiv:1 308.477 1 | |
and break the degeneracy: Azatov, Paul arXiv:1309.5273 from Grojean et al. arXiv:1312.3317

Grojean et al. arXiv:1312.3317 T T 1
Schlaffer et al. arXiv:1405.4295
0000 Y —>—1 0000 0.1+
A Y - gg—h |
I8 - 95% (inclusive)
Q000 }—= h A @ 0.0 -
~—
=
4 = o N
_ T\ _ pPT o~ U 99~hd
A(gg — gh) = Asm (1 — Cy + 12 (a—> Cg X f(;)) .. — (exclusive)
2 t
| | _02- LHC 14TeV
A2 E2 - L=3ab™! j
O(y_? mZ) for pr>my 08 09 10 11 12 13
sk
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Example #3: Telling the top loop from a point

For the effective theory 19 47
to be valid one needs: s

0%

An extra hard jet can probe the top loop
and break the degeneracy:

70000 y—>— 0000

A Y

2 \2 2
)ngpTN

Banfi et al. arXiv:1308.4771
Azatov, Paul arXiv:1309.5273
Grojean et al. arXiv:1312.3317
Schlaffer et al. arXiv:1405.4295

12 (47 /a2) €,

-0.1r

—0.2;
- L=3ab !

0.1

0.0

from Grojean et al. arXiv:1312.3317

gg—-h |
95% (inclusive) |

gg-hg
(exclusive)

LHC 14 TeV

0.8 0.9 1.0 1.1 1.2 1.3
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Example #3: Telling the top loop from a point

For the effective theory
to be valid one needs:

For a cut ppr>650 GeV
(as done in arXiv:1312.3317)

12 <4W) X <
az) 7 mE oy m? oyl

An extra hard jet can probe the top loop

and break the degeneracy:

70000 y—>— 0000
A Y

0000 }— h

A(gg — gh) = Asm (l—cu+12(

p% AQ E2

)\2

1.7y S A< ge < A4m

Banfi et al. arXiv:1308.4771
Azatov, Paul arXiv:1309.5273
Grojean et al. arXiv:1312.3317
Schlaffer et al. arXiv:1405.4295

h
47
—) Cq xf(p—T>) +...
a9 Lz,
|
N2 FE?
O(—2 2) for pr>my
yt m

-0.2r

0.1

@)}
1Q -
— 0.0r
N L
3
~—
S
T ’
~ —O.lj
i

from Grojean et al. arXiv:1312.3317

gg—h |
(inclusive) |

gg-hg
(exclusive)

LHC 14 TeV




