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Higgs & Quantum Phase Transition

Condensed matter systems can produce a light scalar by tuning the parameters close
to a critical value where a continuous phase transition occurs.
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Does the underlying theory also have a QPT?

If so, is it more interesting than mean-field theory?
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What is the nature of electroweak phase transition?

Does the underlying theory also have a QPT?

If so, is it more interesting than mean-field theory?

G(p) ™~ ]% VS. G(p) ~ (pQ)Z’Q—A or G(p) ~ (pQ—IjQ)Q_A



Ising Model
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Critical Ising Model is
Scale Invariant
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Spinning electrons localized on a cubic lattice
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At large )\ ground state is a “quantum paramagnet” with
spins locked 1n valence bond singlets



Spinning electrons Iocalized ona cubic lattice
H — Z T | Sachdev, arXiv:1102.4268
%J

For A =~ 1, the ground state has antiferromagnetic (“Néel”)
order, and the spins align in a checkerboard pattern.

There is a broken O(3) symmetry characterized by an
order parameter g ~ (—1)=1% S,



EXxcitation spectrum in the paramagnetic phase

Spin S =1
, “triplon”
N2
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Excitation spectrum in the Neel phase
A, A
V(@) = (A= A)@” +u (%)

A <A,

Spin waves (Goldstone boson)

and a longitudinal Higgs boson
Sachdev, arXiv:1102.4268
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The Quantum Critical higgs

“ At a QPT the approximate scale invariant theory is characterized by the scaling
dimension A of the gauge invariant operators.

SM: A =1+ 0(a/4r).

* We want to present a general class of theories describing a higgs field near a
non-mean-field QPT.

* In such theories, in addition to the pole (Higgs), there can also be a higgs
continuum, representing additional states associated with the dynamics
underlying the QPT ' PO 1?
ying the Q Gh(p?) = —— +/ dM? f,’(M )
p2 - mh 1% pP- — Af["
* One result of the presence ot the non-trivial scaling dimension and continuum

will be the appearance of form factors in couplings of the Higgs to the SM
partiCIQS . (M) 4

1-pasticle
states

continuum
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Modeling the QCH: generalized free fields

(Generalized Free Fields Polyakov, early ‘70s- skeleton expansions

CFT completely specified by 2-point function - rest vanish
i

(—=p? +ie)”

2—A

Scaling - 2-point function: G(p?) = —

Georgi

Can be generated from: Lcrr = —A' (0?)" " fi  pep-phio703260

Branch cut starting at origin - spectral density purely a

continuum:
P ,
o0 M?
G(p) ~ / dM? g( .)2 \
2 pe — M \
—




Modeling the QCH: generalized free fields

With the discovery of Higgs, we need a pole (125 GeV)
and a gap to BSM continuum

* A model with just two parameters:

1 — 1 _
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Assuming i to be weakly coupled, the scaling dimension of £2 is 2A
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Assuming i to be weakly coupled, the scaling dimension of £2 is 2A

I The momentum space propagator for the physical Higgs scalar can be written as

 /
Gr(p) = el « (2—4)

(1% — p? +i€)>2 — (p2 —mj)>8 7 AT
my)

c.f. unparticle propagator



Modeling the QCH: generalized free fields

With the discovery of Higgs, we need a pole (125 GeV)
and a gap to BSM continuum

* A model with just two parameters:

1 — 1 _
Lquadratic — > Zﬁﬁ [62 + HQ]Q A h I 2Zﬁ ([12 — mi)Q AﬁQ

Assuming i to be weakly coupled, the scaling dimension of £2 is 2A

Generally:

i o0 | D ( ]\[2) _Acorz'iir;l;ludmA
 Gr(p?) = / dM? !
ﬁ(p ) p2 o m% p? p2 — M= }— - p('-’ \"\ rf
SM recovered in limits p — oo and/or A — 1




Form Factors for the Quantum Critical higgs

* When looking at observables, we need to use form factors to
characterize the strong sector in generality, since there is no
separation of scales.
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* When looking at observables, we need to use form factors to
characterize the strong sector in generality, since there is no
separation of scales.

This is not an EFT expansion, but rather an expansion in

weak couplings that perturb the generalized free field
theory.
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* We assume that the SM fermions, the massless gauge bosons, and the transverse
parts of the W and Z are external to the CFT, that is elementary, while the Higgs
(Ziong, Wiong) originates from or is mixed with the strong sector, corresponding to
a theory with spontaneously or explicitly broken conformal symmetry.



Form Factors for the Quantum Critical higgs

* We consider a QPT Higgs scenario where Higgs is (partially) imbedded into a

strongly coupled sector (approximately conformal at scale well above the EW
scale)

=> Higgs pick up a significant anomalous dimension,
and there is a large mixing with the continuum

* The effects of Higgs emerging from the quantum critical point can be
parametrized in terms of form factors in a model independent way.

* We assume that the SM fermions, the massless gauge bosons, and the transverse

parts of the W and Z are external to the CFT, that is elementary, while the Higgs

(Zione, Wione) Originates from or is mixed with the strong sector, corresponding to
g g/ OT1g & P )

a theory with spontaneously or explicitly broken conformal symmetry.
=> this strong sector is characterized by its n-point functions
entering into form factors



Off-shell Form Factors for the Quantum Critical higgs

Off-shell behavior: nontrivial momentum dependent

form factors
pi + p3 = mj — 2p1 - po.

Higgsstrahlung: p2 = -p2

j Pt

Mver = J?Gg“(pl) J’EG"";(p:’)FK’h (i ) Ny Mogsve = ']?GXM (p1) EQVF#'l{'h (p1, —p2; ) Ny

Ervn (pisp) = ¢" Ty + (9" p1 - po — p50Y) Do + (PP} + phpy) T's + (Pip] — phps) Ta+ pivs Ts

[; = Ti(pi, p3, p1 - P2)

[P =1and T =0 etc...



Off-shell Form Factors for the Quantum Critical higgs

Off-shell behavior: nontrivial momentum dependent
form factors

== / P1-pP3 = (ml?z —t)/2
p1-p2 = 8s/2 QjP“ “““ @\

M gghh = [(61 -p2) (€2 - p1) — (p1 - p2) (€1 '62)] Z1 (1 p2,p1 -3 )
+e - [(p1-p2)ps — (p2 - p3)p1) €1+ [(p1 - p2)ps — (p1 - p3)p2) Z2 (p1 - pa, p1 - p3; 1)

Bose Symmetry: Ei(pi-pe,pi-psin) = Zi(pr - p2, pa - pa; p)



Off-shell Form Factors for the Quantum Critical higgs

Off-shell behavior: nontrivial momentum dependent
form factors

== / P1-pP3 = (m,% —t)/2
p1-p2 = 8s/2 \?“ “““ @\

M gghh = [(61 -p2) (€2 - p1) — (p1 - p2) (€1 '62)] Z1 (1 p2,p1 -3 )
+e - [(p1-p2)ps — (p2 - p3)p1] €1+ [(p1 - p2)ps — (p1 - p3)p2) Z2 (p1 - po, p1 - p3; 1)

suppressed in the large top mass limit in the SM

Bose Symmetry: Ei(pi-pe,pi-psin) = Zi(pr - p2, pa - pa; p)



Off-shell Form Factors for the Quantum Critical higgs

Off-shell behavior: nontrivial momentum dependent

form factors
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Off-shell Form Factors for the Quantum Critical higgs

Off-shell behavior: nontrivial momentum dependent
form factors

@ %

.

()
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Yo==:

On can estimate from an EFT perspective, where Higgs is (the only) light degree of
freedom surviving from the strongly coupled sector (below the scale pu.

)

=> can estimate the size of the N-point Higgs correlator by considering the effect of #8

)] 9,
O« Oulpy-papr-ps), OF « Oy prpi - )

loops on its renormalization.




Estimation of Form Factors

use low energy effective theory of 125 GeV resonance
apply tenets of NDA below onset of cut/continuum:

0y, ~ (167r2)"/2_1

Counting:
n/2-1 loops cut off at IR scale and dimensional analysis



Estimation of Form Factors

If top quark is external to strong dynamics:

- - n—1
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Gluon fusion process involves (perturbative) coupling of top
quark to Higgs fiela
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Estimation of Form Factors

If top quark is external to strong dynamics:

- - n—1
- A
tth t
Z _ ~ A
1 - e

Gluon fusion process involves (perturbative) coupling of top
quark to Higgs fiela

'\’\’\/\

>

e.g. double Higgs production through
gluon fusion would be dominated by

#dominant contribution comes ‘j;f> ----- @:

from tree diagram



Generalized Free Fields via AdS/CFT

Cacciapaglia, Marandella and Terning 08’
Falkowski and Perez-Victoria 08’

o 80(4) glObal Symmetry 1S gauged in the 5D buu( Bellazzini, Csaki, Hubisz, SL, Serra, Terning 15’

. 9 1 ra , 9 .
S = /d4$d3\/§ [lDMHr - 4g2 H’M]%/ — @(2) |H|“ + ‘Cint(H)} + fd413 ‘Cperturbative-
4

d32 — a(z)?- (mwdl‘“dl'u o dzz) a(z) — Ee—éu(z—R)

~

-

Gn(R,R,p*) = iZ,

pKiy(iR) P PK (VP PR) w] R
o

RK,(pR) RK,(\/u? —p°R)
Soft wall terminates CFT with continuum, not set of KK modes

The bulk to brane propagator is then given by Gi(R,z,p*) = a~3(2)(2/R)? KoV — 'p;“) )

=> reduce to the previous propagator in the limit pR <<1 :

A Zp =
Gi(p) = - (12— p? + ie)2 B — (2 —m2)2-A (u? —mj,




Generalized Free Fields via AdS/CFT

Cacciapaglia, Marandella and Terning 08’
Falkowski and Perez-Victoria 08’

w» 80(4) glObal Symmetry 1S gauged in the 5D buu( Bellazzini, Csaki, Hubisz, SL, Serra, Terning 15’

| , 1 )
— / dizdz2\/g [|Dn,,H|“—§W§,§, (2) |H|~+£im(H)] + / d*z Loerturbative.

ds2 — a(z)?- (Thwdl‘“diltu . dz2) a(z) — Ee-—%u(z-R)

Gu(R,R,p?) = iZy

uKi_,(uR) iZ—PK_, (Vi —PR) M‘z] B
0

RK, (uR) RK,(\/i? — p°R)
Soft wall terminates CFT with continuum, not set of KK modes
The bulk to b tor is then given by Gu(Rz5?) = a4(:)(z/ R} 2 L)
e bulk to brane propagator is then given by Gi(R,z 7% (2)(2/R)? K, (V2 p°R)
=> reduce to the previous propagator in the limit pR <<1 :
. (2-4)
12 Zp =
G’ﬁ(P) - = (#2 —p? + Z-E)Q—A ﬁ_ (#2 _ m%)Q—A ' (ﬂ2 - m%,)

obtain such propagator from a calculable model of this sort based on a Banks-Zaks fixed point in a
supersymmetric QCD theory: Csaki, SL, Shirmanm, Parolini (in preparation)
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Csaki, SL, Parolini, work in progress

“ The upshot is that there is a QPT (CFT) with non-trivial dynamics, and the
pole (physical Higgs) arises as a composite bound state of CFT similar to
composite Higgs models
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“ The upshot is that there is a QPT (CFT) with non-trivial dynamics, and the
pole (physical Higgs) arises as a composite bound state of CFT similar to
composite Higgs models

A new 5D model: Higgs arises from CFT with a domain wall
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A Natural Qauntum Critical Higgs

Csaki, SL, Parolini, work in progress
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A Natural Qauntum Critical Higgs

) Csaki, SL, Parolini, work in progress

(—83 + V) U = p*U
The propagator presents a pole for p? = mg and it

develops a non zero imaginary part for p* > p%,

Seff = % / Io h(—p)II(p?)h(p)

(2m)*

4l

2.
= Re
s Im

0=

' m} 1

-2— \

00 05 0 15 T 20

Figure 2: The inverse propagator II(p?). It becomes zero in correspondence of p* = mZ and it

stays real for p* < up.



Direct Signals

+ Form factors j
H—i( 0 ) Mvpr = J3Go,(p1) J5Gya(p2) iy (pis ) Ny Magsvn = J7Goy(p1) @ By, (p1, —pos 1) Ny
V2 \V4h
Fab _9 V OOd 2 ( < KQ—A(\/:U’Q — (pl +p2)2 Z)KQ—A(/'L Z)
VVh = £ “4\ R 5 2
R Ky a(v/1? = (p1 +1p2)? R)Ky_a(p R)
6f
:
5 2 5
T of T
-z;
. | o
0 200 200 Te00 800 o0 200 a0 0 8w
p (GeV) p (GeV)



Direct Signals

» Off-shell Higgs can be tested via interference.
g Lqg Z gvvews L

sensitive to the
modifications of the Higgs two-point function



Direct Signals

* Single Higgs production: Production of the cut modifies Higgs cross sections
for energies above p => modifies any cross sections that involve the (tree-level)
exchange of the components of Higgs

“ any cross sections that involve the (tree-level) exchange of the components of H.
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Direct Signals

* Single Higgs production: Production of the cut modifies Higgs cross sections
for energies above p => modifies any cross sections that involve the (tree-level)
exchange of the components of Higgs

“ any cross sections that involve the (tree-level) exchange of the components of H.
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Direct Signals

» Single Higgs production: Production of the cut modifies Higgs cross sections

for energies above . => modifies any cross sections that involve the (tree-level)
exchange of the components of Higgs

* any cross sections that involve the (tree-level) exchange of the components of H.
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Direct Signals
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Direct Signals

» QGinole Hiocog nrodiiction: Prodiiction of the c11t modifieg nggs Cross sections
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Direct Signals

* Double Higgs production
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Direct Signals

* Double Higgs production

probe the higher n-point correlators of the CFT.

I_ % +crossings ‘?3> """ %

—
\9_9_9_9/ -

d¢ alol 5 ,
t" = 2157TM4 3:2 (lgaugell + lgaugCZ' )
W

gaugel = box + triangle (negative interference)
gauge? = box (largest contribution)
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Direct Signals

* Form factors for trilinear Higgs self coupling As(H'H)?

Fhhh = ﬁv/oo dz:l (i 2 Ko a(pz) : Ky a(Vp* —p; 2)
L2 Jg a \R/ Ky aA(pR) -7 Ko a(\/p> — p?R)

p =400, A =1.5, © = 400
Higgs momentum: 200 GeV (Red), 400 GeV (Blue), and 600 GeV (Green) A =12 (Red) 1.4 (Blue), and 1.6 (Green).

F(pYIF(0)|
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Direct Signals

dashed lines correspond to the case where only the Higgs two-point function has
non-trivial behavior inherited from a sector with strong dynamics.

Double Higgs production
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Summary

What Kind of New Physics could be nearby,
which is not described by 4

Quant
Quan

um Criticality e Fine-Tuning
um Critical Higgs - a unified framework to look at Higgs

SEC]

or in analogy of Quantum Phase Transition (Higgs sector

may exhibit signs of guantum criticality with non-trivial non-
mean-field behavior):

A very powerful dynamical assumption: Generalized Free Fields
theory, where 2-pt tfunction determines the theory

5D m

odels: a natural quantum critical Higgs

Phenomenology: Not EFT, but form factors
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Non-local operators

Ly =—H'[D*+ @] H o+ p 2 HIH — V(|H])
0% — PP 26 (z — y)
Wi(x,y) = Pexp [—z’gTaL fj AZdw“]

w, A v.B
™, '
{'x;:';i\‘\ '(vg;':'ﬁ
= (&
5 &4
S f'/“fd
Y
> > N . avi S
P P p p

“ e.g. for the trilinear interaction in momentum space:  Hf(p+ q)A%(g)H(p)T"(p, q)
'*(p,q) = gT* (20" + ¢") F(p,q) ,

2—-A 2—-A
)

(12— (p+q9)H)" " — (p® —p?
2p-q+ ¢*

similar to SCET!

F(p,q) = —




