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Run 2 1s now running: will NP keep
hiding or finally show up”

Naturalness => New Physics at ~TeV scales (EW scales)
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Run 2 Is now running: will NP keep
hiding or finally show up?

Naturalness => New Physics at ~TeV scales (EW scales)
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Run 2 Is now running: will NP keep
hiding or finally show up?

Naturalness => New PL
a bottom-up approach:

_____ ; ; given that there is. a light I—!iggs,
what are the possible consistent

low-energy theories!?

Supersymmetry Composite Higgs
top partners=stops top partners = "T”




Ising Model
H=—-J% s(x)s(x+n)
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Courtesy of J. Terning



Critical Ising Model is
Scale Invariant
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Critical Ising Model is

http://bit.ly/2Dcrit
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Quantum Phase Transition

le parameter

tya‘b

We are here



(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+ O(a/4r).

+ We want to present a general class of theories describing a Higgs eld near a
non-mean-eld QPT.

# In such theories, in addition to the pole corresponding to the recently
discovered Higgs boson, there can also be a Higgs continuum, which could

potentially start not too far above the Higgs mass, representing additional
states associated with the dynamics underlying the QPT

# One result of the presence of the continuum will be the appearance of form
factors in couplings of the Higgs to the SM particles.



Form factors for QPT Higgs

+ We are interested in formulating a general low-energy EFT consistent with a
QPT and no new massless particles

+ We consider a QPT Higgs scenario where Higgs is (partially) imbedded into a
strongly coupled sector, which is 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
(Ziong, Wiong) originates from or is mixed with the strong sector, corresponding to

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



Form factors for QP11 Higgs

On-shell behavior: constant form tfactors (form factor reduces
to a constant),)
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F Effects of
OTTI1 §EREs strong sector leading to the QPT are

added via its n-point tunctions, leading to

On-shell behavior: form factors
to a constant),)
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F Effects of
OTTI1 §EREs strong sector leading to the QPT are

added via its n-point tunctions, leading to

On-shell behavior: form factors
to a constant),)

------- Q) - Q)
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represents the parametric dependence on the scale of conformal symmetry breaking,
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F Effects of
OTTI1 §EREs strong sector leading to the QPT are

added via its n-point tunctions, leading to

On-shell behavior: form factors
to a constant),)
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Off-shell form factors for QP1 Higgs

Off-shell behavior: nontrivial momentum dependent
form factors

Higgsstrahlung: p2 = -p2
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Off-shell form factors for QP1 Higgs

Off-shell behavior: nontrivial momentum dependent
form factors
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Off-shell form factors for QP1 Higgs

Off-shell behavior: nontrivial momentum dependent
form factors

=== / P1-pP3 = (m% - t)/2
pP1-p2 = 8/2 ‘?“ _____ @\

Maghi = [ (€1 -p2) (€2 p1) — (p1 - p2) (€1 - €2) | E1 (p1 - P2, p1 - P3; 1)
+ea - [(p1 - p2)ps — (p2 - p3)pa] €1 - [(p1 - p2)ps — (1 - p3)p2] 2 (p1 - p2, p1 - p3; )

suppressed in the large top mass limit in the SM

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



Off-shell form factors for QP1 Higgs

Off-shell behavior: nontrivial momentum dependent
form factors

e
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Ofl-shell form factors for QPT Higgs

Off-shell behavior: nontrivial momentum dependent
form factors

On can estimate from an effective field theory perspective, where
the only light degree of freedom surviving trom

the strongly coupled sector is the FHiggs particle
—>can estimate the size of the N-point Higgs correlator by
considering the effect of loops on its renormalization...




Off-shell form factors for QP1 Higgs

In NDA, loop corrections ~ original n-point function. e.g. n = 6:
\ \\\ =S 2

@ ~ @@
/ /,/ -_ \\

L= An—4 an
loop contribution with two insertions of this operator (that contributes to the same
n-point) would be one in which each vertex has n/2 external lines, and

n/2 propagators exchanged in n/2 -1 loops.

quantum corrections:  an—ax (1+ (16;)’;/2_1)
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Off-shell form factors for QP1 Higgs

In NDA, loop corrections ~ original n-point function. e.g. n = 6:

7/

N
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Xy
B An—4qS e.g. with this, we can see that the n-point
loop contribution with two contribution to the gluon fusion process is
n-point) would be one in WISIGAEESECRORIEEUCIERRUER el g e r1IVE

n/2 propagators exchang coupling of the top—q_uark to the strongly |
coupled sector, along with a loop factor that is

L



Off-shell form factors for QP1 Higgs

T i®

If the shaded region corresponds to the n-point function, there are n - 1 insertions of the top
Yukawa, and n - 2 loops. There are n - 1 scalar propagators and n - 2 fermionic propagators
running in these loops.

estimate for the contribution of the n-point correlator to the htt coupling:

A n—1
tth , pgr [ ZL



Off-shell form factors for QP1 Higgs

T i®

If the shaded region corresponds to the n-point function, there are n - 1 insertions of the top
Yukawa, and n - 2 loops. There are n - 1 scalar propagators and n - 2 fermionic propagators
running in these loops.

estimate for the contribution of the n-point correlator to the htt coupling:

A n—1
tth , pgr [ ZL

dominant contribution comes
from tree diagram




Off-shell form factors for QP1 Higgs

‘\/\M - _
R
If the shaded region corresponds to the n-point function, there are n - 1 insertions of the top

Yukawa, and n - 2 loops. There are n - 1 scalar propagators and n - 2 fermionic propagators
running in these loops.

estimate for the contribution of the n-point correlator to the htt coupling:

A n—1
tth , pgr [ ZL : .
9n ~~ 2T A e.g. double Higgs production through
T gluon fusion would be dominated by

dominant contribution comes @'
from tree diagram ,




Modeling the Quantum Critical Higgs

# The upshot is that there is a CFT (QPT), and it has non-trivial dynamics that
will have a non-trivial 4-point function H* which will have momentum
dependence, and the pole (physical Higgs) arises as a composite bound state
of CFT similar to composite Higgs models

* there is no requirement that strongly coupled dynamics produces a strongly
coupled effective theory at the low energy. Counter examples: Seiberg duality,
rho meson at large N, and the AdS/CFT correspondence

The infinite N limit in AdS/CFT yields a subclass of models that generalize to a
broader category of strongly coupled theories: it is possible that the strongly
coupled sector is completely specified by the two-point functions of that theory,
with or without a large N expansion. Such theories are referred to as models of

generalized free fields.  Polyakov, early ‘70s- skeleton expansions



Modeling the Quantum Critical Higgs

# The upshot is that there is a CFT (QPT), and it has non-trivial dynamics that
will have a non-trivial 4-point function H* which will have momentum
dependence, and the pole (physical Higgs) arises as a composite bound state
of CFT similar to composite Higgs models

* there is no requirement that strongly coupled dynamics produces a strongly
coupled effective theory at the low energy. Counter examples: Seiberg duality,
rho meson at large N, and the AdS/CFT correspondence

The infinite N limit in AdS/CFT yields a subclass of models that generalize to a
broader category of strongly coupled theories: it is possible that the strongly
coupled sector is completely specified by the two-point functions of that theory,
with or without a large N expansion. Such theories are referred to as models of

generalized free fields.  Polyakov, early ‘70s- skeleton expansions

=>Weakly coupling a fundamental light Higgs to such a theory
would produce the type of dynamics we are interested in



(Quantum Critical Higgs

# The assumption that the theory is close to a QPT implies that the Higgs field
should be characterized by its scaling dimension A, where 1 <A <2.1In

general, the two point function of a scalar with scaling dimension A in a CFT is
1

p2 + Z'G)Q—A

GCFT(p) - (_ SMA =1+ 0(0/4’”)1



(Quantum Critical Higgs

# The assumption that the theory is close to a QPT implies that the Higgs field
should be characterized by its scaling dimension A, where 1 <A <2.In
general, the two point function of a scalar with scaling dimension A in a CFT is

1

R SM:A =1+ O(a/4r)

Gerr(p) = — (—

# This propagator can be reproduced by a 1PI effective action with the simplest
possible scale invariant kinetic term:  _ 4t 6] 2-8 4



(Quantum Critical Higgs

# The assumption that the theory is close to a QPT implies that the Higgs field
should be characterized by its scaling dimension A, where 1 <A <2.In

general, the two point function of a scalar with scaling dimension A in a CFT is
1

p2 + iG)Q_A

GCFT(p) - (_ SMA =1+ 0(0/4’”)1

# This propagator can be reproduced by a 1PI effective action with the simplest
possible scale invariant kinetic term:  _ 4t 6] 2-8 4

# This corresponds to continuum of particles, which manifests itself in cut in
the propagator with a branch point at zero (but no pole).



(Quantum Critical Higgs

# The assumption that the theory is close to a QPT implies that the Higgs field
should be characterized by its scaling dimension A, where 1 <A <2.In

general, the two point function of a scalar with scaling dimension A in a CFT is
1

pQ + Z'G)Q—A

Gerr(p) = — - SM:A =1+ O(a/4r)

# This propagator can be reproduced by a 1PI effective action with the simplest
possible scale invariant kinetic term:  _ 4t 6] 2-8 4

# This corresponds to continuum of particles, which manifests itself in cut in
the propagator with a branch point at zero (but no pole).

# One can move the cut away from the origin by shifting the kinetic term by p:
—H[8% 4+ ] H



(Quantum Critical Higgs

# The assumption that the theory is close to a QPT implies that the Higgs field
should be characterized by its scaling dimension A, where 1 <A <2.In
general, the two point function of a scalar with scaling dimension A in a CFT is

1
pQ + Z'G)Q—A

Gerr(p) = — - SM:A =1+ O(a/4r)

# This propagator can be reproduced by a 1PI effective action with the simplest
possible scale invariant kinetic term:  _ 4t 6] 2-8 4

# This corresponds to continuum of particles, which manifests itself in cut in
the propagator with a branch point at zero (but no pole).

# One can move the cut away from the origin by shifting the kinetic term by p:
—H[8% 4+ ] H

+ This however gives a large contribution to the potential in the p = 0 limit,
removing all light degrees of freedom. A light pole can be reintroduced (while
leaving the cut starting at p by subtracting the mass term:

~H' [D? + p?] H 4 p A HIH



(Quantum Critical Higgs

# The assumption that the theory is close to a QPT implies that the Higgs field
should be characterized by its scaling dimension A, where 1 <A <2.1In
general, the two point function of a scalar with scaling dimension A in a CFT is

Gerr(p) = — SM:A =1+ O(a/4rn)

1
(=P + iep 2

# This propagator can be reproduced by a 1PI effective action with the simplest
possible scale invariant kinetic term: _ 4 [ 82]2_A v

# This corresponds to continuum of particles, which manifests itself in cut in
the propagator g j

SOOI [igos is mixing with the states of the

conformal matter corresponding to the

physics of the quantum phase transition

+ This however give




AdS/CFT

<€f d*z¢o(x)O(x) > ~ ¢~ 5Dgravity [9(Z,2)[z=0=¢0 ()]
CEFT

ds?® = 5—22 (da?fb — sz)

O C CFT « ¢ AdSs field



AdS/CFT

Q—R—2(dx —dz)

Sputk = 5 | d*xdz\/g(9°" 0apdsd + m?$?)

o(p, z) = az?J, (pz) + bz*J_, (pz)

A[O]ZQ::VZQ::\/4—I—TTL2R2

5(4) / B
< O(p)O(p) >ox S 2 (p?)A~3
Witten, Klebanov 99’



broken CFT

+ Randall Sundum 2 (only UV brane and bulk): cuts from 0 (CFT)

+ RS1: putting IR cutoft at TeV

+ New type of IR cutoff (soft wall) gives rise to a different phenomenology

dilaton

! | ! ! ! ! | ! ! ! ! | ! ! ! ! |
0.5 1.0 1.5 20

Z

Karch, Katz, Son, Stephaniv 06°



broken CF'T by IR cutoff

Sint = %fd4xdz\/§quTH

¢ = pz’

2°0, (50, H) — 22(p* — p)H — m*R*H =0




Non-local operator

Ly = —H' [D? + p?]" " H + p* 22 HIH — V(IH))
02 — 2]~ 26(z — y)

similar to SCET!



Non-local operator

Ly =—H' [D*+ ] " H + p 2 HH — V([H])
0% — P26 (x — y)
Wi(x,y) = Pexp [—igTa ff AZdw“}

similar to SCET!



Non-local operator

Ly=—H'[D*+ ] " H o+ p* 22 HH — V(|H])
07 — p?P26(z — y)
Wi(x,y) = Pexp [—igTa fxy AZdw“}

w,A v.B
2o e
o0 ‘?{; q
o 7 o
X (B
} >— ______ — ) _ LQJ *

similar to SCET!



Non-local operator

L= —H! [D*+ 1] H 4 A HH — V(H])
07 — p?P26(z — y)
Wi(x,y) = Pexp [—igTa fxy AZdw“}

u,A v.,B
Q. ey
o B q
} >— _____ ; ——— ) C"izj *
p P p p’

« e.g. for the trilinear interaction in momentum space: Hip + q) A% (q)H(p)T"*(p, q)
“(p,q) = gT" (20" + ¢") F(p,q) ,

2—-A 2—-A
)

(12— (p+q)?) " " — (p* — p?
2p-q+ ¢?

similar to SCET!

F(p,q) = —




Modeling the Quantum Critical Higgs: Generalized Free Fields

+ A general two point function with a pole and a cut:

o0 M?)
Ghr(p?) = [ a2
n(p”) e R VE

# A Lagrangian give rise to the above two point function:

1 "2 2-A 1 2 212
‘Cquadratic = —Z_h/Hf [a“ + #2] H+ Z_h(lf — m};)“ A’HT’H

Assuming H to be weakly coupled, the scaling dimension of HIH is 2A

The momentum space propagator for the physical Higgs scalar

1 4y,
G (o) — ’ i | 2— A
(p* —my)




Generalized Free Fields and AdS/CFT

+ S50(4) global symmetry is gauged in the 5D bulk Cacciapaglia, Marandella and Terning 08’

Falkowski and Perez-Victoria 08’

S = / dizdz\/g [|DMH| —TW,?,,%, (2) |H|2+£im(H)] + / d*z L porvurbative.

4

ds? = a(2)? (nudrtdz’ — d=2) a(z) = B e-tu-n

zZ

Gu(R, R, p%) = iZy

pKyR) VP PE WA PR ]
RK,(1R) RK,(\/u® — p*R) ’

The bulk to brane propagator is then given by Gu(R,z,p*) = a~2(2)(2/R)? II({ (( v /‘2 pj ;))
P —p
=> reduce to the previous propagator in the limit pR <<1 :
i Zn (2—A)

Gr(p) = Zh =

(/‘ —p? +i€)? 8 — (p? —my )24 (;L?—m,%)A_l




Generalized Free Fields and AdS/CFT

® 80(4) global Symmetry 1S gauged 1n the 5D bulk Cacciapaglia, Marandella and Terning 08’

Falkowski and Perez-Victoria 08’

, 9 1
S= [ dtodsya |\DuHP = Wik = 6 [HF + Lul )| + [ @ Ly

4

ds? = a(2)? (nudsde’ —dz?)  a(z) = e MR

A

Gh(R,R,p*) = iZ

pEiR)  ViE—PK (i PR) )
RK,(uR) RK, (/i — p°R) ’

aH(z) o/ Ry 2 L)

7
A

The bulk to brane propagator is then given by Gu(R,z,p?*) =

Ku( \% /1'2 o pQR)
=> reduce to the previous propagator in the limit pR <<1 :
i L (2—A)
Gh pP)=— — 2 N ) ‘ Z
P = =P i s — (@ —m)ra N m)s

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




Generalized Free Fields and AdS/CFT

< Form factors

F(pYVIF(0)|

:;%7 b

Mypr = JPGY,(m) 5(p2) i, (i ) Ny

quHVh = JI au(Pl)f FVVh(pl —pa; 1) Ny

-4}

ab V ~ 2 ( # K?—A(\/#2 — (p1 +P2)2 z2)Ko_a(pz2)
LM= Jr R/ Ky a(v/1? — (p1 +p2)? R)Ko_a(1 R)
| 1= 600 GeV /\
= 1 —
2 °S T -
—
0 200 400 B — o 200 200 500 ' 800
p (GeV) - p (GeV)




Direct Signals

« Off-shell Higgs can be tested via interference.

sensitive to the
modications of the Higgs two-point function
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Direct Signals

« Single Higgs production: Production of the cut modifies Higgs cross sections for

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

gg 7741 300 fb~'(13 TeV)

— — — T 1000}
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> 100}
3 i
= 50t
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Direct Signals

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

pp—-ZZ-212j 300 fb~1(13 TeV) gg—ZZ 212 300 fb~1(13 TeV)
- ——¥ 1000: """"""""""""" .
soo}
1000}
100}
> > :
S S <ol \
= 100} = |
E ; : E N QPT Higgs with
S QPT Higgs with | § "\ H=400 GeV, A=1.5
= =400 GeV, A=15] R | :
10' 5- \\\\\\
1200200 600 800 1000 1200 1400 1300200 600 800 1000 1200 1400

mzp; (GeV) mz; (GeV)



Direct Signals

+ Single Higgs production: Production of the cut modifies Higgs cross sections for

energies above 1 => modifies any cross sections that involve the (tree-level)
exchange of the components of Higgs

Ppo22-2% 300 fb~'(13 zeY)
we may learn there is a threshold
1000} and a non-trivial dimension
E .
2 100} =
P E : P ™ QPT Higgs with
£ QPT Higgs with | § ", #=400 GeV, A=1.5
3 ‘o =400 GeV,A=15] R \
\~\ 10_ \‘\-
10_ 5- \\‘\
\\"‘-
7200 400 600 800 1000 1200 1400 17200 400 600 800 1000 1200 1400

map; (GeV) map; (GeV)



Events / 10 GeV
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Events / 10 GeV
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992z

300 b7 (14 TeV)

Events / 10 GeV
-
e

10}

N

p=400 GeV, A=16
p=400 GeV, A=14
p=400 GeV, A=1.2
SM

gg-ZZ 14 TeV
p=400 GeV, A=16
q0| #=400GeV, A=14 |
p=400 GeV, A=12 od

SM

tions for
avel)

T'he box and triangle diagrams are related by

1 2 "
200 400 600

QqZZ

:

Events / 10 GeV
=N
=

10}

® 0aUge invariance, and the cancellation occurs in
§ order to maintain perturbative unitarity: the

| presence of the cut leads to a slower decrease of

S~

4 . .
200 400 600

800 1000 1200 1400
mzz (GeV)

the amplitudes at higher s.

Ocp1/Ogm

5L

AAAAAAAAAAAAAAAAAAAAAAAAAAA




F(p)IF(0)|

Generalized Free Fields and AdS/CFT

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

R

As /°° 1(2)2 Ky-a(nz) 11 Ko-a(ViZ =2 2)

L2 Jp Ta Ky A(pR) -7 Ko a(v/p? — piR)

p= 400, A =1.5, © = 400
Higgs momentum: 200 GeV (Red), 400 GeV (Blue), and 600 GeV (Green) A = 1.2 (Red) 1.4 (Blue), and 1.6 (Green),

F(pYIF(0)]
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Direct Signals

+ Double Higgs production

-

\ } +crossings §> """ Zi
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gaugel = box + triangle (negative interference)
gauge? = box (largest contribution)



Direct Signals

+ Double Higgs production

probe the higher n-point correlators of the CFT.

-

\ } +crossings §> """ Zi

—
\Q_Q-Qg) o=

- 2 2
d¢ 0G0

vl

gaugel |> + |gauge2|?)

gaugel = box + triangle (negative interference)
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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

+ So far nothing but Higgs

+ It's interesting whether the Higgs sector is close to a
quantum critical point with non-mean-field behavior, that is
with non-trivial critical exponents and scaling dimensions

» Low-energy effective theory for such a quantum critical
Higgs shows that critical exponents can be extracted from
the LHC measurements (and future colliders...)

+ Nontrivial momentum-dependent form factors for Higgs

physics interesting for the future measurement



