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New era of precision studies of the Higgs sector
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(from Snowmass Higgs working group report): Higgs precision will approach that of EWP



@ 100 TeV

4. Higgs cross sections for HE-LHC

SM Higgs production cross sections at Vs = 14, 33, 40, 60, 80 and 100 TeV (My=125 GeV)

43-14'rev Vs=33TeV | Vs=40TeV | vs=60TeV | Vs=80TeV | Vs =100 TeV

ggF 50.35pb 178.3pb (3.5) 231.9pb (4.6) 394.4 pb (7.8) 565.1 pb (11.2) 740.3 pb (14.7)
VBF b 440pb 16.5pb(3.8) 23.1pb(52) 40.8pb(9.3) 60.0pb(13.6) 82.0pb (18.6)
WH ¢ 1.63pb 4.71pb(29) 588pb(36) 9.23pb(5.7) 12.60pb(7.7) 15.90 pb (9.7)
ZH® 0904pb 2.97pb(3.3) 3.78pb(4.2) 6.19pb(6.8) 8.71pb(9.6) 11.26 pb (12.5)
ttH d 0623pb 4.56pb(7.3) 6.79pb(11) 150pb(24) 255pb(41)  37.9 pb (61)
gg — HH°(A=1) 33.8fb 207fb(6.1) 298fb(8.8) 609 b (18) 980 fb (29)  1.42 pb (42)

PDF is NNLO(NLO) MSTW2008 set. Numbers in () parentheses are the cross-section ratio wrt 14 TeV.

a) NNLO+NNLL QCD + NLO EW corrections. QCD scale and PDF+ag uncertainties remain constant about +-8% for both (D. de Florian).

b) NNLO QCD only with VBF@NNLO (M. Zaro).

¢) NNLO QCD only with VH@NNLO (R. Harlander).

d) NLO QCD. (M. Spira).

e) NLO QCD with HPAIR. The central scale is the invariant mass of the Higgs pair. The scale is varied by a factor 2 up and down. (M. Spira).

https:/ /twiki.cern.ch /twiki/bin/view / LHCPhysics/ HiggsEuropeanStrategy2012
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https:/ /twiki.cern.ch /twiki/bin/view / LHCPhysics/ HiggsEuropeanStrategy2012
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4. Higgs cross sections for HE-LHC
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https:/ /twiki.cern.ch /twiki/bin/view / LHCPhysics/ HiggsEuropeanStrategy2012



Part I: Precision Higgs Analysis: expansion formalism of
the Higgs boson partial widths and branching fractions

L. Almeida, S.L., S. Porkorski, J. Wells
arXiv:1311.6721v3

+ The determination of the Higgs boson mass
now enables a complete set of input observables whereby any
perturbative high-energy observable involving the Higgs boson
can be predicted.

+ careful exposition of the decay partial widths and branching
fractions of a SM Higgs boson with mass near 125 GeV.

state-of-the-art formulas that can be used in any precision
electroweak analysis to investigate compatibility of the data
with the SM predictions in these most fundamental and
sensitive observables



What's new in our expansion formalism?

# Other calculations exist in the literature, mostly notably
from the computer program HDECAY; however, we wish
to provide an independent calculation that includes the
latest advances and allows us to vary the renormalization
scale in all parts of the computations. This flexibility will be

useful in discussions regarding U1 CECT tainties

+ We also aim to detail the errors that each input into the
computation propagates to the final answer for each
observable




Our Expansion Formalism of Partial Widths and Uncertainties

Taylor expand the full expressions for partial width around the input observables. This
expansion is made possible by the fact that with the discovery of the Higgs boson, and
knowledge of its mass, all input observables are now known to good enough accuracy to
render an expansion of this nature useful and accurate.

We represent the partial width expansion by

lpax = F()Eef) (1 + z a'Ti,Xé_n‘) (7)

where
< Ti — Tiref

CSTi = ) (8)

Tiyref
and 7; are the {mmA”fz,Aai(i)d:as(ﬂ'fz),mf} for the calculation.
The total width is the sum of all the partial widths and for

convenience we present dedicated expansion parameters for
that as well:

l—‘tot = Z FH—&X —_— Fg::f) (1 + Z afr,-,toté_Ti) . (9)
X i
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Our Expansion Formalism of Partial Widths and Uncertainties

Taylor expand the full expressions for partial width around the input observables. This
expansion is made possible by the fact that with the discovery of the Higgs boson, and
knowledge of its mass, all input observables are now known to good enough accuracy to
render an expansion of this nature useful and accurate.

We represent the partial width expansion by

Ti

where
< Ti — Tire
37 = = (8)
Tiref
P(Ref)
x_[/GeV Qe X Ay, X Aa(Mz).X | Gag(Mz)X @y, X amz X ame, X Qm. X aGy X
total | 4.17x10—3 | -3.3x10~2 1.34 8.35x10~T | -5.05x10T 1.32 -3.21 7.80x102 [ 1.24x10-T | 8.49x10T
qg 3.61x10~% | -1.62x10~! 2.89 0. 2.48 -6.51x10~2 | 3.76x10~! 0. 0. 1.00
vy 1.08x107° | -2.69x10~2 4.32 2.56 1.80x10-2 | 8.20x103 -1.86 0. 0. 7.24x107!
bb 2.35x1073 | 8.07x10~3 | 8.09x10~! | 3.76x10~2 -1.12 2.36 -2.72x10! 0. 0. 9.53x10~!
e 1.22x107% | -4.52x10-2 | 7.99x10~! | 1.02x10~2 -3.10 0. -4.80%10! 2.67 0. 9.70x 101
THr— | 2.58x10~% | 4.71x10-2 | 9.95x10~! | -2.09x10~2 | -2.14x10~3 0. -1.61x10~2 0. 2.01 1.02
WW+* | 943x10~% | -1.13x10~! | 1.37x10! 3.66 9.04x10—3 0. -1.21x10! 0. 0. 2.49x10~!
ZZ* | 117x107% | 2.27x107% | 1.53x10' | -7.37x107! | -1.82x1073 0. -1.12x10* 0. 0. 2.53
Zvy | 6.89x107% [ -1.52x107% | 1.11x10' | 8.45x107! 0. -7.93x107? -4.82 0. 0. 2.62
ptp~ | 8.93x1077 | 4.82x1072 | 9.92x107! | -4.31x107% | -2.19x10~3 0. -1.62x1072 0. 0. 1.02




Input Parameters for our expansion

Inputs : {m,,, Mz, Aaf®, aS(MZ),m,} | (1)

Now that we have established our convention that My, is

an output observable, when the W mass appears in formulas

below, we should view it as a short-hand notation for the full

% computation of the W mass within the theory in terms of our
agreed-upon inputs. In the SM this substitution is 0T = (T — Tye f) [ Tre f

Mw 2L (80.368 GeV) (1 + 1.426Myz + 0.215GF — 0.43 dar
+0.013 M, — 0.0011 das — 0.000755Mp) . (3)

% my 125.7(4) | pole mass m, 173.07(89)

MS mass me.  1.275(25) | MS mass mp  4.18(3)

pole mass m, 1.77682(16) as(Mz) 0.1184(7)
a(My) 1/128.96(2) Aol 0.0275(1)




Expansion of BR and ratio of BRs

B(H — X) = B(X) (1 +3° b,,,xé_n) . (12

where 7; represents the {mn, Mz,Aa;({Z)daOS(Mz),mf}. Expan-
sion parameters b, x are related to a,, x by

b7'| ,JY - a'T| ,JY _ a'T; Jtot* ( 1 3)

B(H—X) B(X)tr _
B(H—Y) B(Y)tD 1+Z:"T-«W5Tz ,

where 7; represent the{mmMZ,ACY;({;)daas(Mz),mf}. The ex-
pansion parameters r,, xy is related to a,, x by

e XY = Qr, X — Qr, Y. (17)



Expansion of BR and ratio of BRs

B(H — X) = B(X) (1 +3° b,,,xé_n) . (12

The table of expansion coefficients enables us to compute
the uncertainty in a final state branching ratio due to each
input parameter. The percent uncertainty A on branching
fraction B(X) due to input parameter 7; is
ATi

ref
T

A} = (100%) x |br, x| (14)
where A7; are the current experimental uncertainties in input
parameter 7;. For example, the percentage uncertainty in the
H — gg branching fraction is

0.03 GeV
gg9 __ : . — 1. . 4
A} = (100%)(1.389) = = 1.00% (15)




Expansion of BR and ratio of BRs

B(H—X)=BX)"™" 1+ b.xon |, (12

IR ® the uncertainty in the b-quark mass input
LRI S observable constitutes the largest uncertainty
input paramete ; . ; .
fraction B(X) d in the branching ratio computations.

g [he large uncertainty ot the charm quark mass

where A7 are t is the decisive contributor to H ->cc

parameter 7;. Fg uncertainty as well
H — gg bran
).
A9 = (100%)(1.380) 0 GeV  1.00%. (15)

4.18 GeV



How well can we predict SM observables?

Percent relative uncertainty, Po:

Q= Qo (1+0.01 Py).

The meaning of “P¥(par.add.)” is that all input parame-

= S == + -

__ Pg éga(.rla;l:)) Pp1 (7131&1&1(11(1)?()1) (%08[)528; ) ters have been allowed to range over their 1o errors and the
99 2.52 (1.83) 1.74 (1.49) (0.05,0.03) | maximum percent relative errors are recorded. The mean-
Ny 1.45 (0.42) 1.38 (0.35) (1.31,0.60) | ing of “Plit (par.quad.)” is that the uncertainties of each pa-
bb 2.62 (2.43) 1.84 (1.82) (0.29,0.01) | rameter are added in Gaussian quadrature. In other words,
cc 7.34 (7.15) 5.55 (5.54) (0.45,0.35) | Pz (par.quad.) = 100 AT;/T';, where

= | 036 (0.12) | 0.32(0.08) | (0.01,0.01) ‘

WW+ | 4.41(1.17 4.97 (1.25 0.25,0.31 -\ 2 N\ 2

77+ | 4.90 EI.ZS; 4.42 El 11; | (0.,0.) ) (AT;)? = (8F') (Amy)* + (8[‘,) (Aag)® +--- . (11)
Zv | 356 (092) | 352(0.88) | (0.56,0.23) Om, Oos

prp | 034 (0.11) 0.32 (0.08) (0.03,0.03) The uncertainties in varying the scale parameter g in the

calculation, attempts to capture the uncertainty in not know-
ing higher order corrections. A full calculation at all or-
ders would give a result that does not depend on g but a
finite-order calculation does, and the uncertainty of drop-
ping the higher order calculations are assumed to be ap-
proximated reasonably well by noting how much the result

changes by varying p by a factor of two upward and down-
ward: mpy/2 < p < 2mpy. The meaning of “PF(u)” in Ta-
ble 4 concerns the relative percent uncertainties associated

with this scale dependence algorithm.
() => if the Higgs mass uncertainty were 0.1 GeV (instead of 0.4 GeV)
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How well can we predict SM observables?

Q= Qo (1+0.01 Py).

The meaning of “P¥(par.add.)” is that all input parame-

Percent relative uncertainty, Po:
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rtr= | 036 (0.12) | 0.32(0.08) | (0.01,0.01) ‘

WW= | 441 (1.17) 4.97 (1.25) (0.25,0.31) ar;: \ 2 ar: \ 2

Z7Z | 490 (1.25) | 4.42 (1.11) 0.,0.) (AT;)? = (8 ') (Am,)* + (6 ') (Aag)® + (11)
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?;1?;1; gtﬁg 8:(6,16};5(:”0” 6/(323)2(7;:\2 Pg‘é?;f ) finite-order calculation does, and the uncertainty of drop-
mz(/t) 579 (2.96,, 3.61) GeV 0855 ping the higher order calculations are assumed to be ap-
m(1) | 166.5 (176.8,157.8) GeV | 0.56% proximated reasonably well by noting how much the result

changes by varying p by a factor of two upward and down-
ward: mpy/2 < p < 2mpy. The meaning of “PF(u)” in Ta-
ble 4 concerns the relative percent uncertainties associated

with this scale dependence algorithm.
() => if the Higgs mass uncertainty were 0.1 GeV (instead of 0.4 GeV)



SM vs. New Physics? Uncertainties in BRs

A, A, Anum AVTY, Amy | Az | A | Am, | Ac X _ ( AT;
gg | 0.07 | 0.46 (0'.{12) 0.(012) 15.%72) .00 [ 0.01 T0.15 ] - - A; _(IOO%)leT“XlTref
Y . 0.01 (- ) 0.03 0.31 094 | - |015]| - ; -
bb | 0.02 | 1.13 (0.28) | 0.01 0.36 074 | 001 | 0.15 | - ;
cc | 0.01 | 1.13(0.28) | 0.01 1.53 095 | 0.01 | 5.08 | - .
r+r— | 0.04 | 1.07 (0.27) | 0.01 0.30 095 | 0.01 | 0.15 | 0.02 | -

WW=* | 0.04 | 297 (0.74) | 0.04 0.30 095 | 0.02 | 0.15 | - .
ZZ* | 0.03 | 348 (0.87) | 0.02 0.30 095 | 0.02 | 0.15 | - .
Zv | 0.01 | 2.14 (0.53) . 0.30 096 | - |015]| - -
prp— | 0.04 | 1.07 (0.27) | 0.01 0.30 095 | 0.01 | 0.15 | - .
Pgp(par-add.) | Pgg(par-quad.) | (Pgr, Pagr)(#)
q9 3.47 (3.12) 2.09 (2.04) (0.03,1.38)
vy 1.45 (1.44) 1.01 (1.01) (1.81,1.83)
bb 2.43 (1.58) 1.41 (0.89) (0.21,0.)
e 8.72 (7.87) 5.51 (5.40) (0.54,0.44)
THr 2.55 (1.75) 1.47 (1.04) (0.09,0.07)
WW* | 4.48 (2.26) 3.13 (1.25) (0.10,0.08)
Z7" 4.96 (2.34) 3.63 (1.33) (0.10,0.08)

Z~ 3.56 (1.96) 2.36 (1.15) (0.83,0.80)
ptp= | 2.53 (1.73) 1.47 (1.04) (0.07,0.06)

() => if the Higgs mass uncertainty were 0.1 GeV (instead of 0.4 GeV)




SM vs. New Physics? Uncertainties in BRs

A, Apy Asm AngMm Amy | Az | A | Am, | Bce X _ ( AT
g9 | 0.07 | 0.46 (0.12) o LT T00 T o0 To1s : Aj" = (100%) x |br, x| ref
vy - | 001(-) | o003 031 |[094| - |o015]| - _ '
bb 0.02 | 1.13 (0.28) 0.01 0.36 0.74 | 0.01 | 0.15 - -
ce 0.01 | 1.13 (0.28) 0.01 1.53 0.95 [ 0.01 | 5.08 - -
7Hr— | 0.04 | 1.07 (0.27) 0.01 0.30 095 | 0.01 | 0.15 | 0.02 -
WW= | 0.04 | 2.97 (0.74) 0.04 0.30 095 [ 0.02 | 0.15 - -
VAV A 0.03 | 3.48 (0.87) 0.02 0.30 095 [ 0.02 | 0.15 - -
Z~ | 0.01 | 2.14 (0.53) - 030 |09 | - |o015]| - ;
ptp~ | 0.04 | 1.07 (0.27) 0.01 0.30 095 | 0.01 | 0.15 - -
For example, if the data at a later stage of the LHC, or ILC,
or CLIC suggests that the branching fraction into b quarks can Pap(par.-add.) | Pagp(par.-quad.) | (Pggr, Pgr)(1)
be determined to better than 1%, this does not mean that we 99 3.47 (3.12) 2.09 (2.04) (0.03,1.38)
are sensitive to new physics contributions of 1% to H — bb. Y 1.45 (1.44) 1.01 (1.01) (1.81,1.83)
The reason can be seen from Tables 6 and 7 that the SM blj 1-58) 1.41 (0.89) (0.21,0.)
uncertainty in computing B(H — bb) is presently 2.4% (sum fC_ 'rg (7'82) 5.51 (5.40) (0.54,0.44)
of absolute values of all errors) and expected to not get bet- | ° * 2.55 (1.75) L4t (I'Of) (0.09,0.07)
ter than 1.6%, with most of that coming from uncertainty of 4 H_ 4.48 (2.26) 3.13 (1.25) (0.10,0.08)
. Lo . ZZ 4.96 (2.34) 3.63 (1.33) (0.10,0.08)
the bottom Yukawa coupling determination stemming from 7 a5 -
, — , 56 (1.96) 2.36 (1.15) (0.83,0.80)
the uncertainty of the measured bottom quark NS mass ity 2.53 (1.73) 1.47 (1.04) (0.07.0.06)

() => if the Higgs mass uncertainty were 0.1 GeV (instead of 0.4 GeV)




Thus, without reducing this error, any
new physics contribution to the bb

SM v

branching fraction that is not at least a factor of three or

T four larger than 1% cannot be discerned from SM. Thus,
I¥ a deviation of at least 3% is required of detectable new

physics.

i However, the lattice QCD calculation could improve it to

match the experimental improvement on time.
(arXiv:1404.0319v1, Lepege, Mechenzie, Peskin)

For example, if the data at a later stage of the LC,
or CLIC suggests that the branching fraction into can
be determined to better than 1%, this does not m hat we
are sensitive to new physics contributions of 1% t&# — bb.
The reason can be seen from Tables 6 and 7 tha¥§ the SM
uncertainty in computing B(H — bb) is presently 2.4% (sum
of absolute values of all errors) and expected to not get bet-
ter than 1.6%, with most of that coming from uncertainty of
the bottom Yukawa coupling determination stemming from

the uncertainty of the measured bottom quark MS mass

- P (par.-add.)

3.47 (3.12)
1.45 (1.44)

1.58)
372 (7.87)

2.55 (1.75)
4.48 (2.26)
4.96 (2.34)
3.56 (1.96)
2.53 (1.73)

2.00 (2.04)
1.01 (1.01)
1.41 (0.89)
5.51 (5.40)
1.47 (1.04)
3.13 (1.25)
3.63 (1.33)
2.36 (1.15)
1.47 (1.04)

(Pgr: Par) ()

(0.03,1.38)
(1.81,1.83)
(0.21,0.)
(0.54,0.44)
(0.09,0.07)
(0.10,0.08)
(0.10,0.08)
(0.83,0.80)
(0.07,0.06)

() => if the Higgs mass uncertainty were 0.1 GeV (instead of 0.4 GeV)



Summary |

* Higegs Precision can be reaching at the level of EWP

« With improved theoretical tools (e.g. expansion
formalism), SM will be tested at per mille level

* SM Higgs vs. BSM Higgs can be tested @ FCC (and ILC)
beyond the typical direct search limit

* Recently a further study on low energy observables
were done (see arXiv:1501.02803v1 by Petrov, Porkoski,
Wells, Zhang)



Part II: Quantum Critical Higgs

BEBellazzini SE=Esala [ kltbisz SR =S enta sflcrmine
work in progress (to appear)

+ With the observation of a scalar with properties close to the SM Higgs, we are now confident
that the interactions of the Higgs boson with gauge bosons and fermions are mainly dictated

by its kinetic term and Yukawa coupling ACH _ l Du H|2 o ?Z)a H?T/)ﬁ

+ Higher-dimensional operators predict relations between the mass of a given particle and its
coupling to the Higgs that deviate O(1) from the ones derived from the above Lagrangian.

(D H 2| H|?, F2,|H|?, or ¢ Hy| H|?

* The observation at the LHC of Higgs couplings consistent with the above Lagrangian
implies that such higher-dimensional operators must be treated as small perturbations.

+ The situation is however different in what regards the last part of the SM Lagrangian, the

Higes potential,
o V(H) = —p?[H* + A H|*

M ~88 GeV A ~0.13
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* Let’s consider the following potential

V(H) = —\H|*+ cs|H|® cg ~ A2
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Higgs Potenual: a toy example

* Let’s consider the following potential

~

V(H) = =A[H[" + ¢ H|° cg ~ A2

* With this potential the VEV and mass of the Higgs are
iven by, 4\ 2
5 Yoy —h _ s 2 A~ 0.13

vt = —— = 2\
experimentally

V2

« defining cs = 1/f2, we find f ~ 600 GeV, so new physics
effects from such scale might have escaped detection
with A ~ 4nf

This is just one simple example that shows
that the form of the Higgs potential is

completely undetermined



Higgs Potenual: a toy example

* However, FCC can potentially distinguish between the two

possibilities just presented.

« In particular, via double Higgs production, the triple
Higgs coupling can be probed: i.e.

ms - m;
)‘hhh =3 U_ H /\hhh = 71—

U



Higgs Potenual: a toy example

» However, FCC can potentially distinguish between the two
possibilities just presented.

oo In particular Via double Hi?n-o -r\vr\r:l11nl-1.r\ﬂ TR P A

— 80 —  @'e . ILC of TLEP-500, ILC-1TeV, CLIC-3TeV

Higgs coupling can be prob -

2
mi

60 T T pp  HL-ALHC, HE-LHC, VHE-LHC

Ahhh = 3

Coupling precision (°
)
o
I

[ HHH coualling |

lLC5oo TLEP500, HL- LHc‘ "ILCaTeV, HE- LHC' 'CLIC3TeV, VHE- LHC
Sabr 1ab1 3 1 ab’ 3 ab 2 ab’ 3ab



(Juantum Phase Transition

T

ty&’ble parameter

We are here
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* The appearance of a light scalar degree of freedom (~125 GeV
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Higgs field near a second order (Quantum Phase Transition

* The appearance of a light scalar degree of freedom (~125 GeV
Higgs) is quite unusual both in particle physics and in condensed

matter systems.”

* While there is no previous particle physics precedent, condensed matter
systems can produce a light scalar by tuning the parameters (like
temperature) close to a critical value where a continuous (second order)

phase transition occurs.

* Phase transitions happening at zero temperature are usually referred to as
quantum phase transitions (QPT). It is thus natural to use a condensed
matter analogy and describe the Higgs in terms of a second order QPT. At
the second order QPT all masses vanish and the theory is scale invariant,
characterized by the scaling dimensions of the field
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Th “mean-field” critical exponents associated with the
Hi Landau-Ginzburg effective theory: e.g. SM:
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characterized by the scaling dimensions of the field
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* Phase transitions happening at zero temperature are usually referred to as
quantum phase transitions (QPT). It is thus natural to use a condensed
matter analogy and describe the Higgs in terms of a second order QPT. At
the second order QPT all masses vanish and the theory is scale invariant,
characterized by the scaling dimensions of the field




[f there is new physics beyond the SM then the relevant
questions are: Does the
underlying theory also have a OPT?”
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characterized by the scaling dimensions of the field
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[f there is new physics beyond the SM then the relevant
questions are: Does the
underlying theory also have a OPT?”

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

ter

e.g., if the system is in the domain of attraction of a non-trivial or)
fixed point then we find non-trivial critical exponents.

* Phase transitions happ ‘ning at zero temperature are usually referred to as
quantum phase transitions (QPT). It is thus natural to use a condensed
matter analogy and describe the Higgs in terms of a second order QPT. At
the second order QPT all masses vanish and the theory is scale invariant,
characterized by the scaling dimensions of the field




We assume the field is not tree field (assuming that the
} theory is close to an interacting fixed point), such that scaling
ml dimension do not add up => our theory is not corresponding
| to generalized free fields theory

* Phase transitions happ ‘hing at zero temperature are usually referred to as
quantum phase transitions (QPT). It is thus natural to use a condensed
matter analogy and describe the Higgs in terms of a second order QPT. At
the second order QPT all masses vanish and the theory is scale invariant
characterized by the scaling dimensions of the field




(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 caling dimension A in a CFT is

) SM:A =1+ O(a/4r)
P2 + ie)2-A

Gerr(p) = — -
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The CFT must be softly broken, which introduces a scale lifting the continuum to start at M2 = p2



(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 caling dimension A in a CFT is

? _ /°° p(M?)dM? SM:A = 1+ O(a/4r)
pQ + ZE)Q—A 2 p2 — M2 ’p(Afo) o @(]V[Q)/(A/IQ)Q_A

Gerr(p) = — (—

» In order for the theory to be consistent with what we observed:
There must be a pole at my = 125 GeV corresponding to the observed Higgs particle

The CFT must be softly broken, which introduces a scale lifting the continuum to start at M2 = p2

« This propagator can be reproduced by a 1PI effective action with the simplest
possible scale invariant kinetic term:  _ 4t [6?] 2-8 4
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+ 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 caling dimension A in a CFT is

? B /°° p(M?)dM? SM:A = 1+ O(a/4r)
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# This corresponds to continuum of particles, which manifests itself in cut in
the propagator with a branch point at zero (but no pole).
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+ 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 caling dimension A in a CFT is

? B /°° p(M?)dM? SM:A = 1+ O(a/4r)
PPHie) A T PP M2 p(M) o ©(M2) /(M)A

Gerr(p) = — -

» In order for the theory to be consistent with what we observed:
There must be a pole at my = 125 GeV corresponding to the observed Higgs particle

The CFT must be softly broken, which introduces a scale lifting the continuum to start at M2 = p2

« 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% + ] H



(Quantum Critical Higgs

+ In order for the theory to be consistent with what we observed:
There must be a pole at my = 125 GeV corresponding to the observed Higgs particle

The CFT must be softly broken, which introduces a scale lifting the continuum to start at M2 = 2

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

# 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:
~HH [0+ u?] T H



(Quantum Critical Higgs

« In order for the theory to be consistent with what we observed:
There must be a pole at my = 125 GeV corresponding to the observed Higgs particle

The CFT must be softly broken, which introduces a scale lifting the continuum to start at M2 = 2

+ This propagator can be reproduced by a 1PI effective action with the simplest
possible scale invariant kinetic term:  _ 4t [ 62]2—A oy

# 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:
~HH [0+ u?] T 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:

~HT[D? + 42 H + 22 HH




(Quantum Critical Higgs

+ In order for the theory to be consistent with what we observed:
There must be a pole at my = 125 GeV corresponding to the observed Higgs particle

The CFT must be softly broken, which introduces a scale lifting the continuum to start at M2 = p2

+ This propagator can be reproduced by a 1PI effective action with the simplest
possible scale invariant kinetic term:  _ 4t [67] 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

Higgs is mixing with the states of the
conformal matter corresponding to the

SRS eEay physics of the quantum phase transition
removing all ligh




+ One can move the

(Quantum Critical Higgs

we are neglecting small SM couplings such as gauge |
couplings and Yukawas that represent an external
deformation of the CET: treat such deformations as
small perturbations that are accounted by hicher SRS
loops involving insertions of these small couplings.

art at M2 = 2

If in cut in

the propagator § th a branch point at zero (but no pole).

y
Higgs is mixing with the states of the
conformal matter corresponding to the

SRS eEay physics of the quantum phase transition

removing all ligh €SS« _ S
leaving the cut starting at p by sufifracting the mass term:

~H [D? +' 2] H 4 pt A HH

4

hile




(Quantum Critical Higgs

# The upshot is that there is a CFT (QPT), it has non-trivial dynamics that will
have a non-trivial 4-point function H* which will have momentum dependence

« the effective potential will be the p—0 limit of the momentum space 4-pt function
—H! [D? + p®)" % H o+ w2 HIH — V([H))

completely free parameter
v

~A ~ n
+ We will parameterize the Higgs VEV as  (}) = 72 Vi) =omte i l (i)
n=0 nl \ o°



(Quantum Critical Higgs

# The upshot is that there is a CFT (QPT), it has non-trivial dynamics that will
have a non-trivial 4-point function H* which will have momentum dependence

« the effective potential will be the p—0 limit of the momentum space 4-pt function
—H! [D? + p®)" % H o+ w2 HIH — V([H))

completely free parameter

% . . 4 ’ ﬁA ~ '
» We will parameterize the Higgs VEV as  (}) = 7 V(i) = 528mi-2 ZO = (A)

“The momentum space propagator for the physical Higgs scalar

Z
(—p2 + p2 +i€)2A — A28 4 jd-2A

Gr(p) = —

Location of pole ) ) oA 1 oaq Lo 2 5\ 224
(Higgs mass my = H “[#_ —m ]2_‘\‘% (N) for > m
of 125 GeV)




(Quantum Critical Higgs: modified propagator

1
(_p2 + #2 + Z‘G)Q—A _ /.L4_2A + ’ﬁ’l,4_2A

Ghr(p) = —



(Quantum Critical Higgs: modified propagator

1

G = -
r(p) (—p2 + 2 + ie)2-A — 428 a2

+ Using Cauchy's integral theorem, the above propagator can be rewritten as a
single pole plus a contribution of the continuum, corresponding to the usual
spectral decomposition

Zn /°° on(M2)dM?
p

+
p2-—m,% 2 p?— M?

—iGR(p) =

7y, =

2= AW —m) >



(Quantum Critical Higgs: modified propagator

1
(—p? + p2 + i€)2-D — pi-28 4 pd-2a

Gr(p) = —

+ Using Cauchy's integral theorem, the above propagator can be rewritten as a

single pole plus a contribution of the continuum, corresponding to the usual
spectral decomposition

, Zn, > pp(M?)dM?
—1G

iGa(p) = p? —-m,%—i—/pz p? — M?
1

2= ) —m) >

Zp, =

+ Rescaling field to go into a basis corresponding to canonical normalization

H b1l A I—A—I—A—l Mo ™
e h_<u2—mi> = )u_+ (u“)
o (M?) = O(M? — p?)(2 — A)p* 2 sin (1(2 — A))(M? — p?)>2

7 (2cos (1(2 — A)) (M2 — @228 (% — m3)2-3 + (M2 — p2)+-25 — (12 — m)-23)



(Quantum Critical Higgs: moditied propagator

1
P+t —p

Gi(p) = - =remev=rdll | O1 the propagators of the

Nambu-Goldstone

« Using Cauchy's integral theorem, the above progd | ‘sjejsieints @)t |BiA%S)B) Crele
single pole plus a contribution of the continuum 10ngitudinal polariz ation

s "
spectral decomposition of the W and Z)/ also

o0 2 2
—iGhr(p) = 5 Zn 5 + / p "(jw );l;r‘[ contain a pole, at zero
R momentum, and a
1 ; i
Zh = RN continuum => set m=0

+ Rescaling field to go into a basis corresponding to canonical normalization

1 A-1 12 1-A 2 i
H — Q_A/-‘ H Zh:(/ﬂ—mﬁ) =1—(A—1)?+0<7)
pu(M?) = O(M — )2 — D)~ sin (n(2 — A)) (M2 — )~
T T @eos (12 - A) (M2 — 2P AW — mEP S + (M2 — @) IR — (i — m) %)



Non-local operator

—H' [D? 4 )7 H 4 pt A HH - V([H))

6% — p2*~28(z — g

similar to SCET!
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—H' [D? 4 )7 H 4 pt A HH - V([H))

i e e )
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—H' [D? 4 )7 H 4 pt A HH - V([H))

i e e )
W(z,y) = Pexp |—igT® fj AZdw“]

similar to SCET!



Non-local operator

—H' [D? 4 )7 H 4 pt A HH - V([H))

i e e )
W(z,y) = Pexp |—igT® fj AZdw“]

+ e.g. for the trilinear interaction in momentum space: Hf(p+ q) A5 (¢a)H(p)T"(p, q)

'*%(p,q) = gT* (2p" + ¢") F(p,q) ,

2-A 2-A 2
Flp.g) = - W= @+~ — (W —p) similar to SCET!

2p-q+¢*




Direct Signals

+ Off-shell Higgs can be tested via interference.
g Zgq Z gvvew Z
g T Z
<
g H Z

€123
|T1 — To|B11B2-As |y — pg|B2+As—B1|gpq — py[Bs+B1—A2

(O1(21)O02(22)O3(23)) =

{(O1(p1)O2(p2)O3(p3)))

Al—% AQ—% Aa—g- o0 fji--—l - -
=Cimpr Py TP [ dz2T KA g (12)K g (P22) K a4 (P32),
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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—77-4]

300 fb~1(13 TeV)

"\ QPT Higgs with
. =400 GeV, A=1.5

200
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600 800 1000

mai (GeV)

Events / 10 GeV

1000}

100+

[
(=

gg—ZZ 212 300 fb~1(13 TeV)

500 }
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. QPT Higgs with
"\ =400 GeV, A=1.5
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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: """""""""""""" .
500}
1000}
100+
> > :
S & <ol \
= 100} = |
E ; : E e QPT Higgs with
S QPT Higgs with | § "\ H=400 GeV, A=1.5
2 N\ U=400GeV,A=1s) & :
10' 5- \\\\\\
1 200 400 600 800 1000 1200 1400 1 200 400 600 800 1000 1200 1400

mzp; (GeV) mzp; (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

pp—>ZZ—>2121 300 fb~'(13 TeY)
we may learn there is a threshold
1000} and a non-trivial dimension
E .
2 100} =
P E : P ™ QPT Higgs with
g QPT Higgs with | § "\, =400 GeV, A=1.5
2 Mo =400 GeV, A=15] R
\~\ 10_ \‘\-
10_ 5- \\\\
\\Q"-
7200 400 600 800 1000 1200 1400 17200 400 600 800 1000 1200 1400

map; (GeV) map; (GeV)



Direct Signals

+ Double Higgs production

g »> H g H
X

g — H g H

g "o "

g - e H g WH

d¢ aZol , ,
dt" = 2157TM4 §2 (lgaugel I + Igaug€2| )
W

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



Direct Signals

9 TTO00) /h
Double Higgs production: correction on triangle diagram t A> CFT -

L}*l’"ﬁ”l _ —C3 \/22— A/,l,l_A (/_L4_2A . (/’12 . 7_,1]22)'2—A) 713
’z_)

Cs=1 Iif the first two terms dominate we get x
SM-like potential (if there is small parameter ~ V(IH|) = —my *2[H|* + \4(,3” 5 IH|*
expansion: unlikely that the dimensions Y
differ from 1 very much)

Cs#1 we can have an arbitrary potential ((or N .
an arbitrary function of |H|A2)) if the V(h) = #*2mt 22 3" C-': (’;)
coupling that controls the various terms is n=0 "\
not small (presumably some CFT coupling)




Direct Signals

9 TBOOO) A
7 : 227 : : . N
Double Higgs production: correction on triangle diagram tﬂ> ;@

g 00000 N
vV2—A B 2-A
Liin = —Co~o——p'™ ('8 — (42 = m})* %) B?
OEENiAll: [hese expansion can be trusted only for \
SM-like pot p < L 1| + A4(A'“_1)|H|“
3 | %
el above ~i, momentum dependent terms

from CET will appear

Cs#1 we can have an arbitrary potential ((or N .
an arbitrary function of |H|A2)) if the V(h) = 22y Cn (f;)

coupling that controls the various terms is no ™ \Y

not small (presumably some CFT coupling)



Direct Signals

+ Double Higgs production

0.8 ll SM: C3=1, A=1
. C3=1, y=400 GeV, A=1.5
=)
< @ 06 C3=5/3, A=1
Q| ¥
o|2
- e
I S
S| 04|
SAF
N
X
ol T
3|z 02
0.0 . . S
250 300 350 400 450

Muy [GeV]



We don't know what the CF1 is:
We want to learn as much as possible about it
T'he quatities {11, A, Cs} would be a good start

but if it turns out this is indeed the right direction
then one would need to study many more processes
involving FHiges and momentum dependence
to see if the CHI can eventually be reconstructed
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Summary ll: Have we really discovered a SM-like Higgs boson?

+ With improved theoretical tools, SM will be tested at per
mille level.

* Meanwhile we are quite ignorant about the form of Higgs
potential, or even kinetic term.

« 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

+ LHC and FCC will explore these questions!



