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Empirical situation

o Electroweak symmetry breaking:
doi:10.1038/nphys1874 5U(2)1_ X SU(Q)R — SU(Q)C
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Empirical situation

o Electroweak symmetry breaking:

doi:10.1038/nphys1874 5U(2)1_ X SU(Q)R — SU(Q)C
@ Three would-be Goldstone bosons w.
F ol @ Equivalence theorem: for s > 100 GeV,
3 o0 o Identify them with the longitudinal components

[(m=126 Gev

of W and Z.
@ A 125-126 GeV scalar "Higgs" resonance .
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Empirical situation

New physics? 600 GeV

@ IMPORTANT: No new physics!! If

there is any...
GAP

——  H(125.9 GeV, PDG 2013)

——— W (80.4 GeV), Z (91.2 GeV)
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Empirical situation

New physics? 600 GeV

@ IMPORTANT: No new physics!! If

there is any...
GAP

@ Four scalar light modes, a strong gap.

@ Natural: further spontaneous symmetry
breaking at f > v = 246 GeV?

H (125.9 GeV, PDG 2013)

W (80.4 GeV), Z (91.2 GeV)
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Effective Field Theory + Unitarity: similarity with

low—energy (i.e.: hadronic) physics

Chiral Perturbation Theory plus Dispersion Relations.

Simultaneous description of 7w — 77w
and 7KmK — wKwK up to 800-
1000 MeV including resonances.

Lowest order ChPT (WeinbergTheo-
rems) and even one-loop computations
are only valid at very low energies.

B K> 7k
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W, W, scattering

We have no clue of what, how or if new physics...
Most general NLO Lagrangian for w, h at low energy

h h 2 aqu, b a
1420 L p(h Opw?OHw 5aby W
v v 2 v2

434 435
+78M°"a w2 OFwPo” WP + 78Mw38“wa LwPd WP

L =

2 2
+—da ho¥ hd,w?d” w® + ﬁauhaﬂwaa,,hama

+5 a ho''h+ = (8 ho* h)?
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vy scattering
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vy scattering
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Particular cases of the theory

e a’=bh=1,SM
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Particular cases of the theory

e a’=b=1SM
e a> = b =0, Higgsless ECL?

2See J. Gasser and H. Leutwyler, Annal Phys. 158 (1984) 142
Nucl. Phys. B 250 (1985) 465 and 517
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Particular cases of the theory

e a’=b=1SM
e a> = b =0, Higgsless ECL?

0o =1-% b=1-27 50(5)/50(4) MCHM3

2See J. Gasser and H. Leutwyler, Annal Phys. 158 (1984) 142
Nucl. Phys. B 250 (1985) 465 and 517

3See, for example, K. Agashe, R. Contino and A. Pomarol, Nucl. Phys. B 719, 165
(2005)
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Particular cases of the theory

e a’=b=1SM

e a®=b= O Higgsless ECL2

0 a’=1- f2, b=1- f2 , SO(5)/SO(4) MCHM3
e 2=b= f2, Dilaton*

2See J. Gasser and H. Leutwyler, Annal Phys. 158 (1984) 142
Nucl. Phys. B 250 (1985) 465 and 517

3See, for example, K. Agashe, R. Contino and A. Pomarol, Nucl. Phys. B 719, 165
(2005)

“See, for example, E. Halyo, Mod. Phys. Lett. A 8 (1993) 275
W. D. Goldberg et al, Phys. Rev. Lett. 100 (2008) 111802
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Experimental bounds on low-energy constants

@ As it would require measuring the coupling of two Higgses, there is no
experimental bound over the value of b parameter® . Over a, at a
confidence level of 20 (95%),

T
cms + Observed o SM Higgs
Proliminary o . Dosene i

197151 @8 ToV) + 51167 TeV) CMS Preliminary 197 t"(8 TeV) + 5.1 "7 Tev)
Z

Combined |
[

®Giardino, P.P., Aspects of LHC phenom., PhD Thesis (2013), Universita di Pisa
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Experimental bounds on low-energy constants

@ As it would require measuring the coupling of two Higgses, there is no
experimental bound over the value of b parameter® . Over a, at a
confidence level of 20 (95%),

0 CMSS . ac (0.88, 1.15)

.2 197151 @8 ToV) + 51167 TeV) CMS Prefiminary 197" (8 TeV) +5.1 16" 7 Tev)
< 3 m

. e e cMs “ [+ Observed o SMHiggs

z % iy " b T T 1S Py s o SE -

E

ENT 2
06 07 08 09 1 11 12 13 14 15 16 0.0 05 10 15 2,

®Giardino, P.P., Aspects of LHC phenom., PhD Thesis (2013), Universita di Pisa
5Report No. CMS-PAS-HIG-14-009.
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Experimental bounds on low-energy constants

@ As it would require measuring the coupling of two Higgses, there is no
experimental bound over the value of b parameter® . Over a, at a
confidence level of 20 (95%),
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Partial Waves

The form of the partial wave is

1 1
Au(s) = oan 1d(cos¢9)PJ(c059)A,(s,t,u)

0 1
A L AD
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Partial Waves

The form of the partial wave is

1 1
Au(s) = oan 1d(cos¢9)PJ(c059)A,(s,t,u)

0 1
A L AD

Which will be decomposed as

0 _

Ay = Ks

1 S S
AL — (B(u)—i—Dlog/ﬂ—i-ElogMz)sz
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Partial Waves

The form of the partial wave is

1 1
Au(s) = oan 1d(cos¢9)PJ(c059)A,(s,t,u)

A L AD
Which will be decomposed as
0
AQ = Ks
1 S S
AL — (B(u) +Dlog 5 + Elog M2> 52

As Ajy(s) must be scale independent,

B(1) = B(io) + (D + E)log
Ho
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Unitarization procedures

©)(s)]?

A6 = o A

AN/D(g) = AQ)(s) + A(s)
1 20 Tg(s)Au(—s)

AK(s) = A(O)( )+ AL(s)
1— 76+ g(s)Au(s)

as(e) = o) Au(s) = mg(—s)Ds
1 — iAo(s) Ar(s) = mg(s)Es?

0 = - (plE )

PRD 91 (2015) 075017
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Validity range of unitarization procedures

1J 00 02 11 20 22
Method of choice Any N/DIK IAM Any N/D IK

@ The IAM method cannot be used when A(®) = 0, because it would
give a vanishing value.
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Validity range of unitarization procedures

1J 00 02 11 20 22
Method of choice Any N/DIK IAM Any N/D IK

@ The IAM method cannot be used when A(®) = 0, because it would
give a vanishing value.

@ The N/D and the IK methods cannot be used if D + E = 0, because
in this case computing A/ (s) and Ag(s) is not possible.
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Validity range of unitarization procedures

1J 00 02 11 20 22
Method of choice Any N/DIK IAM Any N/D IK

@ The IAM method cannot be used when A(®) = 0, because it would
give a vanishing value.

@ The N/D and the IK methods cannot be used if D + E = 0, because
in this case computing A/ (s) and Ag(s) is not possible.

@ The naive K-matrix method,
Ao(s)
Al (s) =
0(8) = Tia ()
fails because it is not analytical in the first Riemann sheet and,

consequently, it is not a proper partial wave compatible with
microcausality.
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Scalar-isoscalar channels
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From left to right and top to bottom, elastic ww, elastic hh, and cross channel
ww — hh, for a=0.88, b= 3, u =3TeV and all NLO parameters set to 0.
PRL 114 (2015) 221803, PRD 91 (2015) 075017.
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Vector-isovector channels

1 : 1
— 1AM
——--ND
0.1 —-—- K-improved El 0.1
0.01F 0.01
ooott S 0.001
/r""—'_'_'_'_-\ ________ — — ‘ ‘
00001545 25 3 0.00015 55 25 3

We have taken a = 0.88 and b = 1.5, but while for the left plot all the NLO
parameters vanish, for the right plot we have taken a; = 0.003, known to yield an
IAM resonance according to the Barcelona group, PRD 90 (2014) 015035.

PRD 91 (2015) 075017.
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Scalar-isotensor channels (/J = 20)

02 T 1 T
0.16f—— I/}M 1 —— IAM
------- N/D ] ------ N/D
012077 K-improved R K-improved
0.08 Pert. Theory ] Perturbation Theory
0.04 0.6r
0
-0.04 0.4
-0.08,
-0.12 0.2
-0.16
SN it
02 GO 0.5 1 2.5 3

From left to right, a = 0.88, a = 1.15. We have taken b = 2% and the NLO
parameters set to zero. Both real and imaginary part shown. Real ones
correspond to bottom lines at left and upper at low E at right.

PRD 91 (2015) 075017.
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Isotensor-scalar channels (/J = 02)

| e B ) B B B e s

\
\ |--—-—- ND
PR - K-improved| |

0.8

0.6

T

04

) S B R DR 2 TP Bt e it e et et S
0 051 15 2 25 3 35 4 45 5 55 6
E (TeV)

a=0.88, b=a? a; = —2as = 3/(1927), all the other NLO param. set to zero.
PRD 91 (2015) 075017.
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Resonance from W, W, — hh

a=1,b=2 1AM, A
elastic channel W, W, — W, W, e

Rafael L. Delgado,

Antonio Dobado,

Felipe J. Llanes-Estrada,
Possible New Resonance from
W, W,-hh Interchannel
Coupling,

Re(s) 5 T | -2

PRL 114 (2015) 221803 T~
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Resonance from W, W, — hh

a=1 b=2 1AM, A
inelastic channel W, W — hh e ‘

Rafael L. Delgado,

Antonio Dobado,

Felipe J. Llanes-Estrada,
Possible New Resonance from
W, W,-hh Interchannel
Coupling,

Re(s) 5 | /’/*2

PRL 114 (2015) 221803 T~
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Motion of the resonance mass and width

Dependence on b with
a? =1 fixed (upper

curve) and for a = 1£ -
and b = 12£ with 2F
&=v/f asin the % I
MCHM (lower blue e
curve). -

PRL 114 (2015) 221803 s b1
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Resonances in W, W, — W, W, due to a; and a5 paramet.

Espriu, Yencho,
Mescia

PRD88, 055002
PRD90, 015035

At right, exclusion
regions include reso-
nances with

Ms v < 600 GeV.
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Resonances in W, W, — W, W, due to a; and a5 paramet.
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Resonances in W, W, — W, W, due to a and a; parameters
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Resonances in W, W, — W, W, due to a and b parameters

No pole 2 No pole
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. Pole 1st —1:— . Pole Ist
e PRL & PRD 91 (2015) 075017 ;
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@ Excluding resonances
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. Pole 1st

@ Constraint over b even without -t
data about W, W, — hh and 5
hh — hh scattering processes.
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Resonances in W, W; — W, W, due to b, g, d and e

parameters

No pole
Exp. allowed

. Disfavored

. Pole 1st

1.5 20 25 3.0 35 4.0 -0.05

b

No pole
Exp. allowed
. Disfavored

Il roe st
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d

Effective Theory, PRD 91 (2015) 075017, isoscalar channels (/ = J = 0).
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e Two parameterizations have been considered (two effective
Lagrangians obtained), giving the same results.
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e Two parameterizations have been considered (two effective
Lagrangians obtained), giving the same results.

@ One loop computation for the process vy — wiw’L’.
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e Two parameterizations have been considered (two effective
Lagrangians obtained), giving the same results.

@ One loop computation for the process vy — wiw’L’.

@ Siple result compared with the complexity of the computation.
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e Two parameterizations have been considered (two effective
Lagrangians obtained), giving the same results.

@ One loop computation for the process vy — wjw;.

b

@ Siple result compared with the complexity of the computation.

M =
1
T =
2
T2 =

ie(efes TXD)VA(s, t, u) + ie* (' ey T2 B(s, t, u)
%(6162) — (e1k2)(e2k1)

25(e1A)(e2) — (t — u)?(e1€2)

—2(t — u)[(e18)(e2k1) — (e1k2)(e22)]

Py — Py
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M(yy = zz)o = 0
2acl (8% —1)
_ 7
A(yy = zz)NLo = 2 22,2
B(yy = zz)nvo = 0
_ _ 1 1
Alvy wwtw o = 2sB(yy —» wiw )o = iy
_ 8(aj —ah +a})  2aci (a®—1)
+ _ 1 Ta ol
ALy = wiw o = v2 toE T 8m2v?

Ay »whw )nbo = 0
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Work in progress

o Ref. JHEP1407 (2014) 149 (scattering vy — w; w, ) only contains
the 1-loop computation.
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e computing ww — hh matrix element,
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the 1-loop computation.

@ The next steps will be...
e computing ww — hh matrix element,
e and performing the unitarization.

@ Both for vy and w;wy scattering, we should
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Work in progress

o Ref. JHEP1407 (2014) 149 (scattering vy — w; w, ) only contains
the 1-loop computation.
@ The next steps will be...
e computing ww — hh matrix element,
e and performing the unitarization.
@ Both for vy and w;wy scattering, we should

o introduce fermion loops (work in progress),
e non—vanishing values for My, My, Mz,
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Work in progress

o Ref. JHEP1407 (2014) 149 (scattering vy — w; w, ) only contains
the 1-loop computation.
@ The next steps will be...
e computing ww — hh matrix element,
e and performing the unitarization.
@ Both for vy and w;wy scattering, we should
o introduce fermion loops (work in progress),
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Work in progress

o Ref. JHEP1407 (2014) 149 (scattering vy — w; w, ) only contains
the 1-loop computation.
@ The next steps will be...
e computing ww — hh matrix element,
e and performing the unitarization.
@ Both for vy and w;wy scattering, we should

o introduce fermion loops (work in progress),
e non—vanishing values for My, My, Mz,
e and a full computation without using the equivalence theorem.

@ Besides, we are working on the tt — w;w; channel.
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e Even if a ~ 1, with small A; (higher powers of h), but we allow
b > a°, one can have strong dynamics resonating between the W, W,
and hh channels, likewise possibly generating a new scalar pole of the
scattering amplitude in the sub-TeV region.
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Conclusions

@ New scalar particle + mass gap
@ New physics would very likely imply strong interactions, in elastic

W, W, and inelastic — hh scattering.

For a®> = b # 1, strong elastic interactions are expected for W, W/,
and a second, broad scalar analogous to the ¢ in nuclear physics
possibly appears. We identify a pole at 800 GeV or above in the
second Riemann sheet very clearly, the question is whether it
corresponds to a physical particle since it is so broad.

Even if a ~ 1, with small A; (higher powers of h), but we allow

b > a°, one can have strong dynamics resonating between the W, W,
and hh channels, likewise possibly generating a new scalar pole of the
scattering amplitude in the sub-TeV region.

This fact allows to constrain b even in the absence of data about

W, W; — hh and hh — hh, just looking at the W, W/, scattering.
Finally, as an exception, for a®> = b = 1, we recover the Minimal
Standard Model with a light Higgs which is weakly interacting.
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Conclusions

SM — unitarity.

Higgsless model (now experimentally excluded) — unitarity violation
in WW scattering — new physics.

Higgs—like boson found — no unitarity violation?

Not necesarily, with the present experimental bounds.

Vector Boson Fusion measurements at the LHC Run—Il mandatory.
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1) IAM method

This method needs a NLO computation,
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1) IAM method

This method needs a NLO computation,

ww_ _t0
t 5
ty’
where
12
ty = (Dlog[ ]+E|og[ ]+(D+E)Iog[2]>
112 2 I
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Check at tree level

We have checked®, for the tree level case,

1 s b wiwb
L = Eg(SO/f)auW oMw <5ab + V2 _ w2>
1 " L o o 3 4
+§8#cp8 p— §M(pg0 — A3 — Mo + .

Bl = 1+Y e (2) —1+20L 45 (2) 4.
n=1

8See J.Phys. G41 (2014) 025002.
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L = Eg(SO/f)auW oMw <5ab + V2 _ w2>
1 " L o o 3 4
+§8#cp8 p— §M(pg0 — A3 — Mo + .

Bl = 1+Y e (2) —1+20L 45 (2) 4.
n=1

where a = av/f, b= sz/f2, and so one,

8See J.Phys. G41 (2014) 025002.
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Check at tree level

We have checked®, for the tree level case,

1 s b wiwb
L = Eg(SO/f)auW oMw <5ab + V2 _ w2>
1 " L o o 3 4
+§8#cp8 p— §M(pg0 — A3 — Mo + .

Bl = 1+Y e (2) —1+20L 45 (2) 4.
n=1

where a = av/f, b= sz/f2, and so one, the concordance with the
methods

8See J.Phys. G41 (2014) 025002.
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Pt o= Les[].
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I1) K matrix

T=TA-Js)T)Y, ,Js)=—-= Iog [/\2]
so that, for %,
- ty — J(tut, — t3,)

1= J(t, + t,) + S(tut, — t2,)

Rafael L. Delgado Unitarization procedures..... .



I1) K matrix

T=TA-Js)T)Y, ,Js)=—-= Iog [/\2]
so that, for %,

: _ ty — J(tut, — t3,)
T = J(ty + ty) + (bt — 12,)

for B = a? (elastic case),
- tw

t, =
Y1 — U,
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lIl)Large N

N — oo, with v2/N fixed. The amplitude Ay to order 1/N is a
Lippmann-Schwinger series,
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lIl)Large N

N — oo, with v2/N fixed. The amplitude Ay to order 1/N is a
Lippmann-Schwinger series,

NI NI NI
Ay = A—A—A+A—A—A— . ..
N  ATATAS

d*q i 1 —s 1
&) = /(27T)4 Plg+ppP  1on2 %8 [/\2] =)
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lIl)Large N

N — oo, with v2/N fixed. The amplitude Ay to order 1/N is a
Lippmann-Schwinger series,

NI NI NI

Ay = A—A—A+A—A—A— ...
N 2 AT A
d*q i 1 —s 1
(=) / @ry (g +p)?  16n2 ° [/\2] T

Note: actually, N = 3. For the (iso)scalar partial wave (chiral limit,
| =J=0),

w to

t =

wis) = 1= Jtg
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(elastic scattering at tree level only 3 = a?. See ref. J.Phys. G41 (2014)
025002). Ansatz

ooy = NG)
#(5) = by

where N(s) has a left hand cut (and Im N(s > 0) = 0)
D(s) has a right hand cut (and SD(s < 0) = 0);

D(s) = 15/00051(0'5”\/(5/)

™ s’ — s — ie)

s [© s’ ITm N(s’
N(s):/ ds’' Tm N(s')

T J_ oo /(8" — s —i€)
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Coupled channels, tree level amplitudes

It|

0.1¢F

001} ,

0.001

1074

. . . . s
2 4 6 8

f=2v,B=0?=1 A3 =M2/f, \g = M2/f2. OX axis: s in TeV?.
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Tree level, modulus of t,, K matrix

0.8/

04}

0.6

02}

Rafael L. Delgado

Unitarization procedures..... .

@ All units in TeV.

@ From top to bottom,
f=12,0.8,04TeV

o AN=3TeV
e 1 =100GeV



Unitarization procedures..... .
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Im t, in the N/D method,



Ret, and Imt,, large N, f = 400 GeV
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Ret, and Imt,, large N, f = 4TeV
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Tree level, motion of the pole position of t,

K—matrix, My = 125 GeV, f € (250 GeV, 6 TeV))
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