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What is the origin of the Electroweak Symmetry Breaking Sector (EWSBS)?

® Open question

® Dynamical origin?

@ Strongly interacting UV theory? «& resonances typically emerge

® Within SM, Higgs unitarizes V,V; — V,V,, V= {W, Z}
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What is the origin of the Electroweak Symmetry Breaking Sector (EWSBS)?

® Open question

® Dynamical origin?

@ Strongly interacting UV theory? «& resonances typically emerge

® Within SM, Higgs unitarizes V,V; — V,V,, V= {W, Z}

® HEFT modifies SM interactions and breaks unitarity

| | Spoiled unitarity in BSI\/‘I\
| «@| longitudinally polarized m&
scattering )

Restoration by the appearance '

of resonances
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Effective Framework

® Expansion in powers of the momentum (derivatives): Ly = L+ Ly + ...

@ Chiral order d: counts derivatives and/or soft mass scales ( g~MAA~ Mh>

® Building blocks

iw%ré o h h h 2 v = + A ~
U=¢e v Fl—)=14+2a—+b|(— )| +... = D,uU U Wﬂy,Bﬂy

Vv Vv Vv

@ -7, : chiral order 2
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Effective Framework

® Expansion in powers of the momentum (derivatives): Ly = L+ Ly + ...

@ Chiral order d: counts derivatives and/or soft mass scales ( g~MAA~ Mh>

® Building blocks

2
il o h h h _ T T D
U=e > J’<7>=1+2a;+b<;> + ... %Iu_<D,uU>U W,m/’B/w
e Z,: chiral order 4
‘ ..................................... V’ @ V, Q)
s ' ................................................. >
Fyoa, (Tr 7,7\ Tr [%”%”]>+a5 (Tr 77| 11 (7, %ﬂ)
V,w V,w
V,w h

+=0,non* (Tr [D,U'D*U] ) +—39,hon, (Tr [DU'D*V]
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Effective Framework
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® Building blocks
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Effective Framework

® Expansion in powers of the momentum (derivatives): Ly = L+ Ly + ...

@ Chiral order d: counts derivatives and/or soft mass scales ( g~MAA~ Mh>

® Building blocks

2
iwaTa o h h h A A
U= f<;>=1+2a;+b<;> v 7,=(DU)U" W8,
® Our Complete Lagrangian:
Py= ——Tr <W VW””> Ty (B DB””> + L F Ty (DMUTD U)
282 H 282 H 4 U

1
+=0,h0"h = V(h)

2 2 2
. 2 y y
L= —iasTr (W, [V V] ) +ay (Tr (V,V,) ) +as (7r (vv) ) + 55 (9uh0n )

b} A
+— (a h@”h) Tr (D UTDﬂU) + 1 (a ho h> Tr (D*UTD*U) + STy (W w) 0"h

WW resonances as a window...



Effective Framework

® Expansion in powers of the momentum (derivatives): Ly = L+ Ly + ...

@ Chiral order d: counts derivatives and/or soft mass scales ( g~MAA~ Mh>

® Building blocks

it _(h h h\ o - P A
U=¢e v Fl—)=14+2a—+b|(— )| +... = D,uU U Wﬂy,Bﬂy

Vv Vv Vv

® From HEFT we can recover SM:

® %, -0: a,=0 a5=0, 7 =0,a;=0,0=0 (a)

® Valid HEFT — {a,} + {a,} but {a,}+ {a,)} - Valid HEFT
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Effective Framework

® Expansion in powers of the momentum (derivatives): Ly = L+ Ly + ...

@ Chiral order d: counts derivatives and/or soft mass scales ( g~MAA~ Mh>

® Building blocks

it _(h h h\ o - P A
U=¢e v Fl—)=14+2a—+b|(— )| +... = D,uU U Wﬂy,Bﬂy

Vv Vv

® From HEFT we can recover SM:

P

=

© ¥, 0: a,=0 a=0, Ly =0,a,=0,(=0 <a4>

~ Need criteria to discriminate )
among different HEFTs! _~

® Valid HEFT ?2??
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Our approach

@ Valid HEFT: good low energy description of a strongly interacting UV theory
® Look for resonant states in unitarized WW scattering

@ Properties of predicted resonances constrain on HEFT coefficients

@ Phenomenology: appearance (or absence) of these resonances at the LHC

minimum mass

@ Theoretical: no spurious (acausal) states appear

® Up to now from experiment at 95% C.L.

CMS ATLAS ATLAS
a € (0.94, 1.10), be (055 149), d,e(—14,6.1),
a, € (—=0.0061, 0.0063), as € (—0.0094, 0.0098)
CMS CMS

@ The rest remain experimentally unconstrained
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Our approach

D WW->WW. :
1.0 : 0.0
i T a4 -
0.8 I
& : 2 i
5 06 g -00
< : )
0.4" ] ?
=3 . Y |
0.0 / _0_3} i
-02- . . . .. C » 10 C “““““ ] C 1
50 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Vs [GeV] Vs [GeV]

® The relevant ones are those surviving in the g = 0 limit (a4, as, 5,1, 7)

@ Quick violation of unitarity with fastly growing amplitudes

@ Unitarization methods required for predictions

D. Espriu WW resonances as a window...



Unitarization

® Unitarization methods required: IAM

@ Scalar resonances through coupled channels

WW® (ay, as) WH® (5, )

WH : W, W, - HH
WH® (8,7)  HH® (y) Lo

> WW: W, W, > W, W,
HH : HH — HH

-1
IAM _ 4(2) (,2) _ /4 (2) 4) —
foo™ = o (too too) o lo = <

resonances

@ |n total 4 (LO) + 5 (NLO) dimensional parameter space after neglecting
O(p*) g # 0 operators

® afull NLO V;V; — V,;V; is available in the literature. Too complicated for

for our pu rposeS. Maria J. Herrero and Roberto A. Morales
Phys. Rev. D104, 075013

4) (4) 4) Published 12 October 2021
® Shortcut: t]] — Re t]] + ilm t[]

Equivalence theorem:
Tree level One loop

@ Re tl(j) ; {ap4} — terms + NLO — ET amplitude [WL - w+o0 (MV/\/E>]

@ /m t1(14) . exact calculation through perturbative Optical Theorem

D. Espriu WW resonances as a window...



@ V.V, — V.V, at NLO with transverse W propagating inside the loops: g # 0

@ EFT + unitarization techniques predict resonances in various channels

@ Isovector - vector (IJ = 11) l. Asiain, D .Espriu and F .Mescia.
Phys. Rev. D 105, 015009

@ Isotensor - tensor (IJ =20) ~ Excludes 2a, +a5 <0
with acausal resonances

@ Isocalar - scalar (IJ = 00) 5a, + 8as combination
7‘LLL I ’ NN # Now accessible at tree-level ™
‘\rrr, —————— WAy = dydgy % along unitarization of WW! _/
% h h’ h "

l. Rosell, A. Pich and J.J. Sanz-Cillero

® \We require physical scalar resonances with M¢ > 1.8 Te\y  PoSICHEP2020,077(2021), 201008271,

@ Physical by phase-shift criteria: shift in the phase from 7/2 to — /2
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scalar-isoscalar

@ Start with £, + {a,4} and see the effect of 5,  and y

-0.0005

_00010 | ! ‘ ‘ ‘ | ‘ | | | | | | | | | | | ! ! | ]
-0.0010 -0.0005 0.0000 0.0005 0.0010
ds
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scalar-isoscalar

@ Start with £, + {a,4} and see the effect of 5,  and y

as-10%as - 101  S.C. c.C.  |My-—iry . BP3

BP1| 3.5 1 |1044 — £50/1844 — 1487(2540 — 427

BP2| —1 | 25 |1219-— 375/2156 — 3637  —

BP3| 1 1 1269 — 3575|2244 — 1675 -

ds
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scalar-isoscalar

@ Start with L, + {ap4} and see the effect of@ n and y

s B— — - 2 - N

| Mg — iTs §=0 §=05-107%6=1-107*|§=-05-10"%§=—-1-10"*

i

|

i i i i |

BP1 1844 — 1487|1744 — 362 |1669 — 300(1994 — 11100, & i
BP2 2156 — 1637|1981 — 387 [1869 — £300| 2644 — iT = ‘

. . . |
BP3 2244 — 5675| 2031 — 5400 |1906 — 5287 - — k‘

I' means one of half maxima
out of validity range

HEee—— e = == —ge—— ———

@ Variations up to ~ 10 % for natural values
@ Positive values favored for production of scalar resonances

@ Negative values produce nonresonant enhancements or no poles

@ X excluded parameter space with acausal resonances
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scalar-isoscalar

@ Start with & sy T {ap4} and see the effect of 5,@and Y

/' —— = —___ __ ___ __ __ — _ p— = = =

. i
| |Ms—43Ts| n=0 |n=05-10"%n=1-10"*|n=—-0.5-10"*p = —1-10~* !
i

|

BP1 (1844 — 3487 1806 — 35437 |1769 — 387| 1881 — 3575 {1931 — 712

BP2 |2156 — 5637|2094 — 3512 (2031 — $437| 2256 — 3887 | 2394 — ;T

. . . . —
BP3 (2244 — 5675 2156 — 5537 |2094 — 5450| 2356 — 5925 | 2544 — 5 k‘

_——- - - — = ——— _ S— =

I' means one of half maxima
out of validity range

® Variations up to ~ 4 % for natural values
@ Positive values favored for production of scalar resonances

@ Negative values produce nonresonant enhancements or no poles
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scalar-isoscalar

@ Start with £, + {a,4} and see the effect of J, 7

Ms—ils| =0 |y=05-100"%y=1-10"*y=-05-10""*

BP1 (1844 — 3487 1668 — 5212 |1594 — ;162 - -

BP2 |2156 — 1637 1881 — £212 |1781 — 162 ~ =

2244 — 1675 1931 — £200 |1831 — 7162

@ Variations up to ~ 15 % for natural values

@ Positive values favored for production of scalar resonances

@ Negative values produce nonresonant enhancements or no poles
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scalar-isoscalar

BP3
o.0otor ~ " T T T @ 4, and as pretty much determines

['<O0 | the position of the scalar pole

00005 M < 1.8 Tey © ¥=107
* @ sSweeping natural values of the rest

of NLO coefficients

“  0.0000
* ® Nonresonant below the color bands
-0.0005 Nonresonant @ Excluded above the color bands
acausal states ' < 0
~0.0010 too light mass
~0.0010 -0.0005 0.0000 0.0005  0.0010
Ui
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scalar-isoscalar

BP3
¢c0t0- ... @ 4, and as pretty much determines
> y=0 | the position of the scalar pole
0.0005 o y=10"
* » y=10% @ Sweeping natural values of the rest
* * of NLO coefficients
‘> 0.0000"
® Nonresonant below the color bands
~0.0005
* @ Excluded above the color bands
acausal statesI < 0
-o0.0010-, . . too light mass
-0.0010 -0.0005 0.0000 0.0005 0.0010
Ui
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scalar-isoscalar

BP2
¢c0t0- ... @ 4, and as pretty much determines
> y=0 | the position of the scalar pole
0.0005 o y=10"
* » y=10% @ Sweeping natural values of the rest
* * of NLO coefficients
‘> 0.0000"
® Nonresonant below the color bands
~0.0005
* @ Excluded above the color bands
acausal statesI < 0
~0.0010-, TH—ooaeeee too light mass
-0.0010 -0.0005 0.0000 0.0005 0.0010
Ui
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scalar-isoscalar

BP1
.ot0” @ 4, and as pretty much determines
o y=0 i the position of the scalar pole
0.0005 o y=10"
* » y=10% @ Sweeping natural values of the rest
7 * of NLO coefficients
‘> 0.0000"
® Nonresonant below the color bands
~0.0005
* @ Excluded above the color bands
acausal statesI < 0
~0.0010 e too light mass
-0.0010 -0.0005 0.0000 0.0005 0.0010
Ui
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scalar-isoscalar

@ Can resonant states say something about Higgs potential?

@ Startwith {a =1,b =1, d, =1} + {a,4} and repeat the exercise varying d;

Mg — iTg| d3=0.5 dz =1 d3 = 2 d3 =3 d3 = 4 d3 =5

. . 994 — 125 | 1044 — £38 | 993 — 123
BP1 (2006 — iI'|1884 — 1487(1681 — £187

1756 — 265 | 2069 — 226 | 2444 — 125

1119 — 327 | 1219 — 237 | 1181 — %21

BP2 (2369 — iI'|2156 — 1637|1906 — %237

1869 — 275 | 2094 — £31 | 2444 — 125

1131 — 219 | 1269 — 237 | 1231 — 223

2

BP3 (2468 — 3T'|2244 — 1675|1969 — 4250 _ . ,
1894 — 75 | 2094 — £20 | 2444 — 125

@ Two physical poles

@ light pole ( < 1.8 TeV) appears ford; 2 2.5

D. Espriu WW resonances as a window...



scalar-isoscalar

@ Can resonant states say something about Higgs potential?

o Startwith {a =1, b =1, d; =1} + {@,:} and repeat the exercise varying d,

Mg — iTs| ds=0.5 ds =1 dy =2 ds =3 dy =4 ds =5 dy =8
BP1 |1794 — 1250|1668 — 3212|1494 — £137/1381 — 5112| 1306 — 287 | 1256 — %75 [1169 — 250
BP2  |1981 — £225/1881 — £212|1719 — £175/1606 — 5125|1531 — $112| 1481 — ;87 1381 — 275
BP3 2031 — 1225|1931 — £200(1781 — £162|1669 — 5137|1594 — 2112|1544 — 2100|1444 — 175

® One pole scenario. Makes sense since the effect of ~ d4h4 should be similar to

2
~7(9,0%n)

@ light pole ( < 1.8 TeV) appears ford, 2 2
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@ What if there is a light resonance ( < 1.8 TeV) but not confirmed yet?

@ ATLAS + CMS: some evidence H(650) - WW in 4 leptonic final state

a x axis logarithmic for m,, > 225 GeV
> 10%— gl v v R
3 AFTL S ) --Data BH- 4
S Y8=13 ToV, 139 o Maq - 4 gg — 4l g ATLAS Preliminary * Sata IZZ
= v "A'A" s=13TeV, 130 0"
4 Background § 10° H 5 ZZ 000 r
w » VBF-CBA-ennched tTT+V ., VWV Iz,jets_ T
$
w : NWAm, =600 GeV
10 U" 3N =5 x obs. limit
c
S
B
©
&
8 3
U B L P e e B B e S B s B S e
a s BRI R I R N A
A A A ' " " " " " A " ' ] o
my (GeV] m,, [GeV]

arXiv:2103.01918
ATLAS collaboration
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Scalar H(650)

@ What if there is a light resonance ( < 1.8 TeV) but not confirmed yet?

@ ATLAS + CMS: some evidence H(650) - WW in 4 leptonic final state

® Can we accommodate this resonance in the HEFT?

_ Resonance between 600700 GeV

0.006 0 =%y, (a=1,b=1,d3=1,d4=1)+5/”4
0.004
7 ® \We can in a nontrivial way
0.002"
S 0.000 . SM @ Map shows if this light resonance can be
produced for certain values of NLO coeffs.

-0.002 -&- a4+a5+6+r;

coops T Guarasty ® a,, as; and y are the more important ones
- e gutas+O+n+y 7
~0.006 ® Scalar resonances appear in
_0.010  -0.005 0000  0.005  0.010 combination 5614 - 8615 — k

s
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Scalar H(650)

@ Are the properties of this resonance compatible with experiment?

Kundu, A. Le Yaouanc,
P. Mondal, and F. Richard
in 2022 ECFA Workshop

P. Cea, Mod. Phys. Lett. A 34,

® Combined ATLAS + CMS analysis:  o-513- (2019), 1806.04529

@ o(H(650) > WW) =160 %50 fb
o(H(650) - ZZ)=30x15 b

@ ['=90=+28 GeV
@ \We assume H (650) decays purely into gauge bosons

@ EWA: gauge bosons as partons inside the proton

@ Bidimensional space [y X k= 5a4 + 8a5]

D. Espriu WW resonances as a window...



Scalar H(650)

@ Bidimensional space [y X k] = [(—0.00l,0.00l) X (0.055,0.11)]

@ /i > (.055 avoids tensor region

gl

0.06 007 008 009 010 0.11 0.06 007 008 009 0.0 0.11
5a4+8as 5a4+8as

@ Widths are similar to the experimental result 90 & 28 GeV
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Scalar H(650)

@ Bidimensional space [y X k] = [(—0.00l,0.00l) X (0.055,0.11)]

@ /i > (.055 avoids tensor region

M (GeV)
657 663 670 677 683 690 -
L Y

y I (GeV)
4 38 42 45 48 51 54

ol 0.0010F " " T T T T T

e IS ... A

Nonresonant 1 f Nonresonant

0.0010

0.0005 0.0005

M > 700 GeV

—

y
T T T T

~0.0010! ~0.0010"

0.06 0.07 0.08 0.09 0.10 0.11 0.06 0.07 0.08 0.09 0.10 0.11
5a4+8as 5a4+8as

@ Widths are similar to the experimental result 90 & 28 GeV
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Conclusions

@ Effective field theories are powerful tools to explore High Energy Physics in a
model-independent way

@ Unitary amplitudes can help to constrain anomalous couplings by studying
resonant (or non-resonant) scenarios

@ An extended EWSBS typically have such resonances

@ While studying scalar resonances the parameter space explodes

® The study of possible resonances in WW places restrictions in Higgs potential

@ This line of analysis deserves further more systematic studies

oH (650)-Iike state can be reproduced in the HEFT with similar properties

D. Espriu WW resonances as a window...



Conclusions

@ Effective field theories are powerful tools to explore High Energy Physics in a
model-independent way

resonant (or non-resonant) scenarios

@ Unitary amplitudes can help to constrain anomalous C\Ilngs by studying

@ An extended EWSBS typically have su ees

@ While studying scalar re;%ﬂparameter space explodes
® The St%%es

@ This line of analysis deserves further more systematic studies

onances in WW places restrictions in Higgs potential

oH (650)-Iike state can be reproduced in the HEFT with similar properties
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BACK UP SLIDES
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The Lagrangian

® Our complete Lagrangian

RN RPN 1
Lr=— 55T (W) — 52T (BuwB™) + - F(0)Tx (DU D,U) + 50,h0" N
- V(h)

L, = — za3Tr( IV V"]) +ag (T (VW) +as (Tr (VV9)P + L (8,h8"h)’

5 | 4
+ 5 (0,h0"h) Tr (D, U'D*U) + 3 1 (8,hd,h) Tx (D*U DU
+ix Tr (WM,,V") 0"G(h)
® Building blocks
o aa 2
U = exp (’“"v" ) e SUQ)y, V,=D,UWU, F(h)=1+2a ( ) +b (%) ,
" . W, & - : N P
DU = 0,U +iW,U, W,=g—5=, W =8,W, —,W, +i [ ” ] |
2

V(h) = %M,%h2+)\3vh3+%h4+..., Gh)=1+b (%) + by (% + ...
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Experimental bounds on chiral couplings

Couplings Ref. Experiments
0.89 <a < 1.13 47 LHC
—0.76 < b < 2.56 48] ATLAS
—3.3X < A3 < 85X |49 CMS
la1| < 0.004 50 LEP (S-parameter)
—0.06 < ay — a3 < 0.20||51] LEP & LHC
—0.0061 < ay < 0.0063 | [52] CMS (from WZ — 4l)
las| < 0.0008 53] |CMS (from WZ/WW — 2027)

[47] J. de Blas, O. Eberhardt, and C. Krause, JHEP 07, 048 (2018), 1803.00939.

[48] G. Aad et al. (ATLAS), JHEP 07, 108 (2020), 2001.05178.

[49] A. M. Sirunyan et al. (CMS), JHEP 03, 257 (2021), 2011.12373.

[50] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018).

[51] E. da Silva Almeida, A. Alves, N. Rosa Agostinho, O. J. P. Eboli, and M. C. Gonzalez-Garcia,
Phys. Rev. D 99, 033001 (2019), 1812.01009.

[52] A. M. Sirunyan et al. (CMS), Phys. Lett. B 795, 281 (2019), 1901.04060.

[53] A. M. Sirunyan et al. (CMS), Phys. Lett. B 798, 134985 (2019), 1905.07445.
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The couterterms

@ The counterterms for: w®w — ww, ww — hh and hh — hh

A

dv2, = 6.2 ((b—a®) M} +3(a® +2)My), 0Tu = — 39755 (ds M}, + 6aMy,),

A
da = 392g2 (6a(—2a% + b+ 1) M, + (5a° — a(2 + 3b) — 3d3(a® — b)) M}),

A
0b= o503 (6 (3a* — 6a®b + b(b + 2)) My,

— (21a* — a®(8 + 19b) + b(4 + 2b) + 6ads(1 + 2b — 3a®) — 3d4(b — a®)) M),
A - . 2 g2

ONaiv = i ((5¢” — 20 + 3 (ds(3d3 — 1) + dy)) My, — 12 (2a” + 1) My, M,

+18(a(2a — 1) + b)My;,)

Shz = T (36abMyy + 6(3a® — 3ab — d3(5a° + 1)) My, Mj;
+(—9a® + 3ab + d3(10a* — b) + 9d3ds) M},)
A
= (366> My, — 12(a* — b)(8a® — 2b — 9ads) My, M}
+(96a* + 4b* — d3(114a® — 42ab) + 9d] + a®(—64b + 27d3 + 12d4)) M},)
A 3 A o0 2
b3 = —gggma (1= 0), dai= g5 (1=aY)",
A 4 2 2
das = e (50" — 2a*(3b+ 2) + 3b” + 2),
_ A 2\2 - A 2 2 _ A 2)2
dy = 647r23(b a“)®, 480 = 1927r2(b a’)(7Ta®* —b—6), don= 487r2(b a’)
A 2
i¢ = 9671_2a(b —a“).
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The couterterms

@ The counterterms for: w®w — ww, ww — hh and hh — hh

SM? 4 = 32?%2 (3 [6 (2a® + b) My, — 6a° My, My + (3d; + dy + a®) M),
SMy s = gogo (M3 [3 (b~ a?) MZ + (=69 -+ 10a%) M),

821 diw = 167?%2 (3a* (3My, — M})),

0Zudiv = 7 vaz ((b—a®) M + 3 (a® + 2) My,)

@ In total: 17 counterterms + 1 tadpole
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ET validity

@ Is it safe for us to use the ET?

@ We are only making use of the ET in the one-loop calculation

@ Small compared to O(p*) exact contributions at TeV scale

@ Numerical check using perturbative unitarity

a=0.9, dz=1.0, d;=1.0 a=0.9, b=1.1, d3=1.0, d,=1.0
60:\ i i
:“
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Relevant chiral parameter space
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Violation of unitarity

Tree level + One loop
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scalar-isoscalar
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Unitarized amplitudes: vector-isovector
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Scalar H(650): cross section in EWA
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Scalar H(650): cross section in EWA
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® Cross sections for ZZ final state
~ 75 fb for all scenarios

® No kinematical cuts

@ Experimental result: 30 = 15 fb
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