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e HEFT
 Multi-Higgs VBS (THEORY)
e Multi-Higgs VBS (PHENO)

e Conclusions




HEFT: we might need It

See the nice talks by D. Sutherland’s talk [link] & B. Henning [link]

* SMEFT

= broad set of BSM scenarios

e But, SMEFT is not always Ok

=  Pure-HEFT needed ¥

(x) See, e.g., Alonso,Jenkins,Manohar, PLB 754 (2016) 335-342; PLB 756 (2016) 358-364; JHEP 08 (2016) 101; Cohen,Craig,Lu,Sutherland, JHEP 03 (2021) 237; JHEP 12 (2021) 003;
Brivio,Corbett,Eboli,Gavela,Gonzalez-Fraile,Gonzalez-Garcia,Merlo,Rigolin, JHEP 03 (2014) 024; Agrawal,Saha,Xu,Yu,Yuan, PRD 101 (2020) 7, 075023; Gémez-Ambrosio,Llanes-
Estrada,Salas-Bernardez,SC, PRD 106 (2022) 5, 5; Commun.Theor.Phys. 75 (2023) 9, 095202; Dawson,Fontes,Quezada-Calonge,SC, 2311.16897 [hep-ph]; PRD 108 (2023) 5, 055034;

Arco,Domenech,Herrero,Morales, PRD 108 (2023) 9, 095013;
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HEFT. WW — 2h,3h,4h ...

-kinematics well over WW threshold: s > mé,~ms
- Mass corrections neglected
- Chiral LO: only 0(04) derivative operators

- Equivalence theorem appr.: WW, - nXh = ww->nXh

[ I know: 3h, 4h, etc. is science-fiction nowadays ]

e Specific ww — n X h stand-alone Mathematica code link
* FeynRules 4+ FeynCalc chiral model file @ LO + NLO [link1] [link2]

* Delgado,GOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, 2311.04280[hep-ph]
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e Reevant HEFT Lagrangian at LO, O(p?):
’02

TF() T {0 UorU}

LHEFT =

(Ouh)*

1
2
w/ the SU(2)-singlet “flare” function,

h h\ 2 h\? h\*
f(h):1+a1;+a2(5) +a3(—) —|—CL4(—) + ...

(V) (V)

NOTICE: ky =a=a,/2, Ky =b =a,

* Non-linear Goldstone realization: U(w) = 1 + 0% % /v + O(w?)

Multi-Higgs production in vector boson scatter

ing



ww — 2h 458
Tww—>2h —

Oww—2h —

37 a5 ( S )2
S 167202

2

e Relevant combination: dg = A9 — a%/ll =b—a

e Pure s-wave (J=0) = critical angular information

* Delgado,GOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, 2311.04280[hep-ph] (x) Gonzalez-Lopez,Herrero,Martinez-Suarez, EPJC 81 (2021) 3, 260
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ww — 3h 3G
Tww—>3h —

Oww—3h —

» Relevant combination: (a3 = a3 — 2a1 (az — a3 /4) = a3 — 3a (b — a?)

e Pure s-wave (J=0) = critical angular information

* Delgado,GOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, 2311.04280[hep-ph]
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1-crossed-propagator

dimensionless angular function
ww — 4h T

4s
- Fal /\2
L yp—san = A (30,4 + a5 (B — 1))

87[-3 S 4 2 2 2

_ -~ A2 ~ ~2 "‘2,' \ "4" \

T sl = 9 (167T2’02) [(3(14 - a2) + 2 (3a4 — ag) aZX1, + agl‘XQj]
numerical integration constants )\(;2: MLaMhunP’alx;b; [link]

A 3 3 2 2 3 3 2 2

° Relevant Ay = Ay — ialag -+ Edl (CLQ — CLI/4) = Ayg — §CLCL3 -+ ga (b — a )

combination: [, " 5
az = az — a1/4 = =g [exactly same combination as in ww — 2h]

e Almost s-wave (J=0) [y, = —0.12, v, =0019] = critical angular information

* Delgado,GOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, 2311.04280[hep-ph]
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+ crossing

(b)
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SMEFT. ww — 2h,3h,4h ... suppression

e SMEFT<HEFT relations for the Higgs couplings:

81/2

d d? /3
a:1+—+—(—+p)+0(d3)

2 2 \4
b=1+2d+3d°(1+p) + O(d°)
4 14
34+ dz(?—l—llp) + O (d°)

1 11

- 2 (22 3
d +d (3+3p)+(9(d)

* Delgado,GOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, 2311.04280[hep-ph]
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“as and as can be found in the paper.
a, for n > 7 vanishes at order 1/;/\4.

2l &
p— 2 y p — 6
A 2(c\%))2
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SMEFT. ww — 2h,3h,4h ... suppression

e SMEFT& HEFT relations for the relevant combinations:

G = d+ 2d*(1+p) + O(d°)
4
43 = §d2(1+p) + O(d)
. 1
dg = §d2(1+/0) + O(d®) 5,2,(6) ®
d=—%~  P=3
2(cpyh)?

e Multi-Higgs fine-tuned suppression in SMEFT

* Delgado,GOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, 2311.04280[hep-ph]
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ATLAS and CMS analyses on multi-Higgs:
Where are we standing?

- Uncertaintyinky = a = a,/2 (h - ww vertex): 0(10%)
- Uncertainty in koy = b = a, (hh = ww vertex): 0O(1)

- BUT, in the relevant hh = ww amp. combination k,y = d,: 0(10%)

J.J. Sanz-Cillero Multi-Higgs production in vector boson scattering



wE 7 e ee i e Exp. data on hh-production at LHC

al- + Best fit value B8 68% expected
4 Standard Model ~ ----- 95% expected

show an important correlation

between (a, b)

107" of
102 -1

10° —2f

[ notation:a = a,/2 =ky, b =a, = kyy |

10" gl

(b)

CMS bbrr, 138 b (13 TeV)
T T

nene! Esasene - easems | ¢ NOTE we have superimposed:

¢ Standard Model 1§55 68% expected

LN I R B B B BN B AL B N A |

===== 95% expecied

¢ I ATLASI

2- vs=13TeV, 126—139 fo-!
| All other k fixed to SM

| Observed

ai

- Parabolles w/ constant @y = a, — 4

: e -
B 3 e - D=6 SMEFT predictiona, = 2 a; — 3
| | - | |
R AN I R
Koy o’ (a) Phys. Rev. Lett. 131 (2023) 041803 [2205.06667]
(b) CMS-PAS-HIG-21-005 (c) ATLAS-CONF-2022-050 (d) Phys.
(C) (d) Lett. B 842 (2023) 137531 [2206.09401]. NOTE: Ky = a1 /2, Koy = a.
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(a)

a9

= 40.2|

-1 -05 0 05 1 .6 2 25 3

(@) Phys. Rev. Lett. 131 (2023) 041803 [2205.06667]
* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, 2311.04280[hep-ph]
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CMS Prefiminary
I I ] | I I

138 fb' (13 TeV)
| T T | T T T

- K, =1=1 [ ] Excluded (observed) ----- Excluded (expected) 1
41— + Best fit value ==-=-- 68% expected _
[ ¢ Standard Model ~  =---- 95% expected i

a2:2a1—3

SMEFT slice |

las = 40.2|

(h) CMS-PAS-HIG21-00s % —2 0 2 4 S} 8

* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, 2311.04280[hep-ph] EE‘U’
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(C) > T T T 1 r T rr 1T rr 11 11 17 T T —
- ATLAS - ‘a, — :(),2‘
X 2b U5-13Tev, 126139 b 2

All other K fixed to SM
Observed

— 68% CL HH
- = 95% CL HH
¢ SM prediction
1 oo Best fit HH
| |

—1 0 1 2 3 4
(c) ATLAS-CONF-2022-050

° K2y

* Delgado,GOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, 2311.04280[hep-ph]
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CMS

bbrt, 138 fb ' (13 TeV)

- K =K =1

(d) Fe 6

- Excluded (observed)
¢ Standard Model

Excluded (expected)

=== 68% expected

(d) Phys. Lett. B 842 (2023) 137531 [2206.004011.
* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, 2311.04280[hep-ph]

95% expected sz

a2:2a1—3

+0.2|
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1 5 I T e e e ML A i
10l ///;; )
 Also previous theoretical hh-production
0-5_ s | . . *
N L—‘E simulations at LHC* show
2 = | .
0.0 % . an important correlation
I
Q between (a, b)
~09r i [“banana” plots]
100,

10 -05 00 05 10 15 2.0

Roy

* Anisha, Atkinson, Bhardwaj, Englert, Stylianou, JHEP 10 (2022) 172
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* The equivalence theorem approximations in this work

seem to be in agreement with hh-production data

e Indications that we might be O(10%) close to the SM in (a, b)

J.J. Sanz-Cillero Multi-Higgs production in vector boson scattering



BP study

2H

| m—= SMEFT(P=6 === pgp1la)  s*"
109? —sun SMEFT(D=8) «aes Bp2an) * =

VS [TeV]
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BP study

3H

1011 ) — SMEFT(D=6) EEEE BP2(81) ‘.“1 l: T ]
—  Bpll@na) - BP2l@va) 000F SN C -
a ]
_ £ w0 E
§ < i ]
™ r 4
© Ao =
3 - ]
3 - ]
b L ,
e E
T |0 T T T T T T T |1 T T 01 TR TR S S I T B P I TR I S S
10 10 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Vs [TeV] a;

* Delgado,GOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, 2311.04280[hep-ph]
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Figure 5. Scan of the ww — 3h cross section predictions in terms of a3 at /s = 1 TeV. The inputs
a; = a?MEFT(D:G) = 2.1 and as = agMEFT(DZG) — 1.2 are taken from (4.2), the SMEFT(P=6) BP,

We have marked a few especial points: as = aSMEFT(DfG) = 0.13 (empty blue square) and their
20% deviations (full orange squares), az = 80% x a; " " " °=% and a3 = 120% x a5 " T P=0  We

note that, in between, o, _,35 vanishes at ag = %al (a2 — éa%) = 0.1365.

* Delgado,GOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, 2311.04280[hep-ph]
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BP study

4H

1013 | e SMEFT (P = 6) sna: Bp2al) ‘.“." i ot T T R
1011 ] === Bp1(a) - Bplaa) .27 o
- Bp]1laiaz) - _ "
10° - -
7
S 10
s 5
b 10 7
10° 1
101-
107
'IO T T I1 T T 10-4\||I||\I| TR N O TN SO NN AN TR SO N T N T I N N N N B
10 10 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Vs [TeV] a,

* Delgado,GOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, 2311.04280[hep-ph]
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- Data (may) yield loose measurements for some Kj’s

[for instance, Koy in pure HH analyses]

- But, hidden, you (may) have stringent determinations for the relevant /K\Z]-’s

[for instance, Koy = Gy in WW->2h, @3 in WW->3h, etc.

orders of magnitude enhancement for (HerT) O(10%) deviations from SMEFT

J.J. Sanz-Cillero Multi-Higgs production in vector boson scattering



e Various public code repositories created:

- Specific Mathematica stand-alone code for ww = n X h

https://github.com/alexandresalasb/WW?tonHcalculator

- General Feyn RU|ES mOdE| f||e https://github.com/Javomar99/EWET
implementing O(p?) and O(p*) HEFT Lagrangian

- New fast Massless Particle Phase-Space Integrator
M@]MMP@XS https://github.com/mamupaxs/mamupaxs

J.J. Sanz-Cillero Multi-Higgs production in vector boson scattering
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Oww->4h (fb)
o o
o -
o S

0.001 ¢ E

10—4!|J|||Jl|||!|||J||||1|!|J||||l|||!|!|
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

CV

Figure 7. Scanning of the ww — 4h cross section predictions in terms of a4 at /s = 1 TeV. The
inputs a; = a?MEFT(D:G) =21, as = a?MEFT(D:G) = 1.2 and a3 = aiMEFT(D:G) — 0.13 are taken
from (4.2), the SMEFT(®=6) BP. We have marked a few especial points: a4 = a3MEFTMO=6) _ g 03
(empty blue square) and their 20% deviations (full orange squares), ay = 80% X QEMEFT(DZG) and
as = 120% x ail\mFT(D:G). The cross section’s minimum is not zero this time and it is found at

ay = $a1a3 — 50tas + 5a5(1 — x1) ~ 0.0344 (filled green diamond).
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- Complex doublet H
@ SM: - Renormalizable (canonical dim. D < 4)

Lsy = Lp<a

- Complex doublet H

® SMEFT: - Non-renormalizable (cano?i)cal dim. expan.)
G r
P = o+ T s
- 3 EW Goldstones + 1 singlet Higgs h (indep.)
 HEFT

- Non-renormalizable (chiral expan.)

(= EWChL = EWET))
LHEFT — l:pz + Lpél + ... [w/ Ly C l:pz]

Multi-Higgs production in vector boson scattering



What is the standard (misleading) claim?

“To this day LHC data is consistent with a Higgs boson doublet
as is introduced in the Standard Model.

As a conseguence, the possibility of nonlinear effects
does not currently draw major interest”

What is the implicit claim?

“Why should we care about nonlinear effects?
Small experimental deviations from SM = SMEFT will be good enough”

| hope | may convince you these statements are false (")

(*) Gobmez-Ambrosio,Llanes-Estrada,Salas-Bernardez,SC, PRD 106 (2022) 5, 5; arXiv: 2207.09848 [hep-ph]
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The SM is falsified
by finding a non-zero Wilson Coefficient

How is the SMEFT falsified?




SMETET vs HEF'T

* A deviation from the SM, if small
enough, can always be
parametrised by the Warsaw basis




SMETFT vs HEF'T

* A deviation fr he SM, if small
eno always be
parame@ v the Warsaw basis




SMEFT vs HETF'T
ot

* A deviati e SM, if small
. Ca, ways be

o
D &ise arsaw basis




SMETET vs HEF'T

A deviﬂ 13{1 }%om \&, if small
@%{Sﬁgh (@?ﬁa ways be

paramet&i&&@:)y the Warsaw basis

"




SMEFT < HEFT connection

* Two BSM effective approaches:

1 Standard Model Effective Theory (SMEFT):

(n)

C
ZLsuerr = Lsu + Z A;—“ s
n,l

1 Higgs Effective Field Theory (HEFT) [aka EW Chiral Lagrangian

1 1 o Y
LHEFT = Eauh@“h — Vi{h)+ Ef(h)ﬁuw’a“‘w’ (5fj+ V;u_wz)
+ ...
_ . - _

_ T
What is the relation? 1 F(h) (DU D*U)
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SMEFT = HEFT connection

2

V vV

h h
% I HEPD: Fthmr—li+al +a (—)

* In the SM: Fg, = (1 +’i)2

V

* In SMEFT




. L Colyo b 91+ i
SMEFT Lagrangian in terms of the H doublet: |H= 7 ((H hanierr) -+ ,¢3>

CHO

A?

Lsverr = [0H | (HTH)YO (HTH) + ..

- C -
.- -

LSMEFT 25 (1 —2(v + h)QCHD )(8h)2 + E(U +h)*(D,U'D*U) + ..

T~ .

Multi-Higgs production in vector boson scattering



e SMEFT in the HEFT-form™ 100ks like...

N

V2 elme: cao (v + h1)2 — 03
LSMEFT = LF(m)(DuUDHU) # 2 (Buhn)? — V() - OIS = Yy
=gt )

- B\ 2Penr ey aa SRR EE e
T(hl)_<1+7) e (1+?) 3'U3+’02+1))+O(A4)_

. hl CHD’U2 hl : CHDU2

_1+(7)<2+2 - )+<?) (1+4 = )+

hl i CHD’U2 hl iy CH[j’U2
(%) (5)+ (5) (55%)

SMEFT correlated coeff.

€ 8v2 ¢ 22 ¢
CL1:20,:2(1—|—'U —)a az:b:1_|_4r02i_2l‘], asz = 2 j;jzlj’ (b 5= 3 KQD
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HDQ ()it el
2+2 15 e s e e

(6) (8) 4
HD ( )v CrrqV
1-+4 —|—12 A4 + 6 Al )—i—

(6) \2 4 (8)
C ()
CHD +56(C ) 4 g_HU )+

i ( 372 X A4
4 6) 2,4 (8
(c ) v HD’U
i ( +44 e
B )2v* Cﬁq)m
il 119
e ( 5A4 Y

hy %4 ;I)IZI 6
7) 45]\4 + 2 =Ad —|—O(A )

(*) Gobmez-Ambrosio,Llanes-Estrada,Salas-Bernardez,SC, PRD 106 (2022) 5, 5; arXiv: 2207.09848 [hep-ph]
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SMEFT & HEFT connection

From HEFT to SMEFT one has to solve

et = FL (1 + hsvprr/v)?)

and in order to have an analytic Lagrangian:

smerT = |OH[" + 2[ 3 ((} )" (2[H|"/v )) B ] 2|H|2

ZISSL.-I T
=ALpsm ~
Possible non-analyticity

= Provides conditions on the derivatives of the flare function F(h).

— Correlation of HEFT parameters by assuming an analytic

SMEFT.

J.J. Sanz-Cillero Multi-Higgs production in vector boson scattering




SMEFT vs HEFT: possible issues

* Theory:

HEFT Lagrangian becomes singular in SMEFT-form

Phenomenology:

SMEFT predicts correlations not seen in experiment?

Multi-Higgs production in vector boson scattering



*Phenomenology (cont.):

SMEFT predicts correlations...
but are they present in experiment?
(in principle, absent in pure-HEFT)

(*) Gobmez-Ambrosio,Llanes-Estrada,Salas-Bernardez,SC, PRD 106 (2022) 5, 5; arXiv: 2207.09848 [hep-ph]
(*) For other studies on SMEFT correlations see, e.g., Brivio,Corbett,Eboli, Gavela,Gonzéalez-Fraile, Gonzalez-Garcia,Merlo,Rigolin, JHEP 03 (2014) 024
& Agrawal,Saha,Xu,Yu,Yuan, PRD 101 (2020) 7, 075023
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ATLAS-CONF-2020027  a1/2 = a € [0.97,1.09]

(*) Gomez-Ambrosio,Llanes-Estrada,Salas-Bernardez,SC,
PRD 106 (2022) 5, 5; arXiv: 2207.09848 [hep-ph]

SMEFT at order 1/A? predicts

: correlation as = 2a1 — 3

a2 = b = kay € [0.1,2.2]
CMS-HIG-20-005

Blue and red:
best available
exp. bounds
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Correlations Correlations A~* Assuming
accurate at order A - accurate at order A ~* SMEFT perturbativity
Aag = 2Aa1 ‘ACLQ‘ S 5‘ACL1|

as = 3Aa (as — 3Aa1) = $(Aaz — 2Aa1) — 3 (Aa,1)2
g = %Aal (a4 — %Aa,l) = —Aa,1 — 2Aas + CL?, = those for as, a4, as, ag
— %(ACLQ — 2&@1) — —2 (ACM)Q
as =0 as %Aa — %Aag + a3 = all the same
= %(Aag — QACM) — % (Aa1)2
ae =0  SMEFT a6 = §as SMEFT SMEFT
Aar :==a1 —2=2a—2 6) (2t By A B e Gl
(2+2H[32 +3H— +2-HC ) (1+4 HO— o fB — 4 615 )
Aas :=as —1=b—-1 A A A A A A

(*) Gobmez-Ambrosio,Llanes-Estrada,Salas-Bernardez,SC, 2204.01763 [hep-ph]
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Other correlations: Higgs potential

v V(o
0.04
OUR
PRESENT
KNOWLEDGE
g h+
-1.0 -0.5 0.5 1.0 = .
_001L
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15¢ ' ug € [-25,5.7] |
m_ i ATLAS-CONF-2021-016. _
v - miv? | huager 2+ hHEFT 3+ - . . MEFT -
HEFT = — " BT 5: : . correlation |

=¥ - | 1

h 4 = _ [] L

—I—U4< HiFT> +... |, ol : SM :

_5| :

with v3 = 1, vy = 1/4 and v,>5 = 0 in the SM : : ,
-4 -2 0 2 4 6 8 10

V3
A’U4 — %A’Ug — %Aal A’U4 & [—3.8, 86]
SMEFT

Uy — 6’06 = %A’Ug — %Aa,l Uy =— 6’06 < [—19,43] Q1/2 c [0_97, 1_09]

(*) Gobmez-Ambrosio,Llanes-Estrada,Salas-Bernardez,SC, PRD 106 (2022) 5, 5; arXiv: 2207.09848 [hep-ph]
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Other correlations: Yukawa’s

10— . - X .
_ B ! : :
Ly = —G(h)Mfty/1— = +.. | | :
U 05} ! : i
' SMEFT |
: ' correlation
huEFT haerT ¢ 00y i E
G(hugrr) =1+ . + ¢9 . +... :
-0.5| E E
(with ¢; = 1, ¢;>2 = 0 in the Standard Model) ' ’ :
PN A S DU
0.6 0.8 1.0 1.2 1.4

SMEFT

co =3c3 = 2(c1 — 1) — 2 Aay mpco = 3c3 € [—0.27,0.35)

(*) Gobmez-Ambrosio,Llanes-Estrada,Salas-Bernardez,SC, PRD 106 (2022) 5, 5; arXiv: 2207.09848 [hep-ph]
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Higgs Effective Field Theory

Redefined form

Calculations have also been checked with:

Redefined HEFT Lagrangian

1 1.
Luerr = 50,hd"h + EJf(h) 0,w?0"w? + O(w?)

Redefined Flare function3

F(h) = 1+ 3 (h)2+§3 (ﬁ)3+§4(ﬁ)4+ O(h°)

1’4 vV

Gbh=b—a", d3=a—— (b—a°), §4:a4gaa3+ga2(ba2)

>This redefinition gives a more direct interpretation
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Canonical form

HEFT Lagrangian®

[Appelquist et al. - Phys. Rev. D 22 (1980) 200, Longhitano et al. - Phys. Rev. D 22 (1980) 1166]

1 1
LHEET = Eauhaﬂh + Ef(h) Guwaaﬂwa -+ O(w4)

2
Flare function
[Gémez-Ambrosio, Llanes-Estrada, Salas-Bernardez and Sanz-Cillero - 2204.01762]

F(h)=1+ a1€ + ap (E)Z + a3 (ﬁ)3 + a4 (ﬁ)dr + O(h)

"4 vV vV

di :
a=—,a=b with asv=2,asm=1,a3sm=0,asm=0
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HEFT lagrangian

1 1
LHEET = Eaﬂhﬁ“h + E‘F(h) c%wa@”wa -+ O(w4)

Fields redefinition

f 1a.f 18
W

w? = w? + g(h)w?, h— h+ N (1+ g(h))

V

Redefined HEFT Lagrangian for ¢'(h) = —2N/[v F(h)]

1 1 .
Luerr = 50,hd"h+ = F(h) 0w 0"w? + O(w?)




Redefined HEFT lagrangian

1 1 A
LHEFT = Eaﬂh(’?“h + E}—(h) 0w 0Hw? + O(w4)

Redefined flare function




e For a general normalization IV :

glh) = —

2N (" ds ( h . h? 2 , b1 N -
= =N —2=+2a—+=(b—4a®)—+ - (a3 —4ab 8-‘—0h°*)
o ) s N -+ av2+3( a)v_;—l-Q(a,; ab+8a”)—+ (h”)

£(h) = 70) (14 ¢(h))

. . . a
 However, for the particular normalization IV = >

(h) = —3ﬁ + azh—2 + l3(b - 432)h—3-|—la(a —4ab + 833)h—4 + O(h)
gV =9y v 3 v3 40\ v4

F(h) = 1+ 4 (ﬁ)2+§3 (ﬁ)3+§4 (ﬁ)4+ O(h°)

V V V
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Redefined parameters (4, = 0)

= b—a°
§3 — a3 438 (b—a2)
3 5
ET— a4—§aag+§az (b—az)
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(a) (b) (c) (d)

Figure 10. a) Only diagram contributing to the process ww — 2h. b) Only diagram contributing
to the process ww — 3h. c-d) Only two diagrams contributing to the process ww — 4h. We have
used the simplified Lagrangian (C.6) to generate these amplitudes, so every wwh' vertex carries an
a, effective coupling. Note that, in addition, one needs to consider all possible permutations for

the assignment of the external particles.
To make yourself an idea of the important simplification:

A@* theory is simpler to compute than A¢3
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Correlations

accurate at order A 2

Correlations

accurate at order A *

A~* Assuming

SMEFT perturbativity

A(I-Q = 2.-'3('{.1
a3z — %Aal

a4 — %Aal

((1,3 ol %A(Ll) = %(._\uz o 2&(1-1) i % (Aa-1)2
(('[4 — %L\a.l) = %Aal —2A\as + %(1‘3 =

= 2(Aaz — 2Aa1) — = (Aa1)®

|Aa-2| g 5|ﬁ(1-1|

those for as. a4, as. ag

all the same

s = 0 as = %Aa.l =5 %AG-Q —+ gz =
= %(Aﬂz = 2AG-1) Y é (Aal)?
ag — 0 ag = éf_}ts
{6)i-2 (6) \2 4 (8) 4 (6) 2 (6) \2 4 (8) 4
N P ey ,cyp) ek i A CHITY (cyp)™ i
t.{l—(2+2 A2 +3 Ad + 2 Al ay=|1+4 A2 +12 A +6 A2 .

(*) Gobmez-Ambrosio,Llanes-Estrada,Salas-Bernardez,SC, 2204.01763 [hep-ph]
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Consistent SMEFT

range at order A~

Consistent SMEFT

range at order A~ *

Perturbativity of ‘

A~*SMEFT |8a2| = 5|Aay]

Aasz € [—0.12,0.36] ATLAS ATLAS
as € [—0.08,0.24] as € [—4.1,4.0] | a3z € [-3.1,1.7
as € |—0.02,0.06] as € |—4.2,3.9] | a4 € [—3.3,1.5]
as =0 as € [—1.9,1.8] | as € [—1.5,0.6]

as = 0 ae = as a6 = as

CMS CMS

as € [—3.2,3.0] | as € [-3.1,1.7]
as € |—3.3,3.0] | as € [—3.3,1.5]
as € [—1.5,1.3] | as € [-1.5,0.6

e = a5 a6 = as

(*) Gobmez-Ambrosio,Llanes-Estrada,Salas-Bernardez,SC, 2204.01763 [hep-ph]
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CL1/2 = qa & [097

*ATLAS
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*CMS
CLQZbZIisz[
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A history recollection on the LP renormalization (1):

\
)
4 )
- J

J.J. Sanz-Cillero

(*) Herrero,Ruiz Morales, NPB 418 (1994) 431-455

A small sample of 1-loop HEFT observable computations:

(x) Delgado,Dobado,Llanes-Estrada, PRL114 (2015) 22, 221803

(xX) Espriu,Mescia,Yencho, PRD88 (2013) 055002

(x) Delgado,Garcia-Garcia,Herrero, JHEP 11 (2019) 065

(x) Fabbrichesi,Pinamonti(,Tonero,Urbano, PRD93 (2016) 1, 015004
(xX) Corbett,Eboli,Gonzalez-Garcia, PRD 93 (2016) 1, 015005

(x) de Blas,Eberhardt,Krause, JHEP 07 (2018) 048

(x) Quezada,Dobado,SC, PoS ICHEP2020 (2021) 076; in preparation
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* A history recollection on the LP renormalization (2):

4 )
(*) Guo,Ruiz-Femenia,SC, PRD92 (2015) 074005
- J
Cy Operator O, [} [0
cy %<f.m, f » f-,m "’—;.‘L) :L(h _ _” _%( | — ”2)
(c2 = c3) S g ) 3 (K= —4) —-z(1=a?)
Cy (: u, ) (u'u”) l}1(‘(;&*-4} %{]—uz)2
€s (u,u)? 5 (K2 —4) + 5 FeQ? t(@® = b +5(1-a?)
Co L (0,h) (9" h)(u,u”) ,LQU\- —4) —WJ-‘( Q? —L(a®> = b)(7a®> - b - 6)
4 £ (0,h) (9, h) (u'u) 37 F 2(a* = b)?
Cg !!—;(f) ) (#h)(O,h)(h) 5’ 3(a* = b)?
Cy 'L’i(/m ) %4}_;{2 —I'$ a(a* = b)
C10 S fo + 2 f ) - (K? +4) -5 (1+a?)
4 )
A deeper understanding through geometry:
(x) Alonso,Jenkins,Manohar, PLB 754 (2016) 335-342;
PLB 756 (2016) 358-364; JHEP 08 (2016) 101
- J

J.J. Sanz-Cillero
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e Beautiful geometric connection to this result * 9
: : : F(h)*ga(¢) O
provided by the curvature ¥ of the scalar manifold metric &ii(¢) =

0 1
Ry= (1-v(") F? = (1-K*/4) Fe.
2 ! 1o
22y VR k2 Tt
RQ—(l U(F)) (N(r,;—l) o (1 }C/4) 8

Ro = 2F'Ro — Fo*Ry
F=F? N,=3

with A2 = the Riemann Rijmn oC %0’2’4 [ V*  (loosely speaking, the curvature R)

* NDA gives you the suppression of individual diagrams ~1/ (4nv)?
but the full loop suppressionis ~ g?R /(4n)? & ~ RZ2/(4n)?

R2 p4 RS p6
EFT as an expansion M ~ Rp? + (4 E 14 (4 a + ... inthe curvature?
m w
e SM: Rijmn =0 =» No O(p*) renormalization

* Guo,Ruiz-Femenia,SC, PRD92 (2015) 074005
(x) Alonso,Jenkins,Manohar, PLB754 (2016) 335; PLB756 (2016) 358; JHEP 1608 (2016) 101
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4
* A history recollection on the LP renormalization (3):

d A (*) Buchalla,Cata,Celis,Knecht,Krause, NPB 928 (2018) 93-106
(*) Alonso,Kanshin,Saa, PRD 97 (2018) 3, 035010
(*) Buchalla,Cata,Celis,Knecht,Krause, PRD 104 (2021) 7, 076005
N J
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Introduction and motivation.

SMEFT c HEFT: an overview.

Correlations of HEFT parameters when assuming SMEFT’s
validity. Explicit computation.

Measurements: W.W. - n x h to discern between SMEFT
and pure-HEFT.

Based on ”"The flair of Higgsflare”
https://arxiv.org/abs/2204.01763.
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SMETFT operafors
* Warsaw basis -> 59/2499 operators

* dim 8 basis (Murphy et al) -> 993/44807

1) 2692
LM s> Cpe

CW’ C(ﬂﬁ?’ C(,U_B_’ quf WB

M) ()

Cc o c e 0 -

C @q* “pu “pd @l * Tl * Tpe

wq-
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Comparing with LHC data

* Amplitude analogous to SM one:

& OFErFT = Osm % O'im,é +: 0pure,6 TR O-int,S + e

linear quadratic

* Not uniquely defined (results are
truncation-dependent)

* Other than that, technically similar to
SM-LHC computations

.

J.J. Sanz-Cillero
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SUL3)%: No EWPO - SUE) Ca=0 95%CL marginatisec; ¢, 2TS |
2.0 m 5013 EWPO4+HIggs +diboson Ll |
L H C G .S -
10 t
} i "
' . } " 1
| }

* In the absence of i
new particles, our 29 B B —

main effort goes §d¢
into constraining | __ | 1
SMEFT coefficients E ”” Ml nm i a |

T T T =
[ 3 =

100H {  EFT MCHit
{ EFTNS

10 : ' SM-to-SMEFT
| | relatively easy
I 1 to implement
[ 1 on the
technical tools

¢ /A% (TeV™=)
|

—————p—
e ot

fitmaker, smefit, et al.
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(3
Cogs Cps O

Cw

1) 3 3

Fogr Coar S Cgd
.03 E t
[SH(Te TN I I pDa a

O Cos o T+ W | CoW Cat Cowir Cob

: Cw CoWr Co B Co Wl

(1) 3
Cor'+Cyr Cpe

WEZjj — tul'Cjj W=Zjj - v, (jj
:'_-‘ _Illllll‘lll\‘lll\ TTTT III\‘III\llll\llll\_ ;10--1 __I 1T R ! MEINE ‘ HEERCE | T T I__
3 L+ ATLAS —4— | [ E CMS| 4
Shi WZj Q€D —— = . WZjj QCD —— ]
= E W+Zjj EW 3 e B T WHZEW —— |
= L W W ]| %jx- 1 WoIgBEW —— ||
o = - ?_
::5: 10 ; 2 B (i Si =
L E i ]
C | E
LT ] L i |
H-HHHHHH B o o =
1 — - 1. = =5
15{ - 1.‘% £ i
s i) e -
- 1.1 — L1 i
8 4 & |
J 09 | I : J 09 | | =
= 8‘; - b= g.? =
06 E- = 06 E- e e W =
e e D T 1 S i i e e O RN IR
© 200 300 400 500  foo 790 8op 900 30.¢° ‘500 1.0-10° 1.5-10° 20107 2510° 3.0-10°
m¥Z [GeV] mj; [GeV]

See for example 2101.03180

J.J. Sanz-Cillero Multi-Higgs production in vector boson scattering




HEFT: an old classic

* Originally the non-linear sigma model (for Pions)
* In principle a QCD Lagrangian -> inspired the EWChL
* Very natural for the study of the Higgs-Goldstone interactions

* I.e: scattering of longitudinal gauge bosons -> Vector boson
fusion/scattering

* Natural for strongly coupled new physics

J.J. Sanz-Cillero Multi-Higgs production in vector boson scattering



EWCHL HEFT natural to 5tud'j VBE/VBS

* Madrid UCM and UAM

* Strongly coupled theories beyond the Standard Model. Antonio
Dobado, Domeénec Espriu. Prog.Part.Nucl.Phys. 115 (2020) 103813

* Unitarity, analyticity, dispersion relations, and resonances in
strongly interacting WL WL, ZL ZL, , and hh scattering.
R.Delgado , A Dobado, F Llanes-Estrada.

Phys.Rev.D 91 (2018) 7, 075017

* Production of vector resonances at the LHC via WZ-scattering: a
unitarized EChL analysis. R.L. Delgado, A. Dobado, D. Espriu, C.
Garcia-Garcia, M.dJ. Herrero et al. JHEP 11 (2017) 098

* One-loop yy— WL WL and yy— ZL ZL from the Electroweak Chiral
Lagrangian with a light Higgs-like scalar. R.L. Delgado, A.
Dobado, M.dJ. Herrero, J.dJ. Sanz-Cillero. JHEP 07 (2014) 149

i3 And refs therein...
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w, and h fit in a left-SU(2) doublet
Higgs always in the combination: (h+ v)
Higher symmetry

Natural when h is a fundamental field

ET usually based in a cutoff A expansion:
O(d)/N?—* (d = operator dimension: 4,6,8 ...)

Oy = (H'H)?, Onp = (H'D,H)*(H'D"H) ,
Opn = (HTH)O(HH) .

J.J. Sanz-Cillero
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m hisa SU(2) singlet and w, are coordinates on a coset:
SU(2); x SU(2)gr/SU(2)y ~ SU(2) ~ S3

m Lesser symmetry; more independent higher-dimension effective
operators but less model dependent

m Derivative expansion

m ECLh with F(h) insertions

m Typical for composite models of the SBS (h as a GB)
(Strongly interacting and consistent with the presence of the

GAP)

Dobado and Espriu, Prog.Part.Nucl.Phys. 115 (2020) 103813
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Geometric distinction HEFT/SMEFT

m Several works have provided field-redefinition invariant criteria
to distinguish SMEFT from HEFT:

B R. Alonso, E. E. Jenkins, and A. V. Manohar,
“A Geometric Formulation of Higgs Effective Field Theory: Measuring the Curvature of
Scalar Field Space,” Phys. Lett. B754 (2016) 335-342, arXiv:1511.00724 [hep-ph].
“Sigma Models with Negative Curvature,” Phys.Lett.B756,358(2016),arXiv:1602.00706
[hep-ph].
“Geometry of the Scalar Sector,” JHEP 08 (2016) 101, arXiv:1605.03602 [hep-ph].”
(Cohen et al., 2021, p. 95)

B T. Cohen, N. Craig, X. Lu, and D. Sutherland:
“Is SMEFT Enough?”, JHEP 03, 237, arXiv:2008.08597 [hep-ph].
“Unitarity Violation and the Geometry of Higgs EFTs",
(2021), arXiv:2108.03240 [hep- ph].
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(SMEFT 01 \ ( Ry e \
PRI 1E0 ny = m /v \
die P3 ny = ma /v
o h and = bt
eI (él - -z:@ag) ng=+/1—ni—nj —n3)
k V2 \ 1 + i3 ) k )

* SMEFT scalar sector —> Linear sigma model

* HEFT —> Non-linear sigma model

Strongly interacting Higgs bosons

Thomas Appelquist and Claude Bernard
Phys. Rev. D 22, 200 — Published 1 July 1980
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Recent works 5{35%5&% the EFT Jeometry

* R. Alonso, E. E. Jenkins, and A. V. Manchar,

we now know
* “A Geometric Formulation of Higgs Effective Field
Theory: Measuring the Curvature of Scalar Field Space,” that HEET and
Phys. Lett. B754 (2016) 835-342, arXiv:1511.00724
(hop-ph]. SMEFT can be

] ; ] : understood
* “Sigma Models with Negative Curvature, 1
Phys.Lett. B?56,358(2016),arXiv:1602.00706 [hepph]. geometrically

* “Geometry of the Scalar Sector,” JHEP 08 (2016) 101,
arXiv:1605.0360R2 [hep-ph].” (Cohen et al., 2021, p. 95)
* T. Cohen, N. Craig, X. Lu, and D. Sutherland:

* “Is SMEFT Enough?”, JHEP 03, 237, arXiv:2008.08597
[hep-ph].

* “Unitarity Violation and the Geometry of Higgs EFTs”,
(2021), arXiv:2108.03240 [hep- ph].

I And refs therein...
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* These works show us that SMEFT vs HEFT is more than linear
vs nonlinear realisations...

* SMEFT exists if: dh* — F(h) =0

* And #(h) is analytic in a certain region
* (Consequences:

* IF(h) = F(h) = F(h)*

* Double O of F (h)

* (0dd derivatives vanish (even derivatives of F(h))

20
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G
=g :?"‘ ‘3 TT g f%‘ 320” Q‘;uf
~y o] 94 A0 I 48 ' w ¥ A8 ¢ A4 ATHA4/77 ™ N4
i / LAl 1 ‘f;i-?-'ﬁ;?%% LAYe: 1ol i,q’}jﬂg (101
- Yvyvié a L P{f ha.'jf 1 i o JISGNVEVFVYVICWV IV
AA _J
@tﬁg_;l.@g_,

flair

noun

uk <) /flea’/ us ) [fler/

@ (s

natural ability to do something well:

« He has a flair for languages.

h h* h’ h"
97(]1)2 1+a1_+a2_+a3_+...+an_
v V2 v 1%

; See 2204.01763
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AA _J
@tﬁg_;l.@g_,

flair

noun

uk <) /flea’/ us ) [fler/

@ (s

natural ability to do something well:

« He has a flair for languages.

h h* h’ h"
97(]1)2 1+a1_+a2_+a3_+...+an_
v V2 v 1%

; See 2204.01763
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Here is where HEFT Licks in

Write SMIEFT SM  SMEFT ¢ HEFT .
in HEFT form:

p) l ; 7 BT ) MU | V- poEE]: ; -+ l > o)
|()H|"+;B(|H|)-(d(|H|-))- — T:—-/«(_hxDHU'DﬂU)+?(()/-;HHT)_

dhyppr = \/ I + (v + hgyppr) Blhsyppr)  dhsyppr

24
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The Flare Function

h n\° AN
# IIl HEFT FMWyprr =1+ 01: +a, (T) + a3 (—) + ...

* In the SM: Fh = (1 +ﬁ,)2

%

* In SMEFT?
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F afsgifji

* Relevant SMEFT operators for the Higgs sector
(dim 6):

*  Op=(HH)?, Onp = (H'D, H) (H'D"HJ,
Opo = (HTH)O(H'H) .

* At high energies they decouple and only
one survives: Oy

26 Alonso & West 2109.13290
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J.J. Sanz-Cillero

Geometric distinction HEFT/SMEFT

In a nutshell, SMEFT is valid provided:

m Jh, € R where F(h,) =0, and

m Because of the need for Loyepr analyticity, F is analytic
between our vacuum h = 0 and h,, particularly around h..
Moreover its odd derivatives vanish at symmetric point.

m Similar criteria for the potential V/(h).

“__E))is the radial distance in field space

W _— » h=0
(Goldstone ™— | (physical vacuum)
bosons) |
5
b

(symmetric point,
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At high energies (TeV region) only (D=6) derivative operators are

relevant: Sr.fbh’cﬂng e
Op =(HH)? Onp = (H' D HY*(H'D"H).
Custodial-violating
D. &
A(H) can be set to 1 Relevant Operator

TeV parton-level collisions sit here

Shape
that matters

{

= Cleaner measurement of the Flare function F at high energies.
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Here is where HEFT Licks in

Write SMEFT SM  SMEFT ¢ HEFT .
in HEFT form:

p) l ; o VRl !_._h_ : l 8
| ()Hln s ?B( |H| )_(()( | H|_ ))_ = %,[?(ll)<D;{LIID;{U> =+ ?(()hHEFT)_

dhyppr = \/ I + v+ hgyppr) Blhspyprr)  dhspyppr
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Gafs_ifjing SMEFT

* Relevant SMEFT operators for the Higgs
sector (dim 6):

* At high energies they decouple and only
one survives: Oy

14 Alonso & West 2109.13290
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HEFT: an old classic

* First differences: Power counting

L . 1+2aﬁ+b h : Bt 0"’ 5--+ﬂ
e | v v # Y w2 - w?

4054
vd

4&5

auwi Uw’iaﬂw.’}-auwj i Ta,u,wiauwi ijauwj s %((%ha“hf
v v

+ z—faphﬁ“hauw";a"wi + Q—jﬂuha"haﬂwiﬁywi ,
v v

NLO
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13 TeV collected with the ATLAS experiment, (2020).

[68] A. Tumasyan et al. (CMS), Search for Higgs boson pair production in the four b quark final state in proton-proton collisions at /s =
13 TeV, (2022), arXiv:2202.09617 [hep-ex].

[69] G. Aad etal. (ATLAS), Search for the H H — bbbb process via vector-boson fusion production using proton-proton collisions at /5 =

13 TeV with the ATLAS detector, JHEP 07, 108, [Erratum: JHEP 01, 145 (2021), Erratum: JHEP 05, 207 (2021)], arXiv:2001.05178
[hep-ex].

J.J. Sanz-Cillero

Multi-Higgs production in vector boson scattering



SMEFT is a special case of HEFT.

SMEFT is falsifiable studying correlations induced in HEFT
parameters.

TeV-scale measurements of W.WL- n x H are needed to
assess if SMEFT is applicable.
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Exferimmm[ afffimfion

* Ideally future colliders will be able to
measure multihiggs production at a good
enough accuracy to test these correlations.

* Already a measurement of double H

production at HL-LHC would provide
greater insight on the al/a values.
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EW Chiral Lagrangian (or HEFT)

* Electroweak Chiral Lagrangian : EW GB transform non-linearIY1 and a Higgs- o Lagrangian:
like field which transforms Imearly under SU(Z)LXSU(Z)R which breaks to (x)gucfr:alllla, CagakJHEP 158;(2012%1{)41; .
the Custodial Symmetry SU(2); . p- uchalla,Cata,Krause, NPB 880 (2014) 552-573

(x) Alonso,Gavela,Merlo,Rigolin,Yepes,
PLB 722 (2013) 330-335;
Brivio et al, JHEP 1403 (2014) 024
NI r(e SSB  arrye (x) Pich,Rosell,Santos,SC,
SU(2)L x SU(2)r » SU2)L+r PRD93 (2016) no.5, 055041;
JHEP 1704 (2017) 012;

* Systematic expansion in chiral power counting (different to the SMEFT ) Krause pichRosellsantos,sc,

canonical expansion). Renormalizable order by order. JHEP 1905 (2019) 092
Basic Works:
(*) Apelquist,Bernard '80; Longhitano ‘80, '81
U%L-"-Ch I, = U%)Q -+ Liﬂ AT ... (*) Feruglio, Int. J. Mod. Phys. A 8 (1993) 4937

(*) Grinstein,Trott, PRD 76 (2007) 073002

* It is often used the Equivalence Theorem , where we relate the gauge ., ing

bosons with the would-be-Goldstones at high energies. “Weinberg ‘79

* Manohar,Georgi, NPB234 (1984) 189

* Georgi,Manohar NPB234 (1984) 189
My * Hirn,Stern ’05

* Pich,Rosell,Santos,SC JHEP 1704 (2017) 012
L * Buchalla,Cata,Krause PLB 731 (2014) 80-86

AWEW] = WiW]) = A(w'e” = ww®) + 0 (

. L. . .. . For a recent SMEFT vs HEFT comparison:
e HOWEVER: small BSM deviations ~ corrections to naive-EqTh  (if close to SM) (*) Gomez-Ambrosio,Llanes-Estrada,

Salas-Bernardez,SC, 2204.01763 [hep-ph]

= We needed to go beyond naive Equivalence Theorem: physical W W scattering
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The lagrangian at lowest order (chiral dimension 2)
v? ¥ 1
Ly= - F (W) [(Duv) DR+ uh —_—
~ V() +iQ3Q —v¥4(h) [Q L UHoQ} +h.c.] + YM + matter

Just the top for this case
Spherical parametrization

_ ‘ ) Y' = (u,c,t)
7 1 w2 i ® Q{J’J — ( 5/?{!) )
— _— I — 4
v2 v P = (d,s,b)

GB w=TWw" Quarks
Analytic functions of powers of the Higgs field. Inspired by most of low energy HEFT
models.
Gh) =1+ #(h) = 1+ 20" + b7
G (h) = +c,1;+..., F(h) =1+ (LE—F v_2+ mm) Recover the SM
Mo |
V(h) =5 h” + ds 50 h” + ... = =1
C B / =1

08 =R = .0, =)

Modifications on the Higgs SM couplings and beyond!
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New physics? 600 GeV

Falsitying the SM:

m Discover new particles, or

GAP

m Discover new forces

H (125.9 GeV, PDG 2013)

W (80.4 GeV), Z (91.2 GeV)

2/25
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One of the most uncharted and promising sectors in SM

Nature of Higgs boson and EW gauge bosons? Composite or
not?

Measurable: Higgs self interaction and its coupling to
electroweak gauge bosons.

v vig)

-go1L

Multi-Higgs production in vector boson scattering
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At high energies (TeV region) only (D=6) derivative operators are

relevant: subdominant (no derivatives) custodial violating

@d/—’fﬁ%g’; Onp = HID"H)

Onn = (HTH)O(H'THY >

Only relevant operator

A(H) can be set to 1
TeV parton-level collisions sit here

v(H) |
\ 1500 “,’

/ \ I/ Shape

that matters

= Cleaner measurement of the Flare function F at high energies.
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Correlations among HEFT parameters due to SMEFT structure:
(Bands from single Higgs production at ATLAS (ATLAS-CONF-2020-027) and Higgs Pair production at
CMS https://arxiv.org/abs/2202.09617)
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Correlations in the potential

J.J. Sanz-Cillero

HEFT correlations from the Custodial preserving SMEFT operators

Oy = (H'H)?, Opp:=(HH)OHH) .

3V2CHD [LQCH 1 25V2CHD 3M2CH
— 1 — _ _
3= LT T A2 AT T Tear T oAl
2V2CHD 3M2CH V2CHD 1 /LZCH
> T 7 oa0 0 V6= VYR
A 4 \“N\ 3A 8 A\

Vi>7 = 0,

Vi —

/\2

Multi-Higgs production in vector boson scattering
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Correlations in the top-Yukawa

The Yukawa Lagrangian in HEFT: t h
_ w2
Ly =—=G(h)Mtt\/1 - — |
% h
with the function t h
hHEFT haerT \ 2
g(hHEFT)Zl‘FClT‘FCz — T

(with ¢; =1, ¢j>2 = 0 in the Standard Model).

If SMEFT applies, G(h) must have only odd powers of (h — h*)
around the symmetric point h*), we obtain the correlations

3 1
Co = 3C3 = E(Cl — 1) — ZAal c> = 3C3 € [—0.27, 0.35]

c1 € [0.84, 1.22] 4. de Bias et al.,, JHEP 07 (2018), 048
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Finite pieces from loops
(amplitude dependent) )

Lep*  p° /

e Expansion in (non-linear) HEFT: *
2 4
P Frlp)p
M(2 — 2) ~ ) + 5 —
\Ys \Ys
LO (tree) NLO (tree)
suppression
~1/M? +...

(heavier states)

A

** Cata, EPJC74 (2014) 8, 2991

** Pich,Rosell,Santos,SC, [1501.07249]; ‘forthcoming FTUAM-15-20

** Pich,Rosell and SC, JHEP 1208 (2012) 106;
PRL 110 (2013) 181801

* Indeed, the SM has this arrangement but with

J.J. Sanz-Cillero

In— +..) + O(p°

167%v? [

NLO (1-loop)

Typical loop suppression
~ T,/ (16m2v?)

(non-linearity)

100% determined
by Lz

*** Guo,Ruiz-Femenia,SC, PRD92 (2015) 074005

*** Alonso,Jenkins,Manohar, PLB 754 (2016) 335-342

*** Alonso,Kanshin,Saa, PRD 97 (2018) no.3, 035010

*** Buchalla,Cata,Celis,Knecht,Krause, NPB 928 (2018) 93-106

*** Buchalla,Cata,Celis,Knecht,Krause, PRD 104 (2021) 7, 076005

p g AF . h
~ . . 1; hence (&
16752~ (@) (@n? (@nE S ®
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4
A history recollection on the LP renormalization (1):

\
)
4 )
- J

J.J. Sanz-Cillero

(*) Herrero,Ruiz Morales, NPB 418 (1994) 431-455

A small sample of 1-loop HEFT observable computations:

(x) Delgado,Dobado,Llanes-Estrada, PRL114 (2015) 22, 221803

(xX) Espriu,Mescia,Yencho, PRD88 (2013) 055002

(x) Delgado,Garcia-Garcia,Herrero, JHEP 11 (2019) 065

(x) Fabbrichesi,Pinamonti(,Tonero,Urbano, PRD93 (2016) 1, 015004
(xX) Corbett,Eboli,Gonzalez-Garcia, PRD 93 (2016) 1, 015005

(x) de Blas,Eberhardt,Krause, JHEP 07 (2018) 048

(X) Quezada,Dobado,SC, 2207.01458 [hep-ph]; in preparation

(x) Herrero,Morales, PRD 106 (2022) 7, 073008
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* A history recollection on the LP renormalization (2):

4 )
(*) Guo,Ruiz-Femenia,SC, PRD92 (2015) 074005

- J
Cp Operator O, [, [0
cy %<f.m, f » f-,m "’—;.‘L) :L(h _ _” _%( | — ”2)
(c2 —¢3) S [y u,]) L(K?-4) ~L(1-a?)
Cy (: u, ) (u'u”) l}1(‘(;&*-4} (1 —a?)?
€s (u,u)? 5 (K2 —4) + 5 FeQ? t(@® = b +5(1-a?)
Co L (0,h) (9" h)(u,u”) ,LQU\- —4) —WJ-‘( Q? —L(a®> = b)(7a®> - b - 6)
4 £ (0,h) (9, h) (u'u) 37 F 2(a* = b)?
cg 5 (0,h)(#h)(D,h)(*h) Q7 3(a® - b)>
C9 'L’i(/m ) %4}_;{2 —I'$ a(a®> — b)
(.Hl %(IHLI L t _l‘f’,r{—'{u> _4%(’\2 t 4) _%(1 T “:)

4 )

A deeper understanding through geometry:
(x) Alonso,Jenkins,Manohar, PLB 754 (2016) 335-342;
PLB 756 (2016) 358-364; JHEP 08 (2016) 101

J.J. Sanz-Cillero

Multi-Higgs production in vector boson scattering 106/28



Low-energy EFT (SM + ...): representations

e Higgs field representation: SMEFT vs HEFT, a matter of taste? *)

1) Linear* (SMEFT): in terms of a doublet ¢ = (1+h/v) U(®?) <¢>

i 1
[:IEFT = (D,0)' Do — F((,')T(,))D((')T(,)) + ...

v+ h)? 1 . ,
= % ((D,U)'D,U)+ 2 (1+P(h)) (9,h)* + ...
2 L\2
7 _ - (v4h™)
NL %]:C.{llNLJ = \++ = 'd
(“l r B \f,m P i V4
dh 5 if there exists an SU(2), x SU(2),

L fixed point F-(h*)=0 &)
W — / V1 +P(h)dh P Fe(h®)
J 0

V2

s 1
EEIE‘T - Z}—C(h) ((D,U)'D,U) + E(aﬂh)z T

2ah bh?
Fc(h) =1 + i + —5 + O(hs)

A% \4

2) Non-linear* (HEFT or EWyL): in terms of 1 singlet h + 3 NGB in U(®?)

(+) SC, arXiv:1710.07611 [hep-ph]; PoS EPS-HEP2017 (2017) 460 ) Tranqurmatlo.nS: .
* Jenkins,Manohar, Trott, JHEP 1310 (2013) 087 Giudice,Grojean,Pomarol,Rattazzi, JHEP 0706 (2007) 045

* LHCHXSWG Yellow Report [1610.07922] Alonso,Jenkins,Manohar, JHEP 1608 (2016) 101
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Always possible to write a SMEFT as a HEFT

V2 \(V + hsmEFT) + i¢3

¢ = (91, 02,93, h + v)

Change to polar-like coordinates:

¢=(1+h/v)n with n= (w1,ws,ws, \/v2 — w? — w3 + w2)
Generic SMEFT operators

Lonerr = AUHP)OHP + SBIHP)@O(HP)) — V(IHP) + 0(8")
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l In polar coordinates

Jp— %(v+h)2A(h)(8un-8“n)+% (A(h)+(v-+h)B(h) ) (9h)?
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Lootar_SMEFT — %(erh)zA(h)(aHn-a“n)Jr%@H(Hh)gB@(@h)z

"'-._______________,--"‘

/ l Field redefinition
L. o i f o w'w! .
Lio HerT = 5 F(h)9w' 0 ( 6 + 57— dﬁhd* h

|dentify the Flare function and canonicalize higgs kinetic term and :

@ orr) = ( . hsMEFT(hHEFT ) hsm@

< [dhgerT = \/ A(hsmerT) + (v + hsMEFT) 25 hS‘MEFT dhsuEFT
L —— e

Always possible to find a HEFT from a given SMEFT

110/28
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Relevant SMEFT at the TeV scale:

, C
Lsvprr = |OH|? + XE(HTH)D(HTH)

To polar-like coordinates:

1 5C | 1 | |
LSMEFT = 5(1 —2(v + h)? XE)(@M)Q + §(V + h)2(8#n -o'n) .

Canonical Higgs kinetic term by solving:

2
hHEFT/ \/1 (v + t)? CHDd

Yields:
1 CHI C2
h = hHEFT—|—§( A2 )(h EFT—|—3hI%IEFTV—|—3hHEFTV )+O( XE) .
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J.J. Sanz-Cillero

The HEFT function coupling Higgses to the GB kinetic term
becomes correlated:

orrelated coefficients

F(hugrt) =

- (hHEFT) (2 H@E (hHEFT) (1 +4@)

N haerr ) huEFT V2
V 3/\2 3/\2 '

Whereas in a general HEFT:

Uncorrelated coefficients

F(huprr) = 1+ Z:thEFT)

112/28
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* In summary: SMEFT in the HEFT-form looks like...

LsMEFT = f (1 e f;l> (D UTDFU) + % (1 == QCHD(ﬁ; ! 0)2) (0uh1)? — V(h1)
s Q;—Qf(hﬂ(DMUTDMU) I %(8Mh1)2 e cgn [(v ‘2221)3 — 9] V'(hy).
o= (145 + 250 (14 2) (35 4+ ) vol(9R) -
=1+ (%) (2+2"HD” ) (h’l> (1+4(”D” )
+(5) (53)+ () (5%
a,1—2a—2(1—|—’v2cf—2m) , ag=b=1+4 QCK—QDS kLiia 82265\{5 aaduans 213)265\{2[]
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Flhi) =1+ (%) (2+2 S)D +3( %2%4 +2ngi5f
+(%) (1+4 s +12((j\2” +665§)D41
(2] (e e o
(o) (S o o
i (%) ( 5A4 +126%5D\Z4)+

(*) Gobmez-Ambrosio,Llanes-Estrada,Salas-Bernardez,SC, PRD 106 (2022) 5, 5; arXiv: 2207.09848 [hep-ph]

J.J. Sanz-Cillero
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e W/o relying on a specific SMEFT Lagrangian, we obtain:

Valid
SMEFT —

Double zero
of F(h)

at some h.,

—

Specific correlations
between a;
coefficients

from expanding F (h)

around h = 0

J.J. Sanz-Cillero
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SM, Geometry of the scalar field

SMEFT,
HEFT... and

Recent works 51'36[135&113 the EFT gJeometry

* R. Alonso, E. E. Jenking, and A. V. Manohar,
we Now kKnow

geo m Et ry: * “A Geometric Formulation of Higds Effective Field
Theory: Measuring the Curvature of Scalar Field Space,” that HEFT and
Phys. Lett. B754 (3016) 335-342%, arXiv:1511.00724
[hep-phl]. SMEFT call be
understood

* “Sigma Models with Negative Curvature,” ;
Phys.Lett B756,3568(2016),arXiv:1602.00706 [hep-ph].  Seometrically

. ’.
* “Geometry of the Scalar Sector,” JHEP 08 (2016) 101, Old works in 80’s:

arXiv:1605.03602 [hep-ph].” (Cohen et al., 2021, p. 95) Boulware,Brown,
Annals Phys. 138
* T. Cohen, N. Craig, X. Lu, and D. Sutherland: (1982) 392
* “Is SMEFT Enough?”, JHEP 03, 837, arXiv:2008.08597
[hep-ph]. [thanks to M. Knecht
* “Unitarity Violation and the Geometry of Higds EFTSs”, for calling out
(2021), arXiv:2108.03240 [hep- ph]. my attention to this]
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* Beautiful geometric connection to scalar loop corrections (*) F(h)2ge (@) O
provided by the curvature ¥ of the scalar manifold metric &ii(¢) = [ ¢ ]

0 1
Ry= (1-v(") F? = (1-K*/4) Fe.
2 ! 1o
22y VR k2 Tt
RQ—(l U(F)) (N(r,;—l) o (1 }C/4) 8

Ro = 2F'Ro — Fo*Ry
F=F? N,=3

with A2 = the Riemann Rijmn oC %0’2’4 [ V*  (loosely speaking, the curvature R)

* NDA gives you the suppression of individual diagrams ~1/ (4nv)?
but the full loop suppressionis ~ g?R /(4n)? & ~ RZ2/(4n)?

R2 p4 RS p6
EFT as an expansion M ~ Rp? + (4 E 14 (4 a + ... inthe curvature?
m w
e SM: Rijmn =0 =» No O(p*) renormalization

(*) Guo,Ruiz-Femenia,SC, PRD92 (2015) 074005

(x) Alonso,Jenkins,Manohar, PLB754 (2016) 335; PLB756 (2016) 358; JHEP 1608 (2016) 101
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SMEFT vs HEFT: potential issues

* Theory:

HEFT Lagrangian becomes singular in SMEFT-form

(coordinates)
Phenomenology:

SMEFT predicts correlations absent in experiment?

(in principle, also absent in HEFT)

118/28
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* Theory:

HEFT Lagrangian becomes singular in SMEFT-form

(coordinates)

LsverT = [0H |
N—

=LsMm

Potentially
singular term

119/28




* |f we want the Lagrangian non-singular around H=0 then:

F(h) = F(h})? = 0 |must have a double zero.

)
Fi(hi) =0, F'(h}) =

2

F"(hy) =0

FEHED(h}) =0

(*) Gobmez-Ambrosio,Llanes-Estrada,Salas-Bernardez,SC, PRD 106 (2022) 5, 5; arXiv: 2207.09848 [hep-ph]
(*) Alonso,Jenkins,Manohar, JHEP 08 (2016) 101
(*) Cohen,Craig,Lu,Sutherland, JHEP 03 (2021) 237; JHEP 12 (2021) 003
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Phenomenology:

SMEFT predicts correlations...
but are they present in experiment?
(in principle, absent in pure-HEFT)

(*) Gobmez-Ambrosio,Llanes-Estrada,Salas-Bernardez,SC, PRD 106 (2022) 5, 5; arXiv: 2207.09848 [hep-ph]
(*) For other studies on SMEFT correlations see, e.g., Brivio,Corbett,Eboli, Gavela,Gonzéalez-Fraile, Gonzalez-Garcia,Merlo,Rigolin, JHEP 03 (2014) 024
& Agrawal,Saha,Xu,Yu,Yuan, PRD 101 (2020) 7, 075023
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* Production channels studied in this work:

ww — 2h
ww — 3h
ww — 4h
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3) Vector Boson Scattering: :::0::20 [hep-ph)

multi-Higgs production

(THEORY)
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https://arxiv.org/abs/2311.04280

* We will actually compute the Goldstone-Goldstone scattering,

Tww —nxh

and extract the corresponding cross section:

2
Oww—nxh — ' |Tww4>n><h| dHn
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w™ (k1) w™ (k2) — h(p1) h(p2) h(p3) h(p4)

B = f1faf3]4 (B1234 + Bi324 + B1423 + Ba314 + Baa13 + 33412)

B, — Zij 2kt
N 2filjzi5 — fizi — 5%

where f; = QPi/QQ, zi = 2k1pi/qpi, zij = zji = q° (pirj)/|(api) (qp;)]
q = k1 + ke = p1 +p2+ p3+ pa




(CM)
fi = 15ill/v/5 (s = 4|k ||?)
7 = 2sin?(0;/2)

Rij — 2 SiIl2 (933/2)
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ww — 4h
Contributing diagrams

W h W=---- h W----—"—h
h | h I h
h h <h
w.’ h W ----- '—h W ----- '—h

With permutations of external particles, there are a total of 75 diagrams

+ crossing

128/28

Multi-Higgs production in vector boson scattering



87 4
Tuw—dh = 9—7; (1 6;%2) (34— a3)” + 2 (344 — 63) adx1 + adx2]

Vi = [dlly = s* (24(47)%) "
.=Vt | dlly B",
Xn = Y4 / ! Y1 = —0.124984 (10)

Y2 = 0.0193760 (16)

our phase-space integration code (MaMuPaXS)
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Relation to SMEFT

SMEFT

SMEFT lagrangian

[Gémez-Ambrosio, Llanes-Estrada, Salas-Bernardez and Sanz-Cillero - 2207.09848]

(n)
Lsmert = Lsm + Z Z X; 4(9(n)

Oy operator

0O = (HTH)OHIHY, 0¥ = (HTH)O(HTH), 0°=0

SMEFT parameters

_ 27y G
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Relation with canonical parameters®

d d2(3 ) 3
81/2—8—1+§+? Z+p +O(d)
» = b=1+2d+3d°(1+p)+ O(d°
4 14
a3 = §d+d2(?+4p)+0(d3)
1 11
ag = §d+d2(?+3p)+0(d3)

*as and as can be found in the paper.
a, for n > 7 vanishes at order 1/A*.
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e SMEFT calculation:

ww — 2h
ww — 3h
ww — 4h
ww — n X h: multi-Higgs production suppression with E%\)/IEG%T
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ww — 2h 2

The following results in this section are calculated in the massless limit.

Amplitude
HEFT  a2S
Tww—>2h — % —
74
SMEFT S 5 3
= ——[d+2°(1+p)] + O(d)

Cross section

i HEFT 87 43 ( s )2
—2h — =

o s 1672 v?

SMEFT 87>

= [ +4d” (1+))] (

)2 + O (d*)

16722

>Compatible with previous analysis in e.g. Arganda et al. - 1807.09763,
Dobado et al. - 1711.10310.
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ww — 3h °

Amplitude
HEFT  3a3S
Tww—>3h — V3 —
SMEFT 4s 3

Cross section

HEFT 127 43 ( s )3
Oww—3h — —
“ s 1672v?

SMEFT 6473, 5
IE d* (1 (
35 ¢ U0 (1572

°Previous analysis with modifications in e.g. Gonzalez-Lopez et al. - 2011.13915,
Chen et al. - 2105.11500 .

)3 + O (d°)
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ww — 4h

Amplitude

HEFT 4s ,_,. .
Tww—san - (384 + a% (B — 1)) — | + ..
s Z h
4 l
MET_ SR (14 B) + O(d)  weno h
Cross section
HEFT 87> S 4 R O 2 R O\ A R
Oww—4h — Os (167T2V2) [(384 — 85) + 2 (384 — ag) a%xl -+ agXQ] —
SMEFT 87> s 4 [ 5 ] 5
= d* | (1 2(1 O(d
Oc (167r2v2) (I+p)"+2(L+p)x1 +x2| + O(d”)
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SMEFT-like model. Benchmark points’
SMEFT(0=6) BP

d=0.1
a=a/2=105, b=a =120
a3 =0.13, a; =0.03

SMEFT(P=8) BP

d=01, p=1
a=ay/2~106, b=a =1.26
a3 =022, az = 0.10

"d is compatible with the SM deviation range of ATLAS and CMS and crucial for the

convergence. p is non relevant as long as it's order 1.
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J.J. Sanz-Cillero

Non-SMEFT-like models®. Benchmark points

RP1(a1) BP2(a1)
h h\ 2
F(h :exp{a —} h :<1ﬂ_)
(h) - F(h) L
a, =2.205,a3 ~ 1.54 ,a;, ~ 0.81 a» ~3.31,a3 ~ 4.63,a; = 6.08
BP1(21:22) BP2(a1:22)
F(h)—exp{al—+(az—i)—} F(h) = 1_iﬁ_ ﬁ_?’_a% h_2
v 2/ v? (h) = 2 v 2 8 / v?
az ~—0.57, as~ —0.90 az ~ —2.01,a, ~ —4.53

®This flare functions have no real zeros [Cohen et al. - 2008.08597, Manohar et al.
1605.03602] but fulfil the postivity requirements
in Gdmez-Ambrosio et al. - 2204.01763
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Exclusion plots

873 S 2
Oww—2h — d2 ( ) 3

s 167202
647’(’3 S 3
Oww=sh = T3 d*(1+p)’ (167?202) ’
87 S 4
Opw—4h — s (1671'2’02) d4 [(1 + /0)2 + 2(1 + p)Xl + XZ]
- 87 S 2
O.w.j%-hh, — S di] ax (167{'2?)2) )

max 647]— d4

3
_ 2 5
Oww—3h = 3 } max (1 + Pma.x) (W) )

. 83 S 4 ‘
O rsdh = 05 (1671'2’02) Amax [(1 + PmaX)Z + 2(1 + pmax) X1 + X2

J.J. Sanz-Cillero Multi-Higgs production in vector boson scattering 138/28




‘d‘ S dmax — 0-1;

|P| S Pmax — 1

Oww—3h
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167202
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55 ¢ 10" ({520
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95 \ 167202
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o
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i

Figure 8. SMEFT exclusion plot for the cross sections for 2, 3 and 4 Higgs bosons with |d| <

dmax = 0.1 and |p| < pmax = 1. The regions above the solid, dashed and dotted lines can be

safely excluded if the Wilson coefficients are within the considered range. Notice that the EFT

perturbativity condition is not considered in this figure, as the EFT expansion breaks down on the

region past the crossing point.
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 What if we require that, at a given energy,
the couplings must always be small enough

so the EFT power expansion is still convergent at that E, ?
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Figure 9. Exclusion plot for the maximum value of the cross sections for 2, 3 and 4 Higgs bosons

with the constraint |p| < pmax = 1 and EFT-expansion tolerance ¢ = 0.1.
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@ Using Eq.Th. and massless approximation we have computed
longitudinal VBS for 2h, 3h and 4h production at lowest order (tree
level). Analytical except for the 4h XS.

@ We have found that multi-Higgs production is greatly suppressed in
SMEFT but not in general HEFT scenarios.

Next steps
@ Go beyong EqTh and add mass corrections. Make predictions near
the threshold.

@ Full processes analysis with simulated colliding particles, PDFs...
Expected to be further suppressed.
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