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HEFT: ® @ © ¢ '@ 8

-kinematicswell overw w threshold: (]l a X &

- Mass corrections neglected
- Chiral LO: only0 T  derivative operators

- Equivalence theoremappr.. w w 9 ¢ Q 71710¢ Q

[ 1 know: 3h, 4h, etc. looks like scieAoetion nowadayq

A Specific 1 © ¢ “OstandaloneMathematicacode link
A FeynRules + FeynCalchiral model file @ LO + NI®k1] [link2]

* Delgado,GoOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHER3 (2024) 037
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The Elare Function
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ARelevant combinationio = ao — a%/él —b—a

APure swave (J=0) ¢ critical angular information

* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHER3 (2024) 037 (x) Gonzalez-Lopez,Herrero,Martinez-Suarez, EPJC 81 (2021) 3, 260
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ARelevant combinationis = a3 — £a; (a2 — a3/4) = a3 — 3a (b — a?)

APure swave (J=0) ¢ critical angular information
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1-crossedpropagator
dimensionless angular function
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numerical integration constant$ j : MaMuPaxXfink]

X 3 D 3 D
AReIevant Ay =— Ay — ialag -+ ECL% (CLQ — CL%/4) = Ayg — §CL a3 + gaz (b — a2)

combination:

A 2 _ 2
a2 = a2 — a1/4 =b—a [exactly same combination aslinl © ¢

AAImost swave (J=0).. m .. mpg ¢ critical angular information
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Understanding the 'Y o structure: field redefinitions

HEFT Lagrangian?

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

1 1
Luerr = 50,h0"h + EJ:(h) 0w w? + O(w*)

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

F(h)=1+ a1€ + ap (E)Q + a3 (ﬁ)?, + ay (ﬁ)ﬁr + O(h)

vV vV vV

,a2=b with agsm=2,asm=1,asm=0,a3,sm=0

J.J . Sanz - Cillero (UCM & IPARCOS) Multi - Higgs production and chiral effective Lagrangians



HEFT lagrangian

1 1
LHEET = Eaﬂhﬁ“h + E‘F(h) 8ﬂw38“wa -+ O(w4)

Field redefinition

f 18; 18
o

w? = w?+ g(h)w?, h— h+ N (1+ g(h)) -

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

1 1 A
LHEET = Eaph(r)’“’h + 5.7-—(17) 0w OHw? + O(w4)

* Delgado,GoOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHER3 (2024) 037
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Redefined HEFT lagrangian

1 1 A
LHEFT = Eaﬂha“h + E}—(h) 0w 0" w? + O(w4)

Redefined flare function
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AFor a general normalization andsolution of ¢'(h) = —2N/[v F(h)]

%f ' ds —N( h h? 2

5 h? 1 2 b .
= — —2—4+2a—+=(b—4a*)—=+—(a3—4 3 — )
g(h) o | Fs) +2a— —|-3(b a”) —|—2(a,; ab+8a v4+0(h )

F(h) = F(h) (1 —l—g(h))z

AHowever, for the particular normalization T I
h h? 1 o1 K4
h) = —a— 27 — — 4 2 = — 4 CAN h5
g(h) av-l-a v2-I-3a(b a)v3—|—4a(a3 ab+83)v4 + O(h?)

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

V V V
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Redefined parameters (&0 1)

5 = b—a°

4
33 — 43 38 (b— 82)
3 5
a4 — 5aa3 + §a2 (b — 32)

QL
N
|

Exactly the sameffective combinations found

beforeinthg 7 © ¢ "QOscattering amplitudes !!!

* Delgado,GoOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHER3 (2024) 037
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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. _ _ N
To make yourself an idea of the important simplification:

_e theory is simpler to compute thane
* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHER3 (2024) 037
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SMEFT theory: | 1 © ¢ @ @ '@ suppression

ASMEF& HEFTelations for therelevant combinations

G = d+ 2d*(1+p) + O(d?)
4
33 — §d2(1—|—/0) + O(d3)
5 = SdP(1+p) + O(d®) » © ©)
4 = 3 P d:2vc:HD _ ChE
A2 AP R
(CHD)

AMulti-Higgs finetuned suppression in SMEFT

* Delgado,GoOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHER3 (2024) 037
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SMEFT pheno: | 1 © ¢ @ @ "@ suppression

AAn illustrative exampler 1 © o O

ti—3h
g 5M (no EqQTh)
10 — SMEFTI? =%
— {aL. 2z
105 - : gEEe=
".ll-.-ll E.F'E:ﬂll
= 104 PPTL AR LR L
2 bantt - "SMEFT'® =51" bt with a5 =0
) lDE R
lDI} ]
lD—E |
10% 101
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* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHER3 (2024) 037
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Scannin@fthe] 1 © o'Qcrosssectionpredictionsfor /i  p TeV:

A Emptybluesquare-3 - %& 4 -BP Q 1)
® Ofc O C ) pgry A o &
A Full Orangesquare- HEFT:

G ot o C ) oty A H
SM_ a3

1000

100

Oww->3h (fb)

0.00 . . 0.30

P, AT

~

AAnalogoudo previous®d — ©
for LHC and FChalyses

(x) Englert,Naskar,Sutherland, JHEP 11 (2023) 158

scannings
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Conclusions
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A Compact structure forsrasr4 © = || scattering:

[Ruled by very particular combinatiorgs, _k = for¢ Q 5 foro Q etc. ]

A Field redefinitions helps us to understand this simplicity

A Strong multiHiggs suppression in SMER#t to HEFT

cEven for small O(10%) deviations in SNVHERTF 1 g C

¢Much larger XS in pure HEEFT
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AVarious public code repositories created:

- Specific Mathematica staralone code for 1 © ¢ Q

https://qithub.com/alexandresalasb/WWtonHcalculator

- General FeynRules model file it commavomarsoewer
implementingy (] ) andu ; HEFT Lagrangian

- Newfast Massless Particle PhaSgpace Integrator

/\i \1/‘ A‘ N \1 _\l V;Nps://qithub.com/mamupaxs/mamupaxs
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AIR finite

AEquiv. Theorenmpliesa pure swave

AThis HEFT behaviour approximately observed wi#th? Q &(X) [ vs SMangular distribution ]

Angular distribution of a(WW - HH) modifying HEFT LO parameters

. VE =13 TeV mm 5M:a=1b=1 0=56.00pb
fa = 0.01, Ab = 14Aa, 0 = 5.4 pb
fa = 0.02, Ab = 1Aa, 0 = 5.4 pb
102 fa = 0.03, Ab = ZAa, 0 = 5.8 pb

fa = 0.04, Ab = Aa, 0 = 6.7 pb
fa = 0.05, Ab = Aa, 0 = 8.0 pb

10!

lﬂ":"

dofdcos(8) (pb)

1071

1072,

102
-1.00 —-0.75 —0.50 —-0.25 0.00 0.25 0.50 0.75 1.00

cos@

(x) Davila,Domenech,Herrero,Morales, EPJC 84 (2024) 5, 503
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Higgs Effective Field Theory

Redefined form

Calculations have also been checked with:

Redefined HEFT Lagrangian

1 1 4
LHEET = §8Mh8“h + Ef(h) 8Hw38“wa + O(w4)

Redefined Flare function?

Ay =145 (1) v a () va (2) 4 o)

vV

§2:b—32, §3:a3—%(b—32), §4:a4—§aag+232(b—32)

>This redefinition gives a more direct interpretation
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SMEFT: 1 1 © ¢ '@ '@ "8 VERTEX suppression

ASMEF& HEFTelations for the Higgs couplings:

81/2

a_1+d+d2
- g D

(% +p> + O (d°)

b=1+2d+3d°(1+p) + O(d’)

4 14
—d d2(— 4
39 T 3 TP

1 11
—d d2(— 3
39 T 3 TP

>+O(d3)
>+O(d3)

* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHER3 (2024) 037

J.J . Sanz - Cillero (UCM & IPARCOS)

*a5 and as can be found in the paper.

a, for n > 7 vanishes at order 1//\4.

242(0) -8
B /\2HD ’ = 76E)] 2
2(cy)
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SMEFT-like model. Benchmark points’
SMEFT(P=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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Non-SMEFT-like models®. Benchmark points

BP1(a1) BP2(a1)
h h\
F(h :exp{a —} h :(1_2_)
(h) 1 F(h) 1
d? =2.205 y A3~ 1.54 y dg =~ 0.81 d» ~3.31 ,d3z 4.63 , d4 — 6.08
BP1(a1,a2) BpP2(a1,a2)
h 2 h2 —2
f(h):exp{al—+(ag—i>—} E(h) = 1_2&_ 2_3_‘9% h_2
v 2/ v (h) = 2v \2 8/
a3~ —0.57, as~ —0.90 az ~ —2.01,a; ~ —4.53

8This 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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ATLAS and CMS analyses on niiljgs:
Where are we standing?

- Uncertainty i W lfc (P71 7 vertex): O(10%)

- Uncertainty i ® ® (7 1 vertex): O(100%)

T

- BUT,in the relevant] 7 © "(XQamp.combination w: O(10%)

T
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Ky

7 S T e A Exp. data on hiproduction at LHC

o 4+ Bestfitvalue # 68% expected =
4 Standard Mode! ===== 95% expected

show an important correlation

between ¢

~
1

[ notation:®d wix I , & I ]

-1 05 0 05 1 15 2 25 3
Koy

(a) (b)

CMS bbrr, 138 fb' (13 TeV)
T T T

T T T T
%, =% =1 [ Excluded (observed) ----- Excluded (expected)
¢ Standard Model 558 68% expected

— g
< | ATLAS 1

21~ v§5=13TeV, 126—139 fo-'
| All other « fixed to SM

A NOTE we have superimposed:

ol
| 7 e - Parabolles w/ constar= = T
B e e S CLe
Kav v
(0) (d) - D=6 SMEFT predictieh =+
(a) Phys. Rev. Lett. 131 (2023) 041803 [2205.06667]

... + some recente important improvement from HH + H: (b) CMS-PAS-HIG-21-005 (c) ATLAS-CONF-2022-050 (d) Phys.

CMS RAS1HIG3-006 Lett. B 842 (2023) 137531 [2206.09401]. NOTE: ky = a1/2, koy = a».
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CL2:26L1—3

The equivalence theorem
approximations in this work
seem to be in agreement
with hh-production data

138 fb”' (13 TeV)

F________

3(\I A 1
0 Ay = ::O.Q:

107"
_ 102

107

10 Also previous theoretical

0 .
O(10%fklose to the SM -1 -05 0 05 2 286 3 2h-productionfor LHC*
In "I_ ’: Figure 2. a) CMS experimental confidence regions for the hWW coupling ky = a = a;/2 and for

the hhWW coupling oy = b = az, from a non-resonant hh production search with each Higgs boson nOted Im pOrtant COrre|atI0nS
decaying into a highly boosted bb pair [77] (white lines and colour map in figure 11 from the additional -
material in CMS-B2G-22-003). b) CMS confidence regions from processes with one Higgs boson b etween (" Hl )

(a) Phys. Rev. Lett.f 131 (2023)7 041803 [2205.06667]
* Delgado,GoOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHER3 (2024) 037

J.J . Sanz - Cillero (UCM & IPARCOS)

w Golylylé LX2Gdaz |
* Anisha, Atkinson, Bhardwaj, Englert, Stylianou, JHEP 10 (2022) 172
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Awe willactually computehe GoldstoneGoldstone scattering,

Tww —nxh

and extract the corresponding cross section:

I 1

2
Oww—nxh — _' - |Tww—>n><h| dHn
n! 2s
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w™ (k1) w™ (k2) — h(p1) h(p2) h(p3) M(p4)

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

B, — Zij 2k
N 2filj2i5 — fizi — 5%

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




(CM)
fi = 5l /v/s (s = 4]k [|?)
z = 2sin%(0;/2)

21 = 2sin*(6;;/2)
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37 b N i
O ow—sdh = 9—7; (16752’02) [(3(1,4 — a%)Q + 2 (3a4 — a%) a%)a -+ a%xg]

Vy = [dlly = s? (24(47)%) "
—1 n

n = dIl, B"
Xn =V / ! Y1 = —0.124984 (10)

Y2 = 0.0193760 (16)

our phase-space integration code (MaMuPaXS)
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What about D=8 corrections to SMEFT? C ¢CKS fAYS GdaNya Ayaz2z | aGadKAO
' ' 7/ jodzi aiuatft OlFyQd 32 SOSNEBSKS

_Volunteers can play with D=10 corrections

o
1.0
CMS |
95%C|f
0.8 d
4 p -
0.6 /2?;,/,;;2%/ 0T ” p T K
™ Q ™
0.96 0.98 1.00 1.02 1.04 1.06 1.08 1.10

a
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BP study
2H

twiv—=2h

SM (no EqTh) == BP1l ,.=*
— SMEFTID=6] vean BP2IE) =

=

* Delgado,GoOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHER3 (2024) 037
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Scannin@fthe] 1 © ¢ "@rosssectionpredictionsfor/i p TeV:
A Emptybluesquare-3 - %& 4 -BP Q 1)

® ol o O ) pdry A & ®© P&
A Full Orangesquare- HEFT:

=1
o

(=]
T

=1
o
=]

Tww-52 h {fb}
s 3

~

AAnalogoudo previous® @ I scannings
for LHC and FChalyses

100k

(x) Englert,Naskar,Sutherland, JHEP 11 (2023) 158
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BP study

3H

tid—3h S.M a3

a SM ino EqTh) i

10 — SMEFTIZ =)
. 1000 .
— {3 2] E
106 1 : gel :
“-I-.III EF'E:”” 3 :
=y 104 - e "_:_.‘ - . BP71m. a = 00 E
k= PRI "SMEFT!® =" byt with a5 = 0 = ;
m _
© 101 A0 E
3 1
0 - 3 ]
10 b 1 ]
10-2 PYQG)

. . 0.1
0.00 0.30
10° 101
Vs [Tev] as

* Delgado,GoOmez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHER3 (2024) 037
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