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e SM > SMEFT - HEFT
 Multi-Higgs VBS (THEORY)
 Multi-Higgs VBS (PHENO)

A digression on fermion loops in HEFT (on behalf of C. Quezada-Calonge)
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HEFT: W, W, — 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. looks like 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, JHEP 03 (2024) 037
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e Relevant HEFT Lagrangian at LO, O(p?):
’02

TF() T {0 UorU}

LHEFT =

1
§ (8uh)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?)
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The Flare Function

* In HE

* In the SM:

* In SME
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SMEFT. ww — 2h,3h,4h ... VERTEX suppression

e SMEFT<>HEFT relations for the Higgs couplings:

d d?

2 = =1+ — 1+ —

81/ a +2—|—2

2 I—

4 14

a3 = =d d2(— 4

3 39T 3 TP
1 11

= =d d2(— 3

da 3+ 3+,0

%+p) + O (d°)

(

b=1+2d+3d°(1+p) + O(d’)

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

* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHEP 03 (2024) 037
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“as and as can be found in the paper.
a, for n > 7 vanishes at order 1//\4.
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e Relevant combination: dg = A9 — a%/il =b—a

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

* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHEP 03 (2024) 037 (x) Gonzalez-Lopez,Herrero,Martinez-Suarez, EPJC 81 (2021) 3, 260
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* IR finite
e Equiv. Theorem implies a pure s-wave

e This HEFT behaviour approximately observed with real W’s (x) [ vs SM angular distribution ]

Angular distribution of o(WW - HH) modifying HEFT LO parameters
1-’?=3TEV —5M:a=1,b=1,ﬂ=ﬁ.ﬂph
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ww — 3 3G
1 po—s3n =

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, JHEP 03 (2024) 037
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1-crossed-propagator
dimensionless angular function
ww % 4h 48 l l l l l l l l[BACKUPSLIDES]

L yp—san = oy (3&4 + &% (B — 1))

873 S 4 A 9 A 9
O ww—sdh = 95 (16”202) [(3(14 — a2) + 2 (3a4 — ag) a2X1' + GQ]XQ]

\" \'
~ 7 ~ 7

numerical integration constants y »: MaMuPaxs [link]

R 3 5 3 5
* Relevant (g = Qg — 7103+ EGJ% (a2 — aj/4) = a4 — 503+ gaz (b—a?)

combination: [.
az = az — a1/4 = [ = CL [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, JHEP 03 (2024) 037
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SMEFT. ww — 2h,3h,4h ... AMPLITUDE suppression

e SMEFT& HEFT relations for the relevant combinations:

G = d+ 2d*(1+p) + O(d°)
4
43 = §af2(1 +p) + O(d?)
. 1
Y — gdz(l —|—/O) -+ O(d3) 5,20) 8
d=—%~ -+ P=>
2(cpyh)?

e Multi-Higgs fine-tuned suppression in SMEFT

* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHEP 03 (2024) 037
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BP study
2H

twiv—=2h

SM (no EqTh) == BP1lE1 ,.-*
— SMEFTID=6] vean BP2IE) =

=

* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHEP 03 (2024) 037
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Scanning of the ww — 2h cross section predictions for /s = 1 TeV:

e Empty blue square - SMEFT(?=0) _Bp (d = 0.1):

SMEFT (D=6) __

a =a,/2 = aSMEFT(D=6) — 1 05, b=a, =a, 1.2
e Full Orange square - HEFT:
a=a,/2 = aSMEFT(D=6) = 1 5, b=a,=a;"""" P =12 x (1 +20% )
‘1|:|_"ré‘“‘“‘“‘“‘“‘“““““““““““a
-
od
A
|
3
B 1[](]1]-:— ——————————————————— _
00F ——- - » Analogous to previous a, = b = K, scannings
141: o for LHC and FCC analyses:
0.0 05

() Englert,Naskar,Sutherland, JHEP 11 (2023) 158
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BP study
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* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHEP 03 (2024) 037
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Figure 5. Scan of the ww — 3h cross section predictions in terms of ag at /s = 1 TeV. The inputs
a, = a?MEFT(D:O) = 2.1 and as = QSMEFT(D:(’) = 1.2 are taken from (4.2), the SMEFT(P=6) BP.

We have marked a few especial points: az = aSMEFTD=6) _ 13 (empty blue square) and their
SMEFT(D=6) 1/,

20% deviations (full orange squares), ag = 80% X a?MEFT(D:m and asz = 120% % a;

note that, in between, o35 vanishes at as = %al (032 — ia{) = 0.1365.

* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHEP 03 (2024) 037
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BP study
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@ VirtualBox

l.e., “Fermion loops are sometimes
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Conclusions
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- Loose measurements for some Kj's [for instance, Koy in pure HH analyses]

- Hidden, stringent constraints for the relevant /K\Z]-’s

[for instance, Koy = d, in W, W, — 2h, a3 In W, W, = 3h, etc.]

. wrt to HEFT

—even for small O(10%) deviations from SMEFT—

. , forthcoming
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e Various public code repositories created:

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

https://github.com/alexandresalasb/WWtonHcalculator

- 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
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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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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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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): 0(100%)

- BUT, in the relevant ww — hh amp. combination k,, = d,: 0(10%)
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138 18" {13 Tevi

3 o ~ MS Pratminany {98 (13 Tevi .
W R T e Exp. data on hh-production at LHC
0 8 Brananisibodal = 95%::m: 3
10°¢ : - . .
" show an important correlation
1 between (a, b)
AR [ notation:a = a,/2 =ky, b =a, = Koy |
(a)
Q 2~ iri::.?:v 126 1.39':’9-'( | R M
o ri e NOTE we have superimposed:
. _'
[/ 2
Ok'\ - P al
| - Parabolles w/ constant iy = a, — i
T e e e T 3 O S e
K2y ax
(c) (d) - D=6 SMEFT predictiona, = 2 a; — 3
(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 PAS HIG-23-006 Lett. B 842 (2023) 137531 [2206.09401]. NOTE: ky = a1 /2, koy = as.
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138 fb™ (13 TeV)

> 3 10°
(a) . ~
104 =
q —_— —_— —_— —_— —_— —_— —_— —_— —_—
s A
10 1o = 0.2
h —_— —_— —_— —_— —_— —_— —_— —_— J
10°
aos — 2a 1 — 3
10
1
The equivalence theorem 10"
approximations in this work =
seem to be in agreement 102
with hh-production data
5 107
Indications that we might be : :
%) c| o 0 Also previous theoretical
0(10%) close to the SM ‘;' _20')50 . 0 01-5 y 1 :51 i 2 1 2.5 3/ 1 2h-production for LHC*
: igure 2. a) CMS experimental confidence regions for the hWW coupling ky = a = a; /2 and for . .
In (a’ b) the hhWW coupling roy = b = as, from a non-resonant hh production search with each Higgs boson nOtEd Im pO rtant corre |atI0nS
decaying into a highly boosted bb pair [77] (white lines and colour map in figure 11 from the additional b
material in CMS-B2G-22-003). b) CMS confidence regions from processes with one Higgs boson etween (K Vo KZV)
(a) Phys. Rev. Lett. 131 (2023) 041803 [2205.06667] [ “banana” plots, as M.J. Herrero calls them]
* Delgado, Gémez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHEP 03 (2024) 037 * Anisha, Atkinson, Bhardwaj, Englert, Stylianou, JHEP 10 (2022) 172
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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]
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(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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* 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, — 2ij 2kt
N 2fili%i5 — fizi — 1%

where f; = QPi/QQ, zi = 2k1pi/qpi, zij = zji = q° (pirj)/|(api) (qp;)]
q = k1 + ke = p1 +p2+ p3+ pa
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(CM)
fi = 15ill/v/5 (s = 4|k ||?)
7 = 2sin?(0;/2)

Rij — 2 SiIl2 (933/2)
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877 dr N )
Oww—dh = 9—7; (167521)2) [(3&4 — a%)Q + 2 (3&4 — a%) a%)a + a%xg}

Vi = [dlly = s* (24(47)%) "

—1 n
n = dIl, B"
n =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? -> The line turns into a “thick line”/area

but still can’t go everywhere.

Volunteers can play with D=10 corrections

o]
1.2
95%CL — o
’ @ 2@20(6) h 1.0
d H[
AZ
(8)
CHo
P = D) 08§
(6) '
K Q(CHD) /

06 A

—10<p <10 7 i
—05<d<0.5 | —100 = p <100 -
R PR [ S S SR N S S SR N SR ST SR N ST ST S NN SR S S / _10 S d S 10
0.96 0.98 1.00 1.02 1.04 1.06 1.08 1.10 0 L ]

T I T N T S T SO TN N R N L L
0.98 1.00 1.02 1.04 1.06 1.08 1.10

a

0.96
a
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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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ATLAS -CONF-2020027 a1 /2 = a € [0.97,1.09]

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

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

3.5

3.0

2.5

2.0

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

CMS PAS HIG-23-006

CMS Preliminary 138 fb™' (13 TeV)
I I I 1 | 1 I I I I I 1 I 1 I 1 I 1 I | 1 1 I 1 I I 1 I_
Observed — single-H comb. ¢ Best fit value 7

K, =K=1 — 68% i
A f — HH comb. 68% CL (1o) :
--- 95% CL (20) ~

single-H and HH comb. ___ 99.99994% CL (50) i

/

IIII|IIII|IIII|IIII|

\

A
<
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Correlations Correlations A~* Assuming
accurate at order A - accurate at order A ~* SMEFT perturbativity
Aas = 2Aa; Aaz| < 5|Aay|

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
= 2(Aaz — 2Aa1) — 5 (Aai)’
as =0 as %Aa — %Aag + a3 = all the same
= 2(Aaz — 2Aa1) — % (Aay)?
ae =0  SMEFT a6 = §as SMEFT SMEFT
MRS (I R 1 R e 2

(*) Gobmez-Ambrosio,Llanes-Estrada,Salas-Bernardez,SC, PRD 106 (2022) 5, 5; arXiv: 2207.09848 [hep-ph]
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Consistent SMEFT | Consistent SMEFT | Perturbativity of ‘ i
range at order A~ |range at order A~*| A~* SMEFT |Aaz| < 5[Aay

Aasy € [—0.12,0.36] ATLAS ATLAS
as € [—0.08,0.24] | as € [-4.1,4.0] | as € [-3.1,1.7]
as € [—0.02,0.06] | as €[-4.2,39] | as € [-3.3,1.5]
as =0 as € [—1.9,1.8] | as € [—1.5,0.6]
as = 0 a6 = s a6 = as a1/2 = a € [0.97,1.09] [67]
CMS CMS
as € [—3.2,3.0] | as € [-3.1,1.7] *ATLAS
as € [—3.3,3.0] | as € [-3.3,1.5] | a2=b=rkav €[-0.43,2.56] [69]
as € [—1.5,1.3] | as € [—1.5,0.6] «CMS
as = as as = as a2 = b= kav € [-0.1,2.2] [68]

(*) Gobmez-Ambrosio,Llanes-Estrada,Salas-Bernardez,SC, 2204.01763 [hep-ph]
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Other correlations: Higgs potential i ) T T T e T
58 | ‘ 15 ' vy € [-2.5,5.7] )
m_  ATLAS-CONF-2021-016: _
v - miv? | huager ’ N hHEFT 3+ - . . MEFT -
HEFT = —5 " U3 " 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
Va
Avy = %A’Ug — %A&l Avy € [—3.8, 86]
SMEFT
Uy — 6’06 = %A’Ug — %Aal 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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Correlations in the potential

HEFT correlations from the Custodial preserving SMEFT operators

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

3v2c 2c 1 25v2c 3 1lc
vs =1+ /\2HD i?/\g AT 6/\2HD i §§2/\g |
v — 2v2cpr n §M2CH v — V2 cHo N EMZCH
N2 4 \2N\2 7 3A\2 8 \2A\2 7
Vi>7 = 0,

/\2
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Other correlations: Yukawa’s

_ 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
C4

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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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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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

J.J. Sanz-Cillero (UCM & IPARCOS) Discerning EFTs through multi-Higgs production



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

,ax=b with agsm=2,asm=1,asm=0,a3,sm=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,h"h + = F(h) 0w 0"w? + O(w?)

J.J. Sanz-Cillero (UCM & IPARCOS) Discerning EFTs through multi-Higgs production




Redefined HEFT lagrangian

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

Redefined flare function

J.J. Sanz-Cillero (UCM & IPARCOS) Discerning EFTs through multi-Higgs production



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  Lh? 1 h 1 h*

g(h) = —a-t+a 5+ §a(b — 432)$+ZB(33 —4ab + 833)F + O(h)
A h\? h\’ h\*
F(h) = 1+ & (;) + a3 (;) + ag (;) + O(h°)
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Redefined parameters (4, = 0)

55 b— a°
§3 — da3 438 (b — 82)

3 5
a4 — 5333 + 532 (b— 32)

QL
N
|
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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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el LT 7 . Py
f 4 '}F’? y o~ a,f__,,ﬁ = P

L f [ 4 ] i (] -
=g ' | " ny | ' | - o ¥ 7 7 I
“T'lAP 11 r114” At e L Y 44 i Fry,P Adsa AP 244/7 1 A4
L DE TLALY OT e “f(n”ﬁ;? SILAY f* MOl lﬁu&ﬁ/@s 101
AW/ Jyyri V] /b 4 AV (D VWibe | IVELFr VL /T
/ y AA _J

&= s @'; ) e

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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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 o ‘
- 1 L (,0)'D,U) + 5 (1+P(h) (0,h)% + ..
P, 2 . ] L2
dhNE e . %fc“lNL}I — % = (_’;T.«_';
= v1+P(h") ? 2 9
a 9 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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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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Exclusion plots

3
3w P S 2
Oww—2h — 3

s 167202
647’(’3 S 3
Oww=sh = T3 d*(1+p)’ (167?202) ’
873 S 4
Opw—4h — s (1671'2’02) d4 [(1 + /0)2 + 2(1 + p)Xl + XZ]
max 871_3 2 S 2
O'w:}%-hh, — T dn'la.x (m) )

_ 647 S 3
max 4 2
O— P — — d 1 —|— ) . (—‘ ) .
ww—3h 3 max ( fmax) 16 2(02 )

. 873 S S ;
O_(?)BI—)ZU?, - s (167T2’02) dﬁnax [(1 + /Omax)2 +2(1 + pmax)X1 + X2

* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHEP 03 (2024) 037
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1011_ — 2H —-— 3H EEEm 4H “0. ‘d‘ S dlllfLX — 0'1',! |p| S plll'd){ — 1
109 | .’.“ ”
107 - -
)
=105 - 81 s \?2
x wa—>2h:_d ( D) 2)
g 103 - . s 16m<v
S e _6ar a5 )
L e ot = 350" (0 +0)" (gmz)
-1 o“ 871-3 S 4 4 2
12—3 .“o' Oww—4h — s (1671'2’02) d [(1 +p) _+_2(]- +p)X1 + X2
* | For each energy the cross section maxima are reached for d = dyax

10 10' 102
Vs [TeV]

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 EF'T expansion breaks down on the
region past the crossing point.

* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHEP 03 (2024) 037
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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, ?

* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHEP 03 (2024) 037
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(6)
cyns| d s
A2 | T 9.2 < ekl

202

SEFT—max _ i

ww—hh Qs .

2 4

EFT—max (% de 2
Tuwssh (16772 5> 3 (LT Pmax)”

EFT—max 1 ° 2
wa—>4h — 16772 187TS ((1 _I_ pmax) _I_ 2(1 _I_ pmaX)Xl _I_ XQ)

* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHEP 03 (2024) 037
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101_
310—1_
= T
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100 101 gmax — 87‘_3 2 ( 8 )2
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ww—hh B Umax
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max — 1 2 (2
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Figure 9. Exclusion plot for the maximum value of the cross sections forz; 5 ana 4 HIgZS DOSOIS

with the constraint |p| < pmax = 1 and EFT-expansion tolerance € = 0.1.

* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHEP 03 (2024) 037
J.J. Sanz-Cillero (UCM & IPARCOS)

Discerning EFTs through multi-Higgs production


https://inspirehep.net/literature/2720159

CMS Prefiminary
I I ] | I I

138 b (13 TeV)
I I | | | | Ll
i =1

|| I | | 1 T I 1 I | I 1
- Excluded (observed) ----- Excluded (expected)
+ Best fit value === 68% expected

¢ Standard Model @~ ==--- 95% expected

F?%
I

Illlllll

LY
L B I

a2:2a1—3
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CMS

bbrt, 138 fb ' (13 TeV)

- K =K =1

(d) Fe 6

(d) Phys. Lett. B 842 (2023) 137531 [2206.094011.

- Excluded (observed)
¢ Standard Model

* Delgado,Gomez-Ambrosio,Martinez-Martin,Salas-Bernardez,SC, JHEP 03 (2024) 037

Excluded (expected)

=== 68% expected
95% expected sz
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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, JHEP 03 (2024) 037
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