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Used to test linear (SMEFT-like) and non-linear (HEFT-like) ALP EFT.
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1. Distinguishing Electroweak EFTs

EERCRONEE Phys. Rev. D 106 (2022) no.5, 053004
Commun. Theor. Phys. 75 (2023) no.9, 095202 || EPJ Web Conf. 274 (2022), 08013
JHEP 03 (2024), 037 | Phys. Rev. D (2025), to appear


https://inspirehep.net/literature/2154526
https://inspirehep.net/literature/2120028
https://inspirehep.net/literature/2183200
https://inspirehep.net/literature/2720159
https://arxiv.org/abs/2506.21716

The Electroweak scalar sector extensions

“Two" EW EFT candidates
m Standard Model Effective Field Theory (SMEFT)
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m Standard Model Effective Field Theory (SMEFT)

o0 (n)
" o
LsmerT = Lsm + ZZ WO,( J(H) .

n=5 |

m Higgs Effective Field Theory (HEFT):
Chiral Lagrangian

LuEFT = Ea“hauh - Vih)+ Ef(h)auw’a'uwj (5ij+ vw—w2> .
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The Electroweak scalar sector extensions

“Two" EW EFT candidates
m Standard Model Effective Field Theory (SMEFT)

o0 (n)
" o
LsmerT = Lsm + ZZ WO,( J(H) .

n=5 |

m Higgs Effective Field Theory (HEFT):
Chiral Lagrangian

LuEFT = Ea“hauh - Vih)+ Ef(h)auw’a'uwj (5ij+ vw—w2> .

What is their relation?
Higgs EFTs, and ALPs in Multi-Boson Production, Alexandre Salas-Bernardez 10th December 2025 11



In a few words...

Basically, SMEFT assumes the SM EWSB structure, where the Higgs boson is part of an
SU(2), doublet.
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n a few words...

Basically, SMEFT assumes the SM EWSB structure, where the Higgs boson is part of an
SU(2), doublet.

On the other hand, HEFT casts the Higgs boson h as an SU(2); singlet.
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Geometric distinction HEFT /SMEFT

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

HEFT:

m 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)

m 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].

Higgs EFTs, and ALPs in Multi-Boson Production, Alexandre Salas-Bernardez
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Conditions on F for SMEFT’s validity

In 2204.01763 we found an easier analytical criterion for SMEFT to be valid:

1. [F(h)y =0

must have a double zero. hj is the symmetric point.

2. At that point hy,

* * 2
]:/(hl) =0, ]:”(hl) = ﬁ .

3. Analyticity of the SMEFT Lagrangian: all even derivatives to vanish at the symmetric
point, F(Z)(hi‘) = 0 for even £. From the point of view of F this implies the vanishing

of all odd derivatives, | FZ*+D(h) =0/
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Conditions on V for SMEFT’s validity

The expansion of Viggpr(h1) can only contain even terms in its (h; — h.)" expansion:

2,2

mpyv V>‘< V* *
Vigrr(h) = =3 [v—i(hl = h)?+ (b = h)* —%(hl — h)° + }

The HEFT coefficients

2 2 3 4
miv h h h
s =T (2) o () e (B)

are determined by the v;, vg ..., coefficients around the symmetric vacuum
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Origin of SMEFT correlations: just match two Taylor exp.

Symmetric Point Conditions

1V(®)

Correlations at our vacuum

Higgs EFTs, and ALPs in Multi-Boson Production, Alexandre Salas-Bernardez
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HEFT and SMEFT UV completion examples

e Strong UV dynamics can still match to SMEFT:
- Minimally Composite Higgs Model

2, (h
F(h) = 2 sin? (? + arcsin ;) Contino et al.[1100.1570]

e Pure-HEFT models:
- Two Higgs Doublet Model (in the quasi-alignment regime) arco et al. [2307.15693]
- Dilaton Model F(h) = (1 + a)2.
2
2
MY =02 4 £
P =20 # 5

Vv

Mod.Phys.Lett.A 8 (1993) 275-284; Goldberger et al. [0708.1463]; Hernandez-Leon and Merlo [1703.02064]

Higgs EFTs, and ALPs in Multi-Boson Production, Alexandre Salas-Bernardez
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High energy measurements

The flare function F accompanies the GB kinetic term (dwodw)

Flbugrr) =1+ Z <hHEFT)

At high energies (Equivalence Theorem) w ~ W,
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High energy measurements

The flare function F accompanies the GB kinetic term (dwodw)

Flbugrr) =1+ Z <hHEFT)

At high energies (Equivalence Theorem) w ~ W,
= ww — n x h can test SMEFT framework.

hy
ho
n'a
= ——Ts=— Kkpy of k-framework
2vn
hn
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SMEFT vs HEFT phenomenology (JHEP 03 (2024) 037)

Dimension 6 (8) SMEFT operators contributing to F(h) are
053%((8)) _ Cf_%((g))|H|2(4)D|H|2//\2(4) (also Owp)

d d? /3
= = — (= d3
a1/2 a 1+2+2(4+p)+(’)( )7
a = b=1+2d+3d*(1+p)+ 0O(d%),
a3 = §d+d2( —|—4p>+0 (d?)
1 2
ay = §d+d +3p + O
with, g 2v2cf_,6% . CHD
2 6 :
A 2
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https://cds.cern.ch/record/2882424

Recent combination of analyses: HEFT regions

&
o

CMS Preliminary 138 fb' (13 TeV)

— 7 1

3.5[- Observed — single-H comb. 4 Best fit value _:
K =k=1 — 68% ]

5= Ky MM comb. 68% CL (10) ]
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In case you are wondering... D =8

20
15
leBox(8)l<1 for d € (—0.36,0.121) (FitMaker

S SM bounds, J. Ellis, M. Madigan, K. Mimasu, V. Sanz and

e T. You, JHEP 04 (2021), 279)
(8)
SMEFT region and [ < 1.
0.5
kV

08.90 0.95 1.00 1.05 1.10 1.15 1.20
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In case you are wondering... D =8

20

lchovs) <15 for d € (-0.36,0.121) (FitMaker
bounds, J. Ellis, M. Madigan, K. Mimasu, V. Sanz and

T. You, JHEP 04 (2021), 279)

and |c,(_§%| < 45 (inside CMS allowed
SMEFT region region)

05

kV

.0
0.90 0.95 1.00 1.05 1.10 1.15 1.20
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In case you are wondering... D =8

20r

2 2 \4
a = b=1+2d+3d*(L+p)+ O(d?)| <&

d d? (3
a2 = azl+—+—(—+p)+0(d3)

SMEFT region

0.5

kV

0
0.90 0.95 1.00 1.05 1.10 1.15
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Testing the SMEFT: Measure F expansion in multi-Higgs final states
(JHEP 03 (2024) 037)

ais
Tww—)h - -
2v
T S 3%
hh = ——> (a2 —
ww—r V2 4 )
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Testing the SMEFT: Measure F expansion in multi-Higgs final states
(JHEP 03 (2024) 037)

ais
Tww—sh = —
2v
T S 3%
hh = —— (a2 — =
ww— V2 4 ’
3s 2 a2
Tww—>3h = — ﬁ a3z — 531 dpy — I 5 Obtained in Contino et al. JHEP 02 (2014), 006
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Testing the SMEFT: Measure F expansion in multi-Higgs final states
(JHEP 03 (2024) 037)

ais
Tww—)h = _E
5 a2
Towshh = ——5 |a2— - |,
4
3s 2 a2
Tww_>3h = — = |a — a1 |ax— — ,  Obtained in Contino et al. JHEP 02 (2014), 006
v3 3 4
4s
PN A2
Tww%4h = - F (334 + a; (B - 1)) ;
_ _ 3 2
where 3, = a, — a?/4 and & = as — 3a1a3 + a7 (a2 — a2/4).
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as
Deviating a3 only 10% of SMEFT value drastically changes XS.
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Same game for the Higgs potential and Yukawas 2207.09848

3v?cyn 1 25v%cypn 3
vg=1+ A2 +6cH,U4=Z+6T+§5cHa
2cpgn 3 viegn | 1
BT TR Ty T Tgpe Tgan
Un>7 = 0,
2
with m}zl _ —2H2 (1 + 2CHA_|§|U + %QH), 2(|H|2) =2 = =1 v} et + cpov? +0(1/A4)
s _ 2vley _ pPen \/th A2 A2
Y (1 4€CH) and €y = mZAZ . XZAZ"

A’U4 = %A’U3 — %A&l

v5 = 6vg = %A’Ug} — %Aal

Cy = 3(33 = %(01 — 1) — %Aal
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https://inspirehep.net/literature/2120028

Matching SMEFT at D=6 to NLO HEFT for triple Higgs production

Inspired by geometric arguments, in [2506.21716], we match SMEFT at D=6

C
Lrr = 73(010) + 22(0f0)T(0f0) + 22 (D4 ) (41D, 0)

+ L@l o)w, W+ 22 (910)B,, B + 5B (ol o)W, B
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Matching SMEFT at D=6 to NLO HEFT for triple Higgs production

Inspired by geometric arguments, in [2506.21716], we match SMEFT at D=6
6 Co CoO
L = 3 (@10) + TR (@f0)0(010) + T2 (01 D1y (o1, 0)
Cd>W v, CoB v, SowB v
(¢T¢) W/il/ WIM + ﬁ((b CD)B#VB“ + T(‘DTTI‘D) WLVB“

to NLO HEFT

2 1
Lio = —F(h)TrD,UD"U] + =8,hd"h— V(h)
4 2 4
P Lyo = 0(0%)
——2TI’[WHV WIL ] — 2g—/2Tr[Bu,,B“ ] + EGF + L:FP,
using field-redefinition (geometric) invariants: the scattering amplitudes.
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Matching SMEFT at D=6 to NLO HEFT for VBF triple Higgs production

By matching amplitudes in the two theories:
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Matching SMEFT at D=6 to NLO HEFT for VBF triple Higgs production

We find the following correlations of HEFT parameters by assuming the SMEFT structure:

’U4

2 2
v 1 SWAHBB = — 5 5 15C®B
Aa = F(—C{)D‘F chpD) w 2m2ZA2
4v? 1 4
Ab = 5 (=cen + ;o) 2 _ v
4 SWAHHBB = TamIAZ 2A20<I>B
Ak3 = 20t c +3vz( c. +1c ) Mz
3 = mZ A2 ®+ 5 (=Cen + ;Cap ) ot
vt SWAHO = — 5 5 2x5C®D
AHWW = —2m2—A20<I>W 8m2ZA2
W
vt 2 5'04
GHHWW = ~ 32 13 CeW SWOHHO = — 153 5C®D
4mi, A2 W 16m% A2
Ars e 2 3 o e sweman — —— U e
3 = quAz o+ 43 °0 + ycep wewaH1 = 2m22A2 W B
12v* 5002 1 4
Aky = —55¢8 + o5 (—Con + S CaD) v
m% A2 3A2 4 SWCWAHH1 = —mCQWB
zZ
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2. Axion-Like Particle EFTs

EERCR S JHEP 10 (2024), 164 | [2510.24873]



https://inspirehep.net/literature/2740652
https://inspirehep.net/literature/2740652
https://arxiv.org/abs/2510.24873

Adding the ALPs

Axion-like Particles (ALPs) are strong candidates for SM extensions:
m Introduced for solving the strong CP problem (7).

m ALPs appear in scenarios of global symmetry breaking in new confining sectors (pNGB)
and can be very light.
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Linear vs. chiral ALP: linear (SMEFT-like) (Brivio et al. 1701.05379)

Linear ALP theory (expansion in terms of the inverse of the ALP scale f,). Dimension-five
interactions with the SM gauge fields,

£5 =7 (caBu B + ey Wi, W + 563,67 ) .
a
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Linear vs. chiral ALP: linear (SMEFT-like) (Brivio et al. 1701.05379)

Linear ALP theory (expansion in terms of the inverse of the ALP scale f,). Dimension-five
interactions with the SM gauge fields,

ED—a

- (caBuB™ + e Wi, W + cs G2, 6 )

Coupling to the Higgs doublet, H,
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Linear vs. chiral ALP: linear (SMEFT-like) (Brivio et al. 1701.05379)

Linear ALP theory (expansion in terms of the inverse of the ALP scale f,). Dimension-five
interactions with the SM gauge fields,

£5 =7 (caBu B + ey Wi, W + 563,67 ) .
a
Coupling to the Higgs doublet, H,

oHa
f‘a M

—
O =i (HT D ,,H)
which leads to fermionic couplings proportional to the Yukawas,

Ow = I'fi (QLYUF/UR +.. ) + h.c.
a
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Linear vs. chiral ALP: chiral (HEFT-like) 1701.05379

17 possibilities for coupling the ALP to SM fields,

17
Lchiral = Z ¢ O+ Z ¢ OJ )
=BG =1
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Linear vs. chiral ALP: chiral (HEFT-like) 1701.05379

17 possibilities for coupling the ALP to SM fields,

17
Lchiral = Z ¢ O+ Z ¢ OJ )
=BG =1

where each of the operators O - 017 is proportional to a Higgs flare function as before
h h\ 2
F;(h):1+a;—+b; (—) + ...,
v v

New couplings: cp, which induces Z#0,,a.
Other relevant operators: such as the operator ¢;7 which accompanies fla V,0t0a.
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Targeting Di-Higgs: CP conserving ALP interactions

In [2404.08062] we study Di-Higgs production via a non-resonant ALP.
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Targeting Di-Higgs: CP conserving ALP interactions

In [2404.08062] we study Di-Higgs production via a non-resonant ALP.

ALPs are pseudoscalar particles (07).
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Targeting Di-Higgs: CP conserving ALP interactions

In [2404.08062] we study Di-Higgs production via a non-resonant ALP.

ALPs are pseudoscalar particles (07).

=Need for an extra v or Z boson.
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Targeting Di-Higgs: CP conserving ALP interactions

1 ~ It on shell
272, (b3CW + blOSW) (P—’;Pa Py P5) 0
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Targeting Di-Higgs: CP conserving ALP interactions

1 o~ ~ 2 2 on shell
et <b3CW + blOSW) (Pyps —p3ph) =0

This is due to CP conservation =
0~ — 0~ which needs longitudinal polarization of outgoing vector boson.
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Process of this analysis: Di-Higgs production in the chiral ALP

g h
a
h
g z

Figure: Feynman diagram for di-Higgs production with an associated Z-boson via a non-resonant
ALP.
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Process of this analysis: Di-Higgs production in the chiral ALP

g h
a
h
g z

Figure: Feynman diagram for di-Higgs production with an associated Z-boson via a non-resonant
ALP.

Using ATLAS (CMS) HH(Z) [2310.12301] ([2404.08462]) data we can set bounds on
couplings. For HHZ there is very little SM background!
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Comparing to linear theory: top loops
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Comparing to linear theory: top loops

m
fa

L= —ic T2 (55¢)

Using Naive Dimensional Analysis (NDA) we can interpret the results from the last section

in terms of loop contributions as
2
c as G

~ —_—
2 2"
f. 3 8w cw f:;
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Bounds on top-axion couplings

Axion-Top coupling constraints

10°

This work

H
9
L

102 10! 10° 10! 102

my [GeV]
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Previous ALP analyses at colliders

Previous work has analysed individual ALP off-shell signatures at the Large Hadron Collider,

m Di-photon, massive di-boson, or vector-boson—scattering processes
I. Brivio, M.B. Gavela, L. Merlo, K. Mimasu, J.M. No, R. del Rey et al. [1701.05379]; M. Bauer, M. Neubert and A. Thamm, [1708.00443];

M.B. Gavela, J.M. No, V. Sanz and J.F. de Trocéniz,[1905.12953].
m Couplings to the top quark and gluons
F. Esser, M. Madigan, V. Sanz and M. Ubiali [2303.17634]; J. Butterworth, M. Cullingworth, J. Egan, F. Esser, V. Sanz and M. Ubiali, [2508.21660];

Y. Hosseini and M. Mohammadi Najafabadi [2408.11588].
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m Di-photon, massive di-boson, or vector-boson—scattering processes
I. Brivio, M.B. Gavela, L. Merlo, K. Mimasu, J.M. No, R. del Rey et al. [1701.05379]; M. Bauer, M. Neubert and A. Thamm, [1708.00443];

M.B. Gavela, J.M. No, V. Sanz and J.F. de Trocéniz,[1905.12953].
m Couplings to the top quark and gluons
F. Esser, M. Madigan, V. Sanz and M. Ubiali [2303.17634]; J. Butterworth, M. Cullingworth, J. Egan, F. Esser, V. Sanz and M. Ubiali, [2508.21660];

Y. Hosseini and M. Mohammadi Najafabadi [2408.11588].

However, a comprehensive treatment of ALP-mediated multiboson production has not yet
been undertaken (only partially as N J.Bonilla, 1. Brivio, Machado-Rodriguez and J.F. de Troconiz [2202.03450] where VBF
channels were explored.)
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Using multiboson data to constrain the linear ALP EFT

Latest work with F. Esser, V. Sanz and M. Ubiali [2510.24873]. Global fit for the linear ALP:

| vertex | Feynman Rule in linear ALP EFT |
avy —% (chep +sjep) e (Pvl)p (Py2),
ayZ 3’ 520 (CB - Cw) e (PZ)p (p'y)a
aZZz —ﬂ (59 Cg + Ch CW) etvro (p21) (pzz)g
aW+w- ~ e (pw+), (Pw- D%
agg —4—CG5ab€“ 7 (Pgl) (Pg2),
ayW+TWw- 4er oy er? (pWWv)
aZWtw- 4;; =2 cWeWP" (Pwwz),
agsgs A gsCG fabce"” (ngg)g
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https://arxiv.org/abs/2510.24873

ALP coupling only to gauge bosons

Naturally arises when having a heavy fermion, W, carrying an an approximate global U(1)
and in some representation under the SM gauge groups

P1

Generates, after integrating out the heavy fermion, through the chiral anomaly
a ~ ~ ~
Larp = f. [C@ GG+ cy WW + cg BB,

and no coupling to H or fermions.
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Global Fit to ATLAS and CMS data: non-resonant regime of the ALP

p1 kq
V \ - / V/ V \p:_ kl VI
SM - e
\ A\ 4 -—--
Vv ”ﬁpz k&f‘ v/ Vv /”; "2\* V!
2

(b) Off-shell ALP exchange in the s-channel
(a) SM continuum (no ALP resonance)

Off-shell exchange of the ALP will modify typically distribution tails.

(CV1V2 CV3V4)2 ~
f‘—a4 s,
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Experimental data used for the global fit

final state ‘ experiment | Vs (TeV) | luminosity | observables
¥y CMS 7 5fb~1 doyy /dm..,
ATLAS 13 139 b1 oy [dimy
zZ CMS 13 137fb71 do/mzz, do/p
ATLAS 13.6 29fb~1 do/dma
WHw- CMS 13 34.8fb~1 total cross section
ATLAS 13 36.1fb! doww /dme,
dijet (gg) ATLAS 13 3.2fb? d%0;;/dm;dy*
CMS 13 2.3fb~! d%0j;/dmjeidpr
CMS 13 2.6fb1 1/od?j;/dxdm;
CMS 13 35.9fb~1 1/od%0;; /dxdm ;
YZjj (VBF) CMS 13 139fb~1 | do/dp}, do/dpe®, do/pee®i, &0 /dy; ;dm;;
7755, WTW~35j (VBF) | ATLAS 13 140fb~! Events/ 200 GeV in myy bins
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v final state. atias [2107.00330].

Y in My,
o  ATLAS data
0.41 BN NP signal + BG
I SHERPA background a*
2 031 o
3
B Y
021 _
=I5 testing
0.1
2 a2
ce (cB cos” Oy + ¢y sin 0W>

500

200 300
My [GeV]
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W+ W~ final state atias [1905.04242]

WHTW~ in mww
e data

I NP signal + BG
I SM background

[/ Gev]

do
dmyw

500 750 1000 1250 1500
mww [Ge\/]
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ZZ final state atias [2311.00715]

Z 7 in myzz

e data
B NP signal + BG

0.4
I SHERPA background
Z 03
O
~
=
N0.2
S
0.1
0.0
600 800 1000 1200

mzz [GeV]
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Dijet final state atias coliaboration, JHEP 05 (2018) 195 [1711.02692].

gg in my; for R1 (0 < y* < 0.5) g9 in mj; for R2 (0.5 < yx < 1)

o ATLAS data
NP signal + BG
m— SM background

500 750 1000 1250 1500 1750 2000
my; [GeV]

4000
s [GeV]

g9 in my; for R3 (1 < y* < L.5) g9 in my; for R4 (L5 < yx < 2)

o ATLAS data o ATLAS data
NP signal + BG W NP signal + BG

E B SM background ;’; B SM background
=z =z
S S
2 Z
f &
5 £

4000 6000 1000 2000 3000 4000 5000 6000 7000

my; [GeV] my; [Gev]

Higgs EFTs, and ALPs in Multi-Boson Production, Alexandre Salas-Bernardez

testing

C

N

(cg = 3 for visibility)

10th December 2025 64



ijet final state atias collaboration, JHEP 05 (2018) 195 [1711.02692].

gg in my; for R1 (0 < y* < 0.5)

gg in my; for R3 (1 < y* < 1.5)

g9 in mj; for R2 (0.5 < yx < 1)

e ATLAS data
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4000
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VBF/VBS Z~ final state

’ Y

J

we calculate the cross section in MG5 looping over various combinations for values of c;,
and cz and fit a quartic polynomial of the form
4.n+m<4

_ n _.m
UZ'ij(Cv”Vacé) = g Qnm Cj, Ci s
m,n=0
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VBF/VBS Z~ final state cwms, phys. Rev. D 104 (2021) 072001 [2106.11082].

With the fit at hand, the number of events for arbitrary c|5, and cz can be obtained from

i(cw, i)
NALP(C~,C~):NALP(C~ —1,ca=0 UZ’Y_U( W CB
e WP Vozyy(ey = 1,65 =0)

Zyjj in py
e data
B NP signal + BG
B SM background

0.00

100 200 300 400
Higgs EFTs, and ALPs in Multi-Boson Production, Alexandre Salas—Berna’rdeﬁ% [Ge\f] 10th December 2025 67



VBF/VBS Z~ final state

Ax? from yZjj in py/ead

2 q
1k i
= ok ] —10
° 1 — 20
Ak i
20,y
-2 -1 0 1 2

c..
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Adding VBF/VBS VVjj final state arias, 2s03.17461

ALP mediated ZZjj in 452 in mzz

ALP mediated Z2jj in 2j2vJ in mzz

m ZZjj with Z—viv (00),
m ZZjj with Z— 00~ (20),

Events/200 GoV

750 1000 1250 1500
mzz (GeV)

ALP mediated 77} in 2jJ21 in mzz

m WHW—jj with W+ —¢Fv (14).

Events/200 GoV.
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Global fit for all channels

m 1o
o020

05
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Global fit for all channels: projection

151

“ 0.0 =%
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Summary:

m HEFT and SMEFT can be distinguished via multi-Higgs measurements. We match the
full bosonic D = 6 SMEFT to the NLO HEFT.

m Multiboson measurements are a good probe for ALP interactions. Global fits to
multi-boson measurements can be performed for constraining ALP couplings.

Higgs EFTs, and ALPs in Multi-Boson Production, Alexandre Salas-Bernardez 10th December 2025 72



Acknowledgments

Funded by research grant PID2023-148162NB-C21 and P1D2022-137003NB-100 from
Spanish MCIN/AEI/10.13039/501100011033/ and EU FEDER.

UNION EUROPEA
** * p
MINISTERIO x

* *
DE CIENCIA LT
E INNOVACION
FONDO EUROPEO DE AGENC'A
DESARROLLO REGIONAL ESTATAL DE

“Una manera de hacer Europa” INVESTIG: AC"jN

Higgs EFTs, and ALPs in Multi-Boson Production, Alexandre Salas-Bernardez 10th December 2025 73



	Distinguishing Electroweak EFTs
	Axion-Like Particle EFTs

