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Di-Higgs in the chiral ALP.

ALP contribution to di-Higgs in the bby~ final state.

A smoking gun for the ALP-mediated di-Higgs production.

ALP-mediated di-Higgs from top loops.

Based on “Di-Higgs production via Axion-Like Particles”,
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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).

2/26



Di-Higgs in the chiral ALP

Alexandre Salas-Bernardez



Introduction Di-Higgs in the chiral ALP ALP to di-Higgs in bby~y A smoking gun for ALP to di-Higgs Linear ALP to
Q0 00000000 0000000 000000 000000

Linear vs. chiral ALP: linear (SMEFT-like) 1701.05379

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

£o-¢ 2 (cBu B + ey Wi, W + c5 G2, 61

3/26


https://arxiv.org/abs/1701.05379

Introduction Di-Higgs in the chiral ALP ALP to di-Higgs in bby~y A smoking gun for ALP to di-Higgs Linear ALP to
Q0 00000000 0000000 000000 000000

Linear vs. chiral ALP: linear (SMEFT-like) 1701.05379

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

£o-¢ 2 (BB + cg Wi, W + cs G2, G )
Coupling to the Higgs doublet, H,

O = i (HT D,LH> a: ,
;

3/26


https://arxiv.org/abs/1701.05379

Introduction Di-Higgs in the chiral ALP ALP to di-Higgs in bby~y A smoking gun for ALP to di-Higgs Linear ALP to
Q0 00000000 0000000 000000 000000

Linear vs. chiral ALP: linear (SMEFT-like) 1701.05379

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

£o-¢ 2 (BB + cg Wi, W + cs G2, G )

Coupling to the Higgs doublet, H,

O"a

(’)H_/(H D,LH> -

which leads to fermionic couplings proportional to the Yukawas,

.ad = ~
Oy = I? (QLYUHUR + .. ) + h.c.
a
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where each of the operators O; - 017 is proportional to a Higgs
flare function (see J. Martinez-Martin's talk) such as

h %
Fi(h):l—i—a,-f—s—b,- <> + ...,
v v

New couplings: c>p, which induces Z#9,,a.

Other relevant operators: such as the operator c¢;7 which
accompanies %a V,0ta.
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CP conserving ALP interactions

ALPs are pseudoscalar particles (07).
a---- =0

=Need for an extra v or Z boson.
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h

h

> > 2 2 on shell
2mv2f, <b3CW + blosvv) (Phps —pyph) =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

g h
a
h
g z

Figure 1: Feynman diagram for di-Higgs production with an associated
Z-boson via a non-resonant ALP.
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Di-Higgs from ALP

&
4m2cyy v2f,
+ 2316(P}1Pa - P2 + PlyyPa - Pr1) + 481504 Pr1 - Pr2

Pl (p2b11 + pa - prub1a) + pL(pinbis + pa pnbi2)

— pl(1672v2bop — by7p?) + 2msawbs10(p2pt — plaps - pz)/e

Many structures! We choose 3 relevant Benchmarks.
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Benchmarks of this analysis

Benchmark 1: 53710_17 = 515,16 = EQD =1 y
Benchmark 2:  byp = 1, all others set to zero,

Benchmark 3: b7 = 1, all others set to zero.
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ATLAS analysis: 2310.12301

Up to date there is no search with HHZ final state.
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ATLAS analysis: 2310.12301

Up to date there is no search with HHZ final state.

We can use ATLAS analysis when the Z remains invisible.

pp — hh+ X = bbyy + X,

We take the ALP-mediated production of two Higgses in this final
state bby~ plus a Z boson decaying to neutrinos or jets.

ATLAS does not place explicit vetoes on missing energy, and the
veto on additional jets is quite lax.
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Limits from ATLAS data
g h
a_ h
g 4

We will denote the combination of gluon and electroweak bosons
with the letter ¢, namely

Cc = (Z(g aB,
The partonic cross section scales as

A3 G C3B

6(gg wa—hhZ)x ViFd
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We now compare the total number of measured events (np,s) to
the background estimate provided by ATLAS ngq, and our signal
prediction ng, which depends on the combination c/f2.
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Limits from ATLAS data

We now compare the total number of measured events (np,s) to
the background estimate provided by ATLAS ngq, and our signal
prediction ng, which depends on the combination c¢/f2. We perform

a x?2 test
2
X2 (C) _ <”0bs — NBG — ns(c/f32)>
f2 Apg ’

where Agq denotes the quadratic sum of the background
uncertainties as provided by ATLAS.
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Figure 2: Dependence of Ax? on c¢/f2. Benchmark 1 (blue line),
Benchmark 2 (orange line) and Benchmark 3 (green line).

The limits corresponding to 2 standard deviations translate into
f, > (0.53,0.59,0.48) x y/c TeV

for Benchmark 1, Benchmark 2 and Benchmark 3, respectively.
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ALP-mediated di-Higgs differential distributions

ATLAS analysis has differential distributions normalized to one and
focused on regions defined by BDT classifiers, leaving insufficient
details for comparing our signal events with the observed data.
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ALP-mediated di-Higgs differential distributions

ATLAS analysis has differential distributions normalized to one and
focused on regions defined by BDT classifiers, leaving insufficient
details for comparing our signal events with the observed data.
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Products of ALPs are highly collimated! (contrary to SM signal).
Accessing the ATLAS distributions would greatly improve the
analysis.
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rential Distributi

ARy,

[ Benchmark 1
I Benchmark 2
S Benchmark 3

I Benchmark 1
Benchmark 2
I Benchmark 3

Normalized rlismhutiou/S[) GeV

My, (GeV) AR,

Products of ALPs are highly collimated! (contrary to SM signal).
Accessing the ATLAS distributions would greatly improve the
analysis.

In contrast to the EFT case (k2y modifier) analyzed by ATLAS,
the ALP-mediated signal does not exhibit interference with the SM
di-Higgs production.
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Dedicated search

b
g h b
a S b
b
g V4 |-
/—F

Need to estimate SM background with the relevant cuts.
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Differential Distributions

A ngad

bh

[ Benchmark 1
[ Benchmark 2
[ Benchmark 3

Normalized distributions/0.25

lead
ARS

Highly collimated bs from the leading Higgs,

= non isolation of b jets in many cases (fat jets).
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Cut Hr > 500 GeV, with good acceptance.
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SM Background of gg — hhZ — Z + 4b jets

Removing the isolation condition, the cross section would increase
to 7 fb.
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SM Background of gg — hhZ — Z + 4b jets

Removing the isolation condition, the cross section would increase
to 7 fb. However, the merging of b-jets would result in a different
final state topology.

In 1303.6636 the authors propose a tagging algorithm for two
Higgses into b-jets which could go from the fully resolved 4 b final
state, to intermediate fat jet + 2 b-jets situation, and reaching the
two fat jet case (around 50% efficiency across all channels).

Mistagging quarks is heavily suppressed.

Finally, applying an additional cut on Hy > 500 GeV brings the
cross section from 4 to around 2 fb.
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The typical cross section of the signal is
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We can assess the potential sensitivity of a dedicated analysis using
Run 2 LHC data.

The typical cross section of the signal is

2
C

Comparing (Signal S vs Background B) this with the 2 fb cross
section from the SM,

Br(h — bb)2 /Br(Z — 2/¢
> e Brth = BB VBIZ =20 5 /7

_ ~
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Sensitivity estimate

We can assess the potential sensitivity of a dedicated analysis using
Run 2 LHC data.

The typical cross section of the signal is
c

2

Comparing (Signal S vs Background B) this with the 2 fb cross
section from the SM,

Br(h — bb)2 /Br(Z — 2/¢
S oweBrlh o bBY VBZ 520 5 o

VB oSM

which produces a (S/v/B =2, 95% C.L) limit on the size of of
ALP-mediated contribution

f, > 2.4-3.0 x \/c TeV

which much more sensitive. 21/26
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Comparing to linear theory: top loops

. mia ,_
L=—ic—=(t7°t)
fa
Using Naive Dimensional Analysis (NDA) we can interpret the
results from the last section in terms of loop contributions as

s

C
2 2
3 87TCW fa
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m Di-Higgs production from ALPs needs an extra vector boson.

m Sensitivity would increase if ATLAS or CMS data and DD is
made accessible.

m A dedicated search (f.e. HHZ) can place very strong limits on
ALP couplings to Higgses.

m Results can be translated to the linear-ALP theory, placing
competitive bounds.
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