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 New Higgs decays to light scalar particles

How well can current LHC searches constrain
new light scalars coupling to the Higgs and
second-generation fermions?

Based on 2203.14984 with
Mikael Chala and Michael Spannowsky

 Backup: ALP connections to top quarks and loop-
iInduced signatures in the Higgs sector
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Lig ht Scalar Lag rang ian archy problem |16]. With a little abuse of language, we

will hereafter refer to these light scalars as axion-like par-
ticles (ALPs), irrespective of whether or not they fulfil a

shift symmetry a — a + ag. In-depth analyses, includ-
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mg € (10, 50| GeV

NeW nggS decays Heavy enough for LHC detection,

light enough to be away from the Z boson peak
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Higgs to four muons

[CMS (2111.01299)]

1
I: Search for low-mass dilepton resonances in Higgs boson
C’ib / f a - [ decays to four-lepton final states in proton-proton collisions
_ -~ at /s = 13TeV
T
1
Signature

e 2 Opposite-sign muon pairs

 |nvariant mass of all muons
near Higgs mass "4 ~ 1tk

 Resonance in lighter muon
pair invariant mass '"*2u ~ ta Pair leptons such that

myz, —mgz| < |mz, —mgz
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https://arxiv.org/abs/2111.01299

Higgs to four muons - limits

myz, —myz| < |mgz, —mgz 95% CLs limits

[data: CMS (2111.01299); ' ' ' '
40 . . . 005t e L=137fb! X : observed limit
—— backgrounds —— my; =50 GeV — £ =300 fb~1
_ _ — my;=15 GeV + data '> 0.04 ° £ =3000 fb—l
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d 3(;‘ X X o
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my ~~ 9.5 — 11 GeV
» Signal cross section (phase-space suppression)

Backgrounds Signal ,

. » Signal acceptance
e SM Higgsh%zz %4# ng dp
. SMZZ — 44 ackgroun
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https://arxiv.org/abs/2111.01299

2 muons + 2 photons

v
Z+photons [CMS (2105.12780)]

Cﬁb / f a -~ Y

- Photons are selected with pt > 20GeV in the pseudorapidity range || < 1.44 and 1.57 <

T T 7| < 2.5. Photon identification is based on the sequential application of several selections.
-

pl. > 20 GeV
v

Signature:
o TN2~2, ™~ TN

e 2 muons, 2 photons with
My ™ Ma

Backgrounds:

e LYY oMS (2105.12780)]
o 4 + Jets
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https://arxiv.org/abs/2105.12780
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2 muons + 2 photons

v
y éf,\‘ Z+photons [CMS (2105.12780)]
Cl /fa -~ /y
- Photons are selected with pt > 20GeV in the pseudorapidity range || < 1.44 and 1.57 <
- —— - 7| < 2.5. Photon identification is based on the sequential application of several selections.
-
py > 20 GeV
v
Signhature:
o TN2y2p ™~ 1 Own analysis:
* 2 muons, 2 photons with  Reduce cut on photon pT
T ~ Tl
b ! p). > 15 GeV
Backgrounds:

» Cut on invariant mass of all particles

o« 27V [cMs (2105.12780)] Maoy2u € (110, 140] GeV

o 4 + Jets
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2 muons + 2 photons - limits
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Higgs to six muons

1
. Z’“
Czlfa/// ,U

————— ~_ 4

1
[

Signature:

e 6 MuUONS Hl@u I ITlp
Backgrounds:

* None

Similar existing searches:

* Tri-boson production ZZZ [CMS (2006.11191)]

« J/'I production [CcMS (2111.05370)]

[CMS (2006.11191)]

reduced by rejecting events with b-tagged jets. Events in the 6/ channel are required to have
three SFOS pairs and a six-lepton scalar py sum larger than 250 GeV. The small 6¢ background
comes from ttH and ZZ production.

pr (Hi) > 250 Gev

[CMS (2111.05370)]

The offline data analysis starts by selecting events with six or more reconstructed muons, each

passing the pr and # criteria implemented at the HLT. The muons are combined into opposite-
sign (OS) pairs, and are considered for further study if their invariant mass is 2.9 < m,+ ,- <

3.3 GeV (corresponding to about £+7 times the J/¢ mass resolution discussed below) and orig-

mu+ “! I [29, 33] GeV
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Higgs to six muons - limits

Signature:

* 6 muons '''ep - i

Backgrounds:

e None

pt > 5 GeV
me. ! [110, 140] Ge\
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Higgs to 4 muons + 2 jets

gf,u

X

< 3 events @137 ifb

3.0 '
————— _—— - —m—15GeV —m—ZOGeV
K 2.5} m, = 30 GeV ‘
J > 2.0} ‘
O
j = 1.5} ‘
g 1.0} o
Phase-space . el e
suppression 0.0 55 55 30
mi, [GeV]
p. > 30 GeV
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Beyond Higgs decays

;f,u Ay

9 b
Phase-space PDF suppression
suppression (2nd gen fermions)
o > 30 GeV
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Universal coupling
to s/c assumed
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Higgs + 4 muon production

[data: CMS (1911.04968)

—— backgrounds —— My =50 GeV |

L
407 —— m, =15 GeV ¢ data
ﬁ |J. m, = 30 GeV
9/, _530-
-9 o 2
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S o l'l [
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Slgnature: Opposite-sign same-flavour lepton pair closest to target mass of 20 GeV

e 4 muons with "Mup * Tla

2.0 - . . .
o 2 b-jets with g = 1lh . © T
' : > 1.5 e £=3000fb" "
Searches for multilepton final states = )
Backgrounds: [CMS (1911.04968)] S 100 °
e (& Eo.s— ’ j X
. ZZ +jets , , , f
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Limit summary

Spread of upper limits in Ma ! [10, 50] GeV mass range

104
101}
10° |

10_1§

limit on |c|] for A=1 TeV

102} 1
h—-4u h—-2U2y h—-6u pp—-4U2j
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Limit summary

Spread of upper limits in Ma ! [10, 50] GeV mass range

4-point interactions
tighter constrained
than 5-point
Interactions

102
2 5 5-point interactions
- 101! | have greater mass
| ' dependence
< |
s 10%
S |
5 1077
£
B 10_2 D , ]

h—-4u h—-2U2y h—-6u pp—-4U2j
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New Higgs decays - summary
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Dedicated searches
nheeded!
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New Higgs decays - summary

J,/ljﬂ x/{‘:jv

“"@% " ""% "
X £ pa
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Dedicated searches
nheeded!
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Conclusions

* New Higgs decay to light scalars
* (Most) signatures not currently targeted
* Good sensitivity at HL-LHC
» 4-body decays constrained to Icl/f a! O(0.01)/ TeV

Anke Biekotter (JGU Mainz)
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Conclusions

* New Higgs decay to light scalars
* (Most) signatures not currently targeted
* Good sensitivity at HL-LHC
» 4-body decays constrained to Icl/f a! O(0.01)/ TeV

Thank you for your attention!

Anke Biekotter (JGU Mainz)
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ALP-top connections



ALP couplings to top quarks

L o = | ]? C,i@H Y, Ur + Cqi®@H Yydr + CoilPH Yeer +h.c.

* ALP-top quark couplings naturally dominant
* Consistent with minimal flavor violation (MFV)
* Promising candidate at colliders

* Recent activities:

Esser, Madigan, (Salas-Bernardez), Sanz, Ubiali (2303.17634), (2404.08062)]

Blasi, Maltoni, Mariotti, Mimasu, Pagani, Tentori (2311.16048)]

Phan, Westhoff (2312.00872)]

Cheung, Lu, Ouseph, Sarmah (2404.14833)]

Anuar, AB, Biekotter, Grohsjean, Heinemeyer, Jeppe, Schwanenberger, Weiglein (2404.19014)]
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ALPs and tops @ colliders

e




ALPs and tops @ colliders

I
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Loop effects
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ALPs and tops @ colliders
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[Esser, Madigan, (Salas-Bernardez), Sanz, Ubiali (2303.17634), (2404.08062)]

ALPs and tops @ colliders

[Blasi, Maltoni, Mariotti, Mimasu, Pagani, Tentori (2311.16048)]

see also [Phan, Westhoff (2312.00872)]

Axion-Top coupling constraints

10°
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- e
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Ct In derivative basis .,
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[Esser, Madigan, (Salas-Bernardez), Sanz, Ubiali (2303.17634), (2404.08062)]

ALPs and tops @ colliders

[Blasi, Maltoni, Mariotti, Mimasu, Pagani, Tentori (2311.16048)]

see also [Phan, Westhoff (2312.00872)]

Axion-Top coupling constraints
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[Esser, Madigan, (Salas-Bernardez), Sanz, Ubiali (2303.17634), (2404.08062)]

ALPs and tops @ colliders

[Blasi, Maltoni, Mariotti, Mimasu, Pagani, Tentori (2311.16048)]

see also [Phan, Westhoff (2312.00872)]

Axion-Top coupling constraints

10°

: Our bounds
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[Esser, Madigan, (Salas-Bernardez), Sanz, Ubiali (2303.17634), (2404.08062)]

ALPs and tops @ colliders

P Axion-Top coupling constraints

Indixect hhZ

o
This work

ALP collider staBle

Anke Biekotter - JGU Mainz

see also [Phan, Westhoff (2312.00872)]

[Blasi, Maltoni, Mariotti, Mimasu, Pagani, Tentori (2311.16048)]

Our bounds

50C

— 1t

— tttt (c)
tttt (c; + c;)
ttbb

Exp. searches

tta(a — £707)

-~ H — aa

50 100 150 200
me|GeV|

t€ most relevant at
high ALP masses

Ct In derivative basis .,
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ALPs in di-Higgs production

[Esser, Madigan, Salas-Bernardez, Sanz, Ubiali (2404.08062)] __
4 Y
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https://arxiv.org/abs/2404.08062

ALP-top vs ALP-gluon coupling

[Anuar, AB, Biekotter, Grohsjean, Heinemeyer, Jeppe, Schwanenberger, Weiglein (2404.19014)]

4F Gor mM K URI h2oRIGED - ma=400 204 .ima=2.5W] o
1 Cyo s Complementary limits from
Ja,pp" t& " tdepV .
3 L\ o tH¥ [CcMS (2305.13439),
— I (O
1] .\
o T e A Il [ATLAS (2102.13405)]
- N A \Y
G 2_ A *G+ i ‘.
S Sp e Bib..ﬂ?;f [ 3\ e a! Zh [aATLAS (2207.00230)]
) i rQl 'l o\
@
3 o]
"""" 06 0.05 0.10
Cslfa[N28F | D :
~Ct In derivative basis
22
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Example: axion-like-particles

ALP mass range
covered by the LHC

| lE interesting in the context
| s -y of
= lew - - - Heavy axions
> . CAST :
E "t SUMICO : - Pseudo Nambu
T SNI9RT: | Goldstone bosons
| R | from SUSY, composite
i Decay ] Higgs
- Cosmology '
L - - g-2
m, [GeV] Interplay of experiments/

observations crucial
18

Andrea Thamm
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https://indico.cern.ch/event/1253590/contributions/5844084/

[Thamm (LHCP24)]

Example: axion-like-particles

Solvedg! 2), anomaly QCD axion ALP mass range
1708.00443, 1908.00008 9703409, 0009290, 1411.3325, 1504.06084,
e — - 1604.01127, 1606.03097 covered by the LHC
Heavy axion interesting in the context

of

' Lsw Heavy axions

- Pseudo Nambu

\ Goldstone bosons
from SUSY, composite

PNGB In supersymmetric Higgs
or composite models

0902.1483, 1312.5330,1702.02152, 2104.110¢€ g 2
! 1 1 i 1 1 I! 1 1 I! 1 1 I! 1

DM candidate ma [GeV] Interplay of experiments/
observations crucial
18

+
SUMICO

eff -1
CM/A [TeV™]

Andrea Thamm
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ALP Lagrangian

derivative L35, = coor
basis | Hg !
_|_
f

lg': CF #ull -

Anke Biekotter - JGU Mainz
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ALP Lagrangian

: . d d d
derlvatlve Lgl\!/IjALP - CacG f_ f_Wlﬁ WAHS + CeB f_Bul BH
basis Hg !

+ _a
| F
* !F"F"'lfilCF'F
L ovie, :CGGEGaI G:“!’a'l'CWW E\NAI W“!’A‘FCBB EB , BW

pseudoscalar “swee T 6§ f o > f o

basis 2 @H Yyur + @H Yadr + PH Yeer +h

Vu=i(Yucu! CoYu), Ya=i(YaG! CoYa), Ye=i(YeCe! C Ye)

Anke Biekotter - JGU Mainz
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ALP Lagrangian

' ' d - d - d .
derivative  Lgyie = e ¢ Ghi G™' + aww W WAH' + cgp =By BY
basis Hg !

+
f F
1D!5 s fca aptay o0 FwApA L o g mp
pseudoscalar “swae T mee § P ww £ W 58 ¢ Bu:
basis 2 @H Y, up + @H Yydr + PH Yeer +hc

Vu=i(Mucu! CoYu), Ya=i(YaCa! Cq Ya).

ex = cx 13 Flavor universal
Yo=i(cu! co)Yu="1iCuYy, Ya=i(cy! Co)Yg="11iCqYq, Ye=i(C! c)Ye="!IiCqVYe
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ALP contribution to t€ production

B,(1/1)
I I 1

am? 6! mz+im,!,

* Loop function develops imaginary part above the t€ threshold
. Interference contribution! IM[B1(1/!)]mal 4
* Peak-dip (or dip-peak) structure in ITte

Anke Biekotter - JGU Mainz
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ALP peaks and dips in t€ production

B, (1/!)
< [Dicus, Stange, Willenbrock (hep-ph/9404359)]
22

%Il
#II
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"] ,
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https://arxiv.org/abs/hep-ph/9404359

ALP-top vs ALP-gluon coupling

basis

[Anuar, AB, Biekotter, Grohsjean, Heinemeyer, Jeppe, Schwanenberger, Weiglein (2404.19014)]
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m =400 GeV -

I Che| > 06
e [/m=2.5%"7
) tot  _SM 120
D Of -0z =2.0pb
N F10
0
i }-10
| stat. unc. _a,c/ffz=1.0TeV",
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LB HL-LHC --- A, gai=0.87
400 500 600 /700
Myii [GeV]

Ct In pseudoscalar

(Niot = Ngm)/10°  [HL-LHC]
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