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Introduction

e The work:

Comprehensive review of all exclusive decays to quarkonium (BR<107) of the 4 heaviest particles:
~100 unobserved channels (~50 upper limits today).
Explicitly compute a few new decays (Z,H - leptonium+gamma, Higgs FCNC exclusive decays,...).

Make projections for HL-LHC/FCC-ee searches: Help guide and prioritize future experimental
searches.

* Physics motivations:

Searches for BSM physics that might enhance very rare partial decay widths.
Probe lighter quark Yukawa couplings: Hcc, Hgq, via exclusive final states with mesons.

Stringent tests of the QCD factorization formalism, constraint poorly known nonperturbative hadronic
bound-state parameters
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Theoretical predictions

. For all rare decays collected, we indicate the BR of each channel and the theoretical framework used to compute them

Example:

Exclusive hadronic channels are all based on pQCD factorization: cross-section = perturbative ® non-perturbative.

Models of QCD factorization:

* Light cone (LC): nonperturbative objects described by LCDAs. Applied for light-quark mesons (uds), and double

guarkonia decays

* Soft-Collinear Effective Theory (SCET): Resums multiple scales. Nonperturbative LCDAs. Mostly light mesons.

* Heavy-Quark Effective Theory (HQET): LCDA describes mixed formation of light-heavy-quark mesons

* Non-Relativistic QCD (NRQCD): For charmonium & bottomonium objects described by LDMEs

Leptonium channels: similar to hadronic ones, with much smaller BR. Never computed before. We have applied similar

methods and derived the BR predictions.

l Exp. limits Producible at
H-ovy + X Branching fraction Framework 2023 HL-LHC FCC-ee FCC-hh

o° (1.68 +0.18) x107 SCET+LCDA [13] < 8.8x107* [74] <6.8x107

(1.48 £0.17) x107° SCET+LCDA [13] < 1.5x107* [76] <22x107
) (2.31 £0.26) x107° SCET+LCDA [13] <4.8x107* [74] <3.7x107

(2.95+0.38) x107° SCET+LCDA [13]
I (3.01 £0.15) x10°¢ NRQCD (NLL)+LDME [78] <3.5x107* [77] < 5.5x 107 [54]

(3.0133) x107¢ NRQCD+LCDA [79]

L

]

3/26




Experimental limits: Present & projections

. For all rare decays collected, we:
- Indicate all current limits (LEP, Tevatron, LHC), including most recent ones (not yet on PDG).

- Provide extrapolation of limits for the HL-LHC either from
* Existing dedicated CMS/ATLAS studies.

*  Our statistical projection from previous results
- For LHC limits: scale the 13-TeV bounds down by \/2 X 3 ab_l/[,int(l?) TeV) ~ improvement by ~6.5 factor

Exp. limits Producible at
H-oy + X Branching fraction Framework 2023 HL-LHC FCC-ee FCC-hh

o° (1.68 +0.18) x10°° SCET+LCDA [13] < 8.8x107* [74] <6.8x107° v v

| (1.48 +0.17) x10°° SCET+LCDA [13] < 1.5x107* [76] <22%x10°° v v
Example: ¢ (2.31 £0.26) x10°° SCET+LCDA [13] <4.8x107 [74] <3.7%10°° v v

(2.95+0.38) x10°° SCET+LCDA [13]
Iy (3.01 £0.15) x10° NRQCD (NLL)+LDME [78] <3.5x107 [77] $5.5% 107 [54] v v
(3.0733) x107¢ NRQCD+LCDA [79]
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Experimental limits: Present & projections

For all rare decays collected, we:
- Indicate all current limits (LEP, Tevatron, LHC), including most recent ones (not yet on PDG).

- Provide extrapolation of limits for the HL-LHC either from

* Existing dedicated CMS/ATLAS studies.

*  Our statistical projection from previous results
- For LHC limits: scale the 13-TeV bounds down by \/2 X 3 ab_l/[,int(l?) TeV) ~ improvement by ~6.5 factor

- For CDF limits, scale bounds down by \/NX(HL—LHC)/NX(Tevatron) ~ Improvement (W,Z) by ~70 factor

Collider W= bosons Z bosons H bosons top quarks I
o(W) NW) o(Z) NZ) o(H) NH) o(tt)  N(top) l
LEP 40pb 08x10° 59nb  2x 107 ~2,1fb ~5 - - I
FCC-ee 40pb  5x10°  59mb  6x102 200,30fb 19x10° 05pb 3.8 x 10° , ?gt%aers?erom
Increase factor LEP — FCC-ee 1 6250 1 300,000 70,30 400, 000 - - ’ numbers
Tevatron (1.96 TeV, 10 fb™!) 253nb 25x10® 76nb 7.6x107 1l1pb 11x10* 7.1pb 14x10° |
HL-LHC (14 TeV,2 x 3 ab™!) 200nb 1.2x 102 625nb 3.8x 10!  58pb 35x10% 1mb 12x10Y /
FCC-hh (100 TeV, 30 ab™!) 1300 nb }-l >=10!3  415nb ),2 103 093 nb }8 1010 35 nb).l =102 K/
m»—) HL-LHC 8 \ 4800 ) 8.2 \ 5000 ) 5217 \ 31800 ) 141 \ 86 000)
ncrease factor Hi- — FCC-hh 6.5 =T 6.7 =z 16 50 35 VA 5/26




Future limits: FCC-ee and FCC-hh reaches

. For all rare decays collected, we:

- Indicate whether the decay will be producible at FCC-ee/FCC-hh by simply checking the relation [BR (X )XN (X )]>17?

' Number of

Collider W* bosons Z bosons H bosons top quarks | HWZ top
oW) NW) o2 N(Z) o(H) NH) o)  N(top) | produced
LEP 40pb  08xdQS S9mb  2l0l  ~21fb S - e /
( 8 / 12 6 6 /
FCC-ee 40pb( 5%10 ) 59mb {6107 ) 200,30 i 19x105 )ospb( 38x10° )
\

Increase factor LEP — FCC-ee 1 \625'6 1 300,000 70,30 ;000 - —

Tevatron (1.96 TeV, 10 fb!)
HL-LHC (14 TeV, 2 x 3 ab™!)
FCC-hh (100 TeV, 30 ab™!)

Increase factor Tevatron — HL-LHC
Increase factor HL-LHC — FCC-hh

253nb 25x10® 7.6nb 7.6x10’ 1.1 pb 1.1x10* 7.1pb 14x10°

200nb 12x107 625nb 38x10! 58pb  35x 1L 1nb 12x 10
1300 nb( 4.1 x 101 )415 nb ( 1.2x10‘3)0.93 nb (2.8x 100 )35 nb ( 2.1x10‘2)
N~

8§  ago0” 82 30000 527 31800 141 B6000
6.5 34 6.7 32 16 80 35 175
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Future limits: FCC-ee and FCC-hh reaches

. For all rare decays collected, we:

- Indicate whether the decay will be producible at FCC-ee/FCC-hh by simply checking the relation [BR(X) XN (X)]>1 ?

- Graphically presented by Vertical (dashed) line for FCC-ee (FCC-hh) in bar-limits plots:

Example:
Exp. limits Producible at
H-oy + X Branching fraction Framework 2023 HL-LHC FCC-ee FCC-hh
o° (1.68 +£0.18) x1075 SCET+LCDA [13] < 8.8x107 [74] <68x107° v v B o .
(148 £0.17) x107 SCET+LCDA [13] < 1.5x107* [76] <22x10°° v v H ooy 4 /06 . orelcal 3R
¢ (2.31+£0.26) x107 SCET+LCDA [13] <4.8x107* [74] <$37x107° v v HégHC 14TeV, 3ab"!
—— FCC-ee, HZ (2.4 ab™'/yr)
(2.95 +£0.38) x10°° SCET+LCDA [13] H— v ¢(28) ——- FCC-hh 100 TeV,30 ab~'
Iy (3.01 £0.15) %107 NRQCD (NLL)+LDME [78] <3.5x107* [77] < 5.5% 107 [54] v v H— v+ T1(1S) i
(3.0192) x10° NRQCD+LCDA [79] H =~ + T(29) |
2§ 13+0.1) x10°° SCET+LCDA [13 <2.0x1073 [80 <1.6x10™* / v i
W(2S) ( ) [13] [80] v H = 7+ 1(39) i
(4.633) x107 SCET+LCDA [13] ! . — .
Hovy + SO PR . o o et e o eas . / 0 5 10 15 20

-log(BR)

Negative of log(BR)

Purple bar below the red line means the process is producible at the FCC-ee
reaching the purple bar mean the process is close to be measured at the
HL-LHC 7/26



Exclusive Higgs decays: radiative + meson, meson + meson

* Due to the smallness of the H - cc,qq partial widths, it has been proposed to constrain quark Yukawa couplings via exclusive
decays of Higgs into: . .
direct indirect

-  EW boson + 1 meson:

e Contributions from 2 main mechanisms

(direct, indirect) which interfere destructively. H

= = - -

* Can be used to probe hzy effective couplings 3 4

ZW.y ZW,y

dominant

- double meson:
* Doubly suppressed - very small BR
- Can't be produced until FCC-hh rates
* Theoretical predictions have included more of these diagrams with time...

sub-dominant
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Exclusive Higgs decays
H - y + meson

Exp. limits Producible at
H-vy + X Branching fraction Framework 2023 HL-LHC FCC-ee FCC-hh
o (1.68 £0.18) x107 SCET+LCDA [13] <8.8x107 [74] $6.8x107 v v
w (1.48 £0.17) x1076 SCET+LCDA [13] < 1.5x107 [76] $22%x 107 v v
¢ (231 +£0.26) x10™° SCET+LCDA [13] < 4.8x107 [74] <3.7x107 v v
(2.95+0.38) x107 SCET+LCDA [13]
Iy (3.01£0.15) x107 NRQCD (NLL)+LDME [78] <3.5%107 [77] $5.5x% 107 [54] v v
(3.0293) x10° NRQCD+LCDA [79]
w(2S) (13+0.1) x10° SCET+LCDA [13] <2.0x1073 [80] <1.6x 107 v v
Hoy o (4.633) x107 SCET+LCDA [13] )
(1) (10.0148) x107 NRQCD (NLL)+LDME [78] <4.9x107 [80] $3.8x%107° x v
(52729) x107 NRQCD+LCDA [79]
(23733) x107 SCET+LCDA [13]
1(2S) (2.6783) =10 NRQCD (NLL)+LDME [78] <5.9%107* [80] <4.6x 107 x v
(14287) x107 NRQCD+LCDA [79]
(2.1437) x107 SCET+LCDA [13]
r(3S) (1 9tk ‘) x107° NRQCD (NLL)+LDME [78] < 5.7x107* [80] $44%x107 X 4
(9.174%) x10710 NRQCD-+LCDA [79]

 Theory BRs: O(10° —

10-19). Exp.

limits: O(103 —

104

H—~+p i
H—=v+w i
1
H—v+¢ !
Il Theoretical BR
H— v+ J/d, B Current limits
HL-LHC 14 TeV, 3 ab™!

—— FCC-ee, HZ (2.4 ab-Yiyr)

H — v +9(2S) - Foohn100 TeV;O ot
H — v+ T(1S) i
1
H =+ T(29) !
H — 5+ 1(39) !

0 5 10 15 20
-log(BR)

* 9 channels studied . 5 (8) producible channels at FCC-ee (FCC-hh).

 H- y+JWW maybe observed at HL-LHC, with the ratios

BR_theo/B_limit ~ 1/10
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Exclusive Higgs decays
H - Z+ meson

22 x107 EFT+NRQM [11]

(1.00 £ 0.01) x1073 EFT+LCDA [88] y , ’
- - - v v H—=7Z+n

14 x107 EFT+NRQM [11]
34 X107 NRQCD (NLO)+LMDE [89]

Exp. limits Producible at
H-Z + X Branching fraction Framework 2023 HL-LHC FCC-ee FCC-hh
) (23+0.1) x10° EFT+LCDA [86]
s - - v v T
-6
3.0 x10 EFT+NRQM [11] ' ; H— 74 7-(0 !
n (83+0.9) x107 EFT+LCDA [86] - - Vv v !
7.19 £0.29) x107 EFT+LCDA [86 | ) 1
P ( ) [86] < 1.2x1072 [87] <18x107 v y H—Z+n i
1.2 x107°6 EFT+NRQM [11] !
-7 _ _ / / 1
w (5.6+0.2) x10 EFT+LCDA [86] N ¥ H o 7+ 0 !
n (124 +0.13) x107° EFT+LCDA [86] - - % % P !
(2.42+0.10) x107® EFT+LCDA [86] , p !
@ <3.6x107 [87] $54x107 v v H—>7Z7 +w :
1
1
1
I
1
!
HoZ + (23+0.1) x10®  EFT+LCDA [86] , ) H—7Z+¢ BN Theoretical BR
Iy . < 1.9x1073 [90] $2.9% 107 [56] v v I Current limits
2.2 x10™ EFT+NRQM [11
QM H— 7+ HL-LHC 14 TeV, 3 ab "
3.2 x107° EFT+NRQM [91] Tle

—— FCC-ee, HZ (2.4 ab~/yr)

w(2S) 1.5 x10° EFT+NRQM [91] < 6.6x107 [90] <1.0x 107 Vv o FOO 100 TeV30 ab.!

(2.69 +0.05) x107 EFT+LCDA [88] ) P H—27Z+1] / Tﬁ

M = - v v

(4.7:03) x10° EFT (NLO)+LCDA [92]

1.7 x107 NRQCD (NLO)+LMDE [89] H—7+ w(QS)

T(1S) (154 £0.06) x107 EFT-+LCDA [86] - - v
17 x10° EFT+NRQM [91] H—-7Z+ Ui

(7.5+£0.3) x107 EFT+LCDA [36] , )

1(2S) - - y Y
89 x10°  EFT+NRQM [91] H—7Z+ T(lS)

(5.63+0.24) x107° EFT+LCDA [86]

e 6.7 x10° EFT+NRQM [91] - - v/ v H—7Z+ T(QS)

Theory BRs: O(10° — 107). Exp. limits: O(102 — 103) = 2+7(38)

4 channels searched for . All channels are producible at FCC-ee 10 1o 409(33)0
Botomonia have largest BRs, but no bound set so far

No observable channel at HL-LHC 10/26
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Exclusive Higgs decays
H - meson + meson

Exp. limits Producible at
H- X + X Branching fraction Framework 2023 HL-LHC FCC-ee FCC-hh
] + JI 1.0 x10™ LC+LCDA [96] - - X v
(5.8-6.0) x10™ NRQCD+LDME [101]
1.7 x10710 RQM [98]
JI + JI 2.1 %1071 RQM [100] < 3.8x107* [90] <58x%x107° X v
(5.9+2.3) x1071° NRQCD/NRCSM [99]
1.5 x1071° LC+LCDA [96]
boS) + Iy 5.0 x107" - <2.1x1073 [90] <32x107* X v
w(2S) (5.1 £2.0) x107" NRQCD/NRCSM [99] <3.0x1073 [90] <45%x107* X v
B;* + B* (14-1.7) x1071© RQM [97] - - X v
- BF + B* (2.0-3.0) x1071° RQM [97] - - X v
I (2.7-3.6) x1071° NRQCD+LDME [101] B B x J
1.6 x107"! LC+LCDA [96]
(8.5-9.2) x1071° NRQCD+LDME [101]
TAS) + 1.8 x107'° RQM [98]
T(1S) 2.3 x10~° RQM [100] < 1.7x1073 [90] <2.6x%x107* X
(43+0.9) x1071° NRQCD/NRCSM [99]
2.3 x107° LC+LCDA [96]
T2S) + T(2S) (1.0+0.2) x1071° NRQCD/NRCSM [99] - - X v
T(3S) + T(3S) (5.7+1.2) x10™" NRQCD/NRCSM [99] - - X v
T(mS) + Y(nS) - <3.5x107* [90] < 1.5x107° [56] X

* Theory BRs:
* 5 channels searched-for. No (all) producible channels at FCC-ee (FCC-hh)
* Many predictions for double-QQbar from adding more contributing diagrams.

0O(10°-10"). Exp. limits: O(103 — 104).

H— o+ /¢
H—J/W+J/v

H — J/1¥ + (2S)
H— J/¢+7T(1S)
H — 9(2S) + ¥(2S)
H — B~ + BT

H — Bf + BF

Theoretical BR
Current limits
HL-LHC 14 TeV, 3 ab!

FCC-ee, HZ (2.4 ab~/yr)
FCC-hh 100 TeV,30 ab!

15

-log(BR)
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Exclusive Z decays

 Exclusive Z decays:

Similar mechanism to the exclusive Higgs radiative decays.
Large Z boson yields at colliders.

Provides valuable information both theoretical (SCET & NRQCD validation, and LCDAs/LDMES’
params) and experimental (optimization of search techniques to study exclusive Higgs boson decays).

- Exclusive Z decays into: direct iDdireCt

 Vv,W + 1 meson: z !

* Double mesons:

12/26



Exclusive Z decays:

A

Y + charm meson

Exp. limits Producible at
Z-y + X Branching fraction Framework 2023 HL-LHC FCC-ee
(9.5+0.2) x107° NRQCD (NNLO+NLL) [120]
(7.42£0.61) x107° NRQCD (NLO+NLL) [121]
e - _ y
6.6 x107° NRQCD+LDME [122]
(94=1.0) x107 LC+LCDA [122]
(5.75:28) x10°8 NRQCD (NNLO+NLL) [120]
(9.0115) x10°® LC+LCDA [123]
4.5 x10°® NRQCD+LDME [122]
Il < 1.4x107° [114] <44 %107 [54]
(8.8+0.9) x1078 LC+LCDA [122]
(9.96 + 1.86) x10° NRQCD+LDME [119]
(8.02£0.45) x10° SCET+LCDA [58]
(3.74£0.05) 1071 NRQCD+LDME [124]
Z->vy +
Xeo 1.4 x1071° NRQCD+LDME [122] - -
(5.0+2.0) x107'° LC+LCDA [122]
(2.38:301) %107 NRQCD+LDME [124]
Xel 8.7 x1071° NRQCD+LDME [122] - - v

(5.6+2.0) x107°

LC+LCDA [122]

(3.497021) %10
he 3.0 x10°

(1.0+0.4) x1078

NRQCD+LDME [124]
NRQCD+LDME [122] - _
LC+LCDA [122]

(338:219) X101
Xe2 29 x1071°

(1.0+£0.4) x107°

NRQCD+LDME [124]
NRQCD+LDME [122] - - v
LC+LCDA [122]

* Theory BRs:

* 1 channel searched for. 6 producible channel at FCC-ee

Z—=v+n
Z—y+J/Y
Z—= 7+ X
Z =+ X

Z — v+ h
Z—= v+ Xe

m . cquarks

Il Theoretical BR
[ Current limits

HL-LHC 14 TeV, 3 ab™!
—— FCC-ee 91 GeV, 100 ab!

0 d 10 15 20

-log(BR)

0O(108 — 1019, Multiple calculations (LC, SCET, NRQCD). Exp. limits: O(10°).

« Z - y+ J/Y maybe visible at HL-LHC

13/26



Exclusive Z decays:
Z - Y + bottom meson

m — bquarks

Il Theoretical BR

Current limits

HL-LHC 14 TeV, 3 ab!
—— FCC-ee 91 GeV, 100 ab™!

Exp. limits Producible at
Z->vy + X Branching fraction Framework 2023 HL-LHC FCC-ee m )’
(243 £0.01) x1078 NRQCD (NNLO+NLL) [120]
M - -
(2.8 £0.5) x1078 NRQCD (NLO+NLL) [121]
(4.63 £0.02) x1078 NRQCD (NNLO+NLL) [120] 7 — v+ T(18)
(5.61 £0.29) x1078 NRQCD+LDME [125]
T(1S) (4.8293) x10°8 LC+LCDA [123] <2.8x107° [80] <$22x107 Z— v+ T@S)
-8
(4.93 £0.51) x10 NRQCD+LDME [119] 7 — v+ T(39)
(5.39+0.16) x107% SCET+LCDA [58]
(2.66 = 0.31) x1078 NRQCD+LDME [125] Z— 7+ T(4S)
T(2S) < 1.7x107 [80] <13x107
Zoy + (2.44:514) x10°8 LC+LCDA [123] Z — v+ Y(nS)
(1.93 £0.25) x1078 NRQCD+LDME [125]
T3S) < 4.8x1076 [80] <3.7%x107
(1.887011) %1078 LC+LCDA [123] Z = v+ Xm0
T(A4S) (122 £0.13) x1078 SCET+LCDA [58] - - 7 syt
1
Tns) (9 96*022) x1078 SCET+LCDA [58] - - 7T XD
Yoo (2.7294) x1071° NRQCD+LDME [124] - - Z — v+ hy
X (1.47310919) 10 NRQCD+LDME [124] - - 7 st
hy (9 27“”6) x10-10 NRQCD+LDME [124] - - 7T Xb2
X0 (2.92:412) x1071° NRQCD+LDME [124] - - 0 5

 Theory BRs: O(108 —

1019, Multiple calculations (LC, SCET, NRQCD). Exp. limits: O(10).

« 3 channels searched-for (ATLAS). 10 producible channel at FCC-ee
e Z- y+Y(1S), might be visible at HL-LHC, (BR = 1/4 projected limit)

10 15 20

-log(BR)
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Radiative Z — onium decays as a

background for BSM Z decays y
Z—y + X(yy) Branching fraction 7 ; 4
7 (yy) 9.7 x 107" y

n(yy) 6.3 x 107!

17 (yy) .1 %107

n:(yy) 2.1 x10°2

L —a + Yeolyy) 7.6 x 107"

xei(yy) 15 wigr¥

Xe2(¥Y) 9.6 x 107

Aoolyy) 1.6 x 107

Y (vy) 1.6 x 107"

Sum 1.8 x10°!1°

z —  yyy 6.4 x 1070

Total 8.2 x 107

« Z - 3y decay is very suppressed in the SM (6.4 1019).
« Z - y +a(yy) is atypical ALP/graviton search channel. 10 mesonic channels share same final state
« Z - Yy + meson(yy) provides about 30% extra contributions to the SM BR[Z - 3Y]
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Exclusive Z decays
Z - C-meson + c-meson

Exp. limits Producible at
Z— X + X Branching fraction Framework 2023 HL-LHC at FCC-ee 7 — Ne +J / 1/)
(1.5+04) x1071  NRQCD/NRCSM [130] 7 = Ne + Xeo
I (1.8-2.7) x107 NRQCD-+LDME [128] - - v
" Z =1+ Xa
2.7 x10 NRQCD+LDME [131]
P 2.3 x1072 NRQCD+LDME [131] ~ ~ , Z — e+ he
N @ (23 +1.0) x10712 LC+LCDA [131] 7
e . :
Xel 54 x104 NRQCD-+LDME [131] _ _ X — Me + X2
N 2.1 x10?  NRQCD+LDME [131] . ) 7 — I+ I/
(1.0 £0.5) x107"2 1.5 x107'? NRQCD+LDME [131]
he - - v
9.7 x1071 (95+50) x1072  LC+LCDA[I31] Z — 3/ 4 X
X 46£20) x10-2 (9.6-24.8) x10°13 NRQCD+LDME [128] 7 — J/w + Xel
. e 14 x10®  NRQCD+LDME [131] - - v/ ¢
(1:£02) 107 (9.3 +4.0) x1071 LC+LCDA [131]
.3+ 4. x10™ +. E
(1.1:43) 1070 76 x10*  NRQCD+LDME [131] Z— J/w +he BN Theoretical BR
Iy (1.1-13) x107° s o (14£10) 10> LC+LCDA[I31] B Z— J/U+ xe — ﬁtiﬂé"ﬂfev sap !
2.3 x107 ¢ h 3.5 x107'° NRQCD+LDME [131] - —— FCGC-ee 91 GeV, 100 ab !
27 x10-11 Yoo 64 10 NRQCD+LDME [131] _ _ x 7 = X0 + Xe1
— 1 Xel 3.9 x107' NRQCD+LDME [131] - - X
(L1 =40 x10 29 x10*  NRQCD+LDME [131] Z — Xeo + he
Xeo 83 x1071 he s , - - x
Xet + (6.1 £5.0) x10 LC+LCDA [131]
I+ (4.7+2.0) x1072 13 x10-1 NRQCD+LDME [131] « Z = X0+ Xe2
X2 — _
Z - 3.5-4.4) x107"? 2.8+2.0) x107? LC+LCDA [131
Xel ¢ ) . )X, - [ ]ﬂ Z_>Xc1+Xcl
35 x10-15 W .k 9.9 x107  NRQCD+LDME [131] - - x
‘ Yo 23 x10®  NRQCD+LDME [131] - - x 7 — Yo + he
Xo + Xe 13 x10716 NRQCD+LDME [131] - _ X ¢ ’
Y/ - Xel + X2
* Theory BRs: O(10%° — 10?"). Exp. limits: O(10°) Z = he+he
* 1 channel searched for. 10 producible channels at FCC-ee 7 = he+ Xeo
* Large uncertainty, variation between theoretical predictions. LC approach 7 — xe+x.
is more preferable 0 5 10 15 20

Most promising place to study double-charmonia decay.
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Exclusive Z decays

Z - b-meson + b-meson

Exp. limits

Producible at

AR M + M Branching fraction Framework 2023 HL-LHC at FCC-ee
I+ T(S) 46x 107" NRQCD [142] - -
% m(18) + T(1S) (1.9+0.2) x 107" NRQCD/NRCSM [143] e s
T(S) + T(S) (44:09) x 107%  NRQCD/NRCSM [143] < 1.8x 1076 [98] $27% 107
T(mS) + T(nS) 2.1 x 10712 NRQCD [142] <3.9% 107 [98] <59x%x 1078
TAS) + X (2.6-2.9) x 1076 NRQCD+LDME (NLO) [147] < 4.4% 107° [148] e
s, T@S + X (3.7-43)x 1076 NRQCD+LDME (NLO) [147] < 1.4x 107 [149] =
T3ES) + X (7.6-8.3) x 1076 NRQCD+LDME (NLO) [147] < 9.4x 107F [149] -
TmS) + X (1.4-1.5) x 1073 NRQCD+LDME (NLO) [147] (1.0 + 0.5)% 107 [150] =

e Theory BRs: O(10%° — 10?"). Exp. limits: O(10* - 107)

Z— J/¢Y+T(1S)

Z — my(1S) + T(1S)
Z — T(1S) + Y(1S)
Z — T(mS) 4+ T(nS)

Z—7T(1S)+X

Z—7T(2S)+X
Z— T3S +X

* 5 channels searched for. 7 producible channels at FCC-ee
* Most promising place to study double-bottomonium decays.

I Theoretical BR
[ Current limits

HL-LHC 14 TeV, 3 ab™!
—— FCC-ee 91 GeV, 100 ab™!

5 10 15

-log(BR)
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Exclusive W decays

e Exclusive W decays:

-  Similar mechanism to exclusive Z and H decays.
- Provides cross-check of pQCD factorization models and info on open-flavour meson form factors.
- Exclusive Z decays into:

Yy + 1 charged meson

« Meson + charged meson
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Exclusive W decays
W y + meson

Exp. limits Producible at
WF >y + X Branching fraction Framework 2023 HL-LHC FCC-ee FCC-hh
it (4.0+0.8) x107° SCET+LCDA [58] <1.9%107 [136, 137] <29x%107 v
ot (8.74 +1.91) x107° SCET+LCDA [58] <5.2x1070 [136] <7.9%1077 v v
K* (325+0.69) x1071° SCET+LCDA [58] < 1.7x107 [136] <$2.6x107 X v
K** (478 + 1.15) x1071° SCET+LCDA [58] - - X v
D* (1.4jg;§) X107 SCET+LCDA [58] . - X v
(3.7:43) x10°® SCET+LCDA [58]
Wo>y + Dy 47 x107° NRQCD+LDME [138] < 6.5%x107* [115] $1.2x107 v v
3.4 x107° LC+LCDA [138]
D 8.9 x107° NRQCD+LDME [138] B - X Y
’ 3.4 x107° LC+LCDA [138]
(1.679%) =102 SCET+LCDA [58]
B* (2.631) x1012 HQET+LCDA [139] - - X v

(2.0723) =107

SCET+LCDA® [139]

* Theory BRs: O(10® — 10*2). Exp. limits: O(10“—107%)

4 channels searched-for.
* 3 (5) channels producible at FCC-ee (FCC-hh)

W — 4+ 7F

W — v+ p*
W — v+ K*
Wy 4 K
W — v+ D*
W — v+ DF
W — v+ D

W — v+ B*

1
Il Theoretical BR
Current limits

HL-LHC 14 TeV, 3 ab™!
FCC-ee, W"W~—
FCC-hh 100 TeV,30 ab™!

(4.8 ab~/yr)

20

-log(BR)
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Exclusive W decays
W - meson + meson

Exp. limits Producible at
W — X + X Branching fraction Framework 2023 HL-LHC FCC-ee FCC-hh
D 2.1 x107'2 NRCSM+LCDA [140] x y
i - - v
(1.3233) x107! LC+LCDA [140]
e + =
- 3.0 x10712 NRCSM+LCDA [140] X ,
) - - v
(15:94) x10™" LC+LCDA [140]
2.6 x107'2 NRQCD+LDME [138]
Dy 2.1 x1072 NRCSM+LCDA [140] - - X v
[ (1.8294) x1071 LC+LCDA [140]
1.7 x107'2 NRQCD+LDME [138]
D* 3.0 x1072 NRCSM+LCDA [140] - - X 4
(2.083) x10™ LC+LCDA [140]
w25 D* 5.1 x1071 NRQCD+LDME [138] - - X
+
D= 7.4 x1072 NRQCD+LDME [138] - - X
9.4 x107'* NRQCD+LDME [138]
14 x107° NRCSM+LCDA [140
D: 47 x1071 NRC p* X107 CSM+LEDA [140] - - x
s . (21249) x1072 LC+LCDA [140]
(7.1:33) x10® LC+L he o+ -
Xo  F - D 20 x107 NRCSM+LCDA [140] ~ ~ «
12 x107" NRQ ! (24:43) x102 LC+LCDA [140]
D 8.1 x107 NRC 39 x107 NRQCD-+LDME [138]
(8.0:37) x10° LC+] D: 9.6 x1071* NRCSM+LCDA [140] - - X
X 13 1.4109) x10712 LC+LCDA [140
Wt o 2.0 x10 NRQ! P (14739) x . + [140] ’
D* 29 x10-13 NRC 3.9 x10° NRQCD+LDME [138]
. (7838) x10® LC+ D;* 14 x107 NRCSM+LCDA [140] - - X
Xel 20 X105 NRQ (16237) x1012 LC+LCDA [140]
D 40 X101 NRC o, B 20 x1071 NRQCD+LDME [138] - - X
* 31 N : B 25 x10712 NRQCD+LDME [138] - - x
435 12
(8837) x10 LC+1 e, B 27 x1071 NRQCD+LDME [138] - - X
13 3
ht L4 x10 NRC B 27 x10°12 NRQCD+LDME [138] - - X

e Theory BRs: O(10* — 10*%). No existing exp. Limit
* 0 channels searched-for. 0 (13) channels producible at

FCC-ee (FCC-hh)
* Tiny rates. No searches so far anywhere

W — DE + 7.

W — DE+ /9
W — DF +1(29)
W — DF + xa

W — DE + xa

W — DF +h,

W — DF 4 xe

W — D 47,

W — D 4 J /4
W — DI + (29)
W — D + v

I Theoretical BR
- Current limits
HL-LHC 14 TeV, 3 ab~!
—— FCC-ee, W"W~ (4.8 ab~/yr)
—==- FCC-hh 100 TeV,30 ab !
|

W — DI* + xa
W s D 4 I,
W — D+ Yo
W — BY 4 B
W = B! 4 B*
W — B + B
W — B + B

20

-log(BR)
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Semi-exclusive top decays

* two-bodyt - (qq) + g decay can provide an alternative top mass extraction
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Semi-exclusive decays
t - meson + c/u quark

Exp. limits Producible at
t — M + q Branching fraction Framework 2023 HL-LHC FCC-ee FCC-hh
2, (2.1:21) x 1076 NRQCD+LDME [26] = = v v
u (4.0149) x 107 NRQCD+LDME [26] - - v v
_g c (4.0448) x 107 NRQCD+LDME [26] <4.0x 107 [26] v v
B, + :
) u (2.121) x 107 NRQCD+LDME [26] = = v v
43 %10 NRQCD+CSM [174]
c (1.0-1.5)x10°  NRQCD+LDME [26] - - X v
T(S) +
(64+13)x 107  NRQCD+COM [173]
. u (1.0-1.5) x 1071 NRQCD+LDME [26] - - X v
=
21x107°  NRQCD+CSM [174] " "
C — — v
T(2S) + (1.7-53) x 107" NRQCD+LDME [26]
u  (1.7-53)x107>  NRQCD+LDME [26] - = X v
1.6 x 1071 NRQCD+CSM [174] " p
C = = v
T(3S) + (2.7-3.8) x 10710 NRQCD+LDME [26]
U (27-38x10">  NRQCD+LDME [26] = = X v
+0.2 -9 /
i e 2 (1.9%2) x 10 NRQCD+LDME [26] = - X v
u (19%92) x 10" NRQCD+LDME [26] N — X %
. i 1 . ..
 Theory BRs: O(10°—- 10*). No existing exp. limits
[}

No channel searched for. 4 (9) visible channels at FCC-ee (FCC-hh)

* Note: t— B+c/u-quark have “large” BR: 4-10°

t—>c+§0
t%quEO

t—>c+§0

S

q

q

q

Il Theoretical BR
I Current limits

HL-LHC 14 TeV, 2x3 ab~!
—— FCC-ee, N(t)=3.8 x 10°
—== FCC-hh, N(t)=2.1 x 10'2

15

20

-log(BR)
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Extension to leptonium

S state quarkonium and leptonium share the same relation between the leptonic decay
constant

2 NcmX 47—
2 = 47@%@2(mx)r(x — 1)
and the wave function at the origin at leading order
2
2 = 4n, px (O
nx

With the difference coming from strong and QED interaction

| 0
:|¢ (qq) (T = 0)‘2 = (mCFO;S)S : >>2 | Bneo(r = OF = (mgfrfzi”)) g
ARk 8mn : G
s \_/v_a&/é_q_u_a_rlz(;r; um leptonium

We have therefore reused the Z,H>QQbar+y results to compute the

Z,H>(ll)+y decays
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e

Exclusive Higgs decays
H - y/Z + leptonium

Zy
Exp. limits Producible at
H—=V + (£6) Branching fraction Framework 2023 HL-LHC FCC-ee FCC-hh
(ee), 35 x 10712 (this work) - - X X
H-ovy + () 3.5 x 10712 (this work) = = X X
(tT) 2.2 x 10712 (this work) - = X X
Il Theoretical BR
(ee)] 5.1 x [0-10 ([hi‘; Work) — — X v I Current limits
_ . HL-LHC 14 TeV, 2x3 ab~!
(L) 55 % 1071 (this work) = = x X — FCC-00, N(Hj-L9 x 10
5 .y (r7), 12 x 107! (this work) - - X X === FCC-h, N{H)=25 x 107
— +
(ee)y 2.7 x 10716 (this work) = = b 4 x
(Ho 1.1 x 107" (this work) - - X X
(tT)o 3.2 x 10712 (this work) - - X X

20 2% 30
* Tiny BRs O(10* — 10%). First time computed here, ooen
* No channel searched for. No (4) producible channels at FCC-ee (FCC-hh)

* Note: Leptonia are long-lived = LLP signature (displaced v, e, | vertices)

24
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Exclusive Z decays
Z - Y + leptonium

a(0)*a(mz)? m}. - (l = 4.Fﬁ.)3 (Ssﬁ. - 452 + l) (mé - m‘;+{_)

9.256n m.% IR silond

BZ—-> T )+y) =

4 " 4 ) , p
B(Z — ({;+{_.—)1 +9) = G(O)4a(mz)~ ""'%T'r- (85“. —4s;, + l) (mZ — mP{_)

9.256 n3 m% l"ccl“z sﬁcﬂ
- . Z — 7y + (ee)
Exp. limits Visible at 7 y+ (Mﬂ)l
Z—y + X Branching fraction Framework 2023 HL-LHC FCC-ee BN Theoretical BR
e ) Z— v+ (TT)l B Current limits
(ee)y 47 K107 This work - - b 4 7 HL-LHC 14 TeV, 2x3 ab~!
(uee)n 2.0 x10-18 This work = - X — Y+ (ee)o —— FCC-ee, N(Z)=6 x 1012
(tt)o 5.7 :x197e This work - = X Z — v+ (ppo
Loy +
(ee) 7.3 x10°2 This work — — X 7 —~+ (TT)(J
(ppe) 3.1 xl10°' This work - - X f T T T
| 0 10 20 30 40
(T7), 89 xlo0™* This work - — X -og(BR)

e Tiny BRs: O(10*— 1023). First time computed here.
* No channel searched-for. No producible channel at FCC-ee.
* Note: Leptonia are long-lived = LLP signature (displaced vy, e, M vertices)
25



Summary

« Comprehensive survey of the theoretical & experimental status of more than 100 exclusive few-body decays
into quarkonium of the 4 heaviest SM particles (H,Z,W,t): BR=10° — 10-?°

- Backgrounds to many BSM decays (H,Z - ALPs, gravitons, dark v, ...), and allow study of QQbar production
approaches and the ingredients: LDMEs,LCDAs,.

« Up-to-date collection of TH BRs and EXP limits from the literature.
 Calculation of new rare decay channels: radiative leptonium.
- Tiny. Very hard to measure.
 Estimation of reachabilities of HL-LHC, FCC-ee/FCC-hh observations (if not BSM-enhanced):

- HL-LHC can potentially observe a few of them: H- y+p, Z - y+w, Z - y+J/,... all channel listed in the table
below

- FCC-ee can discover about 50% of such experimentally unobserved decays
- FCC-hh can produce most of those decays channels

Exp. limits
Branching fraction 2023 HL-LHC B(th)/Blexp)
- y + I (295 +0.17) x 10°° < 2.6x 1074 [84, 86] <39x 107 [55] ~ 1/10
—
Z + TY(1S) 1.7 %107 - - -

1/ (9.96 + 1.86) x 107" < 6.0x 1077 [86, 127] < 3.1x 107" [55] ~1/3
Z — Y +

T(1S) (493 £0.51) x 1078 < 2.8x 107¢ [83] 22X 107 ~ 1/4

R’ A4 (y+4.0 -5 Ery
t — ¢ + B, (4.0735) x 10 <4.0x 107 [26] ~1/1
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Exclusive Higgs decays

H - W + meson

Exp. limits Producible at
H->W* + X Branching fraction Framework 2023 HL-LHC FCC-ee FCC-hh
. 4.3+0.2) x10°° EFT+LCDA [86] ,
T - v v
6.0 x107° EFT+NRQM [11]
. (1.09 £ 0.05) x107° EFT+LCDA [86] , ,
P - - v 1%
8.0 x107° EFT+NRQM [11]
3.3+0.1) x1077 EFT+LCDA [86]
K* — — X v
4.0 x1077 EFT+NRQM [11]
K= (5.6+£0.4) x1077 EFT+LCDA [86] - - v v
D* (5.6 £0.5) x1077 EFT+LCDA [86] p
_ _ v v
Ho W 7.0 x1077 EFT+NRQM [11]
- +
D (1.04 +£0.14) x107° EFT+LCDA [86] ,
= - - v v
1.2 x107¢ EFT+NRQM [11]
(1.71£0.11) x1073 EFT+LCDA [86] ,
Df - - v v
2.1 x107° EFT+NRQM [11]
D (251 +0.19) x107 EFT+LCDA [86] Y
s - - v v
3.5 x107° EFT+NRQM [11]
B* (1.54 +£0.40) x1071° EFT+LCDA [86] - - X v
B* (1.41 £0.36) x1071° EFT+LCDA [86] - - X v
B (8.21 +£0.83) x107% EFT+LCDA [86] - - X v

Theory BRs: O(10° — 109). No Exp. Limits.

No search-performed so far.7 (4) producible channels

at FCC-ee (FCC-hh)

H— WT 4 7+
H— WT 4 p*
H— WF + K=*
H— WT 4+ K
H — WT + D*
H— WT 4+ D**
H — W¥ + DF
H — W7+ D+
H— WT +B*
H — WT + B**
H— WT+ B

Theoretical BR
Current limits

HL-LHC 14 TeV, 3 ab~!
FCC-ee, HZ (2.4 ab~/yr)
FCC-hh 100 TeV,30 ab™!

0

15

20

-log(BR)
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Exclusive decays:
Z - Y + light meson

Exp. limits Producible at
Z-oy + M Branching fraction Framework 2023 HL-LHC FCC-ee
a 9.8+ 1.0) x 1072 SCET+LCDA [62] <2.0x 107% [122] £28x 1077
I (1.0-17.0) x 1070 SCET+LCDA [131] < 5.1 1075 [130] -
ea (4.19 £0.47) x 107° SCET+LCDA [62] <2.5% 1075 [82] <1.8x 1078
7 w (2.82 £0.41) x 107# SCET+LCDA [62] <3.8% 1077 [85] <57x 1073
=y +
i (3.1-48) x 107° SCET+LCDA [131] <4.2x 1073 [130] -
(1.17 £ 0.08) x 107% LC+LCDA [132] )
& <9.0x 1077 [82] <6.6x 1078 v
(1.04 £0.12) x 107# SCET+LCDA [62]
D’ 1.0 x 107 SCET+LCDA [62, 129] <2.1% 107 [129] <38x 107 X

Theory BRs: O(10% — 10*). Exp. Limits: O(10° - 107)
6 channels searched for. 6 producible channels at FCC-ee.
Z-Yy+w is very close to be detected at HL-LHC

(BR = Y% of projected limit)
All channels will be visible at FCC-ee

Z—y+n’
Z—y+n
Z—~v+p
Z—=y+w
Z—v+1n

7—=v+¢

m

~light quarks (u, d ,s)

Il Theoretical BR
[ Current limits

HL-LHC 14 TeV, 3 ab~!
—— FCC-ee 91 GeV, 100 ab~!

10 15 20

-log(BR)
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Exclusive Z decays
Z—- W + meson

Exp. limits Producible at
Z—- W + X Branching fraction Framework 2023 HL-LHC FCC-ee
n* (1.51+£0.01) x1071 SCET+LCDA [58] <7.0x107 [118] ?
o* (4.0£0.1) x1071 SCET+LCDA [58] <8.3x1075 [118] ? 7 — WF 4 7
7 W s K* (1.16 £0.01) x107! SCET+LCDA [58] - - 7 — WT+ pi
*t —11
K (1.96 £0.12) x10 SCET+LCDA [58] - - 7 WF 1+ K
D* (1.99 £0.17) x107" SCET+LCDA [58] - - n
Z— Wt +K*
D (6.04 £0.30) x1071° SCET+LCDA [58] - -
7 — WT + D*
7 — W* + DE

* Theory BRs: O(10%° - 10%). Exp. limits: O(10-°)

* 2 channels searched for. 6 producible channel at FCC-ee

Il Theoretical BR
Current limits
HL-LHC 14 TeV, 3 ab!
—— FCC-ee 91 GeV, 100 ab!
0 5 10 15 20 25
-log(BR)
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Semi-exclusive decays
t - meson + b quark

Exp. limits Producible at
t — X + Y Branching fraction Framework 2023 HL-LHC FCC-ee FCC-hh
o+ b 1.3 x1077 EFT+LCDA This work - - X
Pt b 6.4 x1078 EFT+LCDA This work - - X v
K*  + b 2.9 x107° EFT+LCDA This work - - X v
K™+ b 2.7 x107° EFT+LCDA This work - - 'S v
DY+ b 1.5 x107° EFT+LCDA This work - - X
o D™ + b 23 x107° EFT+LCDA This work - - X
Dt o+ b 3.4 x107® EFT+LCDA This work - - X v
Do+ b 5.1 x107® EFT+LCDA This work - - X
Bt + b 1.1 x107"3 EFT+LCDA This work - - X X
Bt + b 9.8 x107'* EFT+LCDA This work - - X X
B+ b 55 x1071 EFT+LCDA This work - - X
Bf  + b 5.7 x107! EFT+LCDA This work - - X

c

* Theory BRs: O(107 — 10*4). No existing exp. Limits

* 0 channel searched for. O (10) visible channels at FCC-ee(FCC-hh)

* First time those decays have been computed.

t—=b+ax"

t—=b+p"
t— b+ K"
t— b+ K*

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
:
t —=b+D" i
Il Theoretical BR
I Current limits
HL-LHC 14 TeV, 3 ab™!
—— FCC-ee, tt (0.9 ab '/yr)
FCC-hh 100 TeV,30 ab™!

t = b+ D"
t—=b+ DS
t —b+ DI
t—b+B"
t—b+B**
t— b+ B
t—b+Bf

0 5 10 15 20

-log(BR)
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