Search for new light vector boson
using J/¢ ate’e” colliders

Youngjoon Kwon
yjkwon63@yonsei.ac.kr

Yonsei University
Seoul, Korea

Mar. 16, 2021 @ QWG 2021

Y. Kwon (Yonsei Univ.) Search for new light vector boson using J /4 ... Mar. 16, 2021 @ QWG 2021



Outline
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» Introduction & motivations

» Modeling of the interaction // \\

» Using J/¢ — n.e'e”

* method for BESIII |
* method for Belle II

P Usinge'e” — X +J /1 (with displaced vertex) \\— /

» Summary

(Note 1) based on arXiv:2012.04190, to appear in JHEP (K. Ban, Y. Jho, YJK, S.C. Park, S.H. Park, P.Y. Tseng).
(Note 2) This is a phenomenological work. Any mention of BESIII or Belle II is only for conceptual
discussions.
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Motivations

» I experimental and observational claims for
discrepancies from the SM

» calling for extension of the SM

* e.g. by adding a new sector gauging the lepton
number, L, — L,

* proposed for (g — 2),, DM, EDGES 21 cm
anomaly, etc.

» X17 ‘anomaly’ from ATOMKI
* %Be*(1%) - ®Be(07) + e*e”
* is it a new particle with my ~ 17 MeV?

» High-£ e'e” colliders — ideal place to test X17
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Modeling £eff

P X — a new vector boson interacting with an
SM fermion f via Leg

Lefr D —eX,, Z &f f ’Yuf » ¢ - a free (effective) parameter for the Xff
f coupling

» (Note) the new interactions do not induce
any gauge anomaly by construction

» ATOMKI = my = 17 MeV, |e, +£4| =~ 3.7 x 107>
> NA48/2 (° - Xv) = |2¢, + 4| < 8 X 10™* (protophobic)
combining the two, ¢, =~ +3.7 X 10_3, €q=F7.4X% 1073

> for coupling to leptons, use beam dump (SLAC E141), (g — 2),,, ve scattering

42x10* < |e| £1.4%x107°
VeE, £ 7x107°
Y. Kwon (Yonsei Univ.)
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Method for BESIII

> Usee'e —J/y - nX(—e'e )atys = my, for the signal process
> efe” s U/ >y (= ele)

* an SM background; same final state as the signal

B Ne e~ Ne
e
J/v e J/U e
X v
+
¢ et et et
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Method for BESIII

> Usee'e” — J/1) » nX(— e'e”) at /s = my, for the signal process
> e »J/Yp oy (—ele)
* an SM background; same final state as the signal

» decay width

2 2 43
1 agm(my,,, —my.)
T/ = ney) = g%m(onz
m
dr,, -+
— 20— = |Fyp(q*)I® X Foen(q”)
dq=Lyyponey
dr, x+ 22 2
——— = |Fyp(q")|” x Fx(q")
quFJ/w—'ncv

“ Fup(q) = fin(@®) [fup(0) = 1/(1 = 53), with A = my1 = 3.69 GeV for J /4

* kinematic window : (2m,)* < q2 = m§+e_ < (myyy — mm)2
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Method for BESIII

2 243
1 (MFM(’"J/l -m.)

LJ /Y = ney) = 7—[fw(0)|2 al 4m 2m?
c 3 8"1]/ QED _3772( l) ( +TI)
dar a
ey 2.2 2 2 2.2 73
27] = |Fyp(q™)|” X Forn(q™) 144 2 4myq” |z
Gl iy —my) "=
dry, x* 2.9 9
———— =|Fp(q)|” xFx(q") from L.-M. Gu et al., PRD 100, 016018 (2019)
Aq°T s/ p—nery
2 2
FX(qZ) _ apm(ec - &) q
3 [(qz _ m)Z()Z + m)Z(l—\)Z(]
3/2

1/2 2 2 2
2 2
7 ' My ~ mj, (M3 = m3,.)?

2 2 2
r = Ee EMMY 14 2m, 4mg Ty_.+,~ dominates the width as we assume very
X—ete” = 7 q -
m}z( m?( small e, and my < 2m
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Method for BESIII

Collecting the above information, we have

2
BWJ /[y — nCX* -1, e+ef) = 1.64x10° (1322)

B[ —»ny* = n.ete’) = 1.03x107*

and the ¢° dependence becomes

10°
J¥onyome'e —
- A OO J¥on X onete —
>
o 10°
o 10 nX" and n.y* are clearly separated
B 10
5
1078
10% 10° 10* _10° 10?2

9 [GeV?]

Y. Kwon (Yonsei Univ.) Search for new light vector boson using J /4 ... Mar. 16, 2021 @ QWG 2021



Expected sensitivity for BESIII

J'(mx+am) 2dl,, x* I(mx+am) d 2dl,.
_ (mx U'm)z dq? _ (mx—om)? dq2
S = NJ/"Z’ ]__‘J/w 5 B = NJ/'L/) X Fj/w

TABLE II. For Nj/y = 10" and favoured parameters e, = &, = 3.7 x 1073, &, = 1073, mx = 17
MeV for #Be* anomaly, the significances of signal to background from J/¥ — n.e*e~ with various

energy resolutions of detector and 1.23% 7). reconstruction efficiency.

om=1 MeV om=2 MeV om=5 MeV om=10 MeV om=15 MeV
S 188 263 277 277 277
B 3686 7399 18989 42436 87640
S/VB 3.10 3.06 2.01 1.34 0.94
1.23% = Y ; Bie;
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Expected sensitivity for BESIII
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» Instead of explicitly reconstructing 7., one may use the recoil mass against e*e” to check n, thus
avoiding the 1.23% scale. Due to small mass gap (J/+ — n), identification of e*e” might be an
issue experimentally.
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Method (1) for Belle II

> Usee'e” = 0 +J/p(—n.ee)

signal J/y — Xn, background J/y — y*n,

olete” sy  +J/p - eTe Jj) =2861b, olefe” -~  +J/p - pu T I/) =58.4fb
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Method (1) for Belle II

> Usee'e” = (0 +J/p(—n.ee)

e,

signal J/y — Xn, background J/y — y*n,
olete” sy  +J/p - eTe Jj) =2861b, olefe” -~  +J/p - pu T I/) =58.4fb

» S and B to estimate the expected sensitivity

2
S=Lxo(e'e >0 T[Y)xBr(J/p - X" - nee’e”) = 28.2 ( 1(5)‘:‘2)

B=Lxo(e e - £ 07 J[¢p) xBr(J/vp - ney™ — neete) = 1772

Y. Kwon (Yonsei Univ.) Search for new light vector boson using J/ ... Mar. 16, 2021 @ QWG 2021 11



Method (1) for Belle II — MC study

» Use MadGraph & FeynRules for simulation
with EM decay amplitude'

+ - 1_
T(V —Pe'e ) = 47rOcEva'p G#Upgpuqyequzul’yUVZ
and interaction £

L 2 fyp(—2ymagm0, PO, V""" A, — gx.0,P0,V, """’ X,) — gvey" eV, — gxey''eX,

> Background control
* baseline cuts
[nye| < 1.60 (CM frame); |E,:| = 0.6 GeV, and |E,:| = 0.06 GeV (lab frame)
¢ photon conversion in the beam pipe or vertex detector — use e"e” vertex position
¢ ¢"e” - ("¢ +(anything) — low-momentum charged particles in the “anything”

recoil

may fake the e-ID, but it does not peak in M;¥;~ = my,,

'L-M. Gueet al., PRD 100, 016018 (2019)
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Method (1) for Belle IT — MC study

> 1000 £ WX nee” > £ WX onete”
o 3 JW-ney"snete” o 3 JW-ney"-snete”
0 ) eteoi*iete~
£ 800 ete ete-y 8
(9 (3
> >
o o
5 600 5
£ £
E} E}
Z 400 =
£ =)
[ [
N N
= 200 =
E E
(=} o
z 0 =
= 00 05 10 15 20 25 3.0 = X X 0.04  0.06
Mg, [GeV] M, [GeV]

[Left] Recoil mass against e*e™¢* ¢~ , whereby non-J/+, non-n. events can be suppressed; [Right]
Invariant mass of e*e”, looking for any peaking structure

Processes B) 7y — neee (S) X — necee
N(generated) 100000 100000
Baseline Cuts 7170 6290

|Mgege — My | < 200 MeV 7071 6219
M, — mx| < 2 MeV 377 5880
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Method (1) for Belle II — MC study
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[Left] Recoil mass against e*e”¢*¢~, whereby non-J/«, non-n. events can be suppressed; [Right]
Invariant mass of e" e, looking for any peaking structure

Processes (B) 'r](’y* — 7cee (S) neX — mcee
N(generated) 100000 100000
) Baseline Cuts 7170 6290
[Myegp = My | < 200 MeV 7071 6219
[Mee — my| < 2 MeV 377 5880
s -1 -1 -1 . »
Luminosity | 50 ab 100 ab 200 ab Sensitivity on e, by requiring S/VB = 2
leel | 21.76x107° 21.48x107° 2124x10°

Y. Kwon (Yonsei Univ.) Search for new light vector boson using J /4 ... Mar. 16, 2021 @ QWG 2021 14



Method (2) for Belle II — displaced vertex
P efe s X(mete )+ J/Y(= 00
* Xee vertex at tree level = signal strength depends on ¢, only

SO =\
» l
! N~

Vas

e
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Method (2) for Belle II — displaced vertex

P efeT s X(mete )+ J/Y(—= 00
* Xee vertex at tree level = signal strength depends on ¢, only

e () Bosm Directon

S l//\\

N="/

Vas

* ~ conversion (as main SM bkgd.) at the beampipe (r; ~ 1.0 cm) and vertex detector layers

(rp 21.4cm)
* exploit the Belle II vertexing capability
* ¢* from X tend to have high-pr (z O(1) GeV), enabling clean e-ID
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Method (2) for Belle II — displaced vertex

2
ole'e” > X +J/p) =277 x 107 x (%) fb

P transverse flight distance of X
* Figure (below) for 0.3x 10> < ¢, <0.8x 107>

800
3 e=8.0x 107"
£.=7.5x107
3 e=7.0x 107
0 e=6.5x 107
3 e=6.0x 107"
£ e=55x 107"
£.=5.0x107
) e=45x107
) e.=4.0x 107
£.=35%107

Num. of Events
S
3

2 3

5
Flight distance [mm]

* ‘r; sweet spot’ (cut) = 2mm <r; <8 mm
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Method (2) for Belle II — sensitivity estimation

» (Case 1) Explicitly reconstruct J/¢ — £ ¢~ (‘¢*e”£"¢” channel’)

83/1074 8.0 7.0 6.0 5.0 4.5 4.0 3.0
Baseline Cuts(%) 13.8 13.8 13.8 13.8 13.8 13.8 13.8
2mm < r; < 8mm (%) 1.5 4.7 7.4 10.1 11.0 10.1 5.2
Ng 1.60 3.85 442 418 3.69 269 0.78
Significance (B = 0.1) 240 460 500 480 450 3.60 1.50
Significance (B = 1) 1.6c6 290 320 310 280 230 120
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Method (2) for Belle II — sensitivity estimation

» (Case 1) Explicitly reconstruct J/¢ — £ ¢~ (‘¢*e”£"¢” channel’)

65/1074 8.0 7.0 6.0 5.0 4.5 4.0 3.0
Baseline Cuts(%) 13.8 13.8 13.8 13.8 13.8 13.8 13.8
2mm < r; < 8mm (%) 1.5 4.7 7.4 10.1 11.0 10.1 5.2
Ng 1.60 3.85 442 418 3.69 269 0.78
Significance (B = 0.1) 240 460 500 480 450 360 1.50
Significance (B = 1) 1.6c6 290 320 310 280 230 120

P (Case 2) Use recoil against X — e*e” to infer J/+) (‘" e” channel)

c/10°% 80 70 50 40 30 20 10
Baseline Cuts(%) 176 176 176 176 176 176 176
2mm <dy <8mm(%) | 1.6 53 123 129 74 23 05

Ng 14.6 35.7 42.7 28.7 9.23 1.28 0.07
Significance (B = 0.1) > 50 220 0.4c
Significance (B = 1) > 50 1.6c6 090
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excluded (existing)

Belle II, 50 ab™!

Belle II, 200 ab ™ o expected significance > 20
with displaced vertex for B = 0.1
NA48
111, o = 5 MeV. -
o BESIIT, 05 = 1 MoV = expected significance > 20
Y with displaced vertex for B = 1
5.x107 L LA
. S/\/E = 2 (expected; color-coded)
with J/y — 1, ete™
1.x107
5.x107° EiE]
0.005 0.010 0.050 0.100

my [GeV]

» Motivated by ATOMKI, we investigate strategies to search for X in O(10) MeV using
J [ at the intensity-frontier e*e” colliders (BESIII & Belle II).

» With displaced-vertex signature at Belle II, 10™* < |,| < 10~ can be explored for
9 MeV < my < 100 MeV with 50 ab™! at Belle I
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Thank you!
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