Degenerate scalar scenario in a singlet
scalar extension of the Standard Model

Gi-Chol Cho
(Ochanomizu U.)

in collaboration with
Sachiho Abe , Chikako ldegawa . Kentarou Mawatari
Eibun Senaha , Rio Sugihara

based on
PRD104, 035023, PLB 823, 136787, PRD106,115012, PLB 839, 137757
arXiv:2101.04887, 2105.11830, 2205.12046, 2212.13029)

NITEP RN FIRRHE AT S 2022
2023/Mar/16-18, KFRINILKEF

w\ BARDIKL R

' ) Ochanomizu University 1



Search tor BSM particles (heavy

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: July 2022 fL dt = (3.6 — 139) fb Vs=8,13 TeV
Model ty Jetst EX™ [raif] Limit Reference
T T T — T T T T — T T T T —T

ADD Gkk +g/q Oe 7y 1-4j  Yes 139 n=2 2102.10874
ADD non-resonant yy 2y - - 36.7 n=3HLZNLO 1707.04147
ADD QBH - 2j - 139 n=6 1910.08447
ADD BH multijet - >3] - 3.6 9.55TeV n=6, Mp=3TeV,rot BH 1512.02586
RS1 Gk — vy 2y - - 139 k/Mp =0.1 2102.13405
Bulk RS Gk » WW/Z2Z multi-channel 36.1 k/Mp; =1.0 1808.02380
Bulk RS Gkx —» WV — lvqq 1eu 2j/1J  Yes 139 k/Mp = 1.0 2004.14636
Bulk RS gxk — tt leu 21b>1J2] Yes  36.1 gkK Mass r/m=15% 1804.10823
2UED / RPP le,u >2b,>3j Yes 36.1 KK mass Tier (1,1), B(A®D - tt) =1 1803.09678
SSM Z" — ¢ 2e,p - - 139 1903.06248
SSM Z' - 17 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
Leptophobic Z’ — bb - 2b - 36.1 Z' mass 2.1 TeV 1805.09299
Leptophobic Z" — tt Oe,u  >1b,>2J Yes 139 r/m=12% 2005.05138
SSM W’ — ¢v 1enu - Yes 139 1906.05609
SSM W’ — 1v 17 - Yes 139 ATLAS-CONF-2021-025
SSM W’ — tb - >1b,>1J - 139 ATLAS-CONF-2021-043
HVT W’/ - WZ — tvggmodel B 1e,u 2j/1J  Yes 139 gv=3 2004.14636
HVT W’ - WZ — ¢v'¢ modelC 3 e, u j (VBF)  Yes 139 gven=1,g=0 ATLAS-CONF-2022-005
HVT W’ — WH — tvbbmodel B 1e,u  1-2b,1-0] Yes 139 gv=3 2207.00230
HVT Z’ - ZH — ¢{/vvbbmodel B 0,2e,u  1-2b,1-0] Yes 139 gv=3 2207.00230
LRSM Wg — uNg 2u 1J - 80 Wg mass m(Ng) =0.5TeV, g = gr 1904.12679
Cl qqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127
Cl ttqq 2epu - - 139 L 2006.12946
Cl eebs 2e 1b - 139 g =1 2105.13847
Cl pubs 2pu 1b - 139 g =1 2105.13847
Cl tttt >1eu 21b21] Yes 36.1 2.57 TeV |Cael = 4 1811.02305
Axial-vector med. (Dirac DM) Oe 1,y 1-4j Yes 139 84=0.25, g,=1, m(y)=1 GeV 2102.10874
Pseudo-scalar med. (Dirac DM) O e, u, 7,y 1-4j Yes 139 8q=1, gy=1, m(x)=1 GeV 2102.10874
Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 tanB=1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 tanB=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 15t gen 2e 2] Yes 139 p=1 2006.05872
Scalar LQ 2" gen 2u 2] VYes 139 B=1 2006.05872
Scalar LQ 3" gen 17 2b Yes 139 B(LQY — br) =1 2108.07665
Scalar LQ 3 gen Oe, >2j,>2b  Yes 139 B(LQY > tv) =1 2004.14060
Scalar LQ 3" gen >2eu,21721),>21b - 139 B(LQY — tr) =1 2101.11582
Scalar LQ 3" gen Oeu, 217 0-2j,2b Yes 139 $(LQ€ —by)=1 2101.12527
Vector LQ 3™ gen 17 2b Yes 139 B(LQY - br) = 0.5, Y-M coupl. 2108.07665
VLQTT > Zt+ X 2e/2u/>3eu 21 b, >1j - 139 SU(2) doublet ATLAS-CONF-2021-024
VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
VLQ Ts/3 Ts/3|Ts3 » Wt + X 2(SS)/>3 e >1b,>1] Yes 36.1 Ts/3 mass 1.64 TeV B(Tsj3 = Wt)=1, c(Ts;3Wt)=1 1807.11883
VLQ T — Ht/Zt 1eu 210,23 Yes 139 SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
VLQ Y — Wh lepu >1b>1j Yes  36.1 Y mass 1.85 TeV B(Y - Whb)=1, cg(Wb)=1 1812.07343
VLQ B — Hb Oeu 22b, 21,21 - 139 SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL 7 — Z7/H~ multi-channel 21 Yes 139 SU(2) doublet ATLAS-CONF-2022-044
Excited quark ¢* — qg - 2j - 139 only u* and d*, A = m(q*) 1910.08447
Excited quark g* — qy 1y 1j - 36.7 only u* and d*, A = m(q*) 1709.10440
Excited quark b* — bg - 1b,1j - 139 1910.0447
Excited lepton ¢* 3eu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3eut - - 20.3 A=16TeV 1411.2921
Type Ill Seesaw 234epu 2] Yes 139 2202.02039
LRSM Majorana v 2u 2j - 36.1 Ng mass m(Wg) =4.1TeV, g = gr 1809.11105
Higgs triplet H** - W*W#* 23,4 e,u (SS) various  Yes 139 DY production 2101.11961
Higgs triplet H** — ¢¢ 234e,u(SS) - - 139 DY production ATLAS-CONF-2022-010
Higgs triplet H** — (1 3eut - - 20.3 DY production, B(H;* — £r) =1 1411.2921
Multi-charged particles - 139 DY production, |q| = 5e ATLAS-CONF-2022-034

Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
—v'=137ev- S e e
artial data B
P 10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
‘+tSmall-radius (large-radius) jets are denoted by the letter j (J).
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Search for BSM particles (light)
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Current status

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: July 2022 [Ldt=(36-139) b \5=8,13TeV
Model Gy Jetsi ET™ [rdim™] Limit Reference
ADD Gy +g/q Oeuty 1-4j Yes 139 210210874
ADD non-resonant yy 2y - - 36.7 1707.04147
ADD QBH - 2j - 139 191008447
ADD BH multijet - 23] - 36 1512.02586
RS1 Gkk — yy 2y - - 139 2102.13405
Bulk RS Gxx — WW/ZZ multi-channel 36.1 1808.02380
Bulk RS Gk — WV — (vqq Tepu 2j/14J Yes 139 k/Mp 0 2004.14636
Bulk RS gki — tt Teu =1b2>1J2) Yes 36.1 r/ 15% 1804.10823
2UED/RPP tepu 22b >3] Yes  36.1 Tier (1,1), B(AMY) - tt) =1 1803.09678
SSM Z' — ¢t 2ep - - 139 1903.06248
SSM Z’ — 1t 27 - - %1 1709.07242
Leptophobic Z’ — bb - 2b - 361 1805.09299
Leptophobic Z’ — tt Oeyu 21b22J Yes 139 /m=12% 2005.05138
SSM W’ — (v Teu - Yes 139 1906.05609
SSM W’ — 7v 17 - Yes 139 ATLAS-CONF-2021-025
SSM W' — th - 21b,21J - 139 ATLAS-CONF-2021-043
HVT W’ —» WZ - (vggmodelB  1e,u  2j/1J  Yes 139 =3 2004.14636
HVT W’ - WZ — (v ('t modelC 3e,u 2j(VBF) Yes 139 gven=1,g =0 ATLAS-CONF-2022-005
HVT W’ — WH — tvbbmodelB_ 1e,u 1-2b,1-0] Yes 139 gv=3 2207.00230
HVT 2’ — ZH — ({[vvbb model B 02 e, 1-2b,1-0] Yes 139 =3 2207.00230
LRSM Wg — uNg 2u 1J - 80 m(Ng) = 0.5 TeV, g = gr 1904.12679
Cl qqqq - j - 37.0 21.8TeV 7, 1708.09127
Clttqq 2ep - - 139 M 2006.12946
Cl eebs 2e 1b - 139 2105.13847 1
Cl ppbs 2u 1b - 139 2105.13847 .
Cl tttt lep  21b>1j Yes 361 1811.02305 P E
Axial-vector med. (Dirac DM) Oeputy 1-4j Yes 139 2102.10874 rlm x Be"e'“
Pseudo-scalar med. (Dirac DM) O e u, 7,y  1-4] Yes 139 2102.10874
Vector med. Z'-2HDM (Dirac DM) ~ 0 e, 2b Yes 139 tanf=1, g7=0.8, m(x)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a _ multi-channel 139 tanp=1, g,=1, m(y)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1% gen 2e 22 Yes 139 B=1 2006.05872
Scalar LQ 2™ gen 2 2] Yes 139 p=1 2006.08872 CM S
Scalar LQ 3" gen 17 2b Yes 139 B(LQ, 2108.07665
Scalar LQ 3" gen Oeu 22j,22b Yes 139 B(LQY — tv) 2004.14060
Scalar LQ 3" gen >2ep,21721j,21b - 139 B(LQY - tr) 2101.11582 Pbe
Scalar LQ 3" gen Oeu,2170-2},2b Yes 139 B(ng/ 2101.12527
Vector LQ 3" gen 17 2b Yes 139 B(LQY — br) = 0.5, :M coupl. 2108.07665
VLQTT - Zt + X 2e/2u/>3ep 210,21] - 139 SU(2) doublet ATLAS-CONF-2021-024 —1
VLQ BB —» Wt/Zb+ X multi-channel 36.1 SU(2) doublet 1808.02343 1 0
VLQ Ts/3Ts3/ Tsy3 = We+ X 2(SS)/23eu21b,21]  Yes 36.1 B(Ts3 — Wt)=1, c(TssWe)=1 1807.11883
VLQ T - Ht/Zt 1ep 21b,23] Yes 139 SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
VLQY - Wb leu 21b21) Yes 361 B(Y - Wh)= 1, cg(Wh)=1 181207343
VLQ B - Hb Oep 22b, 21,214 — 139 SU(2) doublet, kg= 03 ATLAS-CONF-2021-018
VLL 1 - Zt/Hr multi-channel  >1] Yes 139 SU(2) doublet ATLAS-CONF-2022-044 AT L AS
Excited quark g* — qg - 2j - 139 only u” and o, A = m(q") 1910.08447
Excited quark ¢* — gy 1y 1j - 367 only u” and d', A = m(q’) 1709.10440 (Pbe)
Excited quark b — bg - 161) - 139 1910.0447
Excited lepton (* 3eu - - 203 A=30TeV 1411.2921
Excited lepton v* 3eut - — 20.3 A=16TeV 1411.2921
Type Ill Seesaw 234epu 22j Yes 139 220202039
LRSM Majorana v 2u 2j - 36.1 m(Wg) =4.1TeV, g = gr 1809.11105
Higgs triplet H** — W*W* 234 e,u(SS) various  Yes 139 DY production 2101.11961
Higgs triplet H** — ¢¢ 234 e, (SS) - - 139 DY production ATLAS-CONF-2022-010 _2
Higgs triplet H** — ¢ Seut - - 20.3 DY production, B(H;* — (r) = 1 1411.2921 1 0
Multi-charged particles - - - 139 DY production, |q] = 5e ATLAS-CONF-2022-034
1

e - R O producton 1 = Lao o /2 190510130 L] ol vl vl
V5=13TeV Ll X R | R | R R L1 |
partial data

-1
10 1 10 Mass scale [TeV] -3 —2 —1 2 3
*Only a selection of the available mass limits on new states or phenomena is shown. 1 0 1 O 1 0 1 1 0 1 0 1 O
‘+Small-radius (large-radius) jets are denoted by the letter j (J). m (G ev)
a

BSM particles @decoupled from the SM?
too heavy
light but tiny coupling
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Introduction

dark matter in the universe

— direct evidence of physics
beyond the SM
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Introduction

However... e
no DM signature has been found -, |
yet at g
colliders é
direct detections / g
indirect detections S e

WIMP Mass [GeV/c?]

arXiv: 2207.03764

why is DM not observed at those experiments,
although it is found in astronomical observations?
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ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2022 [Ldt=(36-139) o VE=8,13TeV
Model Ly Jetst ET [raym) Reference
T T T
ADD Gk + /9 Oeqiry 1-41 Yes 139 210210074
D non-resonant yy 2y - - 36.7 3HLZNLO 1707.04147
ADD GBH - 2 - 13 191008447
'ADD BH multjet 28 - 38 5,1y = 3TeV, ot BH 151202566
1 G — 7y 2y - - w 1 2102 12405
Bulk RS Gy — WW/Z2Z multi-channel 36.1 2.3 TeV 10 1808.02380
Bulk RS Gy — - tvaq lepu 2j/1J  Yes 139 10 2004.14636
Buk RS g — ¢ Teu 2102102 Yes 361 38Tev Tm? 1% 1804 10023
2UED / RPP. feu 22b23] Yes 361 KK mass 1.8TeV. Tier (1,1), BACY) — &) '1803.00678
ssMZ 0t 2eu - - e 1903 062
SSMZ e 2r - - g1 170007262
Leptophobic Z* — bb - 2b - 36.1 1805.09299
Leplophobic 2/ — ¢ Ocu 216220 Yos 139 Tim=12% 200505138
SSMW'— v Ten ST Yes 139 1906.0
SSMW/ 1T S Yes 139 ATLAS-CONF-2021.02¢
SSMW' = b I LN R ) ATLAS.CONF 2021.04
RVTW S WZ > tvaqmodel8  leq  2//1J Yes 139 2004 14856
HVTW . WZ (v 0 model G 3e.u 2](VBF) Yoo 139 ATLAS.CONF-2022.00¢
HVT W' WH (vbbmodel B Ten  1201:0] Yes 139 2207.002%
HVT 2" — ZH — tt{vvbbmodel B 02 e, 12b,1-0] Yes 139 ev=3 2207.00230
LRSM Wg = N 2 W - w miNe) =05 eV, g1 = o 1904.12679
Clagq - 2 - a0 218TeV 1, 170209127
Clitaq 2ep - - 2006 12046
Cl eet 2e 1b - 139 210513847
Cliuubs 2 b - 13 2108 13647
Cluee Sep 21b>1] Yos 361 181102205
Axial-vector med. (Dirac DM) Oepty Yes. 139 2102.10874
Pseudo-scalar med. (Dirac DM) 0 e,y 7.y s 139 210210874
Vector med. Z’-2HDM (Dirac DM) O e, 2 Yes 139 2108.13391
Pseudo-scalar med. 2HDM+a__ muli-channel 139 ATLAS-CONF-2021-03
Scalar LQ 1** gen 2e =2 Yes 139 2006.05872
Scalar LQ 2" gen 2u 22 Yes 139 2006 05872
Scalar LQ 3" gen 1T 2b  Yes 139 2108.07665 —
Scalar LQ 3 gen Oey  22),22b Yes 139 2004.14060
Scalar LQ 3 gen 22ep21721),21b 139 2101.11582
Scalar LQ 3" gen Yes 139 s 210112627 —
Vector LQ 3" gen 139 B(LQY — br) = 0.5, ¥M coupl. 2108.07665
VLQTT - Ze+ X 2euizden 210,21] — 139 U2 doutlet ATLAS.CONF-2021.02:
VLQ BB — Wt/Zb+ X multi-channel 36.1 SU(2) doublet 1808.02343 1
VLQ Ty3 TsalTos = We+ X 2(S8)/23 et 21, 361 B(Tos - We)= 1, c(TsaWe)= 1 1807.11883 1 0— —
VLQ T — Ht/Zt eu 139 SU(2) singlet, kr=0.5 ATLAS-CONF-2021-04( —
VLQ Y - Wb Teu > 361 B(Y  WE)- 1, ca(Wh)= 1 61207343 =
VLQ B — Hb Oeji 22, 139 SUR double i 03 ATLAS.CONF 2021011 -
VLY Z5lHe mut-channel 11 139 5U(2) doubler ATLAS-CONF-2022.04 =
Excited quark q° — g - 2] - 139 67TV only u” and d* 191008647 —
Excited quark g* - g 1y ooo- 0 ser 53TeV only i and 1700.10840 I
Excited quark b* — bg T T I 1910.0047
Excited lepton ¢~ ey - - 203 A=30TeV 1411.2921 —
Excited epton v* Semr - - 203 A 15TV 14112021
Type IIl Seesaw 234eu =2 Yes 139 —
LRSM Majorana v 2 2 - g6t (W) = 4176V, 51 = g 160011105
Higgs Uiplet H** — W*W* 234 e,u(SS) various  Yes 139 OY producton 210111961
iggs tplet H=* — (£ 234eu(ss) - - 139 0¥ producion ATLAS-CONF-2022.01
Higgs tiplet H** . (r et C a3 OY producion, B(H* — tr) = 1 14112921
Mull-oharged paricies K e O roducton. ol 5¢ ATLASCONF 202208 —2
Magnetic monopoles. -~ 344 | monopolemass O producion. ] = Lep,son1/2 | 18051010 =
L =

=13 TeV L

data 1071 1
*Only a selection of the available mass limits on new states or phenomena is shown.
# Small-radius (large-radius) jets are denoted by the letter j (J)
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Introduction

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: July 2022 [Ldt = (36-139) bt V5=8,13TeV
Model Ly Jetst ET [raym) Reference
T T
ADD G + g/q Oepry 1-4i Yes 139 |Mg 210210874
RO rtresbuan vy (A ol Shzmo e
400 Geit A H iy
ADB S it - e [RTR—— jHi
¥ G 7y o TR | s asTev 2 i
Bk RS G w122 muticramnel a7 | ok se 237ev % Tomozseo
Bulk RS Gy — WV — Ivqq leu 2j/1J s 139 Gy mass 2.0Tev o = 1.0 2004.14636
BUR RS g Vel atnona Yo gi [semen S8V Fime ok e
2UED/ RPP. ey 22b23] Yes 36.1 KK mass. 1.8TeV Tier (1.,1), BA®Y — ¢r) 1803.09678
SSM 2’ -t 2epu - - 139 Z' mass. 5.1 TeV 1903.06248
SE A ) | 4 2a21ev osorse
Copomnase 2 - bb ATl = e (oeorsos
Leptophobic 2’ — tt Oeu  =21b,22J Yes 139 Z' mass. 4.1 TeV. im=12% 2005.05138 —
S by Ton T [ ooy
SMw o TR ® (Wi s0%ov s Son 20102 - ™
MW U w150 |Wines A R C
BVT W' S WZ - tvqgmodelB  Te 2714 Yes 139 |Wemass 43TV 2004 14636 Y +inv E
HVT W' — WZ — v ('’ modelC 3e.n 2j(VBF)  Yes 139 | W' mass. 340 GeV ATLAS-CONF-2022-00! - -
VT 2 WA kot St 00 Ve 1% [Mpa s3Tev prte Y b5}
HVT 2’ — ZH — t¢/vvbbmodel B 02,4 1-2b,1-0] Yes 139 Z' mass. 3.2TeV =3 2207.00230
LRSM Wg — uNg. 2p 1J - 80 | W mass 5.0 TeV m(Ng) = 0.5TeV, g1 = gr 1904.12679 - e
Clqqaq - 2j - 37.0 A 218TeV 1 1703.09127 —
Clitqq 2equ - - 139 A /BTN . 2006.12946 U)
Gl FFARE TR 1870V e fiicdod
Cl uyubs 2u - 139 (A 20Tev. & 210513847 b
Cl teet. zlep Yes 36.1 A 2.57 TeV. 1Cael = 4n 1811.02305 e
Adalvoctor med. (DracOM)  0ervy Yes 199 [mees 217V PR yey——r 20210074 —y i -
ey LT T, N = PRy s EE=An: PrimEx  Begjle-Il =)
Vector med. Z'-2HDM (Dirac DM) , Yes 139 | s 3.1 TeV 2108.13391 o
Pseudo-scalar me IDM+a  multi-channel 139 Minod 560 GeV' ATLAS-CONF-2021-031
Scalar LQ 1* gen 139 LQmass. 1.8 TeV. B=1 2006.05872 Q)
Scalar LQ 2" gen 139 | LQmass 1.7 TeV B=1 '2006.05872 —
ST L85 gon 1% |16 v iy e Bt - CMS [3)
Scalar LQ 3" gen 139 mass 124 TeV B(LQS - 1) 2004.14060
‘Scalar LG 3% gon 139 mass. 1.43TeV BLQE ) =1 210111582 =
Scalar LQ 3 gen 139 mass. 126 Tev B by 2101 12507 -
e g e = A e | i (PbPb) g
QT - 205X IS TSR TaTev S0 dowr RS conr 20212 1
VLQ BB - We/Zb+ X multi-channel 361 | Bmass 133TeV. SU2) doublet 1608.02343 1 Q_‘
VLQ To3 TsslToa — We+ X 2(S8)/23 eu =1 b, >1 36.1 | Tajs mass. 164 TeV. B(Tos - We)= 1, e TosWe)= 1 1807.11883 1 0— —
wa Tz VRS 59 [Ta oo SUid st 708 ATLAS COF 202104 =
WGy b I s [V TasTov 2 o E 2
VLQ B = Hb Oepn 22b, 139 | Bmass. 2.0TeV SU(2) doublet ATLAS-CONF-2021-011 [~
VoSS e e 1% | 698 Gov S0t do ATEAS Son s0gsou = Beam dump =
Cciang " T T o = ATLAS
Excited quark g* — gy 1y 36.7 q° mass 53TeV only u* and d° 170910440 —
Excied et b~ b ’ Yo |brimas 5270 oo PbPb
Ercid amon seu 2% - it L
Ectodiopons S %5 ASToT i
Type Ill Seesaw. 234en 2] Yes 139 |INUHaES 910Gev 220202099 L
LRSM Majorana v 2 2j - 36.1 Ng mass. 3.2TeV m(We) =41TeV, g = gr 1809.11105
Higgs triplet H** — W*W* 234 e u(SS) various  Yes 139 H** mass. 350 GeV' DY production 2101.11961 - =
Higgs triplet H** 't 234eu(SS) - e 139 H** mass 1.08 TeV. DY production ATLAS-CONF-2022-011
1008t -4 Sane? T DN |ene—ce Dot gt =1 | TN
Malt-charged partle ! 2 35 [ mulvchagespertoe mas 159Tev OY producton,al - 5¢ ATLASCONE-202203: —2 - i
Magnetic monopoles - — - 344 ‘monopole mass 2.37Tev. DY production, |g] = 1gp, spin 1/2 1905.10130
B z 1 ) E
asw ot g o I I T B AN T| B R TTT| B R R AIT] B R R AT B R R R TAT B 48
Mass scale [TeV]

I L L 1 1 11 1| I 1 L L 1 L1 1| I 1 1 1 Il L1
“Only a selection of the available mass limits on new states or phenomena is shown. —3 —2 —1 2 3 1 O 1 2 3
+Small-radius (large-radius) jets are denoted by the letter j (J) 1 0 1 O 1 0 1 1 0 1 0 1 0 1 O 10 10 1 0
m, (GeV)

WIMP Mass [GeV/c?]

BSM particles =#decoupled from the SM?
too heavy
light but tiny coupling
accessible, but...
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Introduction

Suppression mechanisms of DM- s
q Uua rl( Scatte r| N g [ DEAP-3600 (2019)

fermion DM + pseudo scalar portal model

(coupling vanishes at low E. )

WIMP-nucleon og; [cm?]

lpek, McKeen, Nelson (2014)

Escudero, Berlin, Hooper, Lin (2016)

48| Co ol C ol L
Abe, Fujiwara, Hisano (2019) 10 10° 10° 10
WIMP Mass [GeV/c?]

pseudo Nambu-Goldstone DM

arXiv: 2207.03764
Gross, Lebedev, Toma (2017)

pNG DM with degenerate scalars

Abe, GCC, Mawatari (2021)

@ BEOIKCTIEF G.C.Cho
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Introduction

Degenerate scalar scenario in CxSM

Singlet scalar extension of the SM

phenomenological implication

Suppression of DM-quark scattering of degenerate scalar scenario

Bounds on degenerate scalar scenario
Search for degenerate scalars@I|LC

Multi-critical point principle and the degenerate

scalar scenario

attempt to understanding
degenerate scalar scenario

Origin of the suppression mechanism N

Summary

BAEDIKL TR G.C.Cho

) Ochanomizu University



Singlet scalar extension of the SM
SM + complex S (CxSM)  Barger etal, arXiv:0811.0393
_m22)\45222b22d24 b1 o
V—7’H‘ —I_Z'H’ —|—§’H’ ‘S‘ +§‘S‘ —l—z‘S‘ +<alS+Zf —|—C.C.)

(o0NG DM: S — — S)

global U(1) and soft breaking terms
(minimal set of operators to realize pNG DM w/o domain wall)

t DM (DM stability < CP sym.)

T\ BROKL TR 6.0.Cho
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Singlet scalar extension of the SM

m?2 A 5 b d b
:—H2 _H4 _2H2 2 _2 2 _2 4 _12 C.
4 2\\+4||+2H|S|+2\S\+4|S|+ a15'—l—4S—l—cc

mass matrix (a, §)

[ B2
2

—UVVg
M? = 2 = %vgw — \/§ﬂ

G X

mass eigenvalues  ma, — m(125)QLHC
(hy, hy) (DM)

1A A Yo% a
My, hy = 5 (2’02 + A F \/(202 — AQ) + 4 (gvvs) ) mi = —by — \/§U_1
S

mass eigenstates (i, hy)) <> (h, s)

h\ [ cosa sina h1
s) \—sina cosa/ \ hs

% B DK REE G.C.Cho
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Suppression of DM-quark scattering

scalar trilinear interactions
[:S — ghlxxh1X2 + ghgxthXZ

2 | as

S mhl | 2’05 .
Jhixx = 20 S1n o

Yukawa interactions

mf — .
Ly = — h h

{g’{ BEREDIKIC TR

~ Ochanomizu University

G.C.Cho

h\ ([ cosa sina) (h
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Suppression of DM-quark scattering

o \/§CL1 X - . X
my my,, + . o -
iMp, = _ivvg - 5 sin avcos a u(ps)u(py), \\\r///
I !
m,zl + V2, : h+. h
2
iMp, = +i—1 21)5 sin acos a u(ps)u(py), t = (p1 —ps)” SR
VVg t—mh2 :
sum of scatt. amplitudes: q //;v/\\\A q
1 D3
m

i ( My + Msg) = i#ﬂ(pg)u(pl) sin a cos

Gross, Lebedev, Toma (2017)

)} ~ () @mhl ~ Mhp,

Abe, GCC, Mawatari (2021)

?g) BERDIK LR G.C.Cho
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Suppression of DM-quark scattering

degenerate scalar scenario

e\ BEOIKL TR G.C.Cho
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Bounds on degenerate scalar scenario

p
Og| VS. Mp, Abe, GCC, Mawatari (2021)
E T T T T T T T T T T T T T T T T R 10_43§ """""""""
m, =200GeV || E m, =1000GeV | |
i 10—445_ 3
- 10_45' XENONI1T |
— _ XENON1T | — —
NE 10—46;_ a=n/4 1 NE 10-46 NE Lo-46
@) F mp, =125GeV O ; O :
' 10-47 vs=246GeV 1 T2 10-47] vs=246GeV ' 10-47 Vvs=246GeV
ot - a1 = (246 GeV)3 It L a1 = (246GeV)3 ot - a1 = (246 GeV)3
10—48 - ] 10—48 . 10—48 I
L0-49 v floor L0-49 Lo-49
1050 L. . . .. . l. ' 1050 . . .. . lo o " jo-soL . . . . W
80 100 120 140 160 80 100 120 140 160 80 100 120 140 160
my, [GeV] mp, [GeV] my, [GeV]
77 3
a=—, v=uvg =246 GeV, a; = (246 GeV)
4 9 Y,
o e ]_67-‘- o 2\/5&1 2
perturbativity A, dy < — stability A | de + —5— 05
y U2 3 U%
/‘@’ ERDIKL R G.C.Cho
&; Ochanomizu University



Bounds on degenerate scalar scenario

relic density Qyh?

500 100
a; =(123GeV)3 1o-1
Am =1.0GeV
400 Lo
%_, 1073
O 300
“j; 104
>
-5
200 10
1076
N " L -7
10900400 600 800 1000 °
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. . 2
500 relic density Qyh 109
ve=123GeV -
Am =1.0GeV
400 b 10-2
>
103
© 300
— 1074
€
™ -5
200 10
1076
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10950400 600 800 1000 °
m, [GeV]

relic density Q,h?

500 10°

m, =200GeV

1071
Am =1.0GeV
. 400 10—2
2
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©. 300
— 104
&

200 300

vs [GeV]

BROKLT R

Ochanomizu University
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Abe, GCC, Mawatari (2021)
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Bounds on degenerate scalar scenario

hi = hgycosSa — ssin o ho = —hgy SIn o + S coSs «
(invisible)

SM

hl -0 — ]’LSM< X COS@
SM
SM

h2 - —_ hSM< X_Sina
SM

v\ BEDIKL T REE G.C.Cho
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Bounds on degenerate scalar scenario

hi = hgycosSa — ssin o ho = —hgy SIn o + S €oS &
o &  xosa (invisible) /
' = hen .’ X - SIn X

I'(h1 — SM) = I'(hsm — SM)(my,, ) X cos® a

['(hy — SM) = I'(hgm — SM)(my,,) X sin® o

F(hl — SM) + F(hz — SM) ~ F(hSM — SM) fOr mp, = Mp,

@E’ ERDIKL K- G.C.Cho
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Search for degenerate scalars@ILC

LHC@Run-I: Am > 3 GeV

6_ / h]_, h2
// CMS, arXiv:1407.0558

et Z
(£¢ = e or u pairs)

rec0|l mass '/
recoﬂ (\/— o EM) ’ﬁ£€|2

A
Mhp hy = (125 + Tm) GeV

a=m/4

@E’ ERDIKL K- G.C.Cho
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Search for degenerate scalars@ILC

A
Mgy = (125 + Tm

a=m/4

@ BEHDIKIC K-

Ochanomizu University

(e or u pairs)

) GeV

Abe, GCC, Mawatari (2021)

10 ———m——————— —————
—  —— Am=1.0 GeV VS =250 GeV
I:L [ —— Am=0.5 ILC detector
n AT Am=0.4
5 10 Am=023
,ll [ Am=0.2
N r Am=0.1
E 103 _ .......

T [
|
)
+CU 10%
@
-
)
2 10* | | \ 5
124.0 1245 1250 125.5 126.0;
120 122 124 126 128 130
Myrecoil [GEV]
recoil mass
- 12
recoﬂ (\/_ — E%) ’p%‘
MadGraph5_aMC@NLO
Pythia 8.2
Delphes (ILCDelphes card)
G.C.Cho



ete -hz,Z-ou*tu-)
5 5 S S

Search for degenerate scalars@ILC

ete -hZ Z-u*u- @ILC250 ete -hZ,Z-u*u- @ILC250 ete -hZ Z-u*u- @ILC250
Amyin, = 0.4 GeV ILC detector ] Amyin = 0.2 GeV ILC detector Amyin = 0.1 GeV ILC detector |
10k — 10%¢ 10%¢ :
1071 F 95% G\LI\\i { 107 95%\?\1:11:\\ {  1071p 95% CLZIFJ;V\\
. 1072} : , 107 1, 107
% 1073 am= ch 1073} am= Tjo 1073 am=
> — 1.0GeV 2 — 1.0GeV = — 1.0GeV
R R S L S
— 0.3 — 0.3 — 0.3
107> 0.2 107> 0.2 107> 0.2
— 0.1 — 0.1 — 0.1
-6 -6 -6
10 5o 10 50 10 50
_7 PR | " P P | " " PSR | _7 " PSR | “ " " .\..\...I .‘. PR | _7 PSR | " " PR | .‘. PSS |
10 10! 102 103 10 10! 102 103 10 10! 102 103
Integrated luminosity L [1/fb] Integrated luminosity L [1/fb] Integrated luminosity L [1/fb]

total # of events=int.Lx 10 fb (c(ete™ = hZ) X Br(Z - u*u"))
for m;, = 125 GeV w/ P(e™,e™) = (—0.8,0.3)

N i i \2 ,
x> = Z G ninSM) w/ n' (# of events in the i-th bin) > 10
i—1 SM

{‘lg ERDIKL K- G.C.Cho

~~ Ochanomizu University



(ete

nts

Evel

TohiZ,Zspt )
5 5 5

Search for degenerate scalars@ILC

ete -hZ Z-u*u- @ILC250 ete -hZ,Z-u*u- @ILC250 ete -hZ Z-u*u- @ILC250
. Amyin, = 0.4 GeV ILC detector ] . Amyin = 0.2 GeV ILC detector . Amyin = 0.1 GeV ILC detector |
107 == 107 ¢ 100¢ :
1071 F 95% G\LI\\i { 107 95%\?\1:11:\\ {  1071p 95% CL:IFJ;V\\ /
1072} : 102 : 1072} -
! g :
© 1073 F am= © 1073 F am= © 1073 F am=
> — 1.0GeV 2 — 1.0GeV = — 1.0GeV
o 10—4 — 0.5 o 10—4 — 0. o 10—4 — 0.5
— 04 — 0. — 04
— 0.3 — 0.3 — 0.3
10_5 0.2 10_5 02 10_5 0.2
— 0.1 — 0.1 — 0.1
-6 -6 -6
10 =y ‘ 10 y 10 5
_7 PR | " P P | " " P ST | _7 " PSR | “ " " .\..\...I .‘. PR LR | _7 " PSR | \. " .\.. | .‘. PSS |
10 10! 102 103 10 10! 102 103 10 10! 102 103
ntegrated luminosity ntegrated luminosity ntegrated luminosity
Int ted | ty L [1/fb] Int ted | ty L [1/fb] Int ted | ty L [1/fb]

degenrate scalar scenario w/ Am > 0.2 GeV might be tested at ILC with 2 ab™!

* Interference effects could be important when |m;, —m;, | ST}, +17,
Fuchs, Thewes, Weiglein, 1411.4652

Das, Moretti, Munir, Poulose, 1704.02941

Sakurai, Yin, 2204.01739

T\ BROKL TR G.C.Cho
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Multi-critical point principle and the
degenerate scalar scenario

. .. ) .. GCC, Idegawa, Sugihara (2022)
Multi-critical point principle (MPP)

...Nature fine-tunes couplings to their values at the multiple point

@SM

Vert (9) = p*(9)9” + % : 0— AVefr ()
Vet ((9)1)

1, 5
~ gﬁ/\(b

Verr ((0)2) g d¢ |<¢>2
ME{\/ \Mp| l

m; ~ 173 GeV, m;, =~ 135 GeV

(})2

Application Froggatt, Nielsen, PLB368 (1996) 96
2HDM: Frogatt etal (2004), Maniatis etal (2020)

SM+singlet scalars: Haruna, Kawai (2019), Hamada etal (2022)

{‘lg ERDIKL K- G.C.Cho
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Multi-critical point principle and the
degenerate scalar scenario

GCC, Idegawa, Sugihara (2022)

Tree-level MPP Kannike, Koivunen, Raidal, NPB968 (2021) 115441
...multiple vacua@tree level in multi scalar models

However, pNG-DM model does not have degenerate vacua
m? A 0 b d b
— —|H?+ Z|H* + 2|HP|S]> + 2|5 + =2|9)* 1oz 4 e
Vo= —-HI + I H + ZHPISI + SIS+ IS + S+ oc

1 0 _
H=— . S =(vs+s+ix)/V2
/ \/i(v—i—h)

> V(U,Us) 7& V(Ova)

No Multi-critical point (when a; # 0)

How about in the degenerate scalar scenario?

D\ BROKL TR G.C.Cho
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Multi-critical point principle and the
degenerate scalar scenario

GCC, Idegawa, Sugihara (2022)

x 106

15 - 0 15 1.00
() (b)
. 0.75
1.0 4 o 2000 1.0 -
‘ ¢ L 0.50
. 05- S . 0.5-
gj ¢ o ° - —4000 J F025
= > 2 >
= 0.0 3 = 00 ToEeE -0.00
~. M ~.
E ; 6000 °© § o
8 . ° " - —
< o5 )‘- .J <4 54 0.25
‘ e ”°ne
B3 L _0.50
—8000
~1.0 - ~1.0 -
—0.75
15 : : : : —10000 1.5 4 : : ~1.00
0.2 0.4 0.6 0.8 0 800 1000

vs[GeV]

AVy = Vo(v, vs) — Vo (0, v5)

b1 + by

= v+ = (s —vg) + = (5 — )

11
Ao — 62 do

TN\ BRI TIF G.C.Cho

R ) Ochanomizu University

X [52 (bg + bl) — dgbg]z <0 fora; =0

X




AVo/Vo(v,vs)

1.5

1.0 1

0.5

0.0

—0.5 -

—1.0 -

—-1.5

Multi-critical point principle and the
degenerate scalar scenario

GCC, Idegawa, Sugihara (2022)

- 0 1.5 5 <100 1 00
a
(a) (b) -
. —2000 107
- 0.50
| L. 05
Neete e 0 - 4000 S 0%
— 3 = 0.0 0.00 3
e ) S Mkummﬁ - 0. S
e, L6000 © S . ‘W s
X% < 051 1 g |
I’ I0.50
~1.0 1
—0.75
; ; ~15 4 ; : : : : ~1.00
0.2 0.4 0.6 . 0 200 400 600 800 1000
vs[GeV] vs[GeV]
- /
AVy = Vo(v,vs) — Vo(0, vg)
2
m? 3\/§a1( 0y b1+b2(2_ )
— 8 (Y 4 US US 8 US US

v\ BEDIKL T REE G.C.Cho
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Origin of the suppression mechanism

Lesson from the GIM mechanism

K — p"p”
p _cosfc 14 . g sinte w R
(A AV cY AV
S < <« U S «— . <
|44 |44
~ cosO¢c sin o f(my,) ~ —cos B¢ sinf¢c f(m.)

Gmp ~ cosOcsinfc {f(my) — f(me)} =0 @Qm,, ~ mcj

*3generation = unitarity of CKM matrix

{‘lgg ERDIKL K- G.C.Cho
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Origin of the suppression mechanism

GCC, Idegawa, in progress

Origin of the cancellation of DM-quark amplitudes at the degenerate
limit of scalar masses

Formulation —Lint = Cijkl¢i§bj¢k¢l
cosa  sina) [Cpr Chpe) fcosa —sina)  (Chp, 0
—sina cosa) \Chy Css/ \sina cosa / 0 Chyhs

h\ ([ cosa sina hq
s/ \—sina cosa/ \ hs

_EYukawa — Chlff@Lthl + thff@LthQ + h.c.

% B DK REE G.C.Cho
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Origin of the suppression mechanism

GCC, Idegawa, in progress

. . 1
amplitudes@tree-level i(My + Ms) x Z Chixxchifft -
i=1,2 - Phy
. C C
cancellation@t — 0 h12XX COS (v — hQZXX sina = 0
m m
hl h2
Chixxy = Chyy c0s a + Uy Sin
Choxy = —Chyy Sina + Cgyy COS
A A
Chxx — _(Chs + Ah)a CSXX — _(Oss + As)
Vg Us
(H — § mixing)
w7 BRI T IEF G.C.Cho
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Origin of the suppression mechanism

GCC, Idegawa, in progress

A A
Chxx — _(Chs - Ah)a Csxx — _(Css + As)

Us Us
(H — S mixing)

2 .
CthX ChQXX : Al . m,%l + A mp, + Ag cos’a  sin® «
CcoS v — sincw = — |sin « cos o — + Ay, +
2 2 2 2 2 2
mhl mhg Vg mhl

=0 ifAh:Oatmhlzmh2

mixing term of H and § is important

(In addition, A, = 0 is necessary in the pNG-DM model)

T\ BROKL TR G.C.Cho
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Origin of the suppression mechanism

4 GCC, Idegawa, in progress

[

(H — 8 mixing)

Chyixx Croxx .. A Jmi 4 A, mp + A, A cos’ o sin’ @ o -
ol cosor— 5% aln o m 8 sincrone) =y — — —Sy— (+Aa| =+ mixing term of H and § is important

=0 if Ay =0at my, =mp,

A
Chyy = —(Cha + An)y  Copy = ,,j—(css LA
-

7 7

S

|
>

Ty

|

- .
|

- h

q q q q q

o 3‘5%(7)7](4(]"7(‘—}'1 G.C.Cho
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Origin of the suppression mechanism

GCC, Idegawa, in progress

Chl)o( Ch-;x'x o A mi] + A m}ZL., + A, cos’a  sin‘ o
5 Cosax — —o = sina = — |sinacosa 5 -— + Ay, 5— + —
mh] mh,) Vg mhl mh,l mhl 'm,w

=0 if Ap =0 at my, = my,
A A

Chxx — U_(Chs + Ah)a Csxx — U_(CSS + As)
(H — § mixing)
In our case
0
Vo §2|H|2|S\2 = Chyrhx? + Chshs
09 1 1
Chyy = =0 =—Chy —A=—, Ap=0
fixx 4 v 2?)5 h &
% B DK REE G.C.Cho
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Origin of the suppression mechanism

GCC, Idegawa, in progress

Cnl XX Ch-n('x . A, mi] + A m%,., + A, cos? o sin’ o
5 CoOsa — —o= sina = — |sinacosa > - —t + Ay, s— +—
mh] mh,) Vg mhl mh,z mhl mhu

=0 if Ap =0 at my, = my,

A A
Chxx — _(Chs + Ah)a Csxx — _(Css + As)

Vg Us
(H — § mixing)

most general scalar potential .
J P soft breaking terms

5 5 5
Vo 52\}[|2|S\2 + (Zl|H\2S + f\H\Zg? + c.c.> = ChyhX 2 + Chshs
52 — (53 v 51
ChXX — 1 v, Chs — 5 (ﬁ -+ 52?}5' -+ 53?)5’)

Ay #0 unless 91 =03 =0o0r 01 =09 =0

{‘lg ERDIKL K- G.C.Cho
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Origin of the suppression mechanism

GCC, Idegawa, in progress

Ch. Ch,. ) Al mé + A m?2 + A cos’a  sin‘ o
MXX o5 — 22X gin p = —— | sinacos ad — f _—he Y4+ A, L, —

2 2 2
mh] mh? Vg mhl m,w

=0 if Ay =0 at my, = my,

A A
Chxx — U_(Chs -+ Ah)a Csxx — ’U_(CSS + As)
(H — § mixing)

the degenerate scalar scenario works only for limited H-S mixing

term (not in general)

BEEDOIKL T REE G.C.Cho
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Origin of the suppression mechanism

GCC, Idegawa, in progress

Does cancellation of DM-quark amplitudes still work beyond the

leading order?

cf. pPNG DM models = suppression mechanism does not work at 1-loop level

Azevedo etal, 1810.06105 o
Ishiwata, Toma, 1810.08139
Alanne etal, 2008.09605 S RS RN RN RS
Glaus etal, 2008.12985 ey A R

Abe, Hamada, 2205.11919 ALttt
/\ /\ /\ /\ /\ /\

A A ( A

hy, h 7A’\ |

finite contribution? /\ /\ /\

_______

no renormalization is required (at degenerate |ma,jt) \f:’;,;

w\ BRODIKL R G.C.Cho
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Summary

degenerate scalar scenario = an alternative of “Nightmare
scenario"@LHC besides super-heavy particles/ultra-weak int.

DM-quark scattering amplitudes are cancelled when m;, ~ m,,

recoil mass dist. @ILC w/ 2 ab™' = chance to test a degenerate scalar
scenario w/ Am > 0.2 GeV

degenerate scalar scenario restricts soft breaking termsw/ D > 3

(|HI"S, |H|"S?)

cancellation of DM-quark amplitudes in the degenerate scalar
scenario@1-loop level?

@ B DK REE G.C.Cho
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