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Extended scalar sector

e Standard Model: simple scalar sector V(p) = m2¢te + Aofp)?
¢ — complex SU(2) doublet

@ many signals of BSM physics

o gravity

o dark matter

o dark energy

o v oscillations

e muon g — 2 (7)

o W boson mass (?)

]

for a short review

@ is the scalar sector really so simple? and references see
e SM + real singlet(s) eseeman 20
e 2HDM
e 2HDM + singlet (N2HDM)
o SM + triplet(s)
o .
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Extended scalar sector

e Standard Model: simple scalar sector V(p) =m2¢ptp + Aol p)?
¢ — complex SU(2) doublet

@ many signals of BSM physics

gravity

dark energy

v oscillations
muon g — 2 (?)
W boson mass (?)

for a short review

@ is the scalar sector really so simple? and references see
Steggemann '20
SM + real singlet(s)
2HDM
2HDM + singlet (N2HDM)
SM + triplet(s)
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Dark matter

M)

Evidence for dark matter
@ rotation curves
o CMB fluctuations = MOND
@ gravitational lensing

@ colliding clusters
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source of the data: astro-ph/9909252
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be beyond the Standard Model

~ colliders


https://arxiv.org/abs/astro-ph/9909252
http://sci.esa.int/planck/51555-planck-power-spectrum-of-temperature-fluctuations-in-the-cosmic-microwave-background/
https://apod.nasa.gov/apod/ap060824.html

How to see something invisible?

colliders
@ indirect detection: gamma rays DM SM
o direct detection: XENON etc.

@ colliders: missing energy analysis
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How to see something invisible?

colliders
@ indirect detection: gamma rays DM SM
o direct detection: XENON etc.
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Future ete™ colliders

@ signal to background ratio much better than at hadron colliders

e initial state precisely known (no parton distribution functions involved)
e circular colliders preferable at small E, linacs at high E (2 500 GeV)
@ near-future plans:

o ILC (Japan?) ILC Int. Dev. Team '22
o CEPC (China) \/§ = 240-250 GeV CEPC Phys. Study Group '22
o FCC-ee (Europe) (ZH-production peak) Agapov et al. 22
e CLIC (Europe) . Brunner et al. '22
0.24 !
et H 023 >
z ° 8
M — o022 gi
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@ other proposals s'2 [Gev]
o C* (,Cool Copper Collider”) Bai et al. 21
o CERC (,Circular Energy Recovery Collider”) Litvinenko et al. ‘22
o ReLiC (,Recycling Linear eTe™ Collider") Litvinenko et al. ‘22
o .
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Collider search for new physics

@ resonance enhancements
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(missing-energy analysis)
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Higgs-mediated dark matter at e*e™ colliders

B. Grzadkowski, M. Iglicki, K. Mekata, A. F. Zarnecki '20

@ 3 simple (but not simplified) DM models of different spins: 0, 1, 1/2
@ consider a mechanism of DM production at eTe™ colliders

@ take current experimental constraints into account

@ check...

o ...what range of parameters is still allowed?
o ...how many DM-production events can we expect at future colliders?
o ...whether it is possible to disentangle models of different spins?

1

during calculations, collider parameters of ILC are used
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Theoretical models

The main properties of the models:
@ simple, but renormalizable and QFT-consistent
@ common parameter space
e DM connected to SM by the Higgs portal: x|H|?|S|?

@ mixing in the scalar sector

real-part fluctuations of a new singlet .S and the Higgs doublet H

x R

cosav —sina
sina cosa

two Higgs-like mass eigenstates: hy (m; = 125 GeV) and hg (mg =7?)

The models:
@ pseudo-Goldstone (scalar) DM model (s = 0) — dark scalar A
@ vector DM model (s = 1) — dark gauge vector X,
e fermion DM model (s = 1/2) — dark Majorana fermion
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Theoretical models

DM interactions

A hi A
O" : N N O"
° pGDM hy ----- A: —2’7:? Rai /\A: —i(R2iRajAs — R1;R1jK)
“5' // ’ “5
A h; y
X hi X
e VDM hi----- 2imx gz Roi b 2ig2R2iRa;
X hj X
W
o FDM hi === —iyaRa;

(2

(m?—m3)sin 2«

input parameters: v, my , Vs, Mo, SiNa, Mpy — Kk = Ty
—— s
assumed to be SM-like U«
DM purely gravitational
if mi1 = ma
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Considered process

Q2=s—2EZ\/§+mQZ

2
rec

DM = A, X, ¢

=m

note: in principle I'y o
model-dependent

the differential cross section:

do (%) - sin® ovcos” 1 1 2
~ osm(mye.) - sin® accos” a -
dm2,. SMA T rec m2. —m2 +imi Ty m2, —m2 + imyly
1 (pGDM)
m%M mDM ’"DM :
x(1—alm . JygmBu o (VDM)
mrec 2 mDM 1 477LDM
mi. T m2, (FDM)

Extended scalar sectors and DM at et e~ colliders

CEPC workshop, 24 October 2022 Michat Iglicki



Considered process: shape of the differential cross section

2
do (m2,) - sin® acos® a ! !
~ OSM . S . - - 7
dmpe. e mz. —m3 +imily  mio —m3 +imols
1 (pGDM)
m3 m3 m2 2
x ([1—47Dm Ly g7y 1o (i) (vDM)
m2 Fm2, i
| 2mbu (1 - 4”"E;M) (FDM)
m2, m2.
da‘/dm,rzec
[pb-GeV—2]
—pGDM — VDM _/— FDM
(4]
107 My = 140 GeV A
me=1es, ° Shapg fitting
sina=0.3 | = spin hard to check
vs = 500 GeV !
10 @ Total ¢ as a function of /s
(Myrec = 2mpwm threshold)
0 = mass of DM possible to determine
2: i
1016 o ! ™ : i Mrec [GeV]
80 90 100 110 120 N 130 140
R o T TTTmme—all
Y ¥
after integration: o = o1 + D)

o1 = osm(my) - cos? - BR(hy — DM)
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if 2mpu<mi<y/s—mz if 2mpu<ma<y/s—mz

09 = ogsm(my) - sin? o - BR(hy — DM)
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Limits and constraints

1. perturbativity (h;-DM): gz, yx < 47 = vs > mpm /47
2. h?2 QM =0.124+0.0012 = constraint on (ov),nn = constraint on 2

Fermi-LAT & DES Cols. '16

Planck Col. '18

3. ID experiments = limit on (ov)an, = limit on mpy

10-% T T T
—  Ackermann et al. (2015)
—  Nominal sample
S Median Expected
BN 68% Containment
L 95% Containment
' 25
= 1075} |
=~ | Tz
A (ed 3 |
10-27¢ 4
bb
10! 10% 10% 10*
DM Mass (GeV)
DD i 2 XENON Col. '18
= |Im|t on K IceCube Col. '16

4. DD experiments and v telescopes = limit on o

Robens, Stefaniak '16

5. LHC = |sina| $0.3
6. LHC = BR(h1 — DM) < 19%

CMS Col. 18
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Results: methodology

@ constraints:

|sina| < 0.3

relic density (Q6™) constraint on &
v, < 2

direct detection (DD) limit on > taken into account numerically

BR(h1 — DM) < 19%

2

o free parameters: msy, MmpwMm, Sin o, vy — K2

o 12 = K2(QOYM) = 3 parameters left

@ cross section maximized with respect to sin «
= sina — sin amax = 0.3, free parameters: mo, mpy
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The 95% CI_ SenS|t|V|ty I|m|t fOF ILC Linear Collider Collaboration '19
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Results: maximal cross section for pGDM

a(pGDM) / agy
0.05 010 015 020 0.25

parameters of X

mo = 120.8 GeV
mpm = 58.9 GeV
sina = 0.30

vs = 646 GeV

I =74-10"2 GeV
Iy =9.8-1072 GeV
BR(h; — DM) = 19%
BR(hy — DM) = 95%

Mom - Ma/2 [GeV]

o =62fb— 1.24-10° events

below the 95% CL
limit for the ILC
1903.01629

-4 -2 2
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Results: maximal cross section for VDM

o(VDM) / ggu
0.05 010 015 020 0.25

parameters of X

mo = 118.4 GeV
mpm = 58.5 GeV
sina = 0.30

vy = 561 GeV

I =74-10"2 GeV
Iy =6.4-1072 GeV
BR(h; — DM) = 18%
BR(hy — DM) = 92%

mMpp — m2/2 [GeV]

o =61fb— 1.22-10° events

below the 95% CL
limit for the ILC
1903.01629

Mpm — m1/2 [GeV]
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Results: maximal cross section for FDM

g(FDM) / gsm
0.05 010 015 020 0.25

parameters of X

mo = 123.6 GeV
mpm = 61.1 GeV
sina = 0.30
vy = 76 GeV

I =74-10"2 GeV
Iy =5.9-1072 GeV
BR(h; — DM) = 18%
BR(hy — DM) = 91%

mMpp — m2/2 [GeV]

o =59 fb — 1.18 - 105 events

below the 95% CL
limit for the ILC
1903.01629

Mpm — m1/2 [GeV]
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Results: allowed and forbidden regions

White: p6OM allowed,
Cyan: pGDM forbidden (BRy ov > 19%]

<: FOM allowed, Vellow: FOM forbidden

BRy,on>19%, dark: oo too large)

: VDM alloved, Magenta: VDM forbidden

(light: BRn,.pn>19%, dark: ogp too large)
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all plots combined:

Mo - Ma/2 [GeV]
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or T2 S
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Mmpw - m4/2 [GeV]

= there exist regions where
e only pGDM and VDM

2
Mo - my/2 [GeV]

are allowed
e only pGDM s allowed
e nothing is allowed
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Results: fermion vs vector

[ o(VDM) - o(FDM) 1/ ogn
0 005 010 015

=
0]
o,
NN N =2mpy R
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[=]
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% : 1903.01629
(@) : )
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indistinguishable
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Results: pseudo-Goldstone vs fermion

[ o(FDM) - o(pGDM) ]/ ggm
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_ 2
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NNl Ny o
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Results: pseudo-Goldstone vs vector

[ o(VDM) = o(pGDM) ]/ gy
0.05 0.10 0.15

Mpm — m2/2 [GeV]

below the 95% CL
limit for the ILC
1903.01629
3
models are
indistinguishable

Mpnm — m1/2 [GeV]
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in general

@ Standard Model of particle physics certainly not complete
e cte™ colliders especially useful in search for scalar-mediated BSM physics

our work

We introduce 3 simple models:
@ pseudo-Goldstone dark matter model (s = 0)
@ vector dark matter model (s = 1)
e fermion dark matter model (s = 1/2)
which are QFT-consistent and share common parameter space

Comparing models of various spins we conclude that...
@ ...maximal cross section is similar in all 3 cases (~ 1.2 - 10° events / 20 y)
@ ...signal-to-background ratio can be ~ 10%
o ...allowed range of parameters is largest for pGDM
@ ...there are regions where cases of different spins could be disentangled

But...
o ...if parameters far from optimal, DM of any spin hard to be detected
@ ...the collider is necessary
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Summary

in general

@ Standard Model of particle physics certainly not complete
e cte™ colliders especially useful in search for scalar-mediated BSM physics

our work

We introduce 3 simple models:
@ pseudo-Goldstone dark matter model (s = 0)
@ vector dark matter model (s = 1)
e fermion dark matter model (s = 1/2)
which are QFT-consistent and share common parameter space

Comparing models of various spins we conclude that...
@ ...maximal cross section is similar in all 3 cases (~ 1.2 - 10° events / 20 y)
@ ...signal-to-background ratio can be ~ 10%
o ...allowed range of parameters is largest for pGDM
@ ...there are regions where cases of different spins could be disentangled

But...
o ...if parameters far from optimal, DM of any spin hard to be detected
@ ...the collider is necessary
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Theoretical models — comparison

PSEUDO-GOLDSTONE DM MODEL VECTOR DM MODEL FERMION DM MODEL
symmetr o global, softly broken  local
Yo G =Gsm x Zax U(1)x G =gsux U(1)x G = Gsm x Zs
. tor X, LH fermi =1
new states complex scalar S (¢ = (1,1)) gauge vector 4, ermien X (a )
(Gsm-even) complex scalar S (¢ = 1) real scalar S (¢ =2)
Lagrangian L= Lsu+ Lom—V(H,S)
V(H,S) =~y HI? + A |H|* V(H,S) =~y H]? + Au|H|* | V(H,S) = —pg|HP? + Au|H|*
scalar potential ~RISI2 + AslS[* ~BISI2 + AslSI* e 4 At
+k|H[?|S|? + p2(S? + §*2) +r|H2|S|2 +5|H[?S?
ssB H— (nt,o+h+in")T/V2 H— (nt,v+h+ir")T/V2 H— (at,0+h+in")7T /2
S — (vs+¢+iA)/V2 S — (vs+ o +i0)/V2 S—uvs+¢
i h h cosa — si h ow
H|g€§ §ector =R 1) _ tf)ba Sin 1 tg 20 = 1
mixing 0] ha sina  cosa ho Ht St
dark state A=V2TImS (m3 =—4u?) X, (m% =g*?) v=x+xe (m} =y
A X
o
[T — @ —imiRy, [ & dimxa R
L N Y
. N
dark matter 1 X hi-=--- —iys Ra;
interactions hi A hi X
A —i(RaiRajAs — RuiRujk) fj 2ig2RoiRa, v
O o
h; A hj X
2 2 :
input parameters: v, my, vs, Mo, Sina, Mpy — K = w = DM purely gravitational if m; = msq

assumed to be SM-like

CEPC workshop, 24 October 2022 Michat Iglicki
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Pseudo-Goldstone DM model

global symmetry

e Gauge group: G = SU(3). x SU(2)r x U(1l)y xZay x U(1)x
Standard Model gauge group

U(1)x softly broken to Z,

Complex scalar S introduced, Zo:S — S*, Z,:S— —S

Lagrangian

L= Lou+ (0"S)"(9,S) — V(H, S)
U (1) x -breaking term
V(H,S) =~y HI” + A H* = p2|S|* + As|S|* + 6[H||S|* + p*(S* + 5*%)
—_———

Higgs portal coupling
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U (1) x-breaking term
———
V(H,S) = =gl HI* + Al H|* = &[S + As|S|* + s|HP|S| + (8% + 57%)
——

Higgs portal coupling

e SSB H— (rT,0+h+in")7T /2 S — (vs+ ¢ +iA)/V2
@ We introduce hq, ho

h\ _|cosa —sina| (hi
o) |sina cosa| \ ho
—_—

R

tg2a = kv, /(Agv? — Agv?)
m3 = Agv?(1 + sec2a) + Agv?(1 — sec 2a)
m2 = Agv?(1 — sec2a) + Agv?(1 + sec 2a)

m?sin® a + m3 cos® a

2
8v2

1
V(H,S) — m1h2+f 2h3 —2p* A% + At

1 i
- —m iRa A?h; + Z Rzszg — R1iRyjk)A%hih;
i=1, 2 ,j=1, 2

+ const + O ([hl, ho)?)

e A=V2 Im (S) is a massive dark particle, mi = —4u°

A hi A
’0' \\ ’0'
hi ===~ « iRy A —i(RaiRajAs — RaiRijk)
A h; A
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Vector DM model

gauge symmetry
@ Gauge group: G = SU(3). x SU(2), x U(1)y x U(1)x

Standard Model gauge group

U(1)x gauge vector X,, and complex scalar S introduced

Discrete Zy symmetry: X,, — —X,, S — S*
= no kinetic mixing with SM fields

Lagrangian
L=Lsw+ Lom—V(H,S)
Lpm = —}1.7-",“,]-"’“’ + (D*S)*(D,.S)
V(H,8) =~y | HP? + A |H|* = p5|S* + As|S|* + w|H]?|S?
—_

Higgs portal coupling

CEPC workshop, 24 October 2022 Michat Iglicki Extended scalar sectors and DM at e T e~ colliders



1
Lom = —1]-]”,}"’“’ + (D*S)*(D,S)
V(H,S) = —p|HP? + Mgl H[* = p3|SI* + As|SI* + k| H?|S|?
——
Higgs portal coupling

e SSB H— (o +h+in)T/V/2 S — (vs+ ¢ +io)/\/2
@ We introduce hq, ho

(h> - [cosa —sin a] (h1> tg 20 = kovs/(Agv? — Asvy)

1) sin « cosa| \ ho m3 = Agv?(1 + sec2a) + Agv?(1 — sec 2a)

R m3 = Agv?(1 — sec2a) + Agv?(1 + sec 2a)

qI/Us L g.L L
XX+ E XX+ g0, XX 0

1 1
V(H,S) — 3 mihi + 2m2h2 + const + O ([field]?)

Lom — — fwf’“’+ d“(ﬁ Ou +

; ; ; 2 2,2
e X, is a massive dark particle, m% = g;v;
X h; X
hi----- 2imx gz Roi b 2ig§R2iR2j
X hj X
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Fermion DM model

o Gauge group: G = SU(3). x SU(2)r x U(1)y XZ4
Standard Model gauge group

@ Left-handed fermion y and real scalar S introduced,
Zy:x —ix, S— =8

o Lagrangian
L= ﬁsm + Lom — (H,S)

Lom = ixPx + 3“5 9,8 — (X‘ X + xx©)S

>\5

V(H,S) = | HI* + Xu|H|* - %52 SIH[%S?

\‘,_/
Higgs portal coupling
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1 v ,
Lom = ivdx + 50" 9,8 i(xcx + xxe)S

V(H,S) = —py|H* + A H|* - “S Eogr v 5 1H[*Ss
W—/
Higgs portal coupling

eSSB  H— (nt,v+h+im)T/V2 S—wv,+¢
@ We introduce hq, ho
tg2a = Kkovs/(Agv? — Agv?)
h cosae —sina| [l 9
o) = |sina cosar| \ o m3 = Agv?(1 + sec2a) + Agv?(1 — sec 2a)
—_—

X m3 = Agv?(1 — sec2a) + Agv?(1 + sec 2a)

- 1 xUs
Low — sPd0+ 506 0,6 — P2y — Lo
V(H,S) — 1mfh2 + ;m2h2 + const + O ([field]?)

@ Majorana fermion 1) = x + x¢ is a massive dark particle, mdj = y2v?

0]

hi----- —1YzRa;
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Stability conditions

Voo (H. S) = =g HI* + Al H|* = p31S|> + As|S|* + 6| HPIS|® + 1(5% + 57%)
Wom (H,S) = —piy | H* + A |H[* — p3|S* + As|S* + s| H[*|S[?

2 A K
Veow(H, §) = —ph | HP + Al H|' = £5.52 4+ 2250 + T|H]?S

@ asymptotic positivity of the scalar potential
e Mg >0, Ag>0
o K> —2v/AuAs <« always satisfied:

2 2\ 2 2\ o 2 2 o
mi — mj) sin 2« my — ms) sin 2« msyms:
n*( 1 2) >\/{( 1 z) } é 22 _9 //\H>\S

200, 200, V203

@ minimum at v, v, > 0 (2 only for pGDM):
K> < AAphAs

o

o 2 <0

o 2\spuj — k(s —24%) >0
o 2y (pk —2u?) — kp% >0
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Input parameters
2

Voom (H. S) = =g HI* + Al H|* = p31S|> + As|S|* + 6| HPIS|® + 1(5% + 57%)
Wowm (H,S) = =iy H? + A [H|* - u§|S|* + As|5\4 + k| H[*|S[?

% A
Veow(H, §) = —phHP + Al H|' = £5.52 4+ 2250 4 C|H[PS

@ Input parameters: v, my, vs, Mo, Sina, Mpm

assumed to be SM-like
@ Other parameters of the models in terms of the input parameters:

1 mpMm mMpm
//JQ = _Zm2DM (pGDM) Jo = (VDM) Yo = (FDM)
Vs Vs
N — m3 cos? a + m3 sin® o A m? sin? a + m3 cos? a
202 202
1 1 1
pa = §m1 cos? o + 2m2 sin? o + Z%(m% — m3) sin 2a
5 1 1 v, g o\ .

p% = —misin® a + —m3cos® a + ~—(m? — m3) sin 2

2 4 v,

(m2 —m3) sin 2«

R =

200,

il

@ mo =my = Kk =0 = no Higgs portal = DM completely decoupled

~ colliders
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Relic density constraint on indirect detectionsteigman et i

mDMm? K2+ (m3y — m?)?’/2

X
s DDy «+— D, = (4m%M —m;)? + mfF?
12 pGDM
VDM  + [higher orders in (mpm/T)"}]

3 ()™ FOM

~
S
=
no
X
ISERN

DM f mf factor = bb contribution dominates.

o If (ov)'® = oo(mpm/T) ™™ then R2QM ~ (n + 1)(mpm/Ty)"* /oo

o Correct W?QfM «— (ov)| = (To/Ty)" - (n+1)-1.9- 1079 Gev 2

(ov)
e Ty ~ mpm/25, hence |freeze out
o 1/12 pGDM
K*=35-1071 Gev* 75 4 L VDM
mowm(mpy — m;) 8m, ~22 EDM
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https://arxiv.org/abs/1204.3622

Indirect detecion limitrermiiat

10-23 - T T
—  Ackermann et al. (2015)
— Nominal sample value of <O'l,'> ‘
10-24] ~= Median Expected di freeze out
B 68% Containment corresponding to
,T/\ 95% Containment correct SZEM
» - 1
= 1075} ]
1
- Tl 1
o s —— &-----
L 1075} ]
10777 -
bb

1(')’ 1('1'2 1('13 10*
DM Mass (GeV)

(ov)] (To/Ty)" - (ov)|

now freeze out

e pGDM, VDM: n =0 = mpy = 30 GeV
@ FDM: n=1 = (ov)| orders of magnitude lower than the limit

now
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https://arxiv.org/abs/1611.03184

Direct detection limit xenonit

DM DM

osp =0 (no axial couplings in our models) \/
2
2

gy~ K2 - Mpm {ﬁ} (pGDM) ‘
my | (VDM), (FDM) ' hia
A — combination of 1-loop integrals /\
(the tree level vanishes for pGDM)
N N
1074 !
— gsi UL —48.05
o N I PR L < .10
5 10« 1cm2 ™~ 1 GeV
U
§ 107 " \\'l_\(Pm.lwl[(();cV/cl] 4
: K2 < —2 251071 GeV P x
S mpm
E 10740 3 -2
3 N0 E A
S —— 1 (VDM), (FDM)

WIMP mass [GeV/c?]
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https://arxiv.org/abs/1805.12562

Direct detection limit xenonit

DM DM

osp =0 (no axial couplings in our models) \/
2
2

m {%} (PGDM)
O'S|NK12' D4|\/| 64m2vu?

sy 1 (VDM), (FDM) o
A — combination of 1-loop integrals /\
(the tree level vanishes for pGDM)
N N
1074
— 3 gsi mpm —48.05
4 ! N . < .10
5o\ : 1cm2 ™~ 1 GeV
5 | Y
2 107 4
2o K2 < 2951071 GeV
g 1074 1M huge!
= —2 &7
f ] % 64m2vv2
S —— 1 (VDM), (FDM)

WIMP mass [GeV/c?]
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https://arxiv.org/abs/1805.12562

Direct detection — the pseudo-Goldstone casenazevedo et at.

A A

\,N/\?i the tree level:

ihl,z 2 2

(cos asin o) m3

yaN @ mi @ m

N N A A A A A A

the 1-loop level:

o~ A?
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https://arxiv.org/abs/1810.06105

DD vs QM limit for pGDM

ZZuge!
3 A |
+2(DD) = M2 95.10" M Gev—3 {64#2111;3} (pGDM)
mpm 1 (VDM), (FDM)
X(DD) / X(Q§M)
1010 1020 10°%0

Mpm = I‘TI2/2 [GeV]

mpw — M2 [GeV]

Michat Iglicki
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IceCube and DD limitswikstrsm, edsis

DM annihilation rate in the Sun: T'4
Capture rate: C¢o
Change of DM’s amount N in the Sun

N =Cqo — C4N?

where C4 =2-T'4/N? = const
Solution

N(t) = \/Cc/CA ~tanh(t CcCA)
For large ¢
N(t) — \/Cc/OA

= 'y = %CC

Cc expressible in terms of DM-nucleon cross section

I" 4 calculable from muon flux measurements
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https://arxiv.org/abs/0903.2986

Limits on the invisible branching ratiocvs

CMS 35.9 b (13 TeV)
A

S|

shape analysis
10F e obsened

- == Median expected

[ 8% expected
[ 95% expectea
o0y 12mom<m1<\/§—mz + 02 - 127ngm<mz<\/§—mz

o1 = osm(my) - cos? a - BR(hy — DM)

03 = osm(my) - sin? a - BR(hy — DM)

95% CL upper limit on ¢ x B(H- inv)/c "

-1 I I I | I I I I
10 200 300 400 500 600 700 800 900 1000

m, [GeV]
Conditions:
(1) o1 < 0.190sm(m1)
o9 ma
2 log | ——— 0.0011 - —0.63 s = 13 TeV
2) o8 I:O'SM(TTY,Q) = 1 GeV (Vs V)

For sin o < 0.3 condition (2) always satisfied:

— sin? o - BR(hy — DM) < 107" < 10 00011 7'cy —0-63

09 ’
V/5=13 TeV

J0sMm (mz)
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https://arxiv.org/abs/1809.05937

Limits on the invisible branching ratiocvs

CMS 35.9 b (13 TeV)
A

S|

shape analysis
10F e obsened

- == Median expected

[ 8% expected
[ 95% expectea
o0y 12mom<m1<\/§—mz + 02 - 127ngm<mz<\/§—mz

o1 = osm(my) - cos? a - BR(hy — DM)

03 = osm(my) - sin? a - BR(hy — DM)

95% CL upper limit on ¢ x B(H- inv)/c "

-1 I I I | I I I I
10 200 300 400 500 600 700 800 900 1000

m, [GeV]
Conditions:
(1) | o1 < 0.190sm(m1) |
2)  log | —22 | <0.0011- —2_ 063  (V5=13TeV)
° L osm(m2) ' 1 GeV ' o

For sin o < 0.3 condition (2) always satisfied:

— sin? o - BR(hy — DM) < 107" < 10 00011 7'cy —0-63

09 ’
V/5=13 TeV

J0sMm (mz)
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Considered process: degenerated case

do B do

dmZ. — dQ?
Iy
Ty

X = (cos asin r)?

CEPC workshop, 24 October 2022

_osm(@)e? QX .
3272 (@2 —mi)? + (maT1)?] [(Q2 — m3)? + (mal'2)?]
1 (pGDM)
DN LI VI SR T (méM)z (VDM)
Q? AN
2o (1 - 47”Q'DZM) (FDM)
M2 cos? o Tn_sm + sin® o F;,éDM
M2 811'1 aly_su + (OS (YF/LHDM
(mf —m3)* + (mi Iy — mal's)?
2,2 70
vTv ml mo
but f: — (m2 —m2)sin2a  my—m, 0 |

200,

Extended scalar sectors and DM at et e~ colliders
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Considered process: degenerated case. The propagator

ha _ _}_Lj_ } I;; = ;;(Q?) =i - Tm [self energy]

2 .
Hii (mi = zmil"i

~—

the matrix element:

M= Mete-—70,(Q%) - Ay (Q%) - My, xx(Q%)
= Mete-—zn(Q%)  Rui - Ajj(Q%) - Raj - Mp—xx(Q%),

A@@2)
the propagator:
D
~ 1 [Q*?—-m3+1I —II
AO?) = Rai R+ — 5 22 12 _
(@) Y20 qet D —1IIyy s—m3 + i

(m% — m%) — [(Hll — HQQ) — (thé . H12 — Ctg(l/ . H21)]

= sina cos « -
(Q? —m? +10111)(Q? — m + o) — 511y

CEPC workshop, 24 October 2022
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(m% — m%) — [(Hll — HQQ) — (tg()é . H12 — Ctgu . H21)]

3 2) =sinacosa -
(@) (Q% —m? +1I111)(Q? — m3 + Iz2) — 15110y

@ If |my —ma| > Ty, Ty, then <—’ in practice, only this case relevant‘
2 2
my; —my

A(Q?) ~ s .
(Q7) = sinacosa (7 —mZ 01 )(Q — 2 + Tiag)

. 1 1
~ SINn (¥ CoS (x - -
|:Q2 — m% =+ imlI‘l Q2 — m% + imQFJ

= ABY(Q?)
@ If my ~ mso, an explicit calculation shows that

[(Hllfngg)7(tg(l'H127Ctg(¥‘H21)H =0
mi=msy
= AQY) =0

mi1=m2a
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The h;'s and hs's decay widths

o I'y,—pm =

_ 2
o 1—‘h,ﬂSM = RU :

o Fh1—>h2h2

© I'hyhihy

LT
imab = Zml
y
1 (PGDM)
Sgtyi- 2 -z ()" vom

2 2
m m
270 (1 — 4Tom
ml mi

~v(m;) (v — decay width of SM Higgs particle of given mass)

(FDM)

Vs v

2
a2 2 2 2\2 [ cosa sin o "’1 4m2 ~
= sin” « cos® a (m7 + 2m3) (Ts 4 e ) T N
L2 4 \/ —4
~ sin” a cos” « 2 2\2 ’”1 ’”z
T (m3 + 2ms3) oy
2 2 2
. . mas—4m
= sin? a cos? a (2m? + m3)? (—‘*“‘ e — —C"w) ey el

)
32mms

2 274 2
 sin®a cos®a 2\ M3 —amy
~ v2 (2m1 + mQ) 327wm3
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