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Introduction: dark matter (

Evidence for dark matter
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source of the data: astro-ph/9909252
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DM believed to be beyond the Standard Model
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Introduction: DM at future eTe~ colliders

Collider search for dark matter
@ Experimental approach: missing-energy analysis
@ Signal more clear at eTe™ than at hadron colliders
@ Near-future plans:

o ILC (international) ILC 1903.01620
e CEPC (China) } \/g ~ 250 GeV CEPC 1811.10545
o FCC-ee (Europe) FCC CERN-ACC-2018-0057
e CLIC (Europe) CLIC 1812.06018

et

DM/viv
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Introduction: our approach

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?

*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
e Common parameter space
@ DM connected to SM by the Higgs portal: xk|H|?|S|?
@ Mixing in the scalar sector

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

cosa —sina
sina  cosa

two Higgs-like mass eigenstates: hy (my = 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 }LL A
O" \\\ O"
e pGDM hi----- « 7i%:2R21 /\A: —i(R2iR2jAs — R1iR1;k)
- s -
A h A
X hi X
e VDM [P — 2imx g Rai & 2ig2Ryi R,
X hj X
v
° FDM hL ””” _iyzRZ

. (m?—m3) sin 2a
Input parameters: v, my , vs, M2, sina, mpy — K= 152 ——
VU
assumed to be SM-like ll

DM purely gravitational
if mip = mo
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Considered process

Q*=s5—2Ez\/s+m%

2
rec

DM =A4, X, ¢

=m

note: in principle I'y o
model-dependent

the differential cross-section:

do o e 1 1 2
—_— "~ O - S111” (X COS™ (v - " - .
dQ? sm(Q) Q? —m? +imi Ty Q% —m3 +imals
1 (pGDM)
m2 m3 m2 2
xy[1- a7y 11— 4% 12 ()" (VDM)
27 (1-a7) (FDM)
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Considered process: shape of the differential cross section

do () - sin® avcos? 1 1 ?
—a YO - SIn” x COs™ v - -
dQ? M Q2 —m? +imil1 Q% —mi +imals
. 1 . (pGDM)
s y[1—4DM )y gmbu o ("’EM)2 (VDM)
Q2 e i Q?
27 (1 - 4"’(;D2M) (FDM)
do/d(Q?)
[pb-GeV2)
—pGDM — VDM — FDM
(4]
1074 ms = 140 GeV e
me=l0cey, ° Shap(? fitting
sina=03 = spin hard to check
vs = 500 GeV
10 @ Total o as a function of /s

(v/Q? = 2mpwm threshold)

ol = mass of DM possible to determine

2:mpm L m | m2 2

120 130 140 [GeV

after Integration: o =~ oy - 12moM<m1<\/§—mz + 09 ]lngM<m2<\/g_mZ

10-16
0 80 90 100 110

o1 = osm(my) - cos® - BR(hy — DM) 09 = osm(ms) - sin® a - BR(hy — DM)
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Current limits and constraints

1. Perturbativity (h;-DM): g,y < 4w = vg > mpm/4n
2. h? QM =0.12 4+ 0.0012 = constraint on (0v)ann => constraint on K2 pianck 1807 06200

3. ID experiments = limit on <Jv>ann = limit on mpm Fermi-LAT 1611.03184

1073 - - :
—  Ackermann et al. (2015)

—  Nominal sample
=== Median Expected
BN 68% Containment

95% Containment

bb

10 10° 10° 10*

DM Mass (GeV)

H i DD o 2 XENONIT 1805.12562
4. DD experiments and v telescopes = limit on 0°° = limit on K NoN1T 1605 12562
5. LHC = |sina| £ 0.3 Robens, Stefaniak 1601.07880
6. LHC = BR(h; — DM) < 19% CMS 1809.05937
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Results: methodology

e Constraints:

|sina| < 0.3

relic density (Q6™) constraint on &
mpm

v < Tar o

direct detection (DD) limit on taken into account numerically

BR(h1 — DM) < 19%

2

o Free parameters: mo, mpu, sina, v, — K>

k? = K2(QEM) = 3 parameters left

Cross section maximized with respect to sin «
= sina — sin amax = 0.3, free parameters: mo, mpy

Low /s gives high cross section
(”_C \/E = 250 GeV, 20—year Iuminosity: fﬁ dt = 2000 fbil) ILC: 1903.01629
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The 95% CL sensitivity limit for ILC ILC 1903.01629

glgsm
0.030

the signal:

0.025

0.020 |

BSI\/I hard to verlfy

20 40 60 80 100 120 140 VQ? [GeV]

(see also Krzysztof Mekata's talk: CLIC sensitivity to invisible scalar decays)
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Results: maximal cross section for pGDM

a(pGDM) / gy
0.05 010 015 020 0.25

parameters of %

mgy = 120.8 GeV
mpm = 58.9 GeV
sina = 0.30

vs = 646 GeV

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

Mow - Mal2 [GeV]

o =62fb— 1.24-10° events

below the 95% CL
limit for the ILC
1903.01629
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Results: maximal cross section for VDM

a(VDM) / gy
0.05 010 015 020 0.25

parameters of %

mey = 118.4 GeV
mpm = 58.5 GeV
sina = 0.30

vs = 561 GeV

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

Mpy — m2/2 [GeV]

o =61fb— 1.22-10° events

below the 95% CL
limit for the ILC
1903.01629

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

o(FDM) / ogy
0.05 010 015 020 0.25

parameters of %

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

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

Mpy — m2/‘2 [GeV]

o =59 fb — 1.18 - 10° events

below the 95% CL
limit for the ILC
1903.01629

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

Mo - Ma/2 [GeV]

Uhite: peoH alloved,
Cyan: pGDM forbidden (BRy, on > 19%1

1 S>dmor 2> dm
v s

White: FDM allowed, Yellow: FDH forbidden
(Light: BRy,

mou

or>19%, dark: op too large)

White: VOH allowed, Magenta: VOM forbidden
(Uights BR, pr>19%, dark: op too large)

[ 2
s
W As>4n = } As>4m =
o > an 3 | s 3 3
ol < 7 ol - 3
3 3 | g 3 g
& ~ | 2 I~ %
& my=2my \é“ o A my=2my X A my=2my
g
; ;
= =
€ €
=2
pGDM -
-4 -2 0 2 4 -4 -2 0 2 -4 -2 0 2 4
Mom - My/2 [GeV]

all plots combined:

Mow - Maf2 [GeV]

o - my/2 [GeV]

Yellow: FOM forbidden, peDM and VDM allowed
Hagenta: FDM and VDM forbidden, peDM allowed
Cyan: all forbidden, hite: all allowed

2
Mo - m/2 [GeV]

o - m1/2 [GeV]

= there exist regions where
e only pGDM and VDM
are allowed
e only pGDM s allowed
e nothing is allowed
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Results: fermion vs vector

[ (VDM) - o(FDM) ] / dgm
0 005 010 015

mMpm — m212 [GeV]

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

Mpy = m1f2 [GeV]
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Results: pseudo-Goldstone vs fermion

[ o(FDM) - a(pGDM) ] / agy
0.05 0.10 0.15

mMpm — m212 [GeV]

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

4 -2 2 4
Mpy = m1f2 [GeV]
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Results: pseudo-Goldstone vs vector

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

mMpm — m2/2 [GeV]

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

Mpy = m1/2 [GeV]
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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%
@ ...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
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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%
@ ...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

Thank you!
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Theoretical models — comparison

PSEUDO-GOLDSTONE DM MODEL

VECTOR DM MODEL FERMION DM MODEL

symmetr — global, softly broken — Tocal

4 ¥ G =Gsm X Zoyx U(1)x G =Gsux U(1)x G =Gsm X Zy

group

tor X LH fermi =1

new states complex scalar S (¢ = (1,1)) gauge vec c:r " ermien i( (@=1)
(Gswm-even) complex scalar S (¢ =1) real scalar S (¢ = 2)
Lagrangian

L= Lsu+ Low—V(H,S)
V(H,S) = —p2 [ HP + \g|H[* | V(H,S8) = —p3|HP + A |H|*

V(H.S) = — 8 [H[® + A H]*

scalar potential —1%|S|% + As|S|* —p2|SI2 + AglS[ 7%52 42t
+[H2[S|? + p2(S% + 5*%) +r|H[?|S|? +5[H|28?
ssB H — (7t 0+ h+i7")7/V2 H— (nt,0+h+i°)T/vV2 H— (7,0 +h+i7)7/vV2
S — (vs + ¢ +iA)/V2 S — (vs + ¢ +i0)/V2 S —vs+ o
Higgs sector h hyq cosa —sinal [ hy .
- =R =|. tg20 = 5
mixing [} ha sina  cosa ha HUT=ASYs
dark state A=V2TImS (m% =—4u?) X, (m% = g>?) Y =x+xe (md=y2?)
A X
el i, .

"
. ! /
dark matter A X T iR
interactions hi A hi X \
: AN J—rJ—r v
A 2ig2RoRo;

Sy

.

, Sy
hj A h; X

—i(R2iR2jAs — R1iR1jk)

. . 17 —m3) sin 2 - .
input parameters: v, my, vg, Mo, sinao, mpy — K= W = DM purely gravitational if m; = maq
assumed to be SM-like

8 March 2021
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Pseudo-Goldstone DM model

global symmetry
—
e Gauge group: G = SU(3). x SU(2)r, x U(1l)y xZa x U(1)x
Standard Model gauge group
U(1)x softly broken to Z
Complex scalar S introduced, Zy:S — S*, Z,:S— -5
Lagrangian

L= Lsu+ (0"5)"(0,5) - V(H,S)

U (1) x-breaking term

V(H,S) =~y [ H? + Al HI* — u3|SP + As|SI* + /| HP|S]? + 12(S> + 5°2)
——

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

tg 2a = Koy /()\HU2 — /\5’02)
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 2Roi
— - e AQh + Z RQlRQJ RlileH)Athh]‘
=1, 2 i,7=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), xU(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)
Lo = — [ Fu ™ + (DS)" (D,S)
V(H,8) =~y H? + A H|* — p3|S* + Xs|S|* + w|H|?|S|?

——
Higgs portal coupling
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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

LCWS, 15-18 March 2021 Michat Iglicki DM at future e T e~ colliders: chances of detection vs DM spin



Fermion DM model

e Gauge group: G = SU(3). x SU(2);, x U(1)y xZy
Standard Model gauge group

@ Left-handed fermion x and real scalar S introduced,
Zy:x —ix, S— =95

@ Lagrangian
L= CSM + Lpm — V(H, S)

Lom = ixPx + af'saus (ch+ x©)S
V(H,S) = —p3|H|*> + Ay |H|* — “7552 AS |H\ 252

H,_/
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®(S% + 57%)
Wom(H, 8) = —pi | HI> + A | HI* = pg|S* + As|S|* + s H|?|S|?

2 A K
Viom(H, S) = —p2 |H? + Ay |H|* — %Ss? n ISS‘* + S |HPS?

@ asymptotic positivity of the scalar potential

e As >0, Ag >0
e k> —2v/AmAs <« always satisfied:

2 2\ 2 2\ o 2 2,2
m7] — mj) sin 2« ms — ms3) sin 2« miym
K ( 1 2) > _\/|:( 1 2) :| ; 22 -9 //\H>\S

2005 200, V203

@ minimum at v, v, > 0 (u? only for pGDM):
K2 < 4 ghls

u? <0

2\sp? — r(p% —2u%) >0

22m (n3 — 20%) — k% > 0
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Input parameters
(5% +

Vocom (H. S) = =g HI* + Al H|* — p31 S| + As|S|* + 6| HPIS|® + 1(5% + 57%)
Wowm (H,S) = =iy H? + A [H|* - u§|S|* + As|5\4 + k| H[*|S[?

2

% )\s
VFDM(Hys):_M%{|H|2+/\H|HI4_?SS2 |H\ 252
@ Input parameters: v, my, v, Mo, Sina, Mpm

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

1 mpm MpMm
p?=—gmdu (FGDM) g, = === (VDM) g, = —= (FDM)
m? cos® a + m3sin® a m?sin® a + m? cos® a
Ag = As =
20?2 202
1 1 1w .
pa = iml cos? o + 2m2 sin? o + Z%(m% — m3) sin 2a
1 1 1
u = me sin? o + 2mQCOS a+ 4;: (m? —m3) sin 2a

(m?2 —m3) sin 2«
l 200,
@ my =my = k=0 = no Higgs portal = DM completely decoupled

~ colliders: chances of detection vs DM spin
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Relic density constraint on indirect detection

Steigman et al. 1204.3622

2 .2 2 213/2
b _MDMI} K- (mpm —m3) /
m D1D2

——— D; = (4md — my)? + m2T2

12 pGDM
hi 2 x <1 VDM  + [higher orders in (mpm/T) ']
***** 2 ()" FOM

m?» factor = bb contribution dominates.

o If <U'U>|D = oo(mpm/T)~™ then h,QQB)M ~ (n+ 1)(7nDM/Tf)7L+1/UO
o Correct h?QPM «— (ov)| = (To/Ty)" - (n+1)-1.9-107° GeV 2
wW

(ov)
e Ty ~ mpm/25, hence ’freeze out
DD 1/12 pGDM
K?=35-1071 Gev* 7 L VDM
mDM(mDM - mb) 8my ~ 922 FDM
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Indirect detecion limit

10—23 . . .
— Ackermann et al. (2015)
— Nominal sample value of <0"I,‘> |
1024 Median Expected d . freeze out
N 68% Containment corresponaing to
L 95% Containment correct S)_RM
| .
n o 1
= 1075} _ !
S — |
= Tz - e LS :
S 107% _
10727 .
bb
I I I
10! 102 103 101
DM Mass (GeV)
J— n
(ov)| = (To/Ty)" - {ov)|
now freeze out

e pGDM, VDM: n =0 = mpym = 30 GeV
e FDMin=1 = <cw>} orders of magnitude lower than the limit

now

colliders: chances of detection vs DM spin 11
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Direct detection limit XENONIT 180

DM DM

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

o My {ﬁ} (pGDM)
! 2

os| ~ K° - |
ms 1 (VDM), (FDM) 1 hi,2
A — combination of 1-loop integrals /\
(the tree level vanishes for pGDM)
N N
10 43
— asi DM —48.05
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Direct detection limit XENONIT 18
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Direct detection — the pseudo-Goldstone case

Azevedo et al. 1810.06

the 1-loop level:

o~ A?

8 March 2021

ag ~

the tree level:

(cos asin r)?

2
Vs

Michat Iglicki



https://arxiv.org/abs/1810.06105

DD vs QM limit for pGDM
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IceCube and DD limits Wikstrom, Edsjé 0903.2986

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

N =Cqo — C4N?

where Oy =2-T'4/N? = const

Solution

N(t) = \/Cc/CA 'tanh(t CcCA)

@ For large t

N(t) = VCc/Ca

= FA:%CC

Cc expressible in terms of DM-nucleon cross section

I" 4 calculable from muon flux measurements
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Limits on the invisible branching ratio

CMS 35.9 fo (13 TeV)
T T T T T T T

sM

shape analysis
10F e opsened

- - - Median expected

- 68% expected
D 95% expected
ooy ]lszM<m1<\/§7mz +o2- 12mom<m2<\/§*mz

o1 = osm(my) - cos? o - BR(hy — DM)

03 = osm(my) - sin® a - BR(hy — DM)

95% CL upper limit on o x B(H- inv)/o

107 6300400 500600 706800 900 1000
m, [GeV]
Conditions:
(1) o1 < 0.190sm(my)
me
2 log < 0.0011 - —0.63 s =13 TeV
(2) 05 |:O'S|\/|(Tn,2):| 1 GeV (Vs ev)

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

m

g2 _ Sin2 «- BR(h2 N DM) < 1071 < 10 0.0011*163\/70.63

osm(mz) ’\/5—13 TeV
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Considered process: degenerated case

do _osm(Q*)v* QX x
dQ? 3272 [(Q%—m?)? 4 (mil1)?] [(Q? — m3)? + (mal'2)?]
1 (pGDM)
77’?/2 m2 m3 2
S R
ST
T, mo—my C082 aly_sm + SiIl2 aly_pm
Iy 2 sin®a s + cos® o T—pm

(m3 —m3)? + (m Ty — maT's)?
2

£0

X = (cos asin )?

2
v2u2

mi=ms

2 2\ i
mi; —m3)sin 2 my,—m
butf{:( ! ) 2mme g |

2004

LCWS, 15-18 March 2021 Michat Iglicki DM at future e T e~ colliders: chances of detection vs DM spin



Considered process: degenerated case. The propagator

= _ _}_L"; - I;; = ;;(Q*) =i - Im [self energy]
2

K2

the matrix element:

M= Mete-— 70, (Q%) - A (Q%) - My, —.xx(Q%) =
= Mt zn(Q%) - Rii - Aij(Q%) - Raj - Mp—xx(Q?),

A@)
the propagator:
D
N 1 [Q* —m3 + Ty —1I9
A(Q*) = R1iRa; - 2 =
(@) Y et D —IIa s—m3+ 1y

(mf — m%) — [(Hll — Hgg) — (tg(}l . ng — (3tg‘(},’ . Hgl)]

=sinacosa -
(Q? —m? + II11)(Q? — m3 + o) — 15110y
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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 hl,s and hQ'S Self—energies Duch, Grzadkowski, Pilaftsis 1812.11944

My = TOM + 1Y Wb 27 + > il + ZH”Z + ZHW”
(DM = A, X 1; ¢ — SM quarks; | — SM Ieptons)
by straightforward calculations:

(115} — 1138) — (tg - I35 — ctga- 1132)] | =0

mi1=mso
for ab=DM, WTW~, ZZ, qq, IT1~, hyh; (sum over k,1 =1,2)

= [(Hn —HQQ) — (tga-le —Ctgoz~H21)] ‘ =0.

mi=mza
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1 (pGDM)

RaiR 4Q%—m? 2
° H%M(QZ):I(szmDmmDM)?); 225 (mimy)® $ 1= 2miy— T:, B +12(( m].)z) (VDM)

2 (1- 4"63) (FDM)

- R1iR1; 4Q% —m? —m? 4
° H}}ﬁw Q%) = I(Q2, mw, mw) 1617r2v12j (mymy)? x [1 —2m}, i i W

RyRis 4Q% — m? —m? m
e TZ%(Q*) = I1(Q? Y (mymy)? x |1 —2m2 ot 12 —~Z
ij (Q ) (Q amZ:mZ) 397202 (msz) X mz (mz‘mj)z + (m'imj)Q

87292 2

2
o T(Q?) = I(Q? my,m,) - iRi 2@?( g)

O T (Q?) = 1(Q?, mimy) - VM
- Rai m2 4
° Hé;l Q%) = I(Q? my,my) - " 2 le ( le>

Sln [ (’O§ o . sin av Cos
* Vlll = Smf > * V112 = V121 = ‘/211 = (me + m%) smacosqx | — — ———

Vg v
cosa  sina

* Vagg = 3mj % Vagy = Vg = Vizg = (m? + 2m3)sinacosa

(cos @ sir u)

Vs v

1 dl V2@, m2, md)
® 1@ mams) =i Im 7/ @ —m2)(+Q) - ]] - o et

= I(Q*m,m)=ir- \[1= 5 Lgesame (Ma,b,c) =a® +b*+c® —2(ab+ be + ca) )
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The h;'s and hs's decay widths

ab 2
r _ 1P (m3)
h;—ab = .
mny;
1 (PGDM)
. 5 2
R27 m'f 4m? mDM mDM
o F’L1—>DM = 1v2) 327 L- mgM -4 'm + 12 (VDM)
2'!!LSM 17 4"1DM (FDM)
7!1,f 771
o I'y, sm = R?, - v(m;) (v — decay width of SM Higgs particle of given mass)

2 2

. . L —4m
° Fh1~>h2h2 = 51112 & COSQ & (m% + 2'{7l%)2 (C(;ZO‘ + 5120() 327rm% 2~

~ M(m +2m2)2 Vo mi—dm3
~ 02 1 2 327rmf
2

. : m2—4m?2

@ I'nyshihy, = sin? a cos? a (ZTN% + m%)z (Slia o COSQ) 32irm2 i
m3

L2 4
~ Ssin“a cos” 2 2\2
A SAg0S 2 (2m] 4 my) Sorm?
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