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Collaborators & Projects

¢ L. Panizzi, A. Pukhov, M.Thomas, AB — arXiv:1610.07545

¢ D. Barducci, A.Bharucha, W. Porod, V. Sanz, AB — arXiv:1504.02472

¢ G. Cacciapaglia, I. lvanov, F. Rojas, M. Thomas, AB — arXiv:1612.00511

¢ S.Novaes, M. Gregores, P.Mercadante, S. Quazi, S. Moon,
S.Santos, T.Tomei, S. Moretti, M.Tomas, L. Panizzi, AB (pheno-exp/CMS) —
follow up arXiv:1612.00511

¢ M.Brede, D. Locke, L.Panizzi, M.Thomas, AB — follow up 1610.07545

¢ E.Bertuzzo, C.Caniu, O.Eboli, G. di Cortona, AB — follow up1610.07545

¢ T.Flacke, B. Jain, P. Schaefers, AB — DM from Z' and Top partners,
arXiv:1707.07000

¢ |. Shapiro, M. Thomas, AB — Torsion DM, arXiv:1611.03651

¢ |. Ginzburg, D.Locke, A. Freegard, T. Hosken, AB — distinguishing DM spin
at the ILC
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The the Standard Model is very
successful at the LHC

A\ = Yukawa coupling for fermions
Vg/2v = couplings for W/Z bosons

EPJ C75(2015) 5, 212

19.7 b (8 TeV) + 5.1 15’ (7 TeV)

For the first time, non-universal, S
mass-de dpendent couplings 5
observe

ATLAS-CONF-2015-007
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But at a bigger scale SM is
emplrlcally mcomplete'

* the presence of non-baryonic, cold dark matter: DM is neutral
| , hon-baryonic and = (cold or warm).
Neutrlnos are too Ilght make instead hot DM -
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But at a bigger scale SM is
emplrlcally mcomplete' '

* the presence of non-baryonic, cold dark matter: DM is neutral '
| , hon-baryonic and = (cold or warm).
Neutrlnos are too Ilght make instead hot DM -

Leptons
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While Higgs Boson Discovery has completed the SM |
puzzle ...

Decoding DM at the LHC

Alexander Belyaev



While Higgs Boson Discovery has completed the SM |
puzzle ... the SM itself can be viewed itself as a piece of a
bigger puzzle — the BSM one!

The Nature of
Higgs Boson

Connection to
GUT & couplings
unification
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Why we are so keen to study DM?

number of papers
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Why we are so keen to study DM?

number of papers
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Because the existence of DM is the strongest evidence
for BSM, .
even though we know almost nothing about it!

\/ Stable |
- -Yes |2} No | ?]

Couplings e TR
gravi?y v behind stability| ?] :
Weak 2| -
; . >
glgg Sk 7 % hermal relic |
uarks/qgluons | :
Leptons ZI g ZI e ZI
New mediators j
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QCD Axions

T.Tait Axion-like Particles

Littlest Higgs
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Spectrum of Theory Space

Less Complete

Effective Field Theories

Models

Simplified
Models

~ ~ N
* &
Higgs s
portal e
UV Complete
Models
Sketches of Models
T.Tait More
Complete
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DM Observables: the power of WIMP

Correct Relic density: efficient (co) annihilation
WMAP, Planck ; annihilation to photons can affect
CMB (=—) (—)

DM DM
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DM Observables: the power of WIMP

Correct Relic density: efficient (co) annihilation
WMAP, Planck ; annihilation to photons can affect

Signatures from CMB —) (—)
neutralino annihilation _ m DM DM
in halo, core of the a =
Earth and Sun ﬁ' o
*photons, 8]
*Anti-protons E o
*positrons, o g_
*Neutrinos = =
Neutrino telescopes: c? 3
Amanda oS
slcecube & 3
Antares g 3
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DM Observables: the power of WIMP

Correct Relic density: efficient (co) annihilation
WMAP, Planck ; annihilation to photons can affect

Signatures from CMB —) (—)
neutralino annihilation _ m DM DM
in halo, core of the a =

Earth and Sun ﬁ' o

*photons, 8]

*Anti-protons E o

*positrons, o g_

*Neutrinos = =

Neutrino telescopes: c? 3

cAmanda § 3

*lcecube &S

*Antares g' g SM SM

Efficient scattering off nuclei:
DM Direct Detection (DD)

Signature from energy deposition from
nuclei recoil: LUX, XENON, WARP,
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DM Observables: the power of WIMP

Correct Relic density: efficient (co) annihilation
WMAP, Planck ; annihilation to photons can affect
_ CMB (—) (——)
Signatures from

neutralino annihilation DM DM
in halo, core of the

Earth and Sun )

photons,

*Anti-protons

*positrons, .

*Neutrinos :

Neutrino telescopes: -

cAmanda

*lcecube \ SM SM

Antares ﬁ

Efficient scattering off nuclei:
DM Direct Detection (DD)

Signature from energy deposition from
nuclei recoil: LUX, XENON, WARP,

LHC signatures

* mono-jet

* mono-photon
* mono-Z

« mono Higgs

VBF+MET
o soft leptons+MET

Efficient production

at colliders

uonoajaq WA (ai) ¥24ipuj
:MOU uonejiyiuue jusioiyy

Alexander Belyaev N> Decoding DM at the LHC 16



DM Observables: the power of WIMP

Correct Relic density: efficient (co) annihilation
WMAP, Planck ; annihilation to photons can affect

_ CMB (—) (—)
Signatures from

neutralino annihilation DM DM
in halo, core of the

Earth and Sun )

photons,

*Anti-protons

*positrons, .

*Neutrinos :

Neutrino telescopes: -

cAmanda

*lcecube \ SM SM

sAntares .

Efficient scattering off nuclei:
DM Direct Detection (DD)

Signature from energy deposition from
nuclei recoil: LUX, XENON, WARP,

Note: there is no 100%correlation between signatures above. For example, the high
rate of annihilation does not always guarantee high rate for DD!
Actually there is a great complementarity in this:

* In case of NO DM Signal — we can efficiently exclude DM models

* In case of DM signal — we can efficiently determine the nature of DM

LHC signatures

* mono-jet

* mono-photon
* mono-Z

« mono Higgs

VBF+MET
o soft leptons+MET

Efficient production

at colliders
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Hunting for DM at Colliders

detector
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Hunting for DM at Colliders

detector
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Hunting for DM at Colliders

detector

Large Hi
. gh P
— missin 2 T
P_(2DM), * Jet
l"
4 monojet

signature
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Can we test DM properties at the LHC?

¢ From LHC DM forum (arXiv:1507.00966):

» “Different spins of Dark Matter particles will typically give similar
results..... Thus the choice of Dirac fermion Dark Matter should be
sufficient as benchmarks for the upcoming Run-2 searches.”

¢ Let us check the effects of DM spin on Missing transverse
momentum (MET) distributions at the LHC:

» |et us start with EFT approach first — the simplest model-
independent approach:

» Complete set of DIM5/DIMG6 operators involving two SM quarks
(gluons) and two DM particles

» consider spin=0, 1/2, 1 DM
» mono-jet signature

» explore LHC discovery potential for scenarios with different DM
spins and potential to distinguish these scenarios

Alexander Belyaev  INIE=>&& Decoding DM at the LHC
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Mono-jet diagrams from EFT operators

g R ATaTaTaTa

(WLOE
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DIMS5/6 operators (spin 0,1/2,1)

Complex scalar DM' Complex vector DM*
2T paq [C1]* 2LVIVEGg [Vi]*
2 ﬁbeDt?W q [C2]* g V' VIGirq [V2]*
2¢sﬂd,_t dgvH g [C3] 5 (VT 8, V¥ — VYo, Vigytg (V3]
gcﬁTrd“ dgvH g [C4] 34;12 (}zl O V" — V**’@ﬂyl)aﬁ,u,}, q [V4]
l qumwa'G [C5]* ;;Tg Vévuf?fcfu qﬁ [V5]
qu {I.:G'”‘VG ek J:iz V;L Vogoh¥~7q (V6]
iz (V0 Vi + V20 Vit [V7P)
— Wl vorvhany  vm
Dirac fermion DMT L viorv, + v V* F)gy" ,},5,_? V&P
—lg}Z’X@G [D1]* L,: (Vld”‘b’“ — Vydv )f?!’}’ "}’ q [V8M]
%?Z ’}’quq [D2]* wllz € jﬁg(w OpVo + V .ﬂ a)f?’}’ufi’ [VOP]
As T . T cHvPo ! v ! VO
liTsqu q [D4]* TAZ € eHvP {V'd V + V,0 V')qu“fy q [VI10P]
A” L_enveo(vigry, — vvarvi V10M
X7 X074 [D5] 242 € ( Waver'e | |
ATXT Y XTI [D6] A ViVEGE T Gyo Vi
XY XGVuY g [D7] LVIVEGP?Gpo [vi2]*
I R T 5
Alg }‘ET#S JEQT“T 9 [DS] N * operators applicable to real DM fields, modulo a factor 1 /2
ﬁ_gx X9 pvdq [DQ] T Listed in J. Goodman et al., Constraints on Dark Matter from Colliders, Phys.Rev.
%E Vi XGouwg  [D10]* D82 (2010) 116010, [arXiv:1008.1783]

T All but V11 and V12 listed in Kumar et al., Vector dark matter at the LHC, Phys.
Rev. D92 (2015) 095027, [arXiv:1508.04466]
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DIMS5/6 operators (spin 0,1/2,1)

Complex scalar DMT

Complex vector DM?

Yol ﬁbimqq [c1]* %véwc—m VI
ﬁgqb ﬂ:qw q [C2]* %VLV“E;W q [V2
2¢sﬂd,_t dgvH g [C3] (Vi vy —vrauviavtq (V3]
| r - . . )
g-:bﬂcm dgy*y’q  [C4] A2 (}-’Im;v— VYo, Viaivty’q [V4]
i ] — =
1 ¢"|' G].LE/G [C‘J]* J}Q V?Vy{jmi“, f{!'q [VD]
qurmG,me C6]* ﬁz V# VogoHY ~"q (V6]
L (VIoTV. + VvV arVi)gvtg [V7P]
— (viavv, — V“'d"’ Vi)aivtq [VIM]
Dirac fermion DM L viorv, + v V* ),_,—;,,}, ,},5,_?, V&P]
—— S “JI T v _Yvavv vV
%}2 f}!jxqq [DZ * m p {V' C_J Vo + V P J){?TH{? [VQP]
As T N i cHVPT (T Y | VO
fﬁqurr q [D3] 27 “"Mg'j : +:; ; ;)quuq {Vi;ﬂ]
Ly * A2 € qYpY q
XY X 1Al N envee (vigry, — v 8 Vi )gi VIOM]
X7 X074 [D5] A2 GivuY’q
XYY XqVug [D6] ﬁV;LV“fSMGPJ VI1]*
L XY xqvu7q [D7] LVivEGroG,, vi2]*
1l —_ K 5. .= 5
XYY XGYRY g [D8] L 24 .
AT T g Do) * s DIT] o yditional,
e D101 _}’(3‘; L+ xary x) - D2 gt independent
A X" i Xqouwg  [DI0] _’_(31 “agx —xa0v’x)  D3T oherators can be written
AzXY 47X [D4T]
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Mapping EFT operators to simplified models

o Scalar . Soum
C5.C5A igb*éG,u,yG,u,y i¢*gbéﬂyGuV—> medlatorz
J A2 1 A2 =
PO R
1 o q —T> XDM & SDM
DIT-DAT  5X¢IX — ! scalar
| mediator Vector
G S
§ ———L—— XM mediator +* bM
i - .
C3 _Q[d)*(aﬂd) IR ( Pﬂd)*)d)] P}/l 7 Ve RN Som
1 Scal
D1-D4, D5-D8 A2 — XV'XqVua A2 5 XX44 W me%lal‘aa'::) oM
% (I)O
1 _ v _ Scal
Cl pd)*d)qq(l) — Fd) d)qq > . me(zlalla?:)r
->é-<\
q E Spm
1 _ )
D9,D10 VL M XAT g — _[ Xq9x - 5 (\xqq + X" X3 q +

X TId — XYY X TV ) ]
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Parametrisation of the Vector DM operators

¢ The cross section for qq(gg) — DM DM process with a power of the

Ao
energy asymptotic power, A_takes a form: To o X % X (%)

1 ED 4\ 2
¢ On the other hand, from EFT operator we have: 022 X 2 (AD4>

where D is the actual energy dimension of the EFT operator
¢ So, one finds: Ay =2(D—-5) = D=A,/2+5
» Note: D can be different from naive dimension d =5 or 6
» consider V7P as an example: 2,\2 (V) Vigy V,+Vro'v )Q"}f”‘q

» with d=6, however for each (allowed) VDM longitudinal polarisation
there is an additional (E/M_, ) factor, so the actual energy scaling of

VDM EFT operator, D is different!
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Relation of the actual dimension (D)
and the naive one (d) for VDM operators

Vpym Operator |Ag d Ap D |Ay, (095 oc E49)| Amplitude Enhancement
V1,V2,V5V6 |+ 5 L;%‘;H 7 1 (E/Mppr)?
V3 VAVIMVSMVI1Vi2 | L 6 | Mou g 6 (E/Mpy)?
V7P,V8P,VO,V10 |+; 6 Moy 7 4 E/Mpum

¢ we suggest a new parametrisation of VDM operators: since the energy E
and the collider limit on L are of the same order, it is natural to use an

additional M /A factor for each power of E/M,, enhancement, so collider

limits are not artificially enhanced
[~100 TeV !l for MDM =1 GeV, see Kumar, Marfatia, Yaylali 1508.04466]
and will be of the same order as limits for other operators

¢ Dictionary between limits on A in different parametrisations:

_1 _ _ 1
A = (AUD) T gnd Aa = (APUMEP)
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Missing E_ (MET) distributions:
the large range of slopes

M,,,=10 GeV, \s=13TeV
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M_ .. dependence is weak == oz
for 10-100 GeV range - - csce SBRE
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Properties of MET distributions:
¢ MET distributions are the same for the fixed mass of DM pair [M(DM,DM)] & fixed

SM operator
¢ With the increase of M(DM,DM), MET slope decreases (PDF effect)

pp — DM DM + jet, LHC@13 TeV

M(DM,DM) = 500 GeV ——p» M(DM,DM) = 1000 GeV

D1 D5 D1
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mo,
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A2 XV XV [D3]
1
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On the other hand, M(DM,DM) distributions, defined by
the EFT operators are different!

0.25 ————— e SR SRR — E—

== C1Q,C2Q
C3,C4 SDM
-= (5,6
m—  D1-D4
= D1Q-D4Q
0.15¢4, D1T-D4T .
— D5-D8 FDM
D9,D10
we V1,V2
wmne V1Q,V2Q
V3,V4,V7M,V8M
we V5V6  \/DM
V5Q,V6Q .
e V7P,V8P,V9,V10
V11,V12

0~.-~ 1000 2000 3000 4000 5000 6000 7000 8000
M,..(DM,DM) (GeV)

111V
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Distinguishing DM operators/theories

MET >500GeV

0.25

o
N
o

el
-
L I

M,, (DM,DM)) /o
o
[
i

N e = -

....
. -
‘f \ p
Wty
’, Wi, -
. D
S ¥
T
-

C1,Cc2

C1Q,C2Q

C3,C4

C5,Cé

D1-D4
D1Q-D4Q
D1T-D4T

D5-D8

D9,D10

V1v2

viQ,vzQ

V3, V4 VIM,VEBM
V5,V6
V5Q,VeQ
V7P,V&P,VI, V10
V11,vi2

rJ
U ITTTTrrTe—

¢ energy dependence of the DM operator - M

M, (DM,DM) (GeV)

O\I 1000 2000 3000 4000 5000 6000 7000 8000

IVIDM

are correlated with

M(DM,DM) distributions gl -

Mpy = 10 GeV, v5 =13 TeV,

ifferent MET shapes
=10,

\'s =13 TeV

—

—_—
<

# Events (normalized to one)
3 3
w NS

b I
T

arXiv:1610.07545

- - C1,C2

- = CiQ,Cc2Q
C3,C4

- = C5CH

— D1-D4

- D1Q-D4Q
D1T-D4T

— D5-D8
D9-D10

o V1V2

------- V1Q-V20
V3-V4, V7I-V10

e VEVE
V5Q-V6Q

H meen | annenn V11-V12

—_—
o
A
o IIIH‘ I IIHHI| T IHI\H| I \II\IH| T IHIIII‘

DMDM

200 400 600 800 1000 1200 1400

miss
E}

distributions — slopes of MET

¢ projection for 300 fb': some operators C1-C2,C5-C6,D9-D10,V1-V2,V3-V4,V5-

V6 and V11-12 can be distinguished from each other
¢ Application beyond EFT: when the DM mediator is not produced on-the-mass-shell
is not fixed: t-channel mediator or mediators with mass below 2M_ .

and M

DMDM
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Absolute values of the cross sections provide an additional

information to distinguish EFT operators

pp — DM DM jet @ 13 TeV ==

MET>100 GeV

10* | — 1(|]2
M,,, (GeV)
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D9&D10
V1&V2
V3&V4
V5&VH
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V7P&VEBP

VOM&VIOM
VOP&VI1OP

V11&V12
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C1&C2
C3&C4
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LHC@13TeV reach projected 100 fb-"

LanHEP— CalcHEP/ Madgraph — LHE— CheckMATE 2 chain
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LHC@13TeV Reach for spin 0 and 2 DM

Excluded A (GeV) at 3.2 fb~!

Excluded A (GeV) at 100 fb~*

Operators Coefficient DM Mass DM Mass

10 GeV 100 GeV 1000 GeV | 10 GeV 100 GeV 1000 GeV
.S Cl & C2 1/A 456 424 98 1168 1115 267
25 C3 & C4 1/A2 750 746 400 1134 1131 662
é E Ch & C6 1f;'*12 1621 1576 850 2656 2611 1398
D1 & D3 1/A? 931 940 522 1386 1405 861
D2 & D4 1f;'*12 952 036 620 1426 1399 1022
= D1T & D4T 1f;'*12 735 729 476 1217 1199 780
ClE D2T lfﬂg 637 638 407 1053 1052 670
é D3T 1/A? H86 625 391 969 038 644
% D5 & D7 1{;‘12 1058 967 721 1580 1591 1190
Clg D6 & D8 1f;'*12 978 1050 579 1608 1585 055
D9 & D10 lfﬂg 1587 1592 958 2613 2619 1580
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LHC@13TeV Reach for spin 1 DM

| Excluded A (GeV) at 3.2 fb~" | Excluded A (GeV) at 100 fb~*

Operators Coefficient DM Mass DM Mass
10 GeV 100 GeV 1000 GeV | 10 GeV 100 GeV 1000 GeV
V1 & V2 Mp o /AD 831 833 714 1162 1161 997
V3 & V4 Mpa/AD 930 931 833 1196 1193 1070
V5 & V6 Mpa /AD 784 701 711 1095 1104 993
E VIM & V8M M3\ /A 930 926 882 1195 1193 1130
% VTP & V8P Mp /A3 796 791 652 1112 1102 911
f VOM & VIOM  Mpu /A 796 799 737 1109 1114 1027
= VOP & VI0P  Mpn/AD 794 782 609 1110 1089 850
é V11 & V11A M3y /A 1435 1442 1309 1844 1850 1683
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Distinguishing DM operators

energy dependence of the operator — M_ ... shape — MET shape

pp — DM DM + jet @ 13 TeV, M,,,=100GeV
| | | | | — SM BG
= =  (C1-C2
= = (C3-C4
- = (C5-C6
m— D1-D4
s D1T-D4T
e D5-D8
D9,D10
e — SN e V1,V2
----- Ly T vreen V3,V4,V7M,VEM
---- LR U LT V5,V6
' RRRRELETIEE S V7P,V8P,V9,V10
V11-V12

¥
rrrrr
"y
g

102 - %00 O?Q @0 @00 rrrrrrr # of events consistent

MET cut - with 95% CL
Cu 1
(GeV) - qf)o

10

+# of events

Signal region, IM QO
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On the BG uncertainty

¢ The BG is statistically driven, e.g. pp-> Zj — nnj BG is defined
from the pp — Zj — I'l'j one

CMS-PAS-EXO-16-013

ET"® Range Z(vv)+iets W(lv)+ijets Z(t0)+ets THets Top Diboson QCD Total Total Data
(GeV) (Pre-fit) (Post-fit)
200 — 230 14919 £ 221 11976 &+ 196 207 £13 230 £ 14 564 + 55 251 £ 41 508 171 27761 1 1464 28654 1171 28601
230 — 260 7974+ 116 5776 + 101 929 +57 101 +6 267 =26 157 & 26 308 + 104 14114 £757 14675 £ 97 14756
260 — 290 4467 + 70 2867 + 50 379+23 63.7 +£3.9 116 =11 773 +12.7 38.3+21.0 7193 + 351 7666 = 68 7770
290 — 320 2518 £ 46 1520 434 184 +1.1 296+18 567 +5.6 429471 298 +105 4083 4= 204 42154+ 48 4195
320 — 350 1496 £ 35 818 4+ 20 10.0 £ 0.6 19.7 £1.2 33,6433 254 4+42 9.0+£54 23854+ 118 2407 £ 37 2364
350 — 390 1204 £ 31 555415 3.940.2 12.7 0.8 245424 221+3.6 6.0£3.5 1817 £ 87 1826 £ 32 1875
390 — 430 684 420 275+9 2.1+£0.1 8.3+£05 98+£1.0 139423 3.0£1.6 978 £45 998 4-23 1006
430 — 470 382+ 14 155+ 6 0.96 £ 0.06 49403 94409 66+1.1 1.04+0.8 589 £+ 30 574 4+17 543
470 — 510 248 & 11 87.31+£38 0.47 £0.03 37402 0.22£0.02 51408 0.65+£0.44 337 +15 344 £ 12 349
510 — 550 160 £ 8 522427 0.23 £0.01 20401 27+£03 22+04 0.28 £0.19 211+£9 219 +9 216
550 — 590 995+6.0 292+19 0.12 +£0.01 1.8+0.1 0.94 +0.09 20+0.3 0.19 +£0.14 134+ 6 134+ 7 142
590 — 640 773449 189+14 0.09 £ 0.01 0.4640.03 < 0.13 1.7+£03 0.11£0.08 100+ 4 9854538 111
640 — 690 448435 11.24+09 0.017 4= 0.001 0.1940.01 < 0.13 15402 0.06 £0.05 59.6+2.6 58.0+4.1 61
690 — 740 278425 6.1+£06 0.013 &£ 0.0008 0.57 £ 0.04 < 0.13 0.694+0.11 0.02£0.02 36.6+£1.5 352429 32
740 — 790 21.8+23 53406 < 0.005 0.28 +0.02 0.23 +0.02 0.11 4+ 0.02 0.02 +0.02 23.8+1.0 277 +27 28
790 — 840 135419 28+04 < 0.005 0.18 £0.01 0.27 £0.03 0.010 42 0.001 0.008 4 0.007 153 4+0.7 16.8+£22 14
840 — 900 954+ 1.4 204+03 < 0.005 0.28 40.02 < 0.13 0.2540.04 < 0.008 12.24+0.6 120£16 13
900 — 960 544+1.0 1.140.2 < 0.005 < 0.08 < 0.13 0.37 £ 0.06 < 0.008 7.6£03 69+1.2 7
960 — 1020 33+0.8 0.77 +£0.21 < 0.005 0.12 +0.01 < 0.13 0.23 +0.04 < 0.008 52+03 45+1.0 3
1020 — 1160 25408 0.524+0.16 < 0.005 < 0.08 < 0.13 0.16 £0.03 < 0.008 3.6+£02 32409 1
1160 — 1250 1.74+0.6 0.3+£0.11 < 0.005 < 0.08 < 0.13 0.16 20.03 < 0.008 23401 22407 2
> 1250 14405 0.19 4 0.08 < 0.005 < 0.08 < 0.13 0.06 4 0.01 < 0.008 1.6 0.1 1.640.6 3

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-013/#AddFig
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On the BG uncertainty

¢ The BG is statistically driven, e.g. pp-> Zj — nnj BG is defined
from the pp — Zj — I’'l'j one
CMS-PAS-EXO-16-013

ET"*® Range Z(vv)+jets W(lv)+jets Total Total Data
(GeV) (Pre-fit) (Post-fit)
200 — 230 14919 £ 221 11976 £ 196 27761 £ 1464 | 28654 =171 28601
230 — 260 7974 + 116 5776 4+ 101 14114 £ 757 14675 + 97 14756
260 — 290 4467 + 70 2867 % 50 7193 &+ 351 7666 + 68 7770
290 — 320 2518 + 46 1520 + 34 4083 4+ 204 4215 + 48 4195
320 — 350 1496 + 35 818 & 20 23854+ 118 2407 + 37 2364
350 — 390 1204 + 31 555+ 15 1817 + 87 1826 + 32 1875
390 — 430 684 + 20 275+9 978 4 45 998 + 23 1006
430 — 470 382414 155+ 6 589 4+ 30 574 417 543
470 — 510 248 + 11 87.3+3.8 337 + 15 344 +12 349
510 — 550 160 £8 52.2 427 21149 219+9 216
550 — 590 99.5 + 6.0 292419 134+ 6 134 +7 142
590 — 640 77.3+49 18.9+1.4 100 + 4 98.5 + 5.8 111
640 — 690 448435 11.2+09 59.6 +£2.6 58.0 +4.1 61
690 — 740 278425 6.1+0.6 36.6 £1.5 352429 32
740 — 790 21.8+2.3 53406 23.8+1.0 27.7 £2.7 28
790 — 840 13.5+1.9 28+04 153 4+0.7 168422 14
840 — 900 95+14 20403 12.24+0.6 120+1.6 13
900 — 960 54+1.0 1.1+02 7.6+0.3 69+12 7
960 — 1020 3.3+08 0.77 £0.21 52403 45+1.0 3
1020 — 1160 25408 0.52 +0.16 3.64+0.2 32409 1
1160 — 1250 1.74+0.6 0.3+0.11 2.340.1 22407 2
> 1250 14+05 0.19 +0.08 1.6 +0.1 1.6 £0.6 3
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On the BG uncertainty

T T

p0

p1
p2

¥2 / ndf

0.0006424 / 20

0.005628 + 0.002385
—0.4907 + 0.01385
0.4641+ 0.006559

10

102

10°

10

The BG is statistically driven, e.g.
pp-> Zj — nnj BG is defined from
the pp — Zj — I'lj one

For the high enough statistics the
BG error can be as low as 1%, but
not much lower than this!

Once ~ 1% dBG is reached

(we assume as a floor),

the increase of luminosity does not
improve LHC sensitivity:

the BG uncertainty linearly grows
with luminosity together with signal

at about 300 fb'such saturation is

reached for all operators for current
LHC cuts
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Distinguishing the DM operators: x2 for pairs of DM operators

2 . ’ l,rk___llrf. —2 112
m—@n;[(zm k- Ni)/(107BG)]

: if ¥2>9.48 (95%CL for 4 DOF) -
operators can be distinguished!

Complex Scalar DM
100 GeV

1000 GeV

Dirac Fermion DM
100 GeV

1000 GeV

C1 Ch5 C1 ChH D1 D9 D1 D9
. 100 C1 0.0 19.7 125.54 74.631(|11.73 41.79| 25.78 52.58
Complex | _ - Com 9 O - -
) GeV B 115.74 0.0 0.37 16.25| 1.11 393 | 0.74 7.35
Scalar
DM 1000 C1|/19.89 036 | 00 11.82] 233 209 | 027 458
GeV ChH |150.86 13.8610.34 0.0 21.03 3.7 [11.18 1.53
Dir: 100 D1 0.88 1.17 2.52 25.99 0.0 0.23 2.4 14.17
Hac GeV D9 ||30.49 359 | 1.96 396 || 700 00 | 2271 0.52
Fermion
DM 1000 D1 {120.31 0.73 0.27 12.92 | 2.25 2.93 0.0 5.42
GeV D9 || 37.38 6.54 4.18 1.6 11.96 0.5 4.89 0.0
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Distinguishing the DM operators: %2 for pairs of DM operators

T
2 - | - . 9 2 . if o2 0 -
X7 ; = min [(Eﬁ-i — k- N})/(107*BG;)] : if 1°>9.48 (95%CL for 4 DOF)
1 H i L } L } L ]
i—3 operators can be distinguished!
Complex Scalar DM Dirac Fermion DM Complex Vector DM
100 GeV 1000 CeV 100 GeV 1000 GeV 100 GeV 1000 GeV
C1 C5 C1 C5 DI D9 | DI D9 Vi V3 Vs Vi1 | VI V3 V5 V11
Comol 100 C1/| 00 19.7 |25.54 74.63|/11.73 41.79|25.78 52.58|/22.97 32.89 54.35 73.34|25.18 34.61 52.34 80.85
AOIMPlex
5 113 GeV C5 ||15.74 00 | 037 16.25(| 1.11 393 | 074 735 || 018 153 82 1573|044 19 724 19.13
calar
DM 1000 C1([19.89 036 | 00 11.82]] 233 209 | 027 458 || 006 045 520 11.41| 006 068 442 14.36
GeV  C5 ||50.86 13.86|10.34 0.0 |[|21.03 3.7 |11.18 153 ||11.57 6.82 126 001 |10.84 6.1 161 0.14
D 100 D1l 988 117 ] 252 2599 00 923 | 24 14.17| 1.85 500 15.34 25.37| 220 585 13.85 29.81
. trac GeV DO |[30.49 359 | 1.96 396 || 700 00 | 271 052 || 249 062 073 369 | 231 039 056 5.36
ermion
DM 1000 D1 {[20.31 073 ] 027 12.92| 225 293 | 00 542 | 032 082 633 12.58] 008 1.18 508 15.7
GeV D9 ||37.38 654 | 418 1.6 |[11.96 05 | 480 00 || 498 202 006 144 | 456 161 004 2.55
V1 ||18.06 017 | 0.06 13.34| 1.72 268 | 032 55 00 077 625 12.9 1 106 534 16.03
100 V3 ||24.86 145 | 044 757 || 457 065 | 079 214 || 0.74 0.0 268 7.25 57 0.03 204 9.59
CGeV V5 ||38.36 7.24 | 479 1.3 2.8 0.7 | 567 006 || 561 25 00 1.14 | 524 204 013 2.13
V11| 50.03 13.43| 10.0 0.01 ||{20.55 345 [10.89 139 || 11.2 654 1.11 00 [10.52 583 149 0.16
Cf_mplex V1 ||19.73 043 | 0.06 1246/ 2.13 248 | 0.08 5.02 0.1 059 583 12.09| 00 0.8 478 15.14
g‘ﬁ:;’r 1000 V3 |[25.96 1.78 | 0.65 6.72 || 521 04 | 1.12 1.7 1.0l 003 217 641 | 085 00 1.65 86
GeV V5 ||37.33 647 | 404 168 |[11.72 055 | 459 004 || 484 193 014 155 | 434 157 00 2.72
V11| 54.48 16.14|12.42 0.13 ||23.85 4.95 |13.43 241 |[13.74 855 203 0.16 |[13.01 7.73 257 0.0
Alexander Belyaev  NiE&- Dark Matter Characterisation at the LHC 43



Importance of the operator running
in the DM DD « Collider interplay

¢ the connection between physics at high and low energy is crucial to
properly explore complementarity collider and non-collider DM experiments

¢ RGEs for the EFT introduce the mixing between different operators

Kopp,Niro,Schwetz,Zupan(2009); Hill, Solon(2012); Frandsen, Haisch, Kahlhoefer, Mertsch, Schmidt-
Hoberg (2012); Kopp,Michaels, Smirnov(2014); Crivellin,D'Eramo,Procura(2014);Crivellin, Haisch(2014);
Berlin, Robertson,Solon,Zurek(2016); D'Eramo, de Vries, Panci(2016); D'Eramo,Kavanagh, Panci(2016)

T arTSh -
LD — Dﬂ"rﬁ;‘u“[ . .,ffﬂ"r — Z{ v q(i’l) g ,,q ‘|—( (1"1) u(i)n ;"“rf:.u': D4

o4

£ — e YAP » o AP
let us take, for example, Jpom = vx XX A caxy X\vF s

Once the wilson coefficient are evolved at the low scale, we need to match the
low energy parton-level lagrangian with the low energy nucleon one

' (N)
N ‘“i,' ( I[“L-’-x: f.ii;' }2

Toum ( (N ) | q 4
£ _T ( N~ H:\ :\' T 5;\ ) an Tgr — — 14
’ | ri
where UN = mymn/(my +mn)
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Importance of the operator running
in the DM DD « Collider interplay

¢ In case of axial operators, e.g

) — g = 15
'-'-’;f XY XG5 (D7) or ci'f)f@(;')‘ O L oqy 54 (C'4)

couplings ¢, @ arise due to the running of the wilson coeffcient ¢,

leading to sizable constraints on the DM DD constraints

¢ One can use runDM program (github.com/bradkav/runDM) by
F. D’Eramo, B. J. Kavanagh & P. Panci

c, c,@ c M, c '9=(1,1,0,0)[5TeV] — (1.1,1.1, 0.04, -0.07)[1GeV]
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Importance of the operator running
in the DM DD « Collider interplay

¢ In case of axial operators, e.g

: Ew — : 1=
f[é;}) Cx X TH XV 54 (D7) or ("T]{’f@rﬂ' 17, Hr;')ﬁ‘}-'”’ffgfj (C—l)

couplings ¢, @ arise due to the running of the wilson coeffcient ¢,

leading to sizable constraints on the DM DD constraints

¢ One can use runDM program (github.com/bradkav/runDM) by
F. D’Eramo, B. J. Kavanagh & P. Panci

c,", c,@ c M, c '9=(1,1,0,0)[5TeV] — (1.1, 1.1, 0.04, -0.07)[1GeV]

Complex scalar dark matter, gC4 = 1

10—

Dirac fermion dark matter, gD7 = 1

10—

5000} ) 5000}

3 3
O 1000f O 1000¢ .
< [ - [ |
500 500 8
A< 2 mpy
-'r'l-‘='2m|::l.l GDM—ﬂPan:l
Opw = Opjancs CMB
LUX 201G LuX 2018
1DD M L PR B | L L P P s i ro—— -”:"] - L L P . PR | L PR B s T T
] 10 50 100 500 1000 5000 5 10 50 100 500 1000 5000
Mom [GeV] Mpm [GeV]

AB, Bertuzzo, Caniu, Eboli, di Cortona (preliminary)
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Application for the case beyond EFT:
SUSY

Alexander Belyaev  INIE=>&& Decoding DM at the LHC
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There is no limit on the LSP mass if the mass of strongly
interacting SUSY particles above ~ 1.9 TeV

PP — 49, d =qX%; Moriond 2017 pp — 04, § = 99X  Moriond 2017
; 12[]0_ | T 1 | T 1 | I 1T 1 | T 1 | L l] L | T 1 ] ; C T | T 1 1 | 1 1 | T 1 1 | 1 1 | T 1 1 | I 1T 1 | 1T 1
(% - CMS praiiminary 359fb (13 TeV) 1 @ 1500 CMS Prefiminary 359 o' (13 TEV) E
— B _ = Expected 7 (2. L —SUS-16-033 mina]
21000~ =5US-16-033, 0-lep (HF™%) —oObserved 7| &e, o f —oUS-16-033 (Hr ~-Expecied -
i | = = 140[]_— SUS-16-036 (M) —bserved
- =S5US-16-036, 0-lep (M,,) . N ]
BU‘U_— N 120[]:— —:
: ] 10000 A -
600— — C ]
. I 800 -
4000 /.. e - 600~ -
e, . B -
. o ] 400 -
200 one light 4 =2 ] C ]
: ; | :
[]_ Lo Py a |y I h I B El L1 | . Lo T v v by v b v by gy T E:I [ 11 !
400 600 800 1000 1200 1400 1600 1800 800 1000 1200 1400 16800 1800 2000 2200
mg [GeV] my [GeV]
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Susy Compressed Mass Spectrum scenario

¢ The most challenging case takes place when only %°, , and x*are accessible at the
LHC, and the mass gap between them is not enough for any leptonic signature

¢ The only way to probe CHS is a mono-jet signature
[ “Where the Sidewalk Ends? ...” Alves, Izaguirre,Wacker '11] ,
which has been used in studies on compressed SUSY spectra, e.g.

Dreiner,Kramer, Tattersall '12; Han,Kobakhidze,Liu,Saavedra,Wu'13;
Han,Kribs,Martin,Menon '14

process detector
1

= ?
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Susy Compressed Mass Spectrum scenario

¢ The most challenging case takes place when only %°, , and x*are accessible at the
LHC, and the mass gap between them is not enough for any leptonic signature

¢ The only way to probe CHS is a mono-jet signature
[ “Where the Sidewalk Ends? ...” Alves, Izaguirre,Wacker '11] ,
which has been used in studies on compressed SUSY spectra, e.g.

Dreiner,Kramer, Tattersall '12; Han,Kobakhidze,Liu,Saavedra,Wu'13;
Han,Kribs,Martin,Menon '14

process detector
1

Nothing!
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Susy Compressed Mass Spectrum scenario

¢ The most challenging case takes place when only x°, , and *are accessible at the
LHC, and the mass gap between them is not enough for any leptonic signature

¢ The only way to probe CHS is a mono-jet signature
[ “Where the Sidewalk Ends? ...” Alves, Izaguirre,Wacker '11] ,
which has been used in studies on compressed SUSY spectra, e.g.

Dreiner,Kramer, Tattersall '12; Han,Kobakhidze,Liu,Saavedra,Wu'13;
Han,Kribs,Martin,Menon '14

detector

Large /
missin igh P_ jet
S P, (ZXOI' " T
’

Y o

Alexander Belyaev  INE=>&&- Decoding DM at the LHC 51



Signal vs Background

¢ difference in rates
IS pessimistic ...

PP—VV] VS. PP—YH]

o — Background
g S and BG - - =500 GeV
e number of events for
10°
1006 ', Rt
10 e )

-
raL_

-
[
LT

11 | 11 1 1 1
0 200 400 600

L~

1 0—1 R
1 0-2 R
1 D-E R
1 0-4 R
1 D-E R
1 U-ﬁ R
1 D-T B
1 G-B B

| 11 1 | 11 1 | L1 1 | L1 | | 1 1 1 | 1 1 1 -9_ (-
800 1000 1200 1400 1600 1800 2000 '°
p/(GeV)

but the difference in shapes is
encouraging, especially for large DM

mass — biger M(DM,DM) — flatter
MET PP->VVj VS. pPp->yy]

— Background
R H=93 Gely/
- - -u=500 GeV

normalised signal and Zj
background distributions

1 | 1 1 1 | 1 1 1 | 1 l 1 | l 1 1 | 1 1 l | l 1 1 | 1 1 1 | l 1 l | 1 l 1
200 400 600 800 1000 1200 1400 1600 1800 2000
pjT(GeV)

Signal and Zj background parton-level p_Jdistributions for the 13 TeV LHC
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LHC/DM direct detection sensitivity

LHC13 2c¢ contour (M1>0) LHC13 5o contour (M1>0)
S50 _ S5r0rmr—m—m—— ]
30} 30;
25F 25F
o 20F > 20F
O | O |
=2 15F e, = 15f %
< i o~ HDIJ < ah-1 < i qz&d

lD_ ‘*\\\\\ I"-.i‘%-) lDr P 9 2% \f,-'&*

5k 3 ] 5F '\

(}ZLFQI% 100 £o! (3%) PHFI?ﬂ? ab'(s%) ] [}: _ LHC13 %ﬂeb?{ﬁhg IIIIIIIIIIIIII

50 100 150 200 250 300 50 100 150 200 250 300
m,s [GeV] m,s [GeV]

Barducci,Bharucha,Porod,Sanz,AB JHEP 1507 (2015) 066, arXiv:1504.02472

* SUSY DM, can be around the corner (~100 GeV), but it is hard to detect it!
* Great complementarity of DD and LHC for small DM (NSUSY) region
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Case of inert 2 Higgs Doublet Model (i2HDM):
consistent model with scalar DM

D1 = | 0 (ho = 1 \Eh—i_
L \w+H 27 2\l + ik

Vo= —mi(olo1) —mi(dhoa) + M(01h1)? + Aa(dhi)’

T As(0101)(0502) + Aa(0dn) (0] ) + 5 [(@J{Qg)z - (@5@1)2]
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Case of inert 2 Higgs Doublet Model (i2HDM):
consistent model with scalar DM

D1 = | 0 (ho = 1 \Eh—i_
L \w+H 27 2\l + ik

Vo= —mi(olo1) —mi(dhoa) + M(01h1)? + Aa(dhi)’

T As(0101)(0502) + Aa(0dn) (0] ) + 5 [(@J{Qg)z - (@5@1)2]

“ha “shi  —e—rTTTOOOOO Y “~hy
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LHC reach for I2HDM with mono-jet signhature

LHC is sensitive only to low DM masses — similar BG & signal shapes,
poor improvement with luminosity increase

> (J'(pp —h hlj) (fb) at 13 TeV
O 103 it i i -4 ' ]
S o2 s =
S 10°¢ S ]
2 1ott 1 JSE E T ———t— ;
B:-' 10{1 _ '4*;_“- ' - - __
S 10% : B __h - ]
% 107 R t
= 3 | | i 5 T =
© 107 [ == Ay =0.1
P -4 :j'lg_-ilrg_—ﬂﬂl ' i
2100 e “maximur
- 107 | —95% CL (20/571) G Cacciapaglia,- I Ivanoy, ...
T 106| —95%CL r;umﬂ,.—ij} ~ F.Rojas, M. Thomas, AB ]
E‘, 5| — 95% CL (3000f6 ") arXivi1612.00571 j
S 10 50 100 150 200
Mh, (GeV)
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Beyond the mono-jet signature

Example of the vector resonance in the Composite Higgs model:
'— TT— ttDM DM signature

g t
T
6 %A@
T8 _
? i{ﬂb
g&9999 t

Mz = 3000 GeV, F'LIT = 1200 GeV

11l ——
3 tt+E 95 % CL
0.51}- ATEAS di- j Current LHC reach
0.8} CMS di-j with tt+ MET signature
< 8‘5 Liow 2 based on
_,;3 05E ATLAS CONF 2016 050
04 results
0.3F"
0.2
0.1
0F. Flacke, Jaine, Schaefers, AB

o
—
b2
(!
o
oy
~1

8 9 arXiv: 1707.07000
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Complementarity of LHC and non-LHC DM searches

for the model with Vector Resonances, Top Partners and Scalar DM
TT—ttDM DM

101 ™. =

I~

& L]

I {? QCD TT ]
- 2 % production
- oo oonly _
: Mg =0

LHC, no Z'

| | — XenoniT, E;‘;T’et = 10
= = —_ Qh% =012, M\ = 0.3 A
":-_-4:: t | . 3 -.‘\\ ""‘ \“‘
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The role of Z' vs QCD for pp— TT— tt DM DM
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LHC is probing now DM and top patner masses up to about 0.9 and 1.5 TeV
respectively: above bounds from QCD production alone by ~ factor of two
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Decoding the nature of DM at the ILC

muon spectrum from the models with scalar and fermion DM

et+e- - D+ D- - DM DM W+ W- - DM DM jj u v

Normalised No. Fvents vs Energy of Muon, Mp, =150 GeV
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About Decoding Problem
in general
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Data — Theory link

¢ probably the most challenging problem to solve — the inverse problem of
decoding of the underlying theory from signal
» requires database of models, database of signatures
» requires smart procedure based on machine learning of matching signal from data with
the pattern of the signal from data
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Data — Theory link

¢ probably the most challenging problem to solve — the inverse problem of

decoding of the underlying theory from signal
» requires database of models, database of signatures
» requires smart procedure based on machine learning of matching signal from data with
the pattern of the signal from data
¢ HEPMDB (High Energy Physics Model Database) was created in 2011
to make the first step towards this: hepmdb.soton.ac.uk/phenodata
» recently has got a status of the permanent server at Southampton
» convenient centralized storage environment for HEP models
» it allows to evaluate the LHC predictions and perform event generation using CalcHEP,
Madgraph for any model stored in the database
» users can upload their own model and perform simulation — became a very attractive
feature for all range of researchers
» no database of signatures yet (is under development ) — you input could play and
important role
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Data — Theory link

¢ probably the most challenging problem to solve — the inverse problem of
decoding of the underlying theory from signal
» requires database of models, database of signatures
» requires smart procedure based on machine learning of matching signal from data with
the pattern of the signal from data
® HEPMDB Login | Regiter

Home News Calculate Tools Signatures Wiki Contact Us

Search in HEPMDB A | Show All Models

Search Models :: Results for [MSSM]

1. MSSM [2011-06-21 10:54:07] hepmdb:0611.0028

CalcHEP/MicrOMEGAs groups

We present MSSM with SUGRA and AMSB scenario as well as MSSM with low energy input. Read file
INSTALLATION for model installation and file CITE for references on scientific publications which pre...

2. MSSM with bilinear R-Parity violation [2011-11-17 20:00:51] hepmdb:1111.0036
Florian Staub

The MSSM with bilinear R-Parity violating terms in the superpotential and for the soft-breaking terms. Model
files created by SARAH 3.1.0 Support of SLHA+ functionality to read spectrum files...

3. TMSSM [2011-11-17 20:06:23] hepmdb:1111.0037
Florian Staub

Triplet extended MSSM (including possibility of flavor violation) Model files created by SARAH 3.1.0 Support of
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Data — Theory link

¢ probably the most challenging problem to solve — the inverse problem of

decoding of the underlying theory from signal
» requires database of models, database of signatures
» requires smart procedure based on machine learning of matching signal from data with
the pattern of the signal from data

¢ HEPMDB (High Energy Physics Model Database) was created in 2011

to make the first step towards this: hepmdb.soton.ac.uk/phenodata

» recently has got a status of the permanent server at Southampton

» convenient centralized storage environment for HEP models

» it allows to evaluate the LHC predictions and perform event generation using CalcHEP,
Madgraph for any model stored in the database

» users can upload their own model and perform simulation — became a very attractive
feature for all range of researchers

» no database of signatures yet (is under development ) — you input could play and
important role

¢ As a HEPMDB spin-off the PhenoData project was created

hepmdb.soton.ac.uk/phenodata
» stores data (digitized curves from figures, tables etc) from those HEP papers which did
not provide data in arXiv or HEPData, and to avoid duplication of work of HEP
researchers on digitizing plots.
» has an easy search interface and paper identification via arXiv, DOI or preprint
numbers. PhenoData is not intended to be a replication of any existing archive
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Summary

¢ Different DM spin — different energy dependence of the DM component of
the EFT operator, different M distributions — different MET

DMDM
distributions: thus the MET is related to the DM spin andrespective

operator and can characterise it

¢ Atthe LHC from 300 fb' itis possible to distinguish
several classes of operators, all models are public at HEPMDB
https://hepmdb.soton.ac.uk/

¢ The strategy on distinguishing EFT DM operators is generically applicable
beyond EFT, when the DM mediator is not produced on-the-mass-shell -

Mo IS NOt fixed: t-channel mediator or mediators with mass below 2M_ .

¢ We should explore more signatures and models — to prepare more
complete framework on decoding LHC signatures

¢ ILC is very complementary to the LHC in exploration of DM properties
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Thank you!
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i2ZHDM benchmarks

BM 1 2 3 4 5 6
M, (GeV) 55 55 50 70 100 100
M, (GeV) 63 63 150 170 105 105
M, (GeV) 150 150 200 200 200 200

Aass 1.0 x 107 0.027 0.015 0.02 1.0 0.002

Ao 1.0 1.0 1.0 1.0 1.0 1.0

Qh? 02x102 [ 15x102 [ 99x102 [ 97x 102 | 13x10°% | 1.7x 1073

o%; (ph) 17x1007 [ 13x 1077 [48x 10 [43x10°0 ][ 53x 107 | 21 x 1012

REVX 1.6 x 102 0.19 0.51 0.37 0.48 2.5 x 1075

Br(H — hihy) | 5.2x10°° 0.27 0.13 0.0 0.0 0.0
orucs (ib)

hihyj 5.44 x 103 288. 134. 6.05 x 103 1.80 7.23 % 106

hihaj 36.7 36.7 6.48 3.90 6.93 6.93

hih Z 6.14 x 102 21.4 30.7 12.2 0.101 2.52 x 102

hihiH 1.70 x 104 8.98 4.21 2.19 x 104 0.100 3.33 x 107

hihoH 535 %1073 | 631 x 1073 | 980 x 1073 | 7.54 x 1073 | 3.86 x 10-2 | 5.51 x 104

hihijj 2.39 x 102 17.2 8.11 444 x 102 0.212 1.62 x 102
oruci3 (Ib)

hihij 1.67 x 102 878. 411. 1.93 x 102 6.25 2.50 x 103

hihoj 92.4 92.4 17.8 11.1 19.1 19.1

hihyZ 0.153 46.2 66.9 28.3 0.241 6.47 x 102

hihiH 6.69 x 104 35.3 16.5 9.08 x 101 0.441 1.51 x 106
hiho H 118 x 1072 {140 x 1072 | 247 x 1072 [ 199 x 1072 | 9.82 x 102 | 1.34 x 102
hihijj 0.101 62.7 29.6 0.189 0.904 7.49 x 1072

Alexander Belyaev

NE>Z-

Dark Matter Characterisation at the LHC

69



A Simplified Model with Vector Resonances,

Top Partners and Scalar DM

L =Lsy+Liin+Lzg+Lze+ Lz + Log — Ve
1. i o o MZ, .
Lrin = 2 (0,2), — dl,,ZL) (OrZ"™ — 0,7") + Z Z’ 7't

9

1 mg

o oo 2
+—0,0 "' — — 0
2 ] T 2 ]

+T7 (i) — Mp) T, + Q) (i‘ﬂ) — f"fTé) Qg -
Lzq = Azrqqr/r Zp (QL/r Y /R) -

Lzo=Ngore-1r 2y (CLyr V" (LR) -
A7 /R P (Té Lr 7" T LfR)

! M
Az LR Za (B:i 17" Ba L/R) -

Lo = ()‘ct:T"t PtrTy p+ ApTre 1L T+ ATt @ br BézL) +hee..
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Vo= t75 "T’(Im_?)'
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