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Motivation for DM Characterisation

¢ If DM is produced at the LHC:
» We need to be able to identify the underlying model.

® SUSY? Extra Dimensions? Inert Two Higgs Doublet Model?

*» We need to know: Mass, Spin, Mediator properties

¢ Also: 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.”

Is this true? Important for future studies on exclusion/discovery of DM

This study

¢ The effects of DM spin on observables at the LHC for Spin=0,1/2,1 for
events with a mono- jet signature

¢ Consider contact interactions first: simplest case.

» Complete set of DIM5/DIM6 operators involving two SM quarks (gluons)
and two DM particles.

¢ Explore LHC discovery potential for scenarios with different DM
spins and potential to distinguish these scenarios
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DIM5/6 operators (spin 0,1/2,1)
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Mapping EFT operators to simplified models
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Mono- jet diagrams from EFT operators
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Missing E_ (MET) distributions: the large range of slopes
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M., dependence is weak for 10-100 GeV range
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¢ MET distributions are the same for the
fixed mass of DM pair [M(DM,DM)] and the fixed SM operator
¢ With the increase of M(DM,DM), MET slope decreases (PDF effect)

pp — DM DM + jet, LHC@13 TeV
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M(DM,DM) distributions are defined by energy behaviour of DM
operator and are different for different DM spins
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On the BG uncertainty

¢ The BG is s'ra'risficallr driven, e.g. pp-> Zj = vvj BG is defined
from the pp = Zj — I*l-j one

CMS-PAS-EXO-16-013

ET"® Range Z(vv)+jets W(lv)+jets Z(£0)+jets T+jets Top Diboson QCD Total Total Data
(GeV) (Pre-fit) (Post-fit)
200 — 230 14919 + 221 11976 4+ 196 207 =13 230 + 14 564 + 55 251 +41 508 + 171 27761 + 1464 28654 + 171 28601
230 — 260 79744116 5776 + 101 029457 101 +6 267 426 157 £ 26 308 + 104 14114 £ 757 14675 £ 97 14756
260 — 290 4467 + 70 2867 £ 50 379+23 63.7 £3.9 116 +11 7734127 38.3 +21.0 7193 4+ 351 7666 + 68 7770
290 — 320 2518 +46 1520 + 34 184+ 1.1 296+ 1.8 56.7 +5.6 429+7.1 29.8 +10.5 4083 4+ 204 4215+ 48 4195
320 — 350 1496 + 35 818 420 10.0 £ 0.6 19.7 +1.2 33.643.3 254442 9.0+54 23854118 2407 + 37 2364
350 — 390 1204 + 31 555415 39402 12.7 0.8 245424 221436 6.0£3.5 1817 L+ 87 1826 £ 32 1875
390 — 430 684 4- 20 27549 2.14+£0.1 83+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 49+0.3 94+09 6.6 £1.1 1.0+0.8 589 + 30 574 + 17 543
470 — 510 248 411 87.3+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 27403 22404 0.28 +0.19 21149 21949 216
550 — 590 995+ 6.0 29024+1.9 0.12 +£0.01 1.8 +0.1 0.94 +0.09 20+03 0.19+0.14 134 +6 134+7 142
590 — 640 77.3+49 189+ 14 0.09 +0.01 0.46 +0.03 < 0.13 1.7+03 0.11 £ 0.08 10044 98.5+5.8 111
640 — 690 448435 11.24+09 0.017 4 0.001 0.1940.01 < 0.13 1.5+02 0.06 £0.05 596426 58.0+41 61
690 — 740 278425 6.1+£06 0.013 &£ 0.0008 0.57 4 0.04 <013 0.6940.11 0.02£0.02 366+1.5 352429 32
740 — 790 21.8+23 53406 < 0.005 0.28 +0.02 0.23 +£0.02 0.11 +0.02 0.02 +0.02 23.8+1.0 277 +27 28
790 — 840 13.54+1.9 28+04 < 0.005 0.18 +0.01 0.27 £0.03 0.010 4 0.001 0.008 4 0.007 153 4+0.7 16.8 422 14
840 — 900 95+14 20403 < 0.005 0.28 4-0.02 < 0.13 0.254-0.04 < 0.008 122 +0.6 120416 13
900 — 960 5441.0 11402 < 0.005 < 0.08 < 0.13 0.37 £ 0.06 < 0.008 7.6£03 69+1.2 7
960 — 1020 3.3+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 0.5240.16 < 0.005 < 0.08 < 0.13 0.16 4-0.03 < 0.008 3.64+0.2 32409 1
1160 — 1250 1.74+06 034011 < 0.005 < 0.08 <013 0.1640.03 < 0.008 23401 22407 2
> 1250 14405 0.19 4 0.08 < 0.005 < 0.08 < 0.13 0.06 +-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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from the pp =» Zj -

On the BG uncertainty

¢ The BG is s'ra'risficallrldr'iven, e.g. pp-> Zj = vvj BG is defined

"j one

CMS-PAS-EXO-16-013

E%‘if‘s Range Z(vv)+ijets 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 = 101 14114 £ 757 14675 £ 97 14756
260 — 290 4467 =70 2867 £ 50 7193 £+ 351 7666 + 68 7770
290 — 320 2518 £46 1520 £ 34 4083 + 204 4215+ 48 4195
320 — 350 1496 + 35 818 &+ 20 2385+ 118 2407 £+ 37 2364
350 — 390 1204 + 31 555+ 15 1817 4 87 1826 £+ 32 1875
390 — 430 684 + 20 275+9 978 £45 998 + 23 1006
430 — 470 3824+ 14 155+6 589 £ 30 574 £ 17 543
470 — 510 248 + 11 87.3+ 3.8 337 £ 15 344 4+ 12 349
510 — 550 160 =8 5224+ 2.7 21149 219+9 216
550 — 590 99.54+6.0 292+19 13446 134 £7 142
590 — 640 773+49 189+ 14 100+ 4 98.5+5.8 111
640 — 690 448 4+ 3.5 11.2+0.9 59.6 £2.6 58.0 £4.1 61
690 — 740 27.84+2.5 6.1 £0.6 36.6 £1.5 352429 32
740 — 790 21.8+23 53406 23.8+1.0 277 £27 28
790 — 840 13.54+1.9 28+04 153 +£0.7 16.84+2.2 14
840 — 900 95+14 20403 12.24+0.6 1204+ 1.6 13
900 — 960 54+1.0 1.1+0.2 7.6 £0.3 69+12 7
960 — 1020 3.3+08 0.77 £0.21 52403 45+1.0 3
1020 — 1160 25+08 0.52 +£0.16 3.6 +0.2 3.24+09 1
1160 — 1250 1.7+0.6 0.3+x0.11 23 +0.1 22+0.7 2
> 1250 1.4+£05 0.19 £+ 0.08 1.6 £0.1 1.6 £0.6 3
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On the BG uncertainty

0.4f T oossemasso | ¢ The BG is statistically driven, e.g.
PO 0.005628 + 0.002385 pp-> ZJ - VVJ BG is defined from
0'35: p1 ~0.4907 + 0.01385 the Pp — ZJ - Hj one
03F P2 048412000655 | ¢ For the high enough statistics the
- . BG error can be as low as 1%, but
0.25~ ] not much lower than this!
- 4+ ¢ Once ~ 1% 0BG is reached
021 E (we assume as a floor),
015" B the increase of luminosity does
- . not improve LHC sensitivity:
0.1 - the BG uncertainty linearly grows
- - with luminosity together with
0.051 — signal
: | | 4 ¢ at about 300 fb!such saturation
e is reached for all operators for

current LHC cuts
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Distinguishing DM operators:
different efficiencies (MET slopes) - about factor of 50
spread (in IM7) for different operators and the SM BG
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Distinguishing the DM operators: %2 for pairs of DM operators

X =

)3

(N1; — & x N2;)/6BGy]*

i=EM3,EM4,EM5,EM6,IM7

¢ N1 signal is assumed at 16
¢ N2 signal is tested against it

if x2>9.48 (95%CL for 4 DOF)

- operators can be distinguished!

Complex Scalar DM

Dirac Fermion DM

at high luminosity 10 GeV 100 GeV 10 GeV | 100 GeV
C1 ChH C1 ChH D9 D9
. 10 C1 0.0 33.68| 1.35 36.36| 51.38 63.44
Complex . | L - _ i _ .
) GeV  ChH ||25.26 0.0 [17.84 0.07 1.8 4.56
Scalar
DM 100 C1 1.29 22.62| 0.0 24.69| 37.85 48.21
GeV  CH || 27.1 0.07 |19.36 0.0 1.51 4.0
, 10 o _ .
Dirac D9 ||36.37 1.7 |28.17 1.43 0.0 0.86
, GeV
Fermion
00
bM 10 Do [|43.14 413 |34.48 3.64 || 0.82 0.0
GeV
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Distinguishing the DM operators: %2 for pairs of DM operators

V2= Y (N1; — & x N2;)/6BG;]* + if x2>9.48 (95%CL for 4 DOF)
i=EM3,EM4,EM5,EM6,1M7 - operators can be distinguished!
Complex Scalar DM Dirac Fermion DM Complex Vector DM
10 GeV 100 GeV 10 GeV | 100 GeV 10 GeV
C1 CH C1 C5 D9 DY V1 V3 V5 V1l
C l 10 C1 0.0 33.68| 1.35 36.36| 51.38 63.44 37.57 50.0 73.55 96.47
‘omplex o _ ]
. b GeV C5hH [|25.26 0.0 |17.84 0.07 1.8 4.56 0.41 1.4 7.29 15.09
Scalar
DM 100 C1 1.29 22.62| 0.0 24.69| 37.85 48.21 26.33 36.4 57.02 T7.7
GeV C5 | 27.1 0.07 [19.36 0.0 1.51 4.0 0.38 1.04 6.52 13.97
0
Dirac Cl -V D9 |1 36.37 1.7 |28.17 1.43 0.0 0.86 1.08  0.12 2.1 6.4
Fermion e
100 i ]
bM Gy D9 [[43.14 413 (3448 364 | 082 0.0 34 103 03 2091
TeV
Complex V1 || 27.87 0.41 |20.54 0.37 1.13 3.71 0.0 0.92 6.13 12.87
Vector 10 V3 |135.62 1.33 |27.27 099 || 0.12 108 || 089 0.0 244 722
DM GeV V5 [|48.96 6.47 [39.92 5.82 1.98 0.3 5.5 2.28 0.0 1.38
V11| 61.93 12.92|52.45 12.03 5.81 2.75 11.14  6.51 1.33 0.0
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Summary/Discussion

Different DM spin — different energy dependence of the DM operator,
different M, distributions » different slopes of MET

» potential to characterize DM spin, different efficiencies, should be
explored by ATLAS/CMS

Application beyond EFT
» when the DM mediator is not produced on-the-mass-shell - M

fixed: t-channel mediator or mediators with mass below 2M,,

» On the contrary, when DM comes from the resonance decay, MET shape
will be the same for different DM spins (given that SM operator is fixed)

smom 1S not

Projection for 300 fb: it is possible to distinguish C1-C2,C5-C6,D9-D10,V1-
V2 ,V3-V4,V5-V6 and V11-12 from each other; all models are public at HEPMDB,
https://hepmdb.soton.ac.uk/ has got a permanent server status at SOTON!

Re-interpretation at high-luminosity is limited by present searches
» Low MET cuts - low S/B ratio, hits 1% floor at 300 fb-, is this a limit?
» the study onimproving of the LHC sensitivity within the CheckMATE is
on the way: will add a “projected” analysis to CM
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Absolute values of the cross sections provide an additional

information to distinguish EFT operators

o (fb)

pp — DM DM jet @ 13 TeV
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Missing E_ (MET) distributions: the large range of slopes
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M., dependence is weak for 10-100 GeV range
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MET shape visibly changes for heavy DM case

M_ =1000 GeV {s = 13 TeV
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While M(DM,DM) distributions are defined by spin of DM!
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Excluded A (GeV) at

100 b1

LHC@13TeV

reach at 100 fb-!

Operators Coefficient ‘ DM Mass
10 GeV 100 GeV 1000 GeV

gz creer VAL NS 1115 267
EE C3 & C4 1/A2 | 1134 1131 662
S C5 & C6 1/A% | 2656 2611 1398
. 1/A2 1386 1405 861

Dl & D3 ’m; JAZ ‘ 78 7T 45
2 meen AL | @ o
E DIT & DAT 1/A%2 | 1217 1199 T80
:E D2T 1/A% | 1053 1052 670
E D3T 1/A2 | 060 038 644
A D5 & D7 1/A% | 1580 1591 1190
D6 & DS 1/A% | 1608 1585 955
DO & D10 1/A% | 2613 2619 1580

e s 1/A 1.57 x 107 156383 992

Vi & V2 m,,,ﬂ*.ex? 1581 156 11
s V3 & V4 1/A% | 1.4 x 10° 14240 1144
E VE & V6 ml,,,ﬁﬁ 1.3}7?8107 1.341;6105 91530
E VTM & V8M 1/A% | 1.43 x 10° 14223 1276
g VTP & V8P 1/A% | 11734 3660 870
%" VOM & V10M 1/A% | 11684 3716 1041
= VOP & V10P 1/A%2 | 11690 3504 784
V11 & V11A 1/A% | 3.40 x 10° 34210 2833
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Distinguishing the DM operators: %2 for pairs of DM operators

2 [} | 2 ° M 2 °
Yo = E (N1; — k x N2;)/6BG;)* + if x?>9.48 (95%CL for 4 DOF)
i=EM3,EM4,EM5,EM6,1M7 - operators can be distinguished!
Complex Scalar DM Dirac Fermion DM Complex Vector DM
10 GeV 100 GeV || 10 GeV | 100 GeV 10 GeV 100 GeV 1000 GeV
c1 Cs | C1 Cs D9 D9 Vi V3 Vs Vil | Vi V3 V5 Vil | VI V5 Vil
Comul 100 C1|| 00 33.68| 1.35 36.36|| 51.38 | 63.44 ||37.57 50.0 73.55 96.47|40.08 53.15 78.9 102.08|43.68 76.83 110.91
gmf’ex GeV  C5 (25.26 0.0 [17.84 0.07 1.8 4.56 041 14 729 15.09] 0.3 1.98 925 17.49 | 0.68 828 21.11
calar
DM 100 C1] 129 22.62| 00 24.69]|| 37.85 | 48.21 |[|26.33 36.4 57.02 77.7 |28.09 39.16 62.03 82.79 |31.16 60.21 90.71
GeV  C5 || 27.1 007 |19.36 0.0 1.51 4.0 0.38 1.04 652 13.97| 0.18 1.59 842 16.3 | 047 7.5 19.79
10
Dirac oV D9 |[36.37 1.7 |28.17 1.43 0.0 0.86 1.08 012 21 64 | 068 005 308 803 | 046 236 10.54
T e
Fermion
DM 100 1o i - —— .
eV D9 |[43.14 4.13 |34.48 3.64 || 0.82 0.0 34 103 03 291|254 063 077 392 | 232 062 564
V1 ||27.87 041 |20.54 0.37 1.13 3.71 0.0 092 6.13 12.87| 018 137 7.72 15.16 | 025 6.63 18.64
10 V3 |[35.62 133 |27.27 099 || 0.12 1.08 0.80 00 244 722 | 045 007 36 894 | 03 29 11.57
CeV V5 ||48.96 6.47 |39.92 5.82 1.98 0.3 55 228 0.0 138 | 444 166 014 206 | 405 018 3.32
V11|61.93 12.92(52.45 12.03|| 5.81 2.75 11.14 651 1.33 0.0 |9.91 541 072 01 | 904 091 05
Cfrmplex Vi || 29.4 020 |21.66 0.17 0.7 2.74 0.17 046 489 11.32| 00 081 645 13.44 | 0.13 558 16.66
Echt;’r 100 V3 || 37.46 1.86 [29.02 1.5 0.05 0.65 1.3 007 1.76 594 | 078 0.0 2.73 7.5 0.57 2.11 9.91
: GeV V5 ||51.87 8.11 |42.88 7.43 2.86 0.74 6.84 332 014 073 | 579 255 00 121 | 531 014 2.23
V11| 64.82 14.81(55.29 13.88|| 7.21 3.66 12.98 797 197 0.1 |11.63 676 1.17 00 |10.77 1.54 0.16
L000 V1 |[31.93 067 |23.95 046 || 0.48 2.49 025 03 445 10.3| 013 059 591 12.4 | 00 487 15.52
eV V5 ||51.03 7.34 |42.05 6.68 2.22 0.6 504 271 018 094 | 505 199 014 161 | 443 0.0 281
Y V11|/69.57 17.65|59.83 16.65|| 9.34 5.2 15.75 10.18 3.13 049 |14.24 882 213 0.16 |13.32 265 0.0
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