Imperial College
London

MITCHELL INSTITUTE
TEXAS A&M UN

IVERSITY

T

Oliver Buchmueller, Imperial College London

SEARCHES FOR
DARK MATTER PRODUCTION
AT THE LHC

MITCHELL WORKSHOP ON COLLIDER AND DARK MATTER PHYSICS 2015

DM Searches @ LHC O. Buchmiiller




Imperial College
London

Searches for Dark Matter (&SUSY)

' [ndi

rect Searches &




Imperial College
London

Searches for Dark Matter (&SUSY)

’ Inirct Searches

. -
-, -
) - -— / - -
-. = . - -
Ts \! 5 N\ R S
! \ RN ~ "N N
= ~
4 1 \ N \ -




Imperial College
London

Characterizing Dark Matter Searches

complete theory vs. simple interpretations

Example:
SUSY Effective Field Theory
Simplified models
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Supersymmetry

Extension of the Standard Model: Introduce a new symmetry
Spin %2 matter particles (fermions) < Spin 1 force carriers (bosons)

Standard Model particles SUSY particles
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Higgs
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X Gravitino
Graviton Q
. Squarks  Sleptons Susy
Quarks 0 Leptons . Force particles Force particles

1\B+L+2
New Quantum number: R-parity: Rp = (—l) _— +1 SM particles

R-parity conservation: -1 SUSY particles
» SUSY particles are produced in pairs

* The lightest SUSY particle (LSP) is stable
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What do we call a “SUSY search”?

The definition is purely derived from the experimental signature.
Therefore, a “SUSY search signature” is characterized by
Lots of missing energy, many jets, and possibly leptons in the final state

Missing Energy:
* from LSP

DM Searches @ LHC O. Buchmiiller

Multi-Jet:
 from cascade decay (gaugino)

Multi-Leptons:
 from decay of charginos/neutralios

RP-Conserving SUSY is a very prominent example predicting this
famous signature but ...
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What is its experimental signature?

... by no means is it the only New Physics model predicting this experimental
pattern. Many other NP models predict this genuine signature
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- Nwimp
q 'l
N6 ;'//' 10 Missing Energy:
N4 N5 » Nwimp - end of the cascade
N1 . i
o q ! oV Multi-Jet:
N2 N Nwimp ~ _-° - » from decay of the Ns (possibly via

\ . heavy SM patrticles like top, W/Z)
1
\ a b Multi-Leptons:

= T * from decay of the N’s

Model examples are Extra dimensions, Little Higgs, Technicolour, etc
but a more generic definition for this signature is as follows.
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Inclusive SUSY Searches in 2013

DM Searches @ LHC O. Buchmiiller

m,, [GeV]

1000

800

700

600

500

400

300

MSUGRA/CMSSM: tan(B) =30, A0 =-2m,, 4 >0 Lepton & Photon 2013

I I I I lLl‘_\l.\l I I l I I I I I l II_ I I I I I I I I I I I ]
—7 N T L [ 95% CL limits. agua” not included. —
: LSP . 1-LAS P rellmlnary\ o = = Expected 0_|ept0n' 2-6 Jets :
— IS mm= Observed ~ ATLAS-CONF-2013-047 —
L L dt=20.1-20.7 Tev ) _|
- N Ldt=201; 20.71 4 15 =8Te - - Expected  Q-lepton, 7-10 jets .
L \ mem= Observed ~ ATLAS-CONF-2013-054 7]
— —— Expected (-1 lepton, 3 b-jets —
— \\ \‘,\_ qu = 1 800 Gev === Observed ATLAS-(F:)ONF-2013-(J)61 —
— T —— Expected  1-lepton +jets +MET 7]
L \ ‘ v T ~'r_ ________ === Observed ~ ATLAS-CONF-2013-062 ]
= \ \ \ == Expected  1-2 taus +jets + MET —
— ‘ \ \ === Observed  ATLAS-CONF-2013-026 —
— \ ! Expected  2-SS-leptons, 0 - =3 b-jets ]
B \\ ‘;\ Observed  ATLAS-CONF-2013-007 ]
: </» Mg = 1400 GeV
A AR N\ S | | ]
- 1 i. ! |
— ' . l. l. !
— \ \. l. ! !
— \ \ | | | |

A R I N TSN N G SR NN T SNSRI N TN N AN SN SN NN SN IS SR N A
0 1000 2000 3000 4000 5000

6000

m, [GeV]



Imperial College
London

Inclusive SUSY Searches in 2013

MSUGRA/CMSSM: tan(B) =30, A0 =-2m,, 4 >0 Lepton & Photon 2013
';' 1000 T I I I Il_l:\l.\l I I I I I I I I I LB I I | I I I I | I I I I |
ko & —7 N T L [ 95% CL limits. agua” not included. —
2 = CE=r \ TLAS Prellmlnary“"‘ - - Expected  (-lepton, 2-6 jets ]
< = 900 — IS 4 m== Observed  ATLAS-CONF-2013-047 —
S = - .~ Ldr=201-20710 15 =8 TeV T Expecsd  Olepton, 7-10 jefs -
R | A 3 === Observed ~ ATLAS-CONF-2013-054 ]
O - — ~ = Expected (-1 lepton, 3 b-jets -
@) 800 — qu 1800 Gev === Observed ATLAS-(F:)ONF-2013-(J)61 —
5 B T == Expected  ]-lepton +jets + MET 7
G L v T —'r_ ________ === Observed ~ ATLAS-CONF-2013-062 ]
n — \ \ == Expected  1-2 taus +jets + MET —
L 700 — \ \ m== Observed  ATLAS-CONF-2013-026 —
2 — \ ! Expected  2-SS-leptons, 0 - =3 b-jets ]
] — \ ! Observed  ATLAS-CONF-2013-007 7
wn B \. \ —
= 600 — —
2 E e Mg = 1400 GeV -
et U A i ek i~ ' - ----;

500 — | -Nommos) AN~ T T T T e T —— P e

%0 - whe ST NI

C i S o — T —
- \ \ \. l. | ! —
~ \ \. l. l. l. l -
300 — \ | i i i i —
B \ \ [ . | | | =

| | 1\ 1 I | 1 11 | I 1 11 | | I 11 | | | I | 1 11 | I 111 | |

1000 2000 3000 4000 5000 6000

LEP & m, [GeV]

Tevatron The LHC has pushed the mass scale in constraint SUSY models

to a new level! 10
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Inclusive SUSY Searches in 2013

MSUGRA/CMSSM: tan(B) =30, A =-2m, 1 >0 Lepton & Photon 2013
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Tevatron B The LHC has pushed the mass scale in constraint SUSY models
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CMSSM: Evolution with time
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Fit to indirect and direct

constraints on SUSY!

Other “fitter” groups find very similar

results:

e.g.

SuperBayeS: arXiv:1212.2636
Fittino group: arXiv:1204.4199

Source:
http://mastercode.web.cern.ch/mastercode/
Observable Source Construnt Ax® Ax Ax®
Th./Ex. (CMSSM) | (NUHM1) (*SM7)
e [CeV] I 1732 £ 0.00 0.05 0.06 .
Aol (Mz) 32 0.02749 + 0.00010 0.009 0.004
Mz CeV 1% O11875 + 0.0021 T7x10 © 025 -
Tz [GeV] 26 / 134 2.4952 + 0.0023 + 0.001susy 0.078 0.047 0.14
Thad 105] 6] / 134 11,540 = U.087 750 757 754
Ry 26 / 134 20.767 £ 0.025 1.05 1.08 1.08
An (L) 6| / 144 001714 £ 0.00005 073 0.60 0.81
A P) 26 / |34 0.1465 + 0.0032 011 0.13 0.07
Re 6] / 134 031620 £ 0.00068 035 039 037
R 26! / 134 01721 £ 0.00S0 0,002 0,002 U.002
Ap,(b) SREE 0.0992 + 0.0016 717 7.37 6.63
Am(c) 76 7 144 00707 + 0.0035 PE RS 080
As 26 / 134 0.923 + 0.020 0.36 0.36 035
A 6] / 134 0,670 + U027 0005 U.005 U.005
A¢(SLD) 26 / 134 0.1513 + 0.0021 3.16 3.08 3.51
sin On (Qrs) 26| / 134 0.2324 + 0.0012 0.63 0.64 0.50
Mw [CeV) 6] / 144 B0.500 + 0.003 + U.010susy 177 1.90 P
an " —an = / [A2,54 (W2 LS8+ 2 0susy) = 10 © 135 T.80 11.10 (N/A)
My, [GeV] 7 / 55,56 > 1143751 55usy] 0.0 0.0 0.0
BRy 35 / @3 1.117 + 0.076gx p 1.83 1.09 0.94
+0.082g + 0.0505y5y
BR(B, > p'p) [29] / A1 CMS & LHCH 0.04 0.44
BRg.. [29] / (46 1.43 + 0.43sxpsH 143 150
BR(Ba—»p™p) 29] /146 < 4.6[+0.01gygy]| = 107~ 0.0 0.0
BRE 7 a7)/ |4b] 0.09 + 0.32 0.02 < 0.01
BR;;‘:;'Z“ 29 / 3% 1.008 + 0.014gxpTH 0.39 0.42
BR,, > 39/ |50] <45 0.0 0.0
AMg 9 / BL52 0.97 + 0.01gxp = 0.27sm 0.02 0.02
AN T
— |29 / BBUS1.52 1.00 £ 0.01pxp £ 0.13sm < 0.01 0.33
aMpy
Acg 19 / 5152 1.08 + 0.1dsxp,a 027 037
Qcpuhb 811 / 09 0.1120 + 0.0056 + 0.012susy | 84x10° 0.1
ay 75| (m o, 07" ) plane 013 0.13
e T B T (miox iy /2 Plane 155 T
H/AH* 21 (M 4, tan 8) plane 0.0 0.0
Total x°/d.or. Al Al TRR22 | 2T |
p-values 15% 16%
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CMSSM: Evolution with time
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SUSY Status — post 7 TeV LHC data

» Constrained SUSY models like the CMSSM are
severely put under pressure by the LHC limits!

» Experiments define new benchmarks and less
complex SUSY models in order to present the
interpretation of their searches.

DM Searches @ LHC O. Buchmiiller

» Aided by the discovery of a Higgs boson, the
focus of the experimental search strategy and
corresponding interpretation shifts towards other
scenarios like “Natural SUSY” (i.e. 3" generation
squark searches).

14
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Interpretation in Simplified Models

CMSSM What the individual searches
. pair Production 66 @r'€ sensitive to is much more
Q ___10% QQ, :
= - s simple...
; o
S Mﬁf‘
g S—
|

86% of all hadronic
production in LM1 consists
of “simple” decay chains.

This makes it particularly

amenable to being
approximated well with a
3-particle OSET.
N/ v - 7
X 0

Simplified model spectrum (SMS)
with 3 particles, 2 decay modes
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SMS: a few interesting features

’>\ _| T | ~|~ ~| T | |~ | |~ | T 3
5 o 8001~ pp—>§4,§—q7; m@>>m(@) 2
g > ~ [— it + ©
: 3, % 200 Expected Limit =10 exp. c
s ® 5 E -~ NLO+NLL =
S o o =10 theor
c B E 600 I £
T gc _—q+q U+d+sS+C -
% oo 500/~ " U_only )
S -
s 8 E " CMS, 11.7 fb" -
; 0 400_(_’ 10 O
5 22 S= 2
—.2 =gt T T %
M o
© o
RIgE= 200 1072
g o
o S
2= 100
c =
Ok 103
300 400 500 600 700 §OO 900 1000
squark (GeV)
mgM#= 0.8 TeV : Best limit in plane Assumes 100%
BR for decay chain

considered. 16
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How to summarize SMS limits?

Approach taken in the 2012 and 2013 Experimental SUSY PDG reviews
[OB & Paul De Jong]:
http://pdg.Ibl.gov/2012/reviews/rpp2012-rev-susy-2-experiment.pdf
http://pdg.Ibl.gov/2013/reviews/rpp2013-rev-susy-2-experiment.pdf

Model Assumption mg m;
mg & mg 1400 1400
CMSSM all m; - 800 2120 L ga g andim@n | o I‘° g
= [ ----- Expected Limit +1c exp. 2
all mg 1300 - 21000]- —— ONLOHLL .1 ¢ theory 1S
L CMS Preliminary, 11.7 f6", /s = 8 TeV. =1 E
Simplified model gg Mo =0 - 900 800k M LT o i
mgo > 300 - no limit : =
1 600 —510-1 13
Simplified model Gg Mg = 0 750 - 4;{ b
mgo > 250 no limit - : ! 102
200
Simplified model Mgo= 0, mgz = mg 1500 1500 E =
P _ _ Po) I [C Ol T, 10°
94. 99 mgo= 0, all mg 1400 - 40 G0 B0 fooR 1200 400
mzo= 0, all mg - 900
1

This was an appropriate approach for the rather limited amount of inclusive searches

and corresponding SMS interpretations available in 2011 (7 TeV).

17
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How to summarize SMS limits?

Approach taken in the 2012 and 2013 Experimental SUSY PDG reviews
[OB & Paul De Jong]:
http://pdg.lbl.gov/2012/reviews/rpp2012-rev-susy-2-experiment.pdf
http://pdg.Ibl.gov/2013/reviews/rpp2013-rev-susy-2-experiment.pdf
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95% C.L. upper limit on o (pb)

Model Assumption mg m;
m; ~ mg 1400 1400
ChaQana all an o onn SqoooF T T T LI LT T T LT T LT '{.10
It is a challenge to do justice to the many searches and limits that |
Simpli have been established so far =)
- even more so to put it all together into the/a "bigger picture". i _'10_1
Simplified model 3§ mgg = 0 50 - 4; !~
Mo > 250 no limit . 200; : R
Simpliﬁed_model mso= 0, mg ~ mg 1500 1500 - | | | | 4I
94, 99 mgo= 0, all mg 1400 - T 200 600 800 1000 igzlmon(j('(j\z;,)oo 10°
M= 0, all mg - 900

This was an appropriate approach for the rather limited amount of inclusive searches
and corresponding SMS interpretations available in 2011 (7 TeV). 18
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M sp
[GeV] 4

1000 —+

750 -+

500 —+

Note: The following results are a May 2015 update
to PDG review September 2013.

http://pdg.Ibl.gov/2013/reviews/rpp2013-rev-susy-2-experiment.pdf

What are representative
SMS limits on the different

particles?

gluino/
> squarks |
[3
P g )
2 d 2
S charginos/ hor b
T neutralinos 1
400 — fi: H \Aﬂ. e — |
b
300 - HIggS
sector | Sleptons
200 — :: :'2[ w0 : A .
, ,TK ﬂ: i
100 — Ul A LSP
Msgysy
[GeV]
i ] ] ) L
] I i | 1 —
250 500 750 1000 1250 1500 19
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Direct squark production

chosen limits

Qi—axi

----- %t
y ————— X1
q
19.5 0™ (8 TeV)
< 800 -
o) pp—~40,9—>q 5('? NLO+NLL exclusion 3
(-—2- _ =Observed = 10y, th ]
EIX zzzExpected = 10, 0 inen P{% &
600 =1 P
- CMS BE
i g+, @ d.§,T) |
400 - I5 ~ul -
4 10"
200 S
F 4 =102

400 600 800 1000 1200

me [GeV]

CMS arXiv:1502.04358
Signature: Jets + E™ss with M,
Limit assumes all 1st & 24 gen
squarks to be mass degenerate
[or only one light squark]!

95% CL upper limit on cross section [pb]

Sbottom pair production, b, — b ;”(?

600 L ‘ T TT ‘ T TT ‘ T i | SusY
N ATLAS === Observed limit (+1 "meow) ﬁf; production,ﬂ—» bf f"){? /T‘—r w bil‘] /T,—» ti?
B — 77—
o S e Expected limit (1 g,,,) | - —_— limit (=1 oYY i
500 - [ Ldt = 20.1 fb-1, V=8 TeV exp | B ATLAS = — Observed limit (10, a
u T 53 _ -1 - it (-
L - CDF 2.65 ib™" i det =201fb", Vs=8 TeV - --- Expected limit (+10,,)
[ All Limnidta At 0, | N
aob £ 95% CL [ I pos2f’ e 00— 1-lepton + jets + E™* Al limits at 95% CL —
C )% —— ATLAS 2.05 fb", Vs=7 Tev 1 - ) .
- L E 250|— R & Sy —
f A 1 _ R 1
r S ——— b “, &/ &7
o0 =S gt N - | 200 s . -
C 3 ] 150 \ —
200 |~ ¥ 7 SN .
C ; ] 100 —
r : E ] E
100 al 1 | 2 7 L
AN - P 4 P i
H B 4 Tl
1 ] 0 | \ \ pi
| | | | H ‘E | i 200 300 400 500 600 700 800
0 11 11 1 1 1111 111 | L 1 111 m. Gev
100 200 300 400 500 600 700 800 4 [ ]

m; [GeV] r

ATLAS arXiv:1308.2631
Signature: 2 b-jets + E{™'s

ATLAS arXiv:1407.0583
Signature: 1Lepton + jets +
ETmis
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M_sp

[GeV]

1000

750

500

250

Direct squark
'T Mmsusy = Mg
q—aqxi =—
_1_ CMS arXiv:1502.04358 ({@&
ur — ux(f — L
CMS arXiv:1502.04358 Q
7 %
b — bx(f — ({@’\)
ATLAS arXiv:1308.2631 /
— E% tX(l) — ’{
0%
S
&Q
BR=100%
all limits are
observed nominal
95% CLs limits
RP conserved
Mgysy
[GeV]
|
i i | —
250 500 750 1000 1250 1500 21
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Gluino mediated squark production — limits chosen

-
Q
=
£
=
O
3
[aa]
@)
@]
L
~— . ~ ~0
§g production; §—q q 7,
= LN I I I T 7]
(3‘ 1400 _—ATLAS m—— Observed limit (:10;2:;) ]
o’ r 4 = === Expected limit (+10,,;) ]
& 1200 —f Ldt=20.3b" s=8Tev Observed limit (4.7 fb™, 7 Te\y—]
[ Oleptons, 2-6jets ..., Expected limit (4.7 o™, 7 TeV) o
1000 — -]
800 [ -
600 |- —
400 - -
200 F- =
400 600 800 1000 1200 1400
m. [GeV]

ATLAS arXiv:1405.7875
Signature: OL + 2-6 Jets
+ Etmiss

g

CMS 19.31b" (8 TeV)
s 1200 — — ‘ 3
8 pp —>4d9,9 —> bbx1 NLO+NLL exclusion B
l_ﬁ;J 000 fObserved =1 Opeory IVCMS 1
= =z Expected = 1 Oexperiment g 8
Razor OL [
800— 4 .-

600

oo e b Py g |

400 E

200 1

C L L R R B
00 600 800 1000 1200 1400
r'r1§[GeV]

CMS arXiv:1502.00300
Signature: : OL + Razor
+ b-tag

—_

107"

102

-
S
%

95% CL upper limit on cross section (pb)

3 production, § — tf+§‘(?, m@) >>m@@) L™ =20.1 fo™, {s=8 TeV

= — : — T
> L ]
QJ A ATLAS 7777 Expected limit 104, ]

e L 0and 1 lepton + 3 b-jets channels ... 4
£ B = Observed limit = 1cpeoy

800 — > A All limits at 95% CL —
B T T ]
L L |
600 [— & —
400 — —
- \ -
1
- ) -
1
- :E \l -
200 — f —
L ! -
\
) -
0 1 | T - T
600 800 1000 1200 1400
m(g) [GeV]

Signature: 0/1 Leptons +
3 b-tag + E/™s
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M_sp

[GeV]

1000

750

500
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Direct squark

'T Mmsusy = Mg

~ 0

qQ—4qx3 —=—
CMS arXiv:1502.04358
ur — ux(f —
CMS arXiv:1502.04358
7 0

ATLAS arXiv:1308.2631
t— tx) —

Gluino mediated

msusy — My
~ ~ 0

g —44x7 ===
ATLAS arXiv:1405.7875

§—>b5x? ——

CMS arXiv:1502.00300

§—>tt_x(f —_——

BR=100%

|
‘ all limits are
observed nominal
l 95% CLs limits
RP conserved

\I

|

, Mgysy

| [GeV]
: : : : i+
250 500 750 1000 1250 1500 23
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M, gp ] Am =m(t) - m(x°) diated
[GeV] » Mind the gap! ..-rw rw<am<mo

Am >m(i)

A
1000 | <
TS F
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750 —+
500 -+
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observed nominal
| 95% CLs limits
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250 -+ |
]
' Mgysy
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Compressed stop — mind the gap!

c b 14 b 12
p %% D B v D W v
- 7 t - tl
) t 7 ~+ -0 - ~0 - ~0
= 2 X5 _- X9 _- X
£ =
~ ~0 S o ~0 ~ ~0
£ SooXd % ~ % "~ 0
@ t t ty
- p W p q p W q
© b
¢ 9 c ~ b 4 ~ b q
e t— ey t—bff'\Y t— Wby
®© CX1 X1 X1
(%]
(O]
=
TJ, production, BR(, — ¢ 7)) = 1
< 880 T T T T, production, T, — b 1%, cMs Vs=8TeV, [Ldt=19.5fb"
[o) L ATLAS Ldt=20.3fbr1, E:STeV 1= 400 L L L L B L B L B L >
S = T o E ;‘ T T T T T RS 10
E‘tx’ 300 [ o-tagged + monojet-like selection . % 350 E ATLAS ® pCa_low © 400Fpp-THT- ti: === Observed (z10" ")
[ === Observed limit (+10prc’) o g E f Ldt=20fb", Vs=8 TeV = bCa med g BDT analysis === Expected (+10)
E SZ Expected limit (+10,,) L 300 - - _ 350" unpolarized top 10
__ LEP (0 =0° A T 1-lepton + jets + E Y bCb_high =
250 C ( N E p j 300
- [ coF (2.6 b e 250 - . ;
I All limits at 95% CL C ° .- 250
200 200 - . _—
= DU, Tt o 200
150 - we™ - 107
150 : = e R 150
L == T
I 100 === g L 100
100 s . h A 102
50 - .
E - m{‘,m 50
50 L L ! Eol il [P B PP PPN P P B oh 10°
100 150 200 250 300 120 140 160 180 200 220 240 260 280 300 3: 100 ===2(0@== =0 400 500 600 700 800
m m m; [GeV]

ATLAS arXiv:1407.0608
Mono-jet & c-tag
combined

ATLAS: arXiv:1407.0583
1L + E™s & b-tag

CMS arXiv:1308.1586
1L + E/™sand BDT &

b-tag 25

o upper limit [pb]
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M_sp

[GeV]

1000

750
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Direct squark  Direct stop in “qap” Gluino mediated

Mmsusy = Mg msusy = mg mSUSYO: mg
- 0 7y © g—=aixi - - -
%

47 4x1 Xl. ] ATLAS arXiv:1405.7875
CMS arXiv:1502.04358 ATLAS arXiv:1407.0608 X . =0

0 — N g — bbx] = = =

L 1 b0 L CMS arXiv:1502.00300
CMS arXiv:1502.04358 L — bf X1 Q R

ATLAS arXiv:1407.0583 S g —ttx] = = -

7 0

b— bx3

ATLA Xiv:1308.2631 ~
S arXiv:130 N WbX?

CMS arXiv:1308.1586

BR=100%

|
‘ all limits are
|

observed nominal
95% CLs limits
RP conserved

\I

]

[ Mgysy

| [GeV]
: : S

250 500 750 1000 1250 1500 26
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b bX(1) - ATLAS arXiv:1407. - -
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Direct chargino/neutralino production
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Misp What does this imply for Linear Collider?
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My sp Direct squark Direct stop in “gap” Gluino mediated
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Characterizing Dark Matter Searches

complete theory vs. simple interpretations

Example:
Effective Field Theory
Simplified models

DM Searches @ LHC O. Buchmiiller
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Mono-Mania (at the LHC)
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Mono-Mania (at the LHC)

Mono-/
Z
q
EI__) X
=
=
-
(@)
)
m
S _
O X
I \
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n q Z
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.C
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 —
O
()]
(0] X
=
(&)

T— T— R — B
Mono-top

X u; v d; X
u -
X

u : oE .
d ]
W g t d; t
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Mono-X searches at colliders

ETMiss trigger
Example Monojet

(8 TeV, 20.3 fb-1)
Et™ss  pt(j) > 150 - 900 GeV
1 or 2 jets (anti-kr,
R=0.4, pr>30 GeV)
|Ad( ET™8,j2)1>0.5

Example Monophoton

(8 TeV, 19.6 fb):
Etmiss pr(y)>140 GeV,
Njet < 2 (anti-kt, R=0.5,
pt>30 GeV)
Ad (y, ET™ss) >2,
(X2, Ad (jet, ET™ss) >0.4)
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ATLAS Mono-Jet: Comparison with Direct Detection

]
—h
S
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! T T T TTI ! ! IIIIIII I ! lIIIIII
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WIMP-nucleon cross section [cm?

104
104
spin-independent
10‘46 | | | lllllI | | ! llllll | | | Illlll
1 10 10? 10°

WIMP mass m, [GeV]
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ATLAS Mono-Jet: Comparison with Direct Detection

| CMS 8TeV D11
1 0-36 qq vector v Yxar.g

qq axial-vector #.i’)")"‘,u'{h Yq
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ATLAS Mono-Jet: Comparison with Direct Detection
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Mono-Jet analyses better than direct detection?!

|_|10-27_I T T T T T T T T T roTTIg

A . . -27
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S _g ol |Ldt=195f SIMPLE 2012 B 5 - (L gtz 105 16" — YENON1002012
o 107 F -~ CDMSII 2011 . S 1032 S
o - ] D107 F - COUPP 2012 =
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10-46| ] Lol 1 Lol 1 Lol 10-46| 1 Lol 1 Lol ] Lol
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M, [GeV/c?] M, [GeV/cT]

Claim [often madel]:
For low mass and the entire spin-dependent case monojet limits

are stronger than direct detection limits!
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Effective Field Theory (EFT) Interpretation

q
& Example of considered operators:
:
i O — (X%JJX) (q%i Q) Vector operator, s-channel 9q X
O vV = g
Q A2 X
&
é q X
z Opy = (X%LVSX)(C]WM’VE)Q) Axial vector operator, s-channel

A2

Assumption of EFT
If the operator (e.g. V or AV) mediator is suitably(!!) heavy it can be integrated out to

obtain the effective V or AV contact operator. In this case (and only this case), the
contact interaction scale A is related to the parameters entering the Lagrangian:

A — Mmedz’ator
v Yq9x

(relation in the full theory)
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Validity of Effective Field Theory Limits

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799
» Compare Effective Field Theory (EFT) with Full Theory (FT)

one diagram
approach\/q“‘& W&mplmed model”

Use vector and axial-vector mediators (e.g. Z ) as example - scalar are similar in conclusion!

DM Searches @ LHC O. Buchmiiller

l0g1o(ogrT / OFT)

» EFT limits are too conservative!
Region IlI: EFT yields significant stronger limits then FT
» EFT limits are too aggressive!

| Region Il
100 ¢ . .

10 100

- 7 Compare prediction of FT with EFT in m_ ., — mpy plane.
L Region | 6 Three regions become visible:
5
=3 - 4+ Region |I: EFT and FT agree better then 20%
€ 1000 ¢ Region | 3 > EFTis valid!
EE | » Region II: EFT vyields significant weaker limits then FT
11
10
-1
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Validity of Effective Field Theory Limits

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799

2500 T T
= - Region lll Region Il Region 1
& 2000} |
< [ mpm=250 GeV
S 1500F —— T'=/Mtypeq/87
h— [ — = F:mmed/'?:

5 1000}
- i S
@) i | ) ]
& 500 XY x)@v.ra) 1
R [ A2 ]
)] 5= ., M, , .,
100 1000 10000

Mmed [GeV]

5
=]

E

z q 9 _x
G

T EFT

© approach

5

§ q X
=

[a)

» Compare Effective Field Theory (EFT) with Full Theory (FT)

9 X
o FT
Z :
one diagram
—s Q “simplified model”
X

Use vector and axial-vector mediators (e.g. Z’ ) as example - scalar are similar in conclusion!

Three Regions as function of mediator mass:

Region |: Heavy m,,.4

» EFT is valid!

Region [I: Medium m, .4 — Resonant enhancement
» EFT limits are too conservative!

Region IlI: Low m
» EFT limits are too aggressive!

med
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Validity of Effective Field Theory Limits

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799

q

EFT
approach

DM Searches @ LHC O. Buchmiiller

» Compare Effective Field Theory (EFT) with Full Theory (FT)

X q g X
M FT
Z .
one diagram
“simplified model”
Conclusion:

Usey The EFT is not an appropriate framework for a comprehensive | sion!

Interpretation of DM searches at colliders and especially must

>

¢ 2000¢

< L mpy=250 GeV

S 1500F —— T'=/Mtypeq/87

= F = [=mipeq/3

E 1000}

. I _—

O 1 / ) .

¥ 500 Xy Y ) @v.r a) 1

§ i A2 ]
O—...u ) y o L ) .,

100 1000 10000

Mmeq |GeV |

>%F taken with very (as in VERY) special care when comparing with .
: other experiments such as Direct Detection!

Region |: Heavy m,,.4

» EFT is valid!

Region [I: Medium m, .4 — Resonant enhancement
» EFT limits are too conservative!

Region lll: Low m,4

» EFT limits are too aggressive!
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Minimal Simplified Dark Matter Model

Based on work from :

OB, S. Malik, SM DM
M.Dolan,C.McCabe
arXiV:1407.8257 Mmed (I med) s-channel
EEEEERN
&4 &b
SM DM
Define simplified model with Consider comprehensive set
. DM : :
(minimum) 4 parameters of diagrams for mediator
Mediator mass| DM mass Dirac Scalar - Vector Axcial-vector
(Mmed) (Mpm) fermion real ecto
Majorana | Scalar -
gq gDM i Scalar Pseudoscalar

fermion | complex

(I g CaN also be free as long
As rmed<Mmed)
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nmduller

mpwm [GeV]

Collider vs Direct Detection
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LHC8 19.5 fb™’
LUX 2013
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\ Collider
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Collider vs Direct Detection
_ Mbm [Mmed
Q
=]
E , DM
g Vector Axial vector 9q |9
m
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Scalar and Pseudoscalar

Philip Harris, Valentin V. Khoze, See also Buckley et al
Michael Spannowsky, Ciaran Williams arXiv:1410.6497
arXiv:1411.0535

chmiiller

Scalar Pseudoscalar

51000 r LI B e 51000 LB B S B L B B

o | —Iwl09) 1 o [ — g HE) ]
(.2, i —2 I“min ) (2‘ i gx-gc w— 2 [ i
=800 3 Lin — 58001 u=100 5 T -
e 10T, £ 10T, 1
[ — LUX(g*=100) I === FermiLAT(u=100) |
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200:- fu ,*;,fj _ 200:_ ';,,j _
- oo Scalar 1 -/ N spiemistossonivees Pseudoscalar
0_ lllAlAlllllllljllllllxlllll“ 0{11‘.1'11111‘1111111111;111111._‘

0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
m,.JGeV] m,,.1GeV]
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Projections for Future Experiments: M__,vs Mg,

Based on work from :
S. Malik, OB, M.Dolan,
C.McCabe et al
arXiV:1409.4075

Limits from 8 TeV
monojet search and
projected limits for 3
LHC scenarios:

- 13 TeV 30 fb"’

- 14 TeV, 300 fb™!

- 14 TeV, 3000 fb

LUX 2013 limits and
projected limits for LZ
assuming 10 tonne-year
exposure

Discovery reach
accounting for coherent
neutrino scattering
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Projections for Future Experiments: o vs M,
Can be also shown in the ovs My, plane ...
1032 T 1032 prrrrrer—r—rrrrrr——rrr— Ty
- Spin dependent (Axial) : ] _aaf Spin independent (Vector) | | ' .
10-3¢| 90% CL projected limits X ] 107" 90% CL projected limits | 1]
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Direct Detection experiments and collider are complementary!
They are probing different regions of the relevant parameter space!
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Summary for most basic Mediator Interactions

... iIn a nutshell!

Basic Mediators

Vector
EWK like coupling
(assumed equal to all leptons).
Besides very low DM masses
DD wins clearly over collider!

Axial-vector
EWK like coupling
(assumed equal to all leptons).
DD and collider are equal in overall
sensitivity but probe different regions
of parameter space!

Scalar
Yukawa like coupling on SM side
(mass based on SM side)
DD and collider are equal in overall
sensitivity but probe different regions
of parameter space!

Pseudoscalar
Yukawa like coupling on SM side
(mass based on SM side)
No limits from DD (only from indirect
detection). Collider provides limits
similar in sensitivity to scalar limits
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Outlook: 8 TeV vs 14 TeV

Use parton luminosities to illustrate the gain of 14 vs 8 TeV

Higgs:
pp > H, H>WW, ZZ and yy 1000 - - I
mainly gg: factor ~2 - ratios of LHC parton luminosities: ,’1 ,'; 4
[ 14 TeV/8 TeV and 33 TeV /8 TeV D e
SUSY — 31 Generation: ! susy
squarks/Gluino l
Mass scale ~ 500 GeV o 100f 99 ey | -
qq and gg: factor ~3to 6 © -7 Iqq T
- !
_ = Ve
Scalar/Pseudoscalar Mediator & '
Mass scale ~ 2.0 TeV € 1ol Vi -
E : :
gg: factor ~20 = / Higgs -~ 2 I O
: N”__,,—~125Gev I 1 :
SUSY — Squarks/Gluino: - ----"""" T I Lok o
Mass scale ~ 1.5 TeV N ST R B b e S
: ~ 10 100 1000 scarar 10000
qq,99,q9: factor ~40 to 80 M, (GeV) Sealars
~2.0 TeV

Vector/Axialvector a la Z’ :

Mass scale ~ 5 TeV Increase in energy will help a lot!
qq: factor ~1000 53
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Summary

» So far New Physics has not revealed itself!

» Even by 2010 the LHC has enter new territory for New Physics searches and
since pushed e.g. the (coloured) SUSY mass scale to the ~1 TeV scale

» We were well prepared for an early discovery but we also knew that it could
take more time and ingenuity before we can claim a discovery (if NP exist)

» The LHC experiments have established an impressive
variety of very powerful direct searches for many different
final states!

» Based on these results we need to establish the “big picture” in order to
understand find out if/where our search strategy might have weak spots or
even holes!

» This requires appropriate interpretations of the searches and a MEANIGFUL
comparison with other experiments — important example DM searches!

» The high energy running of the LHC starting 2015 will be
our next very (as in VERY) real chance for discovery!

The story continues ... stay tuned!

DM Searches @ LHC O. Buchmiiller
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BACKUP
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Early SUSY Search Strategy at the LHC

luino - Glui -
Gluino - Gluino Search Signatures

’ [ I T
- l | X _ie_ » SUSY-like decay chains range from short to long
X and simple to very complicated.
G aqtibbib 43 tb bbtt  qq thbbt 49 thbbit » All physics objects, MET, jets, leptons, photons, b’s
ETA ;’VVigs g taus, tops, W, Z, etc are involved

» Comprehensive coverage of all possible signature
requires a topology oriented search strategy:
References Analyses

Squark - Squark

DM Searches @ LHC O. Buchmiiller

q A o 1 X:I:,O l X:i:,o
| —I—X | x> ¢

- _ T 0- 1-lepton] OSDL | SSDL 23 2- y+lepton
X l leptons leptons | photons
gt b g t b gt b gt b Jets + Single | Opposite- |Same-sign] Multi- Di-photon § Photon +
""""""""" W70 wWEz0 ¢ MET lepton + sign di- jdi-lepton +] lepton +jet+ lepton +
WEz0 ¢ Jets + lepton + jets + MET MET
MET jets + MET
~ Squark - Gluino MET
q
A R S . |
| s «* Already in less then two years of operation
~ J —
X 1 ATLAS & CMS managed to carry out
atb atb ¢tb qtob the full list of these core
Fbbth qq tt bbtb b u ”
L A SUSY References Analyses”!
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" The Large Hadron Collider at CERN

Bt LS PSS

DM Searches @ LHC O. Buchmiiller
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" The Large Hadron Collider at CERN

== : N e T TR e i P e 3

LHC : 27 km long
100m underground

DM Searches @ LHC O. Buchmiiller
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" The Large Hadron Collider at CERN

T e R P —-

LHC : 27 km long
100m underground

DM Searches @ LHC O. Buchmiiller

General Purpose,
pp, heavy ions

:entrll detector

electromagnetic
_calorimeter
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" The Large l_;’_‘ﬁgrog CR)mQ[der a't CERN

B e e e
- - ——
L

. A ¥ |

: et R0 .3‘-‘\ ""-":*3 | - N :
WEEARR S gl g TR g L TR e A —
. oordy - .
LHC : 27 km long -

100m underground

0

DM Searches @ LHC O. Buchmiiller

General Purpose,
pp, heavy ions

vacuum chamber

central detector

electromagnetic
_ calorimeter

" hadronic

calorimeter

. Heavy ions, pp

F O )

+TOTEM

Diameter: 15m
Weight: 14500t
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" The Large Hadron Collider at CERN

— TS P ————a s =

pp, B-Physics, ——
CP Violation

LHC 27 km long
100m underground

DM Searches @ LHC O. Buchmiiller

! General Purpose,
pp, heavy ions

electromagnetic
_ calorimeter
hadronic
calorimeter
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M_sp

[GeV] 4
1000 <+

500

-

Direct squark
msusy = Mg

t — tx" ATLAS-CONF-2013-037

Direct slepton

—— LHC: 8 TeV 20 fb™'

Example of “difficult”

N SUSY channels!
IR — 1 X} ATLAS CONF 2013-049
Direct X1 /X3
—_— X1 X2(h6‘wy l)
CMS-PAS-SUS-13-006
Msysy = M+ = My
BR=100%
all limits are
observed nominal
95% CLs limits
B RP conserved
Msgysy
[GeV]
: | : | —
250 500 750 1000 1250 1500 62
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M_sp

[GeV] 4

1000

500

—

——

—— LHC: 8 TeV 20 fb™'

Direct squark .-+ LHC: 14 TeV 300 fb"
msusy = Mg

t — tx" ATLAS-CONF-2013-037

Direct slepton
[r — 1"\ ATLAS-CONF-2013-049
+ 0
Direct X1 /X2
— X7 X3 (heavy [) REILICIR
CMS-PAS-SUS-13-006 . ‘e,
Mmsusy = M, + = M0 . . .
* *
* L )
L g
¢ ° BR=100%
L 2 L
. all limits are
. observed nominal
95% CLs limits
- RP conserved
. n
| Mgysy
[GeV]
| : | >

250 500 750 1000 1250 1500 63
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M_sp

[GeV] —— LHC:8 TeV 20 fb"
1000 + Direct squark ... LHC: 14 TeV 300 fb-'
msusy = Mg '
s 0 — — - HL-LHC: 14 TeV 3000 fb™'
t — 11 ATLAS-CONF-2013-037
Direct slepton o
IR — 17X ATLAS-CONF-2013-049 / S o
+ /.0
Direct X1 /X2 o7 \
+ 0 7 V4 \
— X3 X2(heavy 1) " -, \
CMS-PAS-SUS-13-006 7 . ‘e,
500 . TS T Tme s T A ) \
. \
" BR=100% |
. all limits are
. observed nominal‘
95% CLs limits
250 - " RP conserved
) Msysy
] [GeV]
0 0 H— | —
250 500 750 1000 1250 1500 64
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M sp
[GeV]

1000

500

—

-

ZR—>

Direct squark
msusy = Mg

t — tx" ATLAS-CONF-2013-037

Direct slepton
X ATLAS-CONF-2013-049

Y, 0
Direct X1 /X2

— XT x5 (heavy 1)
CMS-PAS-SUS-13-006 /.

= —-—
Mmsusy = m,+

l:t

=Myy o

—— LHC: 8 TeV 20 fb™'
LHC: 14 TeV 300 fb-"
— — - HL-LHC: 14 TeV 3000 fb™'

- —
/ N -
7 \
< \
el \
L/ . \

‘ \
* BR=100% |

. all limits are

observed nominal‘
95% CLs limits
RP conserved

Msgysy
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M_sp

[GeV] o — LHC: 8 TeV 20 fb-"
1000 —+ Direct squark LHC: 14 TeV 300 fb-'
Mmsuysy = Mg .
- 0 — — - HL-LHC: 14 TeV 3000 fb1
t — 11 ATLAS-CONF-2013-037
Direct slepton o =
[r — 1"\ ATLAS-CONF-2013-049 Y2 S o
+ 0
Direct X1 /X2 Phd \
+£.0 7 / \
— X1 X2(heavy 1) " -, \
CMS-PAS-SUS-13-006 7, ‘e,
500 o T T 2T A °, \
A \
1 TeV 4 S= =~ *
linear ,/ ~7° VTSN oo \ “ BR=100% )
collider /7 .-~ ’/ . \ \ . all limits are
/ y ‘ \ . observed nominal‘
95% CLs limits
250 -+ / , T L, - RP conserved
) Mgysy
: [GeV]
0 5 | —>
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All results presented in this talk (and many more)
can be accessed via the public page of the
ATLAS and CMS experiments:

ATLAS SUSY: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
SupersymmetryPublicResults

CMS SUSY :https://twiki.cern.ch/twiki/bin/view/CMSPublic/
PhysicsResultsSUS
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What those this imply on model-dependences of EFT limits?
20 f' Relié delllgit'y Bl '\',' S | Look at EFT validity in mpy, — coupling* plane!
too large \

15F Theory is non— f
| perturbative

8q 8y

10

5L

T [ R
mpMm [GeV]

* Coupling chose such that CMS EFT limit on A applies to FT 68
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Model-dependences of EFT limits
20 jl Relic; deI'lSit'y DAY Look at EFT validity in mp,, — coupling* plane!
too large \
‘\ 1. Region in which EFT is valid
15+ ; _ '
! T};g%ﬁiggg f \1 For this we calculate the minimum coupling
S o0 T i - T m:mmed/ACMS
o5 10 ‘ that the simplified model must have for the
. EFT limits to apply. This is defined by region |
\,\ P (i.e. better then 20% agreement of FT and
5‘_ i EFT).
- EFT limit applies f

10 100 1000
mpm [GeV]

* Coupling chose such that CMS EFT limit on A applies to FT
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Model-dependences of EFT limits

Look at EFT validity in mp,, — coupling* plane!

1. Region in which EFT is valid (20%)
2. Require compatibility with relic density

When exclude the region in which relic
abundance is larger then the observed
value of Q,,h?=0.119 only mediator masses
above a few hundred GeV fulfill this.

8q 8x

10 100 1000
mpm [GeV]

* Coupling chose such that CMS EFT limit on A applies to FT 70
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Model-dependences of EFT limits

Look at EFT validity in mp,, — coupling* plane!

Must require m_,.q < I eq

Region in which EFT is valid (20%)
Require compatibility with relic density
Require theory to be perturbative (<4)

o~

When we also require that the region/theory
must be perturbative:

VO9qGy < 4T

only a very small region is left!

10 100 1000
mpMm [GeV]

EFT limits of monojet searches only apply to a very (as in VERY)
small class of DM models!
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Model-dependences of EFT limits

Look at EFT validity in mp,, — coupling* plane!

1. Region in which EFT is valid (20%)
2. Require compatibility with relic density
3. Require theory to be perturbative (<4m)
_ 4. Mg <l neqg ALWAYS!

Do - ]

°§. i | | We also find that for all DM models the EFT

o5 10

- | 41 Is valid the mass of the mediator must be

\ 7/ | Smaller than its width!

5[ ] - .
| EFT limit applies f O 1 _ In the reaming part of the plot:
" = L1 V9q9x > 2

0 [ ' a particle-like interpretation of the mediator

10 o 160 o '”1600 is doubtful because of M.y < eq!
mpMm [GeV]

See discussion about equation 3.5 in
arXiv:1308.6799 for further details.
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What those this imply on model-dependences of EFT limits?
20 Look at EFT validity in mp,, — coupling* plane!
1. Region in which EFT is valid (20%)
15 2. Require compatibility with relic density
3. Require theory to be perturbative (<4m)
- 4. Mg < T heqg ALWAYS!
&0
o5 10
5
0
10 100 1000

mpMm [GeV]

The observation that all DM theories for which the EFT is valid must have m_ 4 < g
and the small class to models it applies in any case leads to the conclusion the EFT
only applies to a very small class of DM models.

EFT limits of monojet searches are therefore highly model-depended!



