LHC AND DARK MATTER
SEARCHES: STATUS
AND PERSPECTIVES

MICHELE PAPUCCI (LBNL)

3RD BERKELEY WORKSHOP ON DM DD, DEC 5, 2016



LHC SUSY SEARCHES = DM SEARCHES

ATLAZ“» SUSY Searches* - 95% CL Lower Limits ATLAS Preiminary
St'atus: August 2016 =78 13TV
Modal GULT.Y Jote F.;"' frdn) Mace limit Vra?,3Tev [JE1STN Rofer:m»

‘ L Rl Ll LS v
MELGNACNEEM 02 u2r 2-10jte b Yea 3 | &E VSETEY  riiimels) PR
3. ey 0 “ajes Yes 133 200 Cad. 11* e d=n 2 per. ) Al RS L WA &S
Gi, 7 raf corprosacd) now{st  1-Ajee  Vea = wbfis NS Cus %®MOT7TTa
. i3t o 25es  Yes 133 ") 0CaY ITASCHREBIR
22, 1vagi i —ayv A} @ BS5jea Yea 13 ) 0tey, me )z 2T s AT.AJ QM0 00
3. gt e 4t : AV AT A5 CONF2B 07
22, 1vagnzf} 2405 Odjex i) <200 Ou¥ AT_AQ QIHF-E00 07
TN 1274014 02pes 950706070
GOl kro N.EM 2 | NLOMY-2 s ue YA 06 1 %0
5 (hmsro tew WS ¥ ™1 0TV, (N TN rrwm o) 1507 0E493
mid "> 8Y00e, cr(NLE* 0. Imm 0 AT AJQOHr-w o
miNLSP 30 eV 108 0E200
WA TN Gladd 15T 14 NEIC

T T T

GGV (Higgairo b HLES v
5V (hKmsro NLSH ZenlZl
Craiine £F o

. j=ehhe} 0
Y (1 Oty
7. i=+hily 0l y

mit 1-0CaV AT ASCOHFDEBO2
wic™) -0y AT COHF 06 082

x mi€"1<3)0Ca\ 1433 0500

iL.5, o o )1 200N KQETTR

bk, 3=y P b | 156 5, o 25085 GeY miE 11 30Ca\ ml = mlf -1 Ca¥ AT ASCONFXEBO:T

fin & g 0-2np 1214 MImcy L e e SV oy 3 iy ol o 12005403 ATLAZ CONF 2016 077
6h L=ver' ooy WZey Lales-zb N L 9)-188GaY 20585 G mit =130V 1A LR b, A RS M) W
ah 5 nf? ° noro- e il S -3 %"oMo57Ta

i indunl GUWSE) ZenlX) 15 150-600 Ge Y i 151300\ 14): 8222

friz B—i -2 2. plx) 14 w1000 AT_P3 COHF 206 032

Iy L=r -4 lep DlES+2b mie" <0Gy 150606816

FFFa|Frefaae

Feobrion i—E705 Da e n
i f) .ﬁ - Ze it v
€58 srem ar :
P A oy anl e g v
¥ ‘: VA *Rep

C =¥k, kb W rrlyy 7
O, 0y oA Aoy

GOV (wWiroNLSF) aesk oi0d. T piey

CEU kro N.SP) weac prad Ay

Drecify fy prod, brgieed f;  Degp.us 1
Drect§ 5, prod, brgfsed F; ek tk

02N 14180
nf DGV i YO St 4nd 30 Al RS U MUY
W LODW L A2 D) AT.A2 COHF 0% 002
ORI )l A= Son et D Al RS U MUY
[ T T 1 W7 N T | 1A R2AL 1 A
mif e 6] i} e0, (ceccepled =W
R Dot 8120 1 DS S K 14365358
e ey TS R4S
R el 1450706403

mit dent’ ) 1EL NeY, U =idrs 1IN
i S’y 16 Mal, <) <dEne EIRRR
Sdde, sugpee pFlalin u 1D T S LTI TSI P B TER Iceaes
Saohle 7 Rhowden t . ¥IRME190
Memenibe ¢ Thacran dExt rk : : mit 100G\ 1> 10re AN
CM20, atblc 2, ] ok a0 130 . . 1 Lot 01 14116705
g Ei=)G. brgimed £5 zy : 1 %" 13 . SFSE rockl 13J8 Soke
g5 By weweur/pr dep gy - . 7 <8 < 710 rvrm it 2 Tald 10106162
GGU 7. Vi—aG dep. vic- s : 8 <ext¥}] < 430 rmrn Gt 1 Ta? 1SMCE162

=0, + T Vomuy foriper W aT AT . . Lo Livimnra=) 0T VITE
B hoca FPY 33N v -3¢ nflnlde pectimn 1434 2300
66— g Ao AV AT 2R NWERNS
P - s ey Jeps et .y l;;::u:.;i. o 132 S0
33. 3=+ o (L AR - MR AT.A3 COHF 206 057
::. z-u:;'.. = 209 u "'Nﬂg:\'ira A" S ey AT.AS GNP BOT
2, T AT = Tep AN Al - : %1700 G\ T ARNWEMRAW

FFF fafdfafas | dfd

gt e ok lep o = AN HES SeWery,, |t Al RS U MHAIRU
Faly . Jy=bo O Rex Ak A0 G064, ATLAZ DONE 2016 0a4
< Ee b . B, leupile Al ASUM
S:aa: charn =7 o 2. Yee 4220 150 e
A A A A A A

Nass scale [TeV]

TNy A sARCon ot tha avavalie Mass Mmes nn ray 1c!

.
o'ates cr phoncmona ic shoan.

===, B —

Look for Missing Er — invisible particles escaping detection (DM)
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Limits on parent non-DM particles
Look for Missing Er — invisible particles escaping detection (DM)




SEARCHING FOR DM AT THE LHC

« LHC IS A "MEDIATOR"” DIRECT DETECTION PROBE = DM ONLY
PROBED INDIRECTLY




SEARCHING FOR DM AT THE LHC

« LHC IS A "MEDIATOR"” DIRECT DETECTION PROBE = DM ONLY
PROBED INDIRECTLY

pp > 44, 9 —>q%]  icHeEP2018

llIlllll"llll'flllllllll

- CMS Freliminary 13 TeV

_ o bExpected T
— —SUS-16-014, O-lep (H7"™), 129 b —Observed —

SUS-16-015, 0-lep (M), 12.9 fo'

. STRONG LIMITS FOR | 84, @ass
COLORED MEDIATORS =

(> 1 TEV) - / .
f."};:}gge ight q

1 | I | I — 1
400 600 800 1000 1200

I :1 | l I |
1400 1600

Mz [GeV]




SEARCHING FOR DM AT THE LHC

« LHC IS A "MEDIATOR"” DIRECT DETECTION PROBE = DM ONLY
PROBED INDIRECTLY
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LHC AS DM MACHINE

thermal freeze-out (early Univ.)

indirect detection (now)

= o————
DM
DM

* Mono-jet idea is an old one
(early 80s)

More recently: use it to . SM

probe the DM-SM €
interactions model production at colliders

independently (Beltran et al. +
% X

many many others) (7
q X
S —

T—

direct detection

It's the same “blob” in direct
detection and LHC
production...




DM MACHINE
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MONO-X CRAZE

* Many Mono-X searches:
mono-jet
mono-photon
mono-Z

mono-W

mono-Higgs

mono-b

mono-top

* When are they useful? Are all of
them powerful? How do they
compare with traditional searches
using Missing E?




NOT SO FAST...

thermal freeze-out (early Univ.)

indirect detection (now)
_

s . DM SM
Mono-jet idea is an old one

(early 80s)

More recently: use it to probe
the DM-SM interactions model
independently (Beltran et al. + many

many others)

direct detection

DM SM
B
production at colliders
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It's the same “"blob” in direct
detection and LHC
production...

... but energies are VERY
different!
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NOT SO FAST...
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It's the same “blob”
describing e*e—= hadrons
at low energy and deep
inelastic scattering, but
you need a model (QCD)
that tells you what's inside
the "blob"” to connect the
two experiments

e+ J hadron(s)

‘hadron(s)

L —




NEED MODELS TO DESCRIBE

EFFECTIVE INTERACTIONS
BETWEEN SM AND DM




THE NEED FOR (SIMPLIFIED) MODELS

Various models producing the
same blob

Direct detection: 2
parameters, mpm and
coupling strength (<>oy)

Models: at least 4
parameters, often more

Mapping of LHC results in

(0, m)-plane subject to
assumptions

What to do?




THE NEED FOR (SIMPLIFIED) MODELS

Various models producing the
same blob

Direct detection: 2
parameters, mpm and
coupling strength (<>oy)

Models: at least 4
parameters, often more

Mapping of LHC results in

(0, m)-plane subject to
assumptions

What to do?
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THE NEED FOR (SIMPLIFIED) MODELS

q

 With models one can
compare different LHC
searches and find when
mono-X searches to
complement existing ones

myr= 500 GeV

Residual parameter
dependence significantly
changes the limits when
presented in (opp, M)-plane

. — jets+MET it

Fmin
- — monojet
wl T monojet EFT
10_ | . . | . . P | . | |

10 20 50 100 200 300 450
mpm (GeV) MPVichi,Zurek




...MANY MANY THEORY PAPERS AND 2 JOINT
ATLAS+CMS+THEORY WORKING GROUPS LATER...

Abercombie et al. 2015:
models/parameters/MC samples/assumptions/plots to use

s-channel and t-channel models fleshed out, rest of models
(mostly relevant for mono-Z,h,W,t) still requires work




RECENT RESULTS

(s-channel, dI'=0)

DM Simplified Model Exclusions ATLAS Preliminar'y August 2016
——— ——— T
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RECENT RESULTS

(s-channel, dI'=0)

DM Slmpllfled Model Excluslons ATLAS Prellmlnaliy Aug‘ijst 2016
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DM Simplified

RECENT RESULTS

Mode

(s-channel, dI'=0)
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RECENT RESULTS

(s-channel, dI'=0)
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Parameters chosen to make mono-X look best against DD and
non-mono-X LHC searches (di-jets here)

CMS observed exclusion 90% CL

CMS DM+Z,
[EXO-16-038]

DD observed exclusion 90% CL
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LUX 2015
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RECENT RESULTS

CMS observed exclusion 90% (
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non-mono-X LHC searches (di-jets here)

Parameters chosen to make mono-X look best against DD and

Going forward: expect these limits to improve by O(10) by the end of LHC

CMS observed exclusion 90% CL
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HOW TO READ THOSE PLOTS

S-CHANNEL MODEL LIMITS CHEATSHEET

“leptophobic” mediator
hard to make consistent

Mmn~10GeV

2Mpm>M,,— off-shell
mediator loose sensitivity

My, too heavy

e

&4
2Mppy <M, <<ET,cut




HOW TO READ THOSE PLOTS

S-CHANNEL MODEL LIMITS CHEATSHEET

“leptophobic” mediator
hard to make consistent

Mmn~10GeV

2Mpm>M,,— off-shell
mediator loose sensitivity

My, too heavy

e

keep lowering gq and M,
together and LHC limits

disappear altogether!! ULHC|
2Mppy <M, <<ET,cut




MONO-Z,W,H

e Only useful for models when
Z,W,H comes from decay of
mediator(s)

Many models can provide
these mono-X signatures,
but they are competitive
against other searches only
in a few of them

Model mono-h mono-2 direct constraints

Inelastic DM >7</ >"§ >VV\/<

s-channel vector

7
7
7
7
-7
s-channel scalar S TN X <
b

W/Z]h

q 1 X I w
:' q h I'
- X |
_ h _
/\\ ' N M
W/Z/h

Inelastic squark

e — —

Liew,MPVichi,Zurek




SPECIFIC MODELS: WIMP DM

“ELECTROWEAKINOS”

DM as Combination of Weak
Singlet+Doublet+Triplet (a la MSSM)

Relevant for Direct Detection: there
are points in parameter space where
DM coupling to Z and Higgs can be
tuned to vanish (for non-tuned pure

state case as a target see Graham's
talk)

Pushing oy down makes these
models progressively more tuned —
never excludable but less and less
compelling (like the finetuning story
for the Higgs)

By end of 1T-scale experiments,
tuning in 1 part in 100 territory

see G. Kribs talk

SI cross section tuning

50"~~~
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100 N

! /
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—1500 —-1000
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—100 100 1000 1500
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Cheung, Hall, Pinner, Ruderman




SPECIFIC MODELS: WIMP DM

“ELECTROWEAKINOS” L

SI cross section tunin
e One can tune out DM &

interactions with Z and h, but
cannot also tune out electroweak
couplings of DM partners
(charginos and other neutralinos)

LHC can produce those and
probe the blind spot regions IF

-inos are not too heavy S

=100

AN
~ N
=50 - - ~. \\ Ny
‘___D*’ = e g
RS

projected limits are well below
TeV for LHC reach

. . . = o Yo i 1\5’(/):’77
* for heavier masses indirect S | SR

V100,
\ v

~
N AT N
| [ \‘

detection a possibility 1500 —1000 100 100 1000 1500
M2 [GeV]

Cheung, Hall, Pinner, Ruderman




HIDDEN SECTOR DM & LHC
(HIDDEN VALLEYS & CO)

e LHC has advantage if heavy mediators are in
energy range

* in general spectacular long cascades of SUSY-
like signals with or without long lived particles

Limits on different interactions than used in
Direct Det.” = orthogonal plane in parameter
space

If no heavy mediators in reach:

* <10GeV mediators (dark photons, etc.) are
best probed at intensity frontier exp’

* 10-100GeV LHC may improve over LEP in
the long run? (work needed)




DM @ LHC VS DIRECT DET

LHC has the potential for probing Dark Matter at and below the
weak scale

It is really a “mediator” machine = best limits if the particles
mediating DM interactions with the SM are heavy but in the
energy range of the LHC (few x 100 GeV — few x TeV)

LHC is sensitive on the structure of interactions = Effective
operator approach is too simplistic to convert limits to Opp vs mpm

Direct detection and LHC are complementary strategies and
plenty of parameter space to probe (even at low DM mass) with
DD even after LHC has ended its program
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