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DM-EFTs In a nutshell

¥ In DM-EFTs, DM particle i
by construction onlynew
state that is kinematically
accessible at LHC energie

¥ Under this assumption,
DM-SM interactions due tc
exchange of virtual heavy
mediators can be describe
INn an universalvay

¥ DM-EFTsare perfect tool to
calculate DM-nucleon cross
sections, as relevant energie
are below 1 GeV
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DM-EFTs In a nutshell
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DM-EFTs In a nutshell

Information on heavy states
encoded In a single coupling
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Independent of heavy physics
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Limits on suppression scale

[CMS, 1408.3583]
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DM-EFTs after LHC Run |

¥ Given that LHC Run | data allows to probe only suppression sc
up to around 1 TeV (sometimes only 100 GeV), clearly necessa
revisit whether assumptions that lead to DM-EFTs are satispec

¥ E.g.,if besides DM also mediators between dark sector & SM ¢
kinematic reach, these new states can be produced on-shell, w
typically leads to signibcant changes in mono-X cross sections

¥ If one clearly remembers their limitations, DM-EFTs are howev:
not evil per se. Many theorists would appreciate it, if ATLAS & C
would still show DM-EFT limits in future
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SimpliPed DM models

¥ Simpliped DM models,

contain at least DM & mos

Important state mediating
Its Interactions withSM

¥ Unlike DM-EFTssimplibed
models describe kinematic
of DM production at LHC
correctly

¥ Simpliped DM models hav
typically a few parameters
N in MSSM up to O(20)
parameters can be relevar
for DM physics
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Criteria for simpliPed DM model

(1) It should be simple enough to form a credible unit within a more
complicated model

(i) It should be complete enough to be able to describe accurately
relevant phenomena at LHC energies

(1) By construction is should satisfy all non higiepnstraints in
most of its parameter space

Based on these criteria one can now construct simpliPed DM models.
The simplest possibilities are theories featuring s-channel exchange of
colorless vectors (& or scalars (dark Higgs) as well as scenarios with
t-channel exchange of colored scalar mediators (OsquarksO)

[Worm et al., 1506.03116] 8/23



Example: Spihs-channel models
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Why universal SM couplings?

L1V, (gv + 0yt @ M

going from weak to mass eigenstates
assuming that quark mixing matrixV
arises from down-quark rotations alont
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Why universal SM couplings?
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Why universal SM couplings?

Requiring that new-physics contribution to kaon mixing is not larger
than SMamplitude implies that

M
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To avoid Bavor constraints, simplibed DM models should be minimal
[3avor violating (MFV). In spin-1 case, this is achieved by takmd@.

In spin-0 case, simplest version of MFV Is obtained, if SM couplings are
universal & of Yukawa type
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Constraints on SM-V couplings

In its most general form, Lagrangian of simplibed spin-1 s-channel mode|
contains couplings of mediatorV to all SM fermions. Couplings to charget
leptons & light quarks should not be too large to avoid LHC bounds from

di-lepton & di-jet searches
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Limits from di-lepton searches

Stringent di-lepton limits usually avoided by settirng @ from beginning

[more details in presentation by Bryan Zaldivar] 14/23



Limits from di-jet searches

- I"HI$% &'()*&+),

g !

Di-jet constraints from LHC Run | satisbed fog,(@) = (0.25, 1)for example

[more details in presentation by Matthew McCullough] 15/23



Monte Carlo implementations

DM clustering, hadronization

& decays {y
/o PiONS, leptons &
photons

’ parton shower
\. evolution
hard scattering N
process
V'
proton

parton
. . distribution

functions

Ermisst | signals in s-channel simplibed models can be simulated at
next-to-leading order including parton shower (NLOPS) with both
POWHEG BOX & MadGraph5 aMC@NLO

[UH, Kahlhoefer & Re,310.449; Backovi! et al., 1508.05327] 16/23



Recent detalled fissstudies

¥ Mono-jet signals from s-channel spin-1 simplibed models

[Buchmueller et al., 1407.8257,
Harris et al., 1411.0535,1509.0290
Backovi! et al., 1508.05327]

¥ Mono-jet signals from s-channel spin-0 simplibed models

[Buckley et al., 1410.6497;
Harris et al., 1411.0535,1509.02904;
UH & Re, 1503.00691]

¥ tT + Ermisssignals from s-channel spin-0 simplibed models

[Buckley et al., 1410.6497;
UH & Re, 1503.00691,
Buckley & Goncalves, 1511.06451]
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NLOPS: 8in-I mediators

[Backovi! et al., 1508.05327]

pp" X+j at the LHC13 LO + PS —
NLO + PS —
NLO + PytHia8

¥ For heavy mediators & (. my) = (1000, 50) GeV
hard E misscuts, impact | (G dsu) =(1:0.25)
of QCD corrections
small, which results In
K-factors close to 1
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NLOPS: 8in-I mediators

[Backovi! et al., 1508.05327]

pp—XX+j at the LHC13 LO + PS —
NLO + PS —
NLO + PyTHiA8

¥ For heavy mediators & (M, my) = (100, 1) GeV
hard E misscuts, Impact
of QCD corrections
small, which results In
K-factors close to 1

_aMC@NLO

MadGraphb

vector mediator

10

¥ In case of very light
mediators & weak fmiss
cuts, NLO effects are
more Important, leadinc
to K-factors of O(1.5)
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Properties beyond mass scale?
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Ermiss& prj; Spectra for vector & axialvectooperators identical.

Mono-jet searches not sensitive to chirality of interactions
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DM-palir production & 2 jets

[UH, Hibbs & Re, 1311.7131
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Azimuthal angle differeneeb jij2 in 2j + Emissevents gold-
plated observable to probe structure of DM-SM interactions

[see Cotta et al.,1210.052€rivellin et al. 1501.00907 for related ideas] 21/23



DM-palir production & 2 jets

[UH, Hibbs & Re, 1311.7131
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2-particle correlations in'tt + Emissalso allow to disentangle whether
DM-SM Interactions due to scalar or pseudoscalar exchange

[Backovi! et al., 1508.05327; more detalls in presentation by Matthew Buckley] 99/23



| 00se ends

¥ Proposed simplibed models are not ultraviolate complete theories.
Important to address questions about gauge invariance, unitarity,

anomalies, etc. |
[see for instance Kahlhoefer et al., 1510.02110;

more details in presentation by Nicole Bell]

¥ Can reach of Emisssearches be improved by making them more

inclusive in number of jets? .
[see for instance Fox et al., 1203.1662

Buchmueller et al., 1505.07826]

¥ How to combine individual searches? Will such combinations result
In signibcantly better exclusions?

¥E
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L HC vs. DM direct detection

"# $9%8&'()$)
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The LHC constraints are strongest at low DM mass, where
direct detection is challenging due to the small nuclear recoil
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L HC vs. DM direct detection
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The LHC is superior to any spin-dependent seaiahall DM
masses, since DM-nucleon scattering is incoherent in this case
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Mono-jet% | + Ermiss
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[UH, Kahlhoefer & Re, 1310.4491]
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ono-jet signal vs. backgrounds

[Backovi! et al., 1508.05327]
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Impact of matching & merging

[Backovi! et al., 1508.05327]

pp AX? + jets at the LHC13 x9+jets [upto2] — PP AX? + jets at the LHC13 X?ﬂets [upto2] —

NLO + Pyrhia8 (FXFX) xR+jets [upto 1] —— NLO + Pyriia8 (FXFX)
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Expect in low Emissregion, matching & merging effects In
mono-jet NLOPS predictions are small not exceeding O(10%)
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Mir distribution of tt + B missevents

[Backovi! et al., 1508.05327]

pp—XX+tt at the LHC13
Fixed order NLO
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If mediator is lightscalar DM-top interactions can also be distinguished
from pseudoscalar couplings by studying invariant tt mass distribution
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Scalar singlet DM

DM scalar singlet SM Higgs doublet

N\

Lscalar,H - "!'4" "p! 2“_”2

2292 A2 1/2
[ 00 = 52 (1= )

If Higgs to invisible closed, model difbcult to
discover even at high-luminosity LHC 14 TeV
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Fermion singlet DM

DM fermion singlet SM Higgs doublet

scalar singlet \ \ /
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Fermion singlet DM
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Singlet-doublet DM

fermion doublets with opposite hypercharge
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SM Higgs doublet

DM fermion singlet
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Singlet-doublet DM
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t-channel [3avored mediators

DM fermion singlet scalar [3avor triplet
# \\|A / | .
L termion & ! g rU; +h.C. .: t, €,
1=1,2,3

universal couplings to have MFV
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universality broken by Yy Yy 3avor spurion (Pne with MFV)
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