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Simplified Models

De Simone, Jacques [1603.08002]

RG effects in Simplified Models

Crivellin, D’Eramo, Procura [1402.1173]; D’Eramo, Procura [1411.3342]

Direct detection constraints on Simplified Models
D’Eramo, Procura [1411.3342]; D’Eramo, BJK, Panci [1605.04917]

Comparing DD and LHC searches

D’Eramo, BJK, Panci [1605.04917]
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o ~ Effective Field The

Assume mass of mediator is much larger than momentum transtfer

\-p integrate out mediator to obtain a contact interaction

Name| Operator |Coefficient

D1 XXx4qq mg/M?

D2 XY’ Xqq img /M

Sy
|

D3 Xxqy’q | img/M;
D4 | x¥’xav’q | me/M;
D5 | xv*xqwg | 1/M?
D6 | xv*v°xqwg | 1/M?

D7 | x¥*x@v.v’q | 1/M?

D8 |xY“¥Y’xqvuv’ql 1/M?

q X D9
D10 | X0y Xq0apq| i/M?
Goodman et al. [1008.1783]

XG’“'XQUWQ I/sz

Only have to deal with two parameters: m,,, A
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Frandsen et al. [1204.3839],
Buchmueller et al. [1407.8257],
Malik et al. [1409.4075],
Abdallah et al. [1506.03116],
and many others...
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| ! Simplified Models to the rescue
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Review: De Simone, Jacques [1603.08002]
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ATLAS [1604.07773]

Now have to deal with more parameters: Cq, Cy, My, MY,
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~ Our Simplified Model
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L= Lsv+ Lom + Ly + Jpy Vi + Jan Vi
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- Vector mediator sigdl ]

L= Lsm + LM 1

1 1
Ly =—=73V*"Vu + §m%/V“VM
— i

Massive spin-1 mediator V
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Calculating the direct detection .
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| Direct det o

Detector

Look for low energy - O(keV) - recoils of detector nuclei
Rate driven by coupling of DM to light quarks (u, d, s):
XX Qg XX TV’ g
XYY X TV XYY X Ty q
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| Direct det o

Detector

Look for low energy - O(keV) - recoils of detector nuclei
Rate driven by coupling of DM to light quarks (u, d, s):
Standard S|

XX qYug XX @YY’ q

=

Y ﬁyﬂyé%j Standard SD

XYY’ X TVuq
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Define couplings at high energy scale (mediator mass), but
need to calculate direct detection rate at low energy

Running can change the DD rate by orders of magnitude.

Examples in specific models:

Kopp et al. [0907.3159], Frandsen et al. [1207.3971],
Haisch, Kahlhoefer [1302.4454], Kopp et al. [1401.6457],
Crivellin, Haisch [1408.5040]

e Use EFT technigues and RG flow to study
the effects for general interactions

e |Include all relevant DD interactions (not just
naive ‘leading order’)

. -
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f;..n X

fLr X

SM,

BWSM,,

NREFT

D’Eramo, Procura [1411.3342]
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f;..n X

Integrate out vector mediator

fir X
fLr X
SM,
fL,R X
EWSM,
NREFT

D’Eramo, Procura [1411.3342]
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D’Eramo, Procura [1411.3342]
Bradley J Kavanagh (LPTHE & IPhT)

fir X

Matching at EWSB L
|
(4) T (Z) + C(Z) 13’/// SM,,
CVAu — 9 \
(4) :ECSIZ) —+ CE;) |
CVA d — 9
@ o + i’
NREFT
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f;..n X

Integrate out vector mediator

fl..l( X

fL.R Y

Run down to electroweak scale SM,,

fL.r X

BWSM,,

NREFT

D’Eramo, Procura [1411.3342]
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f;..n X

Integrate out vector mediator

frL.r X
TL.R X
Run down to electroweak scale
SM,
Match onto EW-broken theory f ‘
f X
EWSM,
f X
NREFT

D’Eramo, Procura [1411.3342]
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f;..n X

Integrate out vector mediator

TR X
TI..R X
Run down to electroweak scale
SM,,

Match onto EW-broken theory f"‘” \

f X
Run down to nuclear scale EWSM,

$' f X

NREFT

D’Eramo, Procura [1411.3342]
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fl..n X

Integrate out vector mediator

fLr X

fLr X
Run down to electroweak scale
SM,,
Match onto EW-broken theory i '
f X
Run down to nuclear scale EWSM,,
¥ Match onto nucleon couplings f X
\ X
NREFT
Calculate direct detection rate
D’Eramo, Procura [1411.3342] o )
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As we move between the different scales, we have to take into
account the running of the couplings, due only to loops of
Standard Model particles, e.g.

b b q q

X X X X
Self-renormalisation Operator mixing
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As we move between the different scales, we have to take into
account the running of the couplings, due only to loops of
Standard Model particles, e.g.

b b q q

X X X X
Self-renormalisation Operator mixing

The running doesn’t depend on the properties of the Dark Sector.
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As we move between the different scales, we have to take into
account the running of the couplings, due only to loops of
Standard Model particles, e.g.

| ’ g

\ _eTmalisation Operator mixing

\
The running doesn’t depend on the properties of the Dark Sector.
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(o] # runDM-examples.nb

runDM v1.0 - examples
With runDMC, It's Tricky. With runDM, s not.

runDM is a 100l for calculating the running of the couplings of Dark Matter (DM) to the Standard
Model (SM) in simplified models with vector mediators. By specifying the mass of the mediator
and the couplings of the mediator to SM fieids at high energy, the code can be used to caiculate
the couplings at low energy, taking into account the mixing of all dimension-6 operators. The code
can also be used to extract the operator coefficients relevant for direct detection, namely low
energy couplings to up, down and strange quarks and 10 protons and neutrons. See the manual
and arXiv:1605.04917 for more details.

Initialisation

Let's start by loading in the runDM code.

Got [NotobookDirectory([] <> "rundM.=");

First, let's specify the couplings at high energy. This will be a 1-D array with 16 elements, defined
in Eq. 4 of the manual. runDM comes with a number of pre-defined benchmarks, which can be
accessed using setBenchmark,

chigh = setBenchmark|["UsiversalAxial®);
Print[“Axial-vector coupling to all SM fermioms: " <> ToStrimg[chigh) ]

chigh » setBenchmark(["LeptonsVector®);
Print[“Vector coupling to all SM leptoms: " <> ToString[chigh));

Axial-vector coupling to all SM fermioms: (-1.,
1.0 1., <24, 1., <14, 0., 2., <00, 1., <14, 1., 0., -1, 1., 0.)

Vector coupling to all SM leptons: (0.,
0., 0., 1., 1., 0., 0., 0., 1., 1., O., 0., 0., 1., 1., 0.}

Alternatively, you can specify each coupling individually. You can use initCouplings(] to generate
an empty array of couplings and then go ahead. But any array of 16 elements will do.

e —

= Jupyter

nbvie

runDM

In [9):

In (3):

runDM - a code fo

wer

python

runDM v1.0 - examples
With runDMC, It's Tricky. With runDM, it's not.

runDM is a tool for calculating the running of the couplings of Dark Matter (DM) to the
Standard Model (SM) in simplified modeis with vector mediators. By specifying the mass of
the mediator and the couplings of the mediator to SM fields at high energy, the code can be
used 1o calculate the couplings at low energy, taking into account the mixing of all
dimension-6 operators. The code can also be used 1o extract the operator coefficients
relevant for direct detection, namely low energy couplings to up, down and strange quarks
and to protons and neutrons. See the manual and arXiv; 160504917 for more detalls.

Initialisation ¥
Let's start by importing the runDM module:

tmatplotlib inline

import numpy as np
import matplotlib
from matplotlib import pyplot as pl

import runDM

First, let’s specify the couplings at high energy. This will be an 1-D array with 16 elements.
runDM comes with a number of pre-defined benchmarks, which can be accessed using
setBenchmark.

c_high = runDM.setBenchmark("UniversalVector”)

N ——

Mathematica and Python versions available at:
https://github.com/bradkav/runDM/

‘You Better Run’
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https://github.com/bradkav/runDM/

| . rquM - a code

_ : e

/ Output:

DM-SM couplings at another arbitrary energy scale
OR
DM-nucleon couplings at direct detection scale

= — = == — =

Mathematica and Python versions available at:
https://github.com/bradkav/runDM/
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Direct detection Conts -

— B g 2 ! 1t
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Flavor universal: Quarks only 1

XX f
] q q

> 10°E - q q
S f 5
-~ L 1 v
s 10*E - .
g F ]
_% i ]
gg 103— - ! ! ' \
2 Lol Lol L1111
1010 102 103 10* ,
Dark Matter mass m, [GeV] 2

€
oy ~ 1+ #osIn(my /my)

Bradley J Kavanagh (LPTHE & IPhT) e ‘You Better Run” @  King’s College London - 13th June 2016



].06 I I lllllll I I lllllll I I LILLLIL 106 I I lllllll I I lllllll I I LILLLIL
Flavor universal: Quarks only 1 Flavor universal: Quarks only 1

XYXFruf - xS f

10° 10°

Mediator mass my [GeV]
2
g
<
=
[\

Mediator mass my [GeV]
>

103 103

//;é£>

102 1 Ll 1 Lol 1 L1 1 111 102 1 Ll 1 L vl 1 L1 1 111
10 102 10? 104 102 10? 104
Dark Matter mass m, [GeV] Dark Matter mass m, [GeV]

—_
-)

Bradley J Kavanagh (LPTHE & IPhT) e ‘You Better Run” @  King’s College London - 13th June 2016



].06 I I lllllll I I lllllll I I rrrri
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| Aside: SM axial-vector

current

Jom . @MY q

X t

B But only for coupling to
X AV current of SM fermions!

Bradley J Kavanagh (LPTHE & IPhT) e ‘You Better Run” @  King’s College London - 13th June 2016



].06 I I lllllll I I lllllll I I rrrri

- Flavor universal: Quarks only 1
- XYY XS f A
> 10° L -
D - -
O - ]
S~ : i
S l i
n
g 104 —
5 F 5
™~ N i
S ! i
8 . i
3
= 10°F E
7 §§\“*~~LED§2014 ]
102 1 Pl 1 r ol 1 L1 1111
10 102 103 10*
Dark Matter mass m, [GeV]
Norunning ======.
Running

Bradley J Kavanagh (LPTHE & IPhT) e ‘You Better Run” @  King’s College London - 13th June 2016



].06 I I lllllll I I lllllll I I LILLLIL
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0L XV XS f ]
S ]
D = -
2 10k E
-~ = 3
S n -
> ) i
s 103 -
s - :
S - -
_8 - -
S 102 -
§=)
b} — .
= [ ___ i
0 T T LUX 2014 =
1 ] 1 1 L1 1 111 I 1 1 11 1 11 ll 1 1 11 1 11 ]
10 102 10 10
Dark Matter mass m, [GeV]
Norunning ======.
Running

Bradley J Kavanagh (LPTHE & IPhT) e ‘You Better Run” @  King’s College London - 13th June 2016



106 I I lllllll I I lllllll I I rrrri

: Flavor universal: Quarks only 3
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-X searches
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£Av=gXVuxv VX + 9q quv Vg
q
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Other i

nteractions

Name| Operator |Coefficient
D1 XXqq mq/M;
D2 XY’xqq | img/M;
D3 Xxar’q | img/M;
D4 | xv°xqv°q | me/M;
D6 | xv*vx@v.g | 1/M?
D7 | xv*x@qvwy’q | 1/M?

8 X7 X

Goodman et al. [1008.1783]

Bradley J Kavanagh (LPTHE & IPhT)

Standard S

1/MZ> Standard SD
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0

ther interactions

Name| Operator |Coefficient

D1 XX49 mq /M
D2 XY’xqq | img/M;
D3 Xxav’q | img/M;
D4 | xv°xqv°q | me/M;
D5 | x7v*xaqw.q | 1/M?

XV X34 |

D8 |Xv*¥Y’xqv.v°q| 1/M?

Goodman et al. [1008.1783]
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Bradley J Kavanagh (LPTHE & IPhT) e

Name| Operator |Coefficient
D1 XXqq mg/M;
D2 X7°X4q img /M
D3 Xxav’q | img/M;
D4 | x¥’xqv°q | me/M}
D5 | x7v*x@vw.g | 1/M?
D6 | Xxv*¥°xqvug | 1/M?

7| v xavae | 1/MED
D8 |xV“v’x@vu’q| 1/M?

Goodman et al. [1008.1783]

Mediator mass my [GeV]

ther intertin
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It we add extra degrees of freedom, the phenomenology may
be different E.g. Jackson et al. [1303.4717]

May want to include mass and/or kinetic mixing of the mediator
Langacker [0801.1345]
Lxnm ~ €4, VI

\—b but we expect this to strengthen the limits

In general, we need to worry about the UV completion (e.g.
anomaly cancellation, Higgling of the U(1)’, etc.)

But if we stick to the Simplified Model framework, our results
are valid - and unavoidable!
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Need to take into account separation of scales
K‘P RGE (use runDM code)

Low-E couplings changed and new operators induced

\-p imits on heavy mediators affected (sometimes by OoM!)

Running is important for search complementarity

\y req. for translating LHC searches into DD plane

Isospin violation (factor of ~few) is automatic

\; arising only from SM loops
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Need to take into account separation of scales
K‘b RGE (use runDM code)

Low-E couplings changed and new operators induced

\-p imits on heavy mediators affected (sometimes by OoM!)

Running is important for search complementarity

\—9 req. for translating LHC searches into DD plane

p— \

\;\
‘% \
\\\

_—

_——

Isospin violation (factor of ~few) IS ayigpaa

\» arising only from S\ YOU HA\’E '\'0 RU

\ — -

e ,,‘,/:/

\
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- Backup slides
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Interactions through a scalar mediator appear at dimension-7,
with rates typically suppressed by the quark mass

y ™m
XX GG, O = 53 XX 4,

Crivellin, D’Eramo, Procura [1402.1173]
Buckley et al. [1410.6497]

f f
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- Sgalar mediato:

L : f e

A 750 GeV Portal:

LHC Phenomenology
and Dark Matter Candidates

Francesco D’Eramo“’, Jordy de Vries‘, Paolo Panci“

D’Eramo, de Vries, Panci [1601.01571]

Lms<#<A — Z Cyq yQS (— H +h ) : CIGG aSSGA/.wGA
EFT - A qri14rR :C.) A pv

qg=u,d,s,c,b,t

Gq(,uN) ~ — 5.86 GGG(mS) )
GGG(,UN) ~4.01 ng(mg) ‘

Substantial RG effects!
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| The operator basis

_ : , f e

Complete the  Jpm, H' iD+H
operator basis m2,

Redundant Jom u 8, BH

Operator 3
(E.O.M.) v
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