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Physics Beyond the SM

The SM does not explain everything!

* Gravity ¢ SM u

E [GeV]
10° B Mpy.

* Hierarchy Problem: m, << Mp,

/'

e T/ ] 10° B Mgyt
. Tiny Neutrino Masses |
N o . . . . The Quark Masses //’
N ¢ Grand Unification of Forces? I
= 0 NP
AME .« Hierarchical Flavor Structure -
g © Baryogenesis — Existence of Universe
T

B - Dark Matter ¢ SM
* Trigger for Symmetry-Breaking Potential? T

* Strong CP Problem - @ 10* &
* Some Hints in Flavor/Precision Physics

MW
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Physics Beyond the SM

Y

vs.  The SM is a Success Story
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New Physics should be rather heavy

(or very weakly coupled to the SM)

Planck 2018 F. Goertz




Effective Field Theory (EFT) Approach to NP

: : . E [GeV]
* NP at A>>Mgy , not directly accessible — well described T
HpL
by operators with d[O] > 4
~— G A 10" 8 Mey
__ prD <4 E:_’& D=6 4 /A4 GUT
% / M-
local operators = New Physics NP
SM field content + gauge symmetries
NP =
- 2 /A2 |
Effects scale like E</A Srobe offects of
— suppressed by mass scale NP in the tail - LHC

bl =) | P ™

Weinberg, Wilson, Callen, Coleman, Wess, Zumino, ...
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Effective Field Theory (EFT) Approach to NP

. : : E [GeV]
* NP at A>>Mgy , not directly accessible — well described T
HpL
by operators with d[O] > 4
s N
C; 10° 8 M
__ D <4 ¢ D=6 4 /A4 GUT
L=L,7"+ E 2 O.=" +O(E*/A?Y)
1 ) M
local operators = New Physics | NP
SM field content + gauge symmetries
c.f. Fermi Theory NP —=
d u - d\/u g2
o Lepp = o Cr(p)(@ve)v-a(@d)v-a
: 8miy
f. multipol o
¢.f. multipole expansion
7> R 10° = Mew

-\ 13 — S 3 ool o[e|

= H 1 g iz 1 e q=/p(w)dw,p=/m(l’)d z, SCefels|
¢(@) = @+p'?p+§z:@ij|%|5j+"' e Seee

i,j Qz’jZ/(3$ixj"|$\ i) p(Z)d’z [2.09) )

SM

allows for gradual progress: Fermi Theory - SM — 'New SM'
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EFT Approach to New Physics

* Full set of non-redundant operators (i.e., basis):
59 D=6 opemtors (2499 including full flavor structure)

[assuming B&L conservation] Buchmuller, Wyler, NPB 268(1986)621-653
Grzadkowski, Iskrzynski, Misiak, Rosiek, 1008.48 84

"BSM

[new dof]

-~ SM EFT
N

)

Constrain C,

x® ¢° and 'D? Y2p? Alonso, Jenkins, Manohar, Trott, 1312.2014
Qe | FABCCIGEGS | Q, (¢fe)? Qep (wte) (lerp)
& | FABOGRGEQH | Qun (Fle)0(ele) Que (') (@urd)
Qw | KWEWSWER | Qup | (¢1D#¢)" (91 Dup) || Que (©"e)(@pdr) (LL)(LL) (RR)(RR) (LL)(RR)
Qp | MKW ewkKe T )Tn'l) || Qee | @Ened@nte) || Qe | (Gudd)(Ete)
X VX VP’ D (Ge )@ a) || Quu | (@) @y ue) Qu (Lyude) (@ ue)
Qo plocacaw | Quy | (GomenroWl, | QW | (¢fiDue)Grmty) (@0 4 ) (@7 a) | Qaa | (dyyudy)(deydy) Qua (pyule) (dsyde)
Qo Pl Ga,GAm Qe | (Lo™e)eBu, QY (\,afiﬁé,:')(fﬂiw“lr) (vl ) (@ a:) Qeu (Zp7e0)( ﬂ;:“ut) Qe (Tp7ur) (E7"Er)
Quw ol W1 Tl Quo | (@ T4u)36G4, | Qu (.p‘r,;ﬁ“ o) (En"e,) (™ L) (@ ) || Qea (Bpvuer) (dsytdy) Q! (@) (W )
Quw | @eWLWH | Quv | Gou)rdW), | 0N | (@B, o)@ne) Q| ()@t QL @ Tar) T‘””
Qe ¢l BB Que | (30" )@ B % | ("B} &) (@' v"a) Qul | (T Hu) (e T4 || Qud | (@) (e
o: ol BB Qac | (o T d ) Gy, | Quu (r/TlBu ©)(@pyHur) Qi | (57T ) TAdt)
Quvs | SeWLBY | Qo | @od)r oWl | Qu | (i 0)d0d,) )(BL) and (LR)(LR) B-violating
Qv s PrloWLB™ | Qus | (30"d)¢Bu | Quua | i(F D)@, d,) (Ber)(dea]) Quug ey [(d)TCufl] [(¢)7ClF)
(@ur)en(@d) || Qo = Pegy (7)) Caf¥] [(u}) Ce]
Table 2: Dimension-six operators other than the four-fermion ones. o | @TMu)epua (FFTAd,) g}fq P [(an)TCqSA} [(@™)"Clr]
AN | Beeju(diue) foo (1l e) (v mn [(a7)TC] [(@™)TCT]
Qb | Gawe)zin(@o™u) | Quw <o [(de)T Cuf] [(u2)TCe,]

Table 3: Four-fermion operators.

For non-linear realization, see Grinstein, Trott 0704.1505
Contino, Grojean, Moretti, Piccinini, Rattazzi 1002.1011

Planck 2018

[One way to go, given
the lack of evidence in
favor of concrete models]
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1) Validity of EFT Description?

'— EFT approach to NP: parametrize BSM physics via coefficients of |

D>4 operators and constrain them from experimental data

\_ Y.

L=LE54+) Y0P+ CPop=t+...

— provide guidance for constructing UV completion

— EFT Limits can be translated to various models
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Validity of EFT Description?

'— EFT approach to NP: parametrize BSM physics via coefficients of |

D>4 operators and constrain them from experimental data

\_ Y.

L=LE54+) Y0P+ CPop=t+...

— provide guidance for constructing UV completion

— EFT Limits can be translated to various models

constraints on C'P)

(4

can be set 'without further assumptions':

When is bound meaningful / when is it appropriate to truncate at D=6?
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Validity of EFT Description?

'— EFT approach to NP: parametrize BSM physics via coefficients of |

D>4 operators and constrain them from experimental data

\_ Y.

L=LE54+) Y0P+ CPop=t+...

— provide guidance for constructing UV completion

— EFT Limits can be translated to various models

constraints on CP)can be set 'without further assumptions': b

When is bound meaningful / when is it appropriate to truncate at D=6?

= [nterpretation requires assumptions ...
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Validity of EFT Description?

L=LEF+ ) G0 o/

= [nterpretation requires assumptions c®) =P (M, gi)

NP masses  couplings
(integrated out)

Planck 2018 F. Goertz



Validity of EFT Description?

L=LEF+ ) G0 o/

= [nterpretation requires assumptions

expansion only valid if My, > M (m) Measurements constrain CZ-(G)(M/@,QIC)
2 " # A7

A maximal scale E of process
(momentum transfer)

Planck 2018 F. Goertz



Validity of EFT Description?

In fact: \/Expew'l/v\emtal constraints: (; < 5§Xp(Mcut)\

(do/dpr)/o

ew = 0.16(A%m}), cp = —0.09(A%m3)
cw =cg =0

pp = Vh

Mcut

Biekotter, Knochel, Kramer,

Liu. Riva, 1406.7320, ...

Planck 2018

]]]]]

Kinematic distributions

. Depend on upper value allowed for kinematic variables that set
scale of process = M

. In some cases fixed by kinematics: on-shell Higgs decays, e+e- collisions

22 at LHC (WW, hV, hj, hh, ...): M... in general not fixed!
. Large E is just interesting range where pronounced sensitivity to NP is expected

BDE)IE'

200 300 400 500
p: (GeV/c)

Carvalho, Dall”Osso, Dorigo, FG, Gottardo, Tosi, 1507.02245

Azatov, Contino, Panico, Son, 1502.00539

F. Goertz



Necessity of Power Counting

L=LEF+ ) G0 o/

= [nterpretation requires assumptions

expansion only valid if My > M, (% Measurements constrain C,L-(G)(Mkagk)

z s

=) /Acc.eSS/hg validity requives (broad) assumptions about underl yl'mg\

UV theory — some degree of model dependence

! ]

Power Counting

L |
Quantify EFT uncertainty: missing terms of O(E*/A%)

[here and in following truncate at D=6]

%

Planck 2018 F. Goertz



Necessity of Power Counting

L=LP<* ¢ F:fc;y@;(’)fﬂ + S:icfs?ogm ..

e N\

(D) (coupling)™i 2
Ci ™ (high mass scale)P—4

* Note that

, = #fields O1=erv,vr ﬂ’ﬁ%uL

A

n=4

Luty, ph/a706235
Cohen, Kaplan, Nelson, ph/a706275

Giudice, Grojean, Pomarol, Rattazzi, ph/O7031 64
Planck 2018 F. Goertz




Necessity of Power Counting

L=LDS*+ X:fcﬁo;” + S:W?OW ¥

-

(D) (coupling)™i =2 o o L
) n. = #field — B
CZ ™~ (high mass sca]e)D—‘l/) [ fields O1 LYpVL Vi VoL

* Note that

A

ni—2
Bounds I

<0 P(Meyy) —bound A (g,), depending on coupling strength

— can assess their validity

Planck 2018 F. Goertz



Necessity of Power Counting

T (R

VPN
D <4 5 \ ~(6) AD=6 ' : - - -
ﬁ — ESM_ —l— 4 C,L( )/O i —1— 12 May=02Tol/ Soxp=(0.1TeV)2

10f
* (D) (coupling)™i 2 -_
Note that CZ ™~ (high mass scale)D—‘l/,) 8
> 6
* Commonly assumed power counting:  * allowed

A

00 02 04 06 08 10 1.2
—92 A [TeV]

< 0P (Meywy) —bound A (g, ), depending on coupling strength

95"
A2

— can assess their validity

Bounds

Planck 2018 = s



Power Counting — Validity of Bounds

/Chosimg M.wt = kA5 k € |0, 1] allows to set bounds
in (g.,A) plane, automatically consistent with the EFT: |

i (9+) < 0; P(kA)

w___ For each A derive bound on 0,56) (g+),

employing only data below M.y = kA; K € [0, 1]

- =(0.1TeVv)2
12 M 4=0.2TeV Sexp=(0-1TeV)

10+

2 _ M2, _ tolerated (naive) ervor due to neglecting

”””””””””””””””” - 66

A2 higher-derivative (D=8) operators

0.0 0.2 0.4 0.6 0.8 1.0 1é
N [TeV]

See also Biekotter, Knochel, Kramer, Liu. Riva, 1406.7320; Greljo, Isidori, Lindert, Marzocca, 1512.06135; Azatov, Contino, Panico, Son,
1502.00539; Berthier,Trott, 1502.02570, 1508.05060; Aguilar-Saavedra, Perez-Victoria, 1103.2765; Englert, Spannowsky, 1408.5147
Abdallah et al., 14049.2893; Racco, Wulzer, Zwirner, 1502.04701
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Power Counting — EFT Error

/Chosimg M.wt = kA5 k € |0, 1] allows to set bounds
in (g.,A) plane, automatically consistent with the EFT: |

R For each A derive bound on c,EG) (g« ),

employing only data below M., = kA; K € [0, 1]

“cut  (higher-derivative 9 gyv (addtl. Higgs fields
A2 operators) v A2 L vew)

Planck 2018 F. Goertz



Accuracy Required for Consistent Bound

2
T < 5P (M) |
. cu _
A2 15/
S a2, 2,2
HLQ _ maX(Mcutv 9V ) N
Gl A2 3
| 1 = 10+
<1 =
"""" 1 8
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 5_
2 _ o |
. s 1 . §€XP 3 9+ S
0P < min( R t 2 ) 0P <min( M2, UQ)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Sub i |
0 I I I | I L 1 1 I I L = I I 1 1 I I

00 02 04 06 08 10 1.2
EMeVi< M.,

Stronger constraints at fixed M., — validity range extended to smaller g*

A =4 . <
SO 1L 'lllustrative’ plot: for large My, 6P (neglected)

quadratic D=6 terms become relevant
Planck 2018 F. Goertz




Example: Hypothetical Measurement of o(pp — WTh)

2
141606
osM ( ffffffffffffffffffffffffffff g< ffffff TeQ) 5q0V0 — 2 02 YRSE0:=0-)
L
o g My
combination of EFT coefficients
MWh[TeV]‘ 0.5 ‘ 1 ‘ 1.5 ‘ 2 ‘ 2.5 ‘ 3

O'/O'SM | 1+1.2 | 14+1.0 | 14+0.8 | 1+1.2 | 14+1.0 | 14+3.0
1 a5% CL bounds

Mew[TeV] | 05 | 1 | 15 | 2 | 25 | 3

gy 9 x 103

70, 20] ‘ -16,4] ‘ [-7,1.6] ‘ -4.1,1.1] ‘ [-2.7,0.8] ‘ -2.2,0.7]

/4

combine bins up to M
cut

Contino, Falkowski, FG, Grojean, Riva, 1604.06444 See also Biekotter, Knochel, Kramer, Liu. Riva, 1406.7320

Planck 2018 F. Goertz



Consistent Procedure of Setting Limits

v 0.0

‘Inconsistent to use full

1 2 3 4 S 6

My[TeV] Contino, Falkowski, FG, Grojean, Riva, 1604.06444

dataset for low M,

* red: Limits from full resonance model
* red, dashed: Limits from EFT using full dataset
* dark (light) blue: consistent EFT analysis using only data with Mwpn < Mew = kMy, £=0.5 (1)

— Experimental results should be reported as function of M_,

Planck 2018 F. Goertz



Accessing Masses Directly in EFT?

Gexp=(0.1TeV)™?

Intrinsic limitation of EFT _ Mou=02Tev

approach: only access ratio g«/A 1ot
(flat direction) 8
S 6l
@ ol allowed
Possible to lift this degeneracy, af
employing same power 0/ IIIIIIIIIIIIIIIIII

counting as before?  AMevI

Planck 2018 F. Goertz



Accessing Masses Directly in EFT?

Gexp=(0.1TeV)™?

Intrinsic limitation of EFT _ Mou=02Tev

approach: only access ratio g«/A 1ot
(flat direction) 8
S 6
@ 4 allowed
Possible to lift this degeneracy, of f
vd |
L

employing same power

. 0.0 0.2 0.4 0.6 0.8 1.0 1.2
counting as before? ATeV1

* Yes: study correlations between

observables with ‘different g« dependence’
FG, 1711.03162

Planck 2018 F. Goertz



Scaling of Operators

Oyy = [H]PV, Ver
Oy = (Hlo*DIH)D*We,
Oy = —5(D, V)2
Opv = i(D*H) ' o*(D"H)V2,
On = 3(0"[HP)?

Oyf = |H|2fLHfR
O4f = fT'Y'LLf f7p:f
Os = |H|
O3y = éFach,f”%prCp“

Oy f 04 f 06 OBW,3G
Allyi? [ M g2 q! qs ALH-like, integrating out narrow (scalar) resonance
* * * Liu, Pomarol, Rattazzi, Riva, 1603.03064

2 2
B yfg,% Y g2 12;2 g2 12;2 g« | SILH-like (- loop suppressions)

Giudice, Grojean, Pomarol, Rattazzi, hep-ph/O7031 64

1) a relative shift in yukawa couplings dy; oy = 03/(\/§mf) Cy;

V2

2) the coefficient Cy of the four-fermion operator Oy = %WbWZ%(EL%bL)(@y“E) Coy = — Copre
lative deviation in the Higgs self coupl @Gt

3) a relative deviation in the Higgs self coupling d\ S\ — 2,04/7,?%21 Co

4) the triple-gauge coupling (TGC) Az Ay = —692 Caw

FG, 1711.03162

Planck 2018 F. Goertz




Combined Constraints

0.0 0.1 0.2 0.3 04 05
Oy¢

0.00 0.05 0.10 0.15
Oys

Figure 1. NP mass M in dependence on the variation in the Yukawa couplings (dyy)
and in the triple-Higgs self coupling (dA) in Scenario A (left) and B (right). The colored
lines denote NP couplings of g, = 1,4, 8, 47, respectively (from yellow to red).

FG, 1711.03162

Planck 2018 F. Goertz




FG, 1711.03162

Planck 2018

Combined Constraints

flavor anomalies

~50Te\

F. Goertz



Combined Constraints

o Lo 0.0
0.000 0.001 0.002 0.003 0.004 0.000 0.001 0.002 0.003 0.004
)(z }“Z

==) Access Masses / Rule out UV Paradigms

FG, 1711.03162

Planck 2018 F. Goertz



3) EFT for Dark Matter

Luminous matter cannot explain many observations|

AN

[uminous matter not sufficient * rotation curves of galaxies
to keep C{uSteVS bouy\d DISTRIBUTION OF DARK MATTER IN NGC 3198
' R N B B B L B
e * Bullet Cluster: : Vo o0

Optical observation (x-ray) ol
vs. grav. lensing r

Ve (km/s)

50

ol 1
0 10

20 30 = 50
Radius (kpc)
Albada, Bahcall, Begeman, Sanscisi, APJ, 245, 305-313 (1985)

“Coma Cluster, NASA, Zwicky

large-scale sre formation A} A o - CMB

+ BBN, Lyman-a forest, ...

Sky Survey

Sloan Digital ESA

" All these observations can be explained by the presence of Dark Matter... What is its origin?

Planck 2018 F. Goertz




DM Candidates in ‘UV complete’ mode(s
o Lightest SUSY partner (Neutralino ...) '

e Lightest Kaluza-Klein excitation (KK parity)
« Composite scalar &

e Sterile neutrino O
e Higgs-Portal DM

« Extended Higgs sectors ﬂ_ﬁ
e Axions, ALPs il

Planck 2018 F. Goertz




Dark Matter

— DM searches: el Uyl
* indirect detection g, ov o
* direct detection g
* collider E o o

production at colliders

— Combined effort to understand the nature of DM!

iaenew'c (Model-independent’) me\ework?:

Planck 2018 F. Goertz



Theoretical Description

From full theories to EFT

SUSY Effective field
UED theory (EFT)
little Higgs

Pre-LHC LHC 2015k 2oi1

G. Polesello, U. Haisch

Planck 2018 F. Goertz



Theoretical Description

From full theories to EFT EFT vs. LHC

% 3000 Vs=8 TeV = ATLAS LimitD5 | . ______

SUSY . g —— Ry =78% - Rypy = 75% N
Effective field = 2500 R =50% R, =50% | — b L
UED theory (EFT)
i ' a000| a7 2% - Ray = 257 ST
Ilttle HIggS g = A < 2Mo 4
Fquq 1500 ; T 1 11 : i ; AN ¢

1000

500

0

10

) 2010 2011
Pre-LHC LHC : 50% of all events <= LHC limit
G. Polesello, U. Haisch lie above A very qaestiomable...

Morgante, 1409.6668
Busoni, De Simone, Morgante, Riotto, 1307.2253

Planck 2018 F. Goertz



Theoretical Description

From full theories to EFT and back

SUSY . N
Effective field Simplified .Consistent” /,UV complete’
UED theory (EFT) models simplified models models
little Higgs
T Xxaq I XXS + % GaS — gxXxs+ YoqHq + ps|H|?

Pre_LHC LHC 2010 2011 2012 2013 2014 2015 2016 2017

G. Polesello, U. Haisch

Planck 2018 F. Goertz



Alternative (keep ‘model independence’):

Extended DN EFT

From full theories to EF T (@and back)

simplified models models

I XXS + YgqHq + ps|H|?

UED theory (EFT) models
I i — ysS¥ S Svii@i i
little Higgs - o ysSxLxR — (v QL H
qg — - - _
A3 XX49 IxXXS + 3 qqS B i e e

Pre_LHC LHC 2010 2011 2012 2013 2014 2015 2016 2017

G. Polesello, U. Haisch

Planck 2018 = Eaars



DM EFT vs Simplified Models

DM EFT

Simpl. Models

‘model independent’

‘proper’ QFT

myg . _

A5 XX44
Shepherd, Tait, Zaharijas, 0901.2125 T
Beltran, Hooper, Kolb, Krusberg, DM

Tait, 1002.4137

Goodman, lbe, Rajaraman, Shepherd,
Tait, Yu, 1005.1286, 1008.1783
Bai, Fox, Harnik, 1005.3797

Busoni, De Simone, (Gramling), Morgante, Riotto, 1307.2253, 1402.1275
Bruggisser, Riva, Urbano, 1607.02475

Planck 2018

valid for LHC

searches

- 9qlq _
XxS + =22 qqS

T\

DM mediator

Alwall, Schuster, Toro, 0810.3921

De Simone, Giudice, Strumia, 1402.6287
Abdallah et al, 1506.03116

Kahlhoefer, Hoberg, Schwetz, Vogl, 1510.02110
Boveia et al, 1603.04156

De Simone, Jacques, 1603.08002

Englert, McCullough, Spannowsky, 1604.07975

F. Goertz




Extended Dark Matter EFT

eDMEFT

‘minimal’ assumptions
‘proper’ QFT

valid for LHC searches

Alanne, FG, 1712.07626
— yaSYr S S\ij A J
YsOXLXR — K(y‘i) QrHd,

S s
— — Ca
A

Ga.p.v Gﬁ_v +

Planck 2018 F. Goertz



Extended Dark Matter EFT

« Keep mediator:

LHC Applicability — Exploit synergies in combining
DD + ID + LHC

e Construct all gauge invariant ops of SM + DM + med.:

Correlations induced by gauge symmetry

e Allow for D >4 operators:
New sector likely richer than just DM + mediator

Planck 2018 F. Goertz



Extended Dark Matter EFT

AT
eDMEFT 1
- | A ¥, p,
minimal” assumptions A ¢
9
‘proper QFT
valid for LHC searches — S (med.)
X (DM)
— YsSXLXR — %(yﬁ)ij@iHcﬂ{{ U oS\ /[
- % cEGUIGE, +..

Planck 2018 F. Goertz



Extended Dark Matter EFT

e Fermionic or scalar DM with (pseudo-)scalar mediator:

Leading etfects at D=5

— limited number of free couplings

Planck 2018 F. Goertz



Extended Dark Matter EFT

Fermionic DM with scalar mediator:
Eff%( = Lsm + Lkin—|—mass — V(S)
- /HSU|H\23—>\HS\H!282 —ysSXrLXxr + h.c.

S
_ - [C)\SS4 —|—CHS|H|282 + C)\H|H|4]

S v
167 2, GOVl
V=G,B,W

Planck 2018 = G



Extended Dark Matter EFT

Fermionic DM with scalar mediator:

Efé‘ = Lsm + Liintmass — V(S) Higgs-mediator portal
e
— Nygv|H|*S — Ags|H|*S* — ysSXrXxr + h.c.

S
— - [C)\584 + CH5|H|2S2 + C)\H|H|4}

S v
1672 2, GOVl
V=G,B,W

Planck 2018 F. Goertz



Extended Dark Matter EFT

Fermionic DM with scalar mediator:

Efé‘ =  LsMm + Lrintmass — V(S) mediator-DM int.
>
_ /HSU|H\23—>\HS\H!282 — ysSXr.XRr + h.c.

S
— - [C)\584 + CH5|H|2S2 + C)\H|H|4}

S v
1672 2, GOVl
V=G,B,W

Planck 2018 F. Goertz



Extended Dark Matter EFT

Fermionic DM with scalar mediator:
Eff%( — ESM + Ekin—|—mass — V(S)

- /HSU|H\23 — )\HS‘H’282 —ysSXrLXxr + h.c.

S portal-like
—  — [exsS* + cus|HIPS® + crp|H|*| 4 D=5 terms

S v
1672 2, GOVl
V=G,B,W

Planck 2018 F. Goertz



Extended Dark Matter EFT

Fermionic DM with scalar mediator:

S
Eef? — ESM + Ekin—|—mass — V(S)
- /HSU|H\23—>\HS\H!282 —ysSXrLXxr + h.c.
: — §[c S*+cps|HI*S® + cxm|H|*
Gauge inv. A LEAS HS NH
couplings to SM!
Inevitably links A S S = , ( )82 4+ y](r{) |H|2
DM to DM+H — K(yf)wFﬁHffJ{ A XLXR + h.c.
production!
Correlates different S 1 i Xo g
LHC observables @ S Qv W e
— test nature of A 1672 Z CVV"“/V > >
dark sector! V:G7B7W i XE gy

Planck 2018

F. Goertz



Extended Dark Matter EFT

Fermionic DM with scalar mediator:

Sx
Eeff

ESM T Ekin—|—mass - V(S)
/HSU|H\23 — )\HS‘H’282 —ysSXrLXxr + h.c.

S .
— [C)\584 —+ CH5|H|2S2 —+ C)\H|H|4} Higgs-DM porta(

A , and (med.y*-DM?

— assoc. prod.?

S v
1672 2, GOVl
V=G,B,W

Planck 2018

F. Goertz



Extended Dark Matter EFT

Fermionic DM with scalar mediator:
Eff%( = Lsm + Ekin—|—mass — V(S)
- /HSU|H\23—>\HS\H!282 —ysSXrLXxr + h.c.

S
_ - [C)\SS4 —|—CHS|H|282 + C)\H|H|4]

gluon-fusion,

S v
1672 > COViV™ = UpE prod., ..
V=G,B,W

Planck 2018 = G



Extended Dark Matter EFT

Fermionic DM with scalar mediator:
Eff%( — ESM + Lkin—|—mass — V(S)

- /HSU|H\23 — )\HS‘H’282 —ysSXrLXxr + h.c.
(xsS* + ens|HI*S® + exn|H|]

A

S v
1672 2, GOVl
V=G,B,W

()9 FLH L —

XLXR + h.c.

|
=& =l =0

: 2
Scaling: Y RNEI NI N ?J? ~Yr9«s Ys g ™ gz vC\S/ ™~ Gx

Planck 2018 F. Goertz



Phenomenology

Capture all kinds of production /scattering

mechanisms of DM

« LHC Observables: mono-jet, mono-Higgs,
XL
< >jff <ySSXLXR E ~mg (M)
’ e lalways turn on 2 couplings ...]

e Direct Detection: DM-nucleon interaction

Explore correlations in
proper EFT qr XL q XL
(y5)73 T B <K<mg

(]L

S ij D 7 £
X(y?)"?FLHfﬁ

F. Goertz

Planck 2018




Phenomenology

e Confront LHC with direct detection and relic abundance

e Can address the question:
Given constraints from relic density and direct detection,
which mono-X cross sections can be expected at the LHC?

thermal freeze-out (early Univ.)

indirect detection (now)
————
DM SM

B —————
production at colliders

direct detection

Planck 2018 F. Goertz



Global Picture of Constraints

* Most interesting case: more than 2 couplings present

m,=220 GeV, mg=500 GeV, A=3 TeV ,Cee=0 m,=220 GeV, ms=500 GeV, A=3 TeV |Ca=0.1

10. 10.

Ys

XENONRNT

0.1F

DARWIN

open parameter space of Portal DM, ...

Planck 2018 F. Goertz



Matching to UV Theories

e 2HDM -+ scalar + DM

integrate out H,: cms = —2A, 150/ Mp,
cxg = 226 \2yv /M,

y(}g = )\‘192nq/(tan5 M)

Interpret exclusion

« Composite mediators y;g =Yg A/ f in terms of models,
Ys = Ux Scrutinize validity
of EFT

« NMSSM (singlino DM), VL fermions, ...

Planck 2018 F. Goertz



Conclusions

EFTs are a valuable tool to explore UV completion of the SM

- C; can be extracted in agnostic way, interpretation requires assumptions

- Power counting scheme allows to asses error in determination of
D=6 coefficients and, eventually, to access A

Planck 2018 F. Goertz



Conclusions

EFTs are a valuable tool to explore UV completion of the SM

- C; can be extracted in agnostic way, interpretation requires assumptions

- Power counting scheme allows to asses error in determination of
D=6 coefficients and, eventually, to access A

eDMEFT:

e Framework to study correlations between different DM

observables (incl. LHC), maintaining gauge invariance

and allowing for richer NP sector

e Potentially opening new’ viable parameter regions for DM

Planck 2018

F. Goertz



Backup




Well-Known Example: Fermi Theory of Weak Interactions

v,

2
(] C1 [4) /2 2

01
% Describes muon decay (1 — evv, inelastic scattering ve — VUL, ...
. From low energy measurement (muon decay) no identification

c1 =—9¢°/2~—0.2; A=mw ~ 80GeV possible, only constrain ratio

¢1/A? = 232Gy ~ —3.3 x 107° GeV %

Planck 2018 F. Goertz



Well-Known Example: Fermi Theory of Weak Interactions

Ve

C 2 /9 9
Lot D A2 (@0 Prve) @y Pup) +hic.. o = _iJn év -2
O,
:\cl/A2 — _92/2771%4/ ~—33%10°5 GeV_% N Assumpi;on for g ?5_;3\‘//
1 123 GeV
10~* 12 MeV
o

<mp — no consistent extraction

Planck 2018 F. Goertz



Explicit Example of Limit-Setting Procedure

. cOmsiderich — VI in Vector-Triplet Mode(:

L5 ignViH o' DyH + g,Vigryuo'ar
Integrate out

h i
LD " (5czmQZZMZ“ +24/6% + g2 Z, Z 5gfff0uf)

f=u,d,e,v

dc, = —

* Corvects qq — Zh (as well as g7 — Wh)
* Amplitude for longitudinal V grows as square of partonic COM energy
- important effects at large s = M7, == EFT validity?

See also Biekotter, Knochel, Kramer, Liu. Riva, 1406.7320

Planck 2018 F. Goertz



Consider 3 Scenarios

® [Strongl)} coupled: My =7 TeV, gg = —g, = 1.75

e Moderately coupled: My =2 TeV, gg = —g, = 0.5

Vs N

e Weakly coupled: My =1 TeV, gy = —g, = 0.25

* Lead to same effective coefficients, however vastly different range of

EFT validity 10 ud > Wh .
' - A Full model (weakly — strongly)

}

Starts to deviate later!

Linear EFT
(+quadratic terms: purple)

Planck 2018 F. Goertz



Hypothetical Measurement of o(pp — W+h)

MWh[TeV]‘ 0.5 ‘ 1 ‘ 1.5 ‘ 2 ‘ 2.5 ‘ 3
ofosm | 1E£12 |[1£1.0 [1£08 [ 1£12 [1£16 | T£30

l 5% CL bounds

Moyt [TeV] 0.5 1 1.5 2 2.5 3

5gVW 9 x 103 | [-70, 20] | [-16,4] | [-7,1.6] | [-4.1,1.1] | [-2.7,0.8] | [-2.2,0.7]

/4

Combine bins up to M__

2
—— =~ (1+1606g;, ¢
OSM < L TeV?

consider only 597 9 = [6g7"]11 — [097% 11

Planck 2018 F. Goertz



Remark on Importance of D=& Operators

* In general D=8 contributions suppressed, as discussed before,
however can become important (while still EFT converges) in case

1) Symmetry suppressing D=6 operator but not D=8 contribution
(e-g- shift symmetry suppressing | H ‘ZGZVGG”W)

2) Zero at leading order:
Corrections appearing first at D=8 level without symmetry reason

(e.g. s—-channel production of neutral gauge-boson pairs)

3) Selection Rules inherited from UV dynamics
(e.g. light Dilaton coupling to D=4 stress-energy tensor)

4) Fine Tuning

* Loop/NLO corrections including D=6 operators? lmportant in case weakly constrained
coefficient enters beyond LO in well-measured quantity (while tree-level correction small),

or where large SM k-factors!

See also: Giudice, Grojean, Pomarol, Rattazzi, ph/0703164; Liu, Pomarol, Rattazzi, Riva, 1603.03064;
Azatov, Contino, Panico, Son, 1502.005349; Degrande, 1308.6323; Azatov, Contino, Machado, Riva, 1607.05236

Rencontres du Vietnham, 30.9.2016 Florian Goertz




Dark Matter

. Viable candidate for DM:
electrically neutral,

cosmologically stable, .

colorless particle,
with abundance in agreement with )pj,

structure formation — cold (non-relativistic)
dark matter preferred

|

weakly interacting
massive particle (WIMP)




WIMP Miracle

0.01 £ '§

0.001 —

0.0001 1

. ! 2 1
- 10 : <oyxlv] >=a+b< v > 4+0(0%)
.*5 107 Increasing <o,v>
c F
o 10E 1 o NERCETE
Al o ; 2= mx/l
g 10-10: _;
E 10-1! / 1
= —12 [ I
% oo | WIMP
3 10 / 3 mx ~ GeV—TeV | weak scale < oxx|v| >
Eioef \ TTTmmmemee e ;
© 10-15; -.

iz : rrpo ~ 20—30 (freeze-out temperature)

10-10 E é

10-20 t

— Correct Relic Abundance Qxh? ~ 0.1 (‘BF O) (g—*

100
x=m/T (time -)

Hooper, 0901.4090

<GV>U — 3.1026 em3s—

1

1

Y
A

20 80

QOh? o (ov)~!

)1/2< a + Sb/:BFO

3 x 10=26cm?3 /s

external dof ~80

)

—1



Phenomenology

‘toy (simplistic) example’:
always turn on 2 couplings only

{q@ induced Relic abundance (m, >ms)

(ov) (xx — S5)
~ 2.0 x 1072 em?s 1y (

XL

1TeV)2

my

h- XR

thermal freeze-out (early Univ.)
indirect detection (now)

——
X SM
——

. scattering off nuclel

[(yu)ll)] (fN)ZmNHN”

2w A2mem?2

direct detection

production at colliders

N)=mnfx

M 111N

N = W my = (TT?,p + mn)/Q




Phenomenology

bqinduced\

. Relic abundance (my >ms)
| N Qi (yS)ii L N <O-V> (XX — SS) 1 T V 5
i==‘==“ ~ 2.0 x 10726 cmgs_lyé ( € )
o m,
XR  qp h XR :

R

fixYs

~SBe. DD: scattering off nuclei

21/, S\I1\I2( Fu 2,2 2 .2
~ yEl(ya) )P () my gy [(y) "
N 2w A2mem? ‘

u.

(N|m,qq|N) = mn fx
mL 1
N = mx’;”:\ my = (m, +m,)/2




Phenomenology

bqinduced\

Relic abundance (my >ms)

XL g (ov)(xx — S95) 2
)% us 1 TeV
\== = ~ 2.0 x 10726 cmgs'lyé ( c )
My
XR qfy \
fixYs
S —
i ~ DD: scattering off nuclei N
e [ 11 5 9 — JsDD = Vs
w _ ) PR mi e N
2 5 T K
2w A2mem?2 3 102
) =l <
— 10—3_ ----------------------------------- b

(mg = 500 GeV) mow [GeV]




Phenomenology

(ch induced

AN

Relic abundance (my >ms)

v o Y {ov)(xx — SS) —
Y )% s
SoTT ~ 2.0 x 1072 em?s 1y ( c )
. my,
XR qf,'? T h XR \
fixYs
Pz DD: scattering off nucle o calar DM = later
== 2 S\11y12 2,002 ,,2 .2 = JsbD =Ys /
L yS[(y?_L) )] (f}\Lf) myHNY = A
oN = 5 45 = gspD = Agy,
2rA*mim? 3 102}
) C |
>
O . A
AT 104
frel = 0.1

Mpm [GGV]



ut induced

< Do

e Consider
(ms = 400GeV,m,, = 500GeV),

(ms = 500GeV,m,, = 1TeV)

XL

XR

LHC cross sections

10—
= JspD = Ys

!
gsop = Agy,

[Tev™]

10—2 L

()"

10®
1 Mpm [GGV]

0j|lm,=s500Gev S 3.0 - 1077 fh,
Ojlmy,=1Tev S 3.5 10~" tb,

10—3 L

104

Jh+L¢T|mx=5oo Gev S 2.0- 10~ % fb,
Jh+E(T|mX=1 Tev S 3.4 - 10~ fb

!

not visible (just for illustration)
— more interesting (e.g.):bb induced



LHC cross sections

— Jsbb = Ys

10 dsop = A'st

XL IE
¥ < 10%}
XR | |
S 10° 104
| 1 Mpm [GGV]
3
j|m =500 GeV ~J <1.9-10 fb

Ojlm,=1Tev S 250 1b

e Consider
(ms = 400GeV,m,, = 500GeV),
(ms = 500GeV,m,, = 1TeV)



LHC cross sections

1 : 008 = 400 GeV
Higgs - mediator portal ozs| o
-0
XL <
0.15
500 1000 5000  10°

Xr

mpwm [GeV] 1

jlmy=s00Gev S 1.1-1073fb,

Oilmy=1Tev < 3.3-10741b
Tj|m,=s00cev S 49 1b,

lemle TeV f} 3.3th

1

1074t
— @

AHXE

ﬂ'el

10—5 L

——

g

200 300 400 500 600 700 800 900
mpm [GeV]



Scalar Dark Matter

L3 = Lsm + Lin — V(S) = V(xs) = Nsv| HI’S — As|H|*S

/
2,2 2.2 10717 ‘
\/_USXS A;S>C.s‘S' XS T )\HXS H‘ XS — Gep = Vs
2 = QJSD[):/\'SXs
S S 00
4 2 o2 4
-3 exsS* + cus|HI*S? + exn|H] g
2.2 4 2 9 03| == s |
+ sy SoXE + Caxe X + Cry |H| X ‘ .
103 10

mpwm [GeV]

S S\tJ ' S S v
R K(yf) jFLHfi?{ o 167T2A Z CVVIUJVV'UJ
V=G,B,W

similar story...



e Resonance Search for
Mediator

e Higgs Pair + MET 7

q.QQ

g QQ

!

g
Xs . h
g Vs /
4 Vs
V4 7
V4 /
=l
VO AN N
Y N
g A N N
AN
“Xs h

Further Processes

1
qr ir,
.
(v))7 %
1)2/\}[5
J
qR tr
h XL
Fd
g /7
/
:/ ys
. \
\
49 .
“h XR
g I-h P X
/ V4
4
! v
=2 =)
UQA}_IS \ W
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