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Introduction




Higher dimensional operators

m NP at the scale A>v must be invariant under
the SM gauge group

m The heavy degrees of freedom can be
iIntegrated out T. Appelquist, J. Carazzone

The resulting effective operators must be
‘ Lorentz invariant, respect the SM gauge
group and are suppressed by powers of 1/A.

B. Grzadkowski et al., arXiv:1008.4884
W. Buchmuller, D. Wyler, Nucl.Phys. B268 (1986) 621-653




Why EFT methods:

m Argue indecently of the specific NP model
m Properly connect physics at different scales via

= Running
= Mixing
= Matching

m Correlate different experiments
(complementarily of searches)

m Can be easily extended to account for DM, right-
handed neutrinos, ...




Operator classification
Ly, =Ly + 1/AY CO02 +1/A*> CO0 +0(1/ A*)

k

m Dim 5: 1 operator, the Weinberg operator
0, = &£, 09" (1) Cl'=(g'1,) C(p'1,)
m Dim 6: 59 operators
= 30 four-fermion operators 0, =(¢,y,¢,)(e,7"e,)
= 4 pure field-strength tensor operators g, = ***G»G* G
= 3 SM-scalar-doublet operators Q, = (pg')
= 8 Higgs-field-strength operators ¢ . = ¢'pG, G*
= 3 Higgs-fermion operators Q,, =¢'¢/ e,
= 8 “magnetic” operators g, =70, e,pB"

= 8 Higgs-fermion-derivative Q) = ¢'D g7 7"¢




General procedure

Perform EW symmetry breaking

Derive the Feynman rules

Calculate the Feynman diagrams

Perform the matching (integrate out W,Z, t and h)

RGE evolution to the low scale

m Calculation of decay width, cross sections, etc.




Lepton Flavour Violation

with dim-6 operators

A.C., S. Najjari, J. Rosiek, arXiv:1312.0632
A.C., M. Hoferichter, M. Procura, arXiv:1404.7134




Lepton flavour violation

In the SM (with massive neutrinos) lepton flavour violations is
extremely suppressed by the small neutrino masses: O(10-2?)

‘ Any observation of LFV would establish physics beyond the SM.
m Current best limits on ¢ — e transitions (from PSI):
Br|u —ey|<5.7x107"
Br|u — eee| < 1x107"
Bri™ [1 —e] <7x107"

m Future prospects:
Br[u —ey]<6x107  PS|

Bry™ [1 — e] <5%x107" FNAL, J-PARC
Br|u — eee] <7x107" PSI (proposed)




Observabels

Contributions of dim-6 operators to

= ¢/ — 'y (oneloop)
T — U, T — ellll, etc.
EDM, AMM (one loop)
Z =l

UL — e conversion

At leading loop-order and at leading order In

1/A* and m, / m,,




Operators for LFV
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¢ : left-handed lepton doublet i, j,k,l :flavour indices

«>

e: right-handed charged lepton Dﬂ : covariant derivative
@: SM-Scalar doublet

W : SU (2) field-strength tensor
B* : U (1) field-strength tensor




Derivation of the modified
Feynman rules
m After EW symmetry breaking
= General R, gauge

Example: Z-lepton coupling

i (v [P P+ T 7P| + i [CFEPL + CFf PR av)

>
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Calculation of the diagrams
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Numerical results

7—-eee, T»ey and Z-1e Br[r — ey]
Br[r — eee]

-400 -200




{ — e conversion and
and Higgs mediated flavour violation

= Higgs contributions to 14 — ey and 11 — eee
by small Yukawa couplings

= Contributions to ;1 — e conversion involve also
heavy quarks

L — e conversion

‘ sensitive to Higgs

mediated FV

dim-6 operator
O = (¢T¢)(Ze]¢)
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Determination

of V,, and V,

A.C., Stefan Pokorski, arXiv:1407.1320




Different determinations

(] VCb

=(4.242+0.086)x10~° [QNGIIALY
=(3.904%0.075)x10
=(3.850+£0.191)x107> (B — D/(v)

YCYAWSHPIM (inclusive)
= (3.407)33) 10~
=(4.31£0.6)x10™ (B — 7v)
=(3.410.3)x107 (B — plv)




Effective operators (at the B scale)

B. Dassinger et al. arXiv:0803.3561, S. Faller et al. arXiv:1105.3679

s Four-fermion operators

~IC] P all decays
~ICs+C) P B— D(m)lv
~IC,=C; P B—>D (p)lv

~C; P +1C; I’ inclusive

O, = (PVgPb
0 = IP,vgP,b contribute
O =to, Pvgo" Pb

uv = L

‘ Cannot explain the differences in the determinations

m Modified W coupling

4GV,

7= Iy Py ((+c)gy,Pb+ gl qiD,P,b+d;id" (gio,, P,b)+ L — R)

uvt L




Effects of NP

Exclusive determination at zero recoill:
0 VCb

VSM

VCb = 1 cb chb cb - cb cb cb
+c; +c, —1.6GeV(d, +d; )+5.5GeV(g, +&;)
VSM
chb

14+ —c? +3.3GeV(dL —d)

(B— D/lv)

v, (B— D(v)

] VUb

Vub —

SM
- - ZM’? - - — (B> 7lv)
1+c¢;” +c, —4.9GeV(d, +d,”)+5.5GeV(g, +¢&; )

SM
Vub

V. =
Y 14— +4.5GeV(dY —d")

(B— plv)

Inclusive determination on weakly affected




New Physics Effects in V,

Right-handed W coupling ,magnetic” operator

-0.10 -0.05 0.00

-0.10 -0.05 0.00 .
a’ [1/GeV]

¢

inclusive




New Physics Effects in V

Right-handed W coupling ,magnetic” operator

;
~04 -03 -02 -01 00 0. . _ ~0.10 ~0.05 0.00
di® [1/GeV]
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Side remark:

Right-handed W-coupling

in the MSSM

A.C. arXiv:0907.2461




Genuine
vertex-
correction

(

6

1AWg —i
wd = [y ?mY 3

3
S,t= 1szl + Wu Wu*VCKMWde

f+3.s 1+3,t

m Right-handed coupling not suppressed!

31.05.2011



Where are SUSY effects possible?

= §¢ H*/KE strongly constrained from FCNC processes.

m 8}13{“; less constrained from FCNCs (B — K " 117)

8u LR,LL,RR

1221 constrained from D mixing

m 5113R2L3 unconstrained from FCNCs

= Large &% possible if AP or tan(B) is large.

m Vg Vis Voo Vs are to large for observable effects

mm)p Only V ,, V, can be affected by SUSY effects.

31.05.2011



Largest
SUSY effect

inV,,
possible.

31.05.2011

VR /VY in %




Results

= In terms of SU(2) invariant operators d;

corresponds to
Ql, =1/ A (go™u,)t' W,

u

m Direct connection to Z-quark couplings
m Excluded order one corrections to Z-bb couplings

‘ NP at the scale A cannot explain the differences
in the determinations of V, and V..




Effective field theory

approach to Dark Matter

A.C., F. dEramo, M. Procura, arXiv:1402.1173
A.C., M. Hoferichter, M. Procura arXiv:1312.4951
A.C., U. Haisch, arXiv:1408:5046




Spin independent scattering

cross section
m Up to Dim 7 (at the direct detection scale)

2

si M m ) S
oy =~ — +TN( > P -1272C, ]

q=u,d,s

m,, : nucleon mass

The Wilson coefficients C,,
must be connected to UV physics

30



Scalar quark content of the
nhucleon

m [radiational
approach:
SU(3) chiral
pertubation

m Better:
SU(2) chiral
pertubation
theory ahd fe B SU(3)

from lattice

SU(3) with f,




EFT for Dark Matter

We assume that DM is:
m A SM singlet (other choices are also possible)
m A Dirac fermion (biggest number of operators)

Interactions of DM with the SM arise through

messengers at a high scale A

Construct operators which are invariant under the SM
gauge group

This scale A must be connected to the direct detection
scale via running, mixing and threshold effects.




Operators dim-5

1 1 _ 1 _
O, =—-70" 1B, Oy = IxH 'H, Oy, =X;c75;cH 'H

= OAT4 . Tree-level contribution to direct detection

m 05 ., . Affects only spin dependent direct detection
B OfIH - Enters only via matching corrections
Matching: CS =




Operators dim-6

1,
0, = AV X Y.4

0}, = #WWTW
m No QCD effects
= EW-mixing of 0;’; into O

HHD
o N
Coon (1) = Clop (A) =2 C (A) 22— (1 = )

s Matching contributions

1 |
CLV %CLYLY_FECIZHD’ Cc‘l;‘,’/ %CX;_ECZIHD

Bounds on previously unconstrained operators




Experimental constraints
CVA —

- e - m, [GeV]
20 50 100 200 5001000 °

XENONITHEE BRS¢
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Operators dim-7

m Field strength tensors especially interesting

m Mixing into

05 = Ai TH00 09

O, = quﬁq

Contributions to direct detection after EW symmetry
breaking and integrating out the Higgs.
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Conclusions

LVF is an excellent place to search for NP

m /1 — e conversion sensitive to Higgs mediated flavour
violation

NP cannot explain the current differences in the
determination of V , and V,

Interesting loop effects in DM direct detections: new
constraints on operators

EFT provide a consistent framework to search for NP in
a model independent way




