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x) It looks more and more likely that new degrees of freedom beyond the SM may not
be directly available at the LHC or even at future colliders

x) However, even if it is not possible to see the head, it may be possible to see the tail...



Status report

@ SM has been excessively successful in describing all collider and low-energy
experiments. Discovery was 125 GeV Higgs boson is last piece of puzzle that
falls info place. No more free parameters in SM

@ We know physics beyond SM exists (neutrino masses, dark matter, inflation,
baryon asymmetry). There are also some theoretical hints for new physics
(strong CP problem, flavor hierarchies, gauge coupling unifications, naturalness
problem)

@ But there isnt one model or class of models that is strongly preferred, and
all existing models addressing naturalness have certain tensions that cast
doubt on whether they really describe nature

@ We need to keep open mind on many possible forms of new physics that may
show up in experiment. This requires a model-independent approach to
complete other model-dependent searches



SMEFT

@ Assume that the SM degrees of freedom is all there is below the TeV scale. But we
treat the SM as an EFT, and call it the SMEFT

@ In the SMEFT, the SM Lagrangian is treated as the lowest order approximation of
the dynamics. Effects of heavy particles are encoded by new contact interactions of
the SM particles added to the Lagrangian

@ The SMEFT Lagrangian can be defined as an expansion in the inverse mass scale of
heavy particles, which coincides with the expansion in operator dimensions

@ Under certain (mild) assumptions, the SMEFT framework allows one to describe
effects of new physics beyond the SM in a model independent way




SMEFT

Basic assumptions

— LH, L eSU(2);

@ Much as in SM, relativistic QFT with linearly
realized SU(3)xSU(2)xU(1) local symmetry
spontaneously broken by VEV of Higgs doublet field

@ SMEFT Lagrangian expanded in inverse powers of

A. eauivalently in operator dimension D <K A A

1 1 1 1

SMEFT=£3M+—£ sl e — o e . p i
Apr A A3 A4
/ Subleading
Lepton number of B-L violating, wrt D=6 if A

hence too small to probed at present high enough

and near-future colliders Generated by integrating out

heavy particles with mass scale A
In large class of BSM models that conserve B-L,
D=6 operators capture leading effects of new physics
on collider observables at E << A


http://arxiv.org/abs/1303.3876

(subset of) D=6 operators

In this talk, | will focus on a subset of D=6 operators
which contain 4 fermions and at least 2 leptons

One flavor (I =1,2,3) Two flavors (I < J =1,2,3)
Oulrrir = 2(15,01)(Lr5+Ly)

Oelrirr = (£16,0r)(e50"€F)

Ocelrirr = 5 (€50,€5)(efo"es)

[3O€q]IIJJ = (610/%1)( ?[quU]IIJJ (6‘}6])6316((1?“?])
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jj = (KIUJI) CJU ds)
(

However, implicitly assuming that all dimension-6 operators
are present simultaneously with arbitrary Wilson coefficients.
In particular, flavor structure is assumed to be completely generic



EFT below the weak scale

@ This talk is focused on observables where characteristic energy scale is smaller than
Z boson mass

@ Below mZ the only SM degrees of freedom available are leptons, photon, gluons, and
5 flavors of quark, while H/W/Z bosons and top quark are integrated out

@ I refer to it as the Fermi theory

@ Fermi theory is an EFT with SU(3)xU(1) gauge group and fermionic matter spectrum,
where the expansion parameter is 1/v, v = 246 GeV.

@ There are 70 dimension-5 and 3631 dimension-6 operators preserving baryon and
lepton number

@ I focus here on flavor conserving 4-fermion operators coupling leptons and light
quarks (flavor violating ones are of course equally or even more interesting but not
discussed here)



(Subset of) Fermi theory Lagrangian

Charged current interactions of 2 leptons and 2 light quarks
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Neutral current interactions of 2 neutrinos and 2 light quarks
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Neutral current interactions of 2 charged leptons and 2 light quarks
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Matching Fermi theory to SMEFT

; Fermi theory
@ One can match Fermi theory fo

2, — [ vjq c
SMEFT at u = mZ to relate —E(VJU V1) (917 @0uq + 9rR 40uq") -

parameters of these 2 theories

One example: vvgq operators
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Chirality conserving (I,J = 1,2, 3)
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Trivial matching
of 4-fermion operators



RG running in Fermi theory

@ Scalar and fensor operators experience significant running due to QCD loop
corrections

@ Electromagnetic running is most often negligible, unless it leads to mixing
between stringently and weakly constrained operators

0.58 1.42 x 10°% 0.017
1.42 x 10~ 0.58 0.017
1.53 x 107* 1.53 x107* 1.21

(= mz)
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Atomic Parity Violation

@ Measurements of rate of rare parity-violating atomic transitions, for example
7s — 6s transition in cesium

@ Results conveniently expressed in tferms of atomic weak charge

Qw(Z,N)=—-2((2Z + N)g%, + (Z + 2N) g5,

Current most precise measurement from cesium (Z=55, N=78)

Q%ﬁ = —72.62 1043 Qftsy = —73.25 £ 0.02

1
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Parity Violating Scattering

@ Polarization asymmetry of low-energy scattering of electrons on protons

@ Results can also expressed in terms of proton weak charge (Z=1, N=0)

Qw(Z,N) =—2((2Z + N)g5, + (Z +2N) g5,

QP = 0.064 4 0.012 Qs = 0.0708 £ 0.0003

@ To constrain gVA coefficients, one needs to include results of deep inelastic
parity violating scattering from PVDIS and SAMPLE experiments

0.0033 = 0.0054 —-0.98 —0.37 —0.27

—0.0047 £ 0.0051 0.37  0.27

—0.041 4+ 0.081 0.94
—0.032 = 0.11

1 (& — — e — _
Loz D 2—U2[gA"V“’(eﬂmeJ)(qwq)+ngX(€J%6J)(qw%q)]




Neutrino Scattering

Experiments can precisely measure ratios of NC/CC
neutrino and anti-neutrino scattering on nuclei

2 _ c
Leg D —ﬁ(wa“w) (9777q0,q + 97R ¢ 0,q°) -

vju vyd
(47 )? <9LJL/LR)2 + (gLJL/LR)2
L/R

Experiments use mostly muon neufrinos
(’rhough some rather imprecise results exist for electron neutrinos foo

Observable Experimental value Ref

R,, 0.3093 £ 0.0031 | 0.3156 74
CHARM (r = 0.456) 0.390 + 0.014 0.370 [74]
R 0.3072+0.0033 | 0.3091 | [75]
CDHS (r = 0.393) : Sl
0.382 + 0.016 0.380 | [75] PDG combination

COFR | | 055200001 | 05830 | [10

= 0.3005 £ 0.0028, (g7)? = 0.0329 = 0.0030,

— 2.50 4 0.035, O = 4.5670:32.



Neutrino Scattering

Precise results exist also for muon neutrino scattering on electrons

ef.
CHARM-IT | [39] | —0.035 £ 0.017 | —0.503 +0.0017

CHARM | [38] | —0.06£0.07 | —0.54+0.07
BNL-E734 | [40] | —0.107 £ 0.045 | —0.514 & 0.036

PDG combination

gis = —0.040 £ 0.015, gy = —0.507 4 0.014,

1 - — Ve Ve - — C —C
Leg D —E(VJ%VJ) (grv" +arit) (erouer) + (9ry" —agri’) (efouer)].
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Moller Scattering

SLAC E158 experiment made a precise measurement of parity-violating
asymmetry in Mgller scattering e— e— — e~ e— at very low energy (below GeV)
1

Log D 2—7129261/ —(eoue)(eae) + (e“o,e)(

gay = 0.0190 £ 0.0027.

Also including

@ Tau decays (leptonic only for the moment)
@ Trident muon production
@ Electron-positron collisions below Z-pole in TRISTAN

G (XX ]



Low-energy flavor
@ Probing charge current QQLL interactions in low-energy flavor transitions

@ Using m—evy, m—uv, superallowed nuclear decays, semi-leptonic kaon decays,
and differential distributions in m—evy decays

@ Entangled with determination of SM parameters: CKM matrix elements Vud
and Vus, so careful analysis needed

0.97451(38)
—(1.2+8.4) 107
—(1.34+1.7) 1072
(1.441.3) 1072
(4.0 + 7.8
(
(

) - 1076
1.0 +8.0) - 10~
) .

1.943.8)-107




Constraints on SMEFT

@ Follow program started 13 years ago by Skiba and Han, however allowing for  Han, Skiba
arbitrary flavor structure R 0412166

@ Combine low-energy measurements with input from LEP and LEP-2

Efrati,AA,Soreq

@ LEP constrains Z boson couplings to fermion with per-mille to percent precision1503‘07782

@ LEP-2 constrains some linear combinations of 4-lepton and R
2-quark-2-lepton operators 15{1,07434

@ 264 experimental inputs constraining 61 combinations of SMEFT Wilson coefficients

@ Most often, enough handles fo lift flat directions among concerned operators

and so on...


http://arxiv.org/abs/arXiv:1511.07434

Constraints on SMEFT
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Magic Notebook

Full likelihood in different SMEFT bases available in electronic form
in publicly available Mathematica notebook
https://www.dropbox.com/s/26nh71o0ebm4o12k/SMEFTlikelihood.nb?dI=0

Ops. L => OPWO|LPAYID f 2 =LAYSD/ 44 L/ 44 27 3,
ogZdL -> ogWB|~-CpHqll/2~-CHqQll/2, -1/2, -1/3), OgZSL -> OgWE|~-CDHQ22/2~-CHqQ22/2, -1 /2, -1/ 3),
SgZbl -> AgWB[-cpHA33 /2 ~-cHAR3 /2, -1/2, -1/13],

OgWQIR - -1/ 2 cHudll
)} /. (gl » 0.5484551965717312", gV - 0.35797AR3RAG2825A3" };

xsqCeneralWarsaw - xsqGeneralNohat /. HiggsDasisToWarsawBas+is // Expand

52.8281 + 1293.2 cod1111 + 259242, ced1111?  276.078 ced1122 + 152337.9ced111 ced1122 + 7668.94 ced1122? .+ 414,671 ccd1123 -
6757.97 cec1111l ced1133 + 6757.97 ced1122 ced1133 + 26 974.8 ced1133° - 0.521255 ced2211 - 1.78592 x 10 *° ced-111 ced2211 +
6.21342 %10 ' ccd1122 ced2211 + 4.22325 x 16 *? ced1122 ced2211 + 6.62281 ced2211? - 679.143 ceellll + 1.572423 %19 ced1111 ceellll
8.86316x10 ° ced1122 ceellll - 3.2819x10 ° ced1133 ceell1ll + 1.34588 <10 ** ced2211 ceellll + 125140. ceel111” + 433.888 cee1122 -
1.7747x<10°% ced1111 cee1122 + 4.13489 <10 5 ced1122 cee1122 + 2.14934 < 10 ® ced1133 ceel122 - 5.81473 < 10 % ced2211 ceel12:
8.62973x10 ** cer1111 ceel122 + 103 752. cee1122® - 85.3308 cee1133 + 5.08€07 x10 ' c2d1111 ceel1133 + 7.87446 x10 ° c2d1122 cee1133 +
3.49777 %10 ° ced1133 cec1133 + 7.90683 <10 ™3 ced2211 cee1133 - 5.07191 x 10 ? ce2l1111 ceel133 - 2.39942 x 10 ° ce21122 cee1133 +
52381.2 ceell33” + 3428.96 ceqllll + 947 683. ced1111 c2qllll - 15337.9 cec1122 ceqllll - 6757.97 ced1133 ceqll1l -
3.40017 %10 *° ced2211 ceq1111 + 5.56526 x 10 ® ce21111 ceql111 - 1.51814 x 10 ' ce21122 ceqllll + 7.46588 x 10 ' ce21133 cegllll +
940 962. ceqllll® + 246.807 ceqll22 - 15146.9 cedl111 caqllz2Z - 15 14€.9 cec1122 ceqll22 - 65€6.97 ced1133 ceqll22 -
7.63715%10 % ced2211 ceq1122 + 9.53746 v 10 7 ce21111 ceql122 - 4.48548 x 10 ° ce21122 ceql122 - 7.97512x 10 ® ce21123 ceql122 «
15 146.9 ceqllll ceqll22 + i582.1ceqll22® - €5.7757 ceqll33 - 5113.45 ced1111 ceqll33 - 51.3.45 ced1122 ceqlls3 -
4D 176.9 ced1133 ceql133 - 3.8335x 10 * ced2211 ceq1133 + 2.84528 %10 ° ceellll ceql133 - 1.56685 %10 ° ceel122 cec1133 -
2.6511x 10 ° ceell33 ceqll33 + 5113.45 ceqllll ceq.133 + 4965.31 ceqll22 ceqll33 + 22125.5ceqll3:® - 6.521255 ceq2211 -
1.78692 %10 ced1111 cen2211 + 6.21342 x 10 2 ced1122 ceq?211 + 4.22925 % 10 2 cec1133 ceq?2211 + 13.2456 ced?2211 ceq2211 .
1.34598 x10 ** ceellll ceqz21l - 5.31473 x 10 **ceell22 ceqz2ll + 7.90633x 10 *’ ceell33 ceqz21l - 3.40017 x10 *° ceqllll ceq22ll -
7.63715% 10 2 cen1122 cen?2211 - 3.3385x 10 ¥ ceq1133 ceq2211 + 6.62281 ceq?2211% 4 26051.31 ceul111 + 428 377 . ced1111 cau1111 -
30675.8 cedll22 ceullll - 13515.9cedll33ceullll - 1.78641x 10 ““ cedz211 caullll +4.99439x 16 ° ceellll caullll -
1.33774x10 ' cee1122 cer1111 + 2.37736 x 10 ' cee1133 cen 1111 + 934 795. ceqll1l cenl1111 + 30293 .8 renl1122 ceullll «
10226.9ceqll33 ceullll - 1.78641 x 19 ““ceqz2llceu_lll + 253 974. ceullll” + 654.624 ceull22 - 28 783.4 cedllll ceull2z -
28 780.4 ced1122 ceull22 - 11520.5 ced1133 ceull22 - 1.42289 x 10 *! ced2211 caul122 + 2.55536x 1€ ° ceellll caull2: -
1.19239x16 ' ceell22 ceull22 - 1.67269x10 ' ceell33 ceull22 + 28 780.4 ceqllll ceull22 + 29833.6cCceyllz2 ceull22 +
8713.5ceql133 ceu-122 - 1.42289x 10 ** ceq2211 ceull22 + 57 560.8 ceL1111 ceull22 + 34 160.7 ceull22” + 1.04251 ceu2211 +


https://www.dropbox.com/s/26nh71oebm4o12k/SMEFTlikelihood.nb?dl=0

Constrained scenarios

@ Full likelihood can be easily used to constrain more specific BSM scenarios by
replacing general Wilson coefficients with appropriate model dependent expressions
and minimizing likelihood wrt new variables

@ For example, we can constrain SMEFT fo well-known oblique corrections scenario

L

2 2 9
20T — (g7 + g3)S + 203 W + 22202y
4(g7 — 9v)

97 + 9%
2

S+g;T — (97

Wells Zhang
1510.08462

Our low-energy oblique parameters fit

—0.10+£0.13 1. 0.86 0.70 —0.12

0.02 + 0.08 | . 1. 039 —0.06
0154011 | P . . 1. —049
—0.01 & 0.08 . | 1.




Comparing LHC and low-energy bounds

Using precision measurements

of electron and muon

Drell-Yan differential cross-sections
in ATLAS run-1
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Chirality-violating operators (u = 1 TeV)
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Low-energy and LHC comparable for chirality-preserving eeqq operators

LHC superior for chirality-preserving qq operators puqq operators

Low-energy superior for chirality-violating operators




Future now

Future Weak Charge Constraints

\

-0.004 -0.002 0.000 0.002 0.004
69av

In the near future, a lot of progress can be achieved,
both my more precise low-energy measurements,
as well as by including larger class of observables



