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Role of scale in physical problems

Some distribution

Far
of electric charges Near

observer observer

L r
+—>
R
Near observer, L~R, needs to know the position of every charge to describe electric field in her proximity
- -
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Far observer, r > R, can instead use multipole expansion: V(r)=—+ 3 + - + ...
r r r

~1/r ~RIr*? ~R3/PF

Higher order terms in the multipole expansion are suppressed by powers of the small parameter (R/r).
One can truncate the expansion at some order depending on the value of (R/r) and experimental precision

Far observer is able to describe electric field in his vicinity using just a few parameters:

the total electric charge O, the dipole moment d, eventually the quadrupole moment Q;, etc....

Tk

On the other hand, far observer can only guess the "fundamental" distributions of the charges,
as many distinct distributions lead to the same first few moments

Far observer may discover that he has been using EFT all his life



Role of scale in quantum field theory
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At small momentum scales, p2 << mnu?,
propagation of the heavy particle H
effectively leads to a contact interaction

between light particles ¢

At large momentum scales, p2 >> mu2,
we see propagation of the heavy particle H.

Long range force acting between light particles ¢



Role of scale in quantum field theory

Effective theory approach works beyond tree level
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This works also for higher loops, and with both heavy and light particles in the loops



Effective field theory

How to build an EFT

Starting with a set of particles
we build the Lagrangian
describing all their possible interactions
obeying a prescribed set of symmetries
and organised In a consistent expansion

Starting with a given theory
(effective or fundamental)
we integrate out degrees of freedom
heavier than some prescribed mass scale
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Clntroofucing SMEFT



Elementary particles we know today
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This set of particles are the propagating degrees of freedom (at least) right above the
electroweak scale, thatis at £ ~ 100 GeV - 1 TeV




Elementary particles we know today
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In these lectures gravity is decoupled and ignored (good assumption in most of
laboratory experiments). Otherwise the relevant EFT is called GRSMEFT.




SMEFT

SMEFT is an effective theory for these degrees of freedom:

Field | SU3)c | SU2)r | U()y Name Spin | Dimension
G, 8 1 0 Gluon 1 1
WZf 1 3 0 Weak SU(2) bosons 1 1
B, 1 1 0 Hypercharge boson 1 1
Q 3 2 1/6 Quark doublets 1/2 3/2
U° 3 1 -2/3 Up-type anti-quarks 1/2 3/2
D¢ 3 1 1/3 | Down-type anti-quarks | 1/2 3/2
L 1 2 -1/2 Lepton doublets 1/2 3/2
E° 1 1 1 Charged anti-leptons | 1/2 3/2
H 1 2 1/2 Higgs field 0 1

iIncorporating certain physical assumptions:

= N

. Locality, unitarity, Poincaré symmetry
2. Mass gap: absence of non-SM degrees of freedom

at or below the electroweak scale
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry
strictly respected by all interactions and spontaneously
broken to SU(3)xU(1) by a VEV of the Higgs field



Dimensional analysis

Using the unit system where ¢ = 72 = 1. Then all objects can be assigned mass dimension

0
[m] — [E] — massl * [X] — [t] — mass‘ln} [0,] = [w] = mass!
Canonical dimension of fields follow from canonically normalized action:

1 1
S = [d4x3 = [d4x{ Eaﬂqba”qb + iyero,y — 5[0MA,, — ayAﬂ]a"A”}

] = mass!

Action is dimensional | *
(because path integral contains eh )

ly] = mass>’?

[A] = mass'

These rules allows one to determine dimensions of any interaction term, e.g.

£ DA H|* + Cy|HI® + C,(ww)( @) + ... » [A] =mass®  [Cyl =mass™>  [C,] = mass™>



Power counting

1. Locality, unitarity, Poincaré symmetry

2. Mass gap: absence of non-SM degrees of freedom
at or below the electroweak scale

3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry
strictly respected by all interactions

In EFT, any interaction allowed by symmetries and general principles is present in the Lagrangian

For practical reasons, we need an organizing principle to decide a-priori
which interactions are more important, and which are less important

For example, SMEFT Lagrangian contains |H|4 as well as |H|12 Higgs self-interactions

Which is more important?

The answer is given by power counting



N

SMEFT power counting

1. Locality, unitarity, Poincaré symmetry

2. Mass gap: absence of non-SM degrees of freedom
at or below the electroweak scale

3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry
strictly respected by all interactions

A 4

We can organize the SMEFT Lagrangian in a dimensional expansion:

Zsmerr = Lp=2t ZLp3+ Lpyt+ Lps+ Lp+ Lprt+Lpsgt ...

Each £}, is a linear combination of SU(3)xSU(2)xU(1) invariant interaction terms (operators)
where D is the sum of canonical dimensions of all the fields entering the interaction

Since Lagrangian has mass dimension [ £] = 4, by dimensional analysis the couplings
(Wilson coefficients) of interactions in £, have mass dimension [C,]| =4 — D

Cp
AD—4
and A is identified with the mass scale of the UV completion of the SMEFT,

Standard SMEFT power counting: C, ~ where ¢, ~ 1,

In the spirit of EFT, each £, should include a complete and non-redundant set of interactions



g
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Zsmerr = Lp=2+ Lp3+ Lpyt+ Lps+ Lp+Lprt+Lpsgt ...

SM Lagrangian

Higher-dimensional
SU(3)c x SU(2). x U(1)vinvariant
interactions added to the SM

At sufficiently high energies, such that we can ignore particle masses,
amplitudes for physical processes take the form

csE B B gE®

~ M I I I i I
SMETUA T A2 T A3 A4

Standard SMEFT power counting sets up the rules for expanding
the amplitudes and observables in powers of the new physics scale A.
For E < A expansion can be truncated at some D, depending on the desired precision



SMEFT at dimension 2

< SMEFT = ZLps3t+LpuytLps+tLpget+LpgtLpsgt ...

Only a single D=2 operator can be build from the SM fields:
— 2t
Philosophy of EFT: pg~ A2 1 TeV
Experiment: puy ~ 100 GeV

Unsolved mystery why /41%1 < A
which is called the hierarchy problem

From the point of view of EFT, the hierarchy problem is a breakdown of dimensional analysis



SMEFT at dimension 3

ZsMEFT = £ p=2 + ZLpst+Lpst+LpgtLpg+Lpsgt...

ZLp_3 =

Simply, no gauge invariant operators made of SM fields
exist at canonical dimension D=3

The absence of D=3 operators is a feature of SMEFT, but not a law of nature.
E.g. in UYSMEFT, where one also has singlet (right-handed) neutrino, one can write down

1
LM = M .

These are mass terms of the singlet neutrinos



SMEFT at dimension 4

Zsmerr = Lp=2+ Lp3 K ZLp=sr Lps+ Lp+Lpg+ZLps+ ...

D=4 is special because it doesn't contain an explicit scale (marginal interactions)

ZLpes = —% Z V.,V + Z i_5”Dﬂf+ Z ifca/“‘DﬂfC

veB,W',G feQ,L feU,D.E
- (UY,A'Q+DY,H' Q+EYHL+h.c.)+DHD'H— A(HH)
0G G e ()
+ G/’”JG//”/, H _ abH* U€ = ZC q1 Zl
«a = 1) - ol (5)
Va =9 Va9,V — gfibeybye ) t
c ' o' ' () \<b>)
D,f=0,f+igG T+ igLW;t?f+ igyB,Yf D = | s¢ ()
1 e \b*) < ;)
G/,u/ = _e,uz/aﬁG l]
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Experiment: all these interactions at D=4 above have been observed, except for 0

Strictly speaking, A has not been observed directly. Its value is known within SM hypothesis, but not within SMEFT, without additional assumptions.
Observation of double Higgs production (receiving contribution from cubic Higgs coupling) will be a direct proof that 4 is there in the Lagrangian.

Note that GBBWBW has no physical consequences, while HWW/’jUWzU can be eliminated by chiral rotation



Note on fermion conventions

| am using the 2-component spinor formalism

A Dirac fermion is described by a pair of spinor fields f and fc with the kinetic and mass terms

S =D IS - - S0,

f=r

To translate to 4-component Dirac notation use

=) e (%)
For example
f6"9,f = Fyy"o,Fy
[0"9, " = Fyro,Fy

fcf — FRFL See the spinor bible
- _ [arXiv:0812.1594]
ffc — FL FR for more details



SMEFT at dimension-5

gSMEFT — gDzz -+ 3D=4 ++ 3D=6 + 3D=7 -+ gng + ...
Weinberg (1979) 0
Phys. Rev. Lett. 43, 1566 H —
v/\/i

1
Zpes = (LH)CLH) +h.c. - — Y VEClypg) +hic.

J,K=e,u,zt
® At dimension 5, the only gauge-invariant operators one can construct are the so-

called Weinberg operators, which break the lepton number

® After electroweak symmetry breaking they give rise to mass terms for the SM

(left-handed) neutrinos with the mass matrix M = — v2C. In the SMEFT scenario,
neufrinos are purely Majorana.

® Neutrino oscillation experiments strongly suggest that these operators are present
(unless new deqrees of freedom exist at low enerqy scale , see later)

This is a huge success of the SMEFT paradigm:
corrections to the SM Lagrangian predicted at the next order in the EFT expansion, are
iIndeed observed in experiment!



SMEFT at dimension-5

1
gSMEFTD_E(VMV)_l_hC M=—V2C

Neutrino masses or most likely in the 0.01 eV - 0.1 eV ballpark
(though the lightest neutrino may even be massless)
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It follows that the dimension-5 Wilson coefficient is of order C ~ A with A ~ 10> GeVv
SMEFT paradigm points to an existence of a large scale in physics,
independent of the Planck scale !

One one hand, that is perfect, because it suggests that
the basic SMEFT assumption, A > v, is indeed satisfied






nu-SMEFT

nu-SMEFT is an effective theory for these degrees of freedom:

Field | SU3)c | SU2)r | U(1)y Name Spin | Dimension
G, 8 1 0 Gluon 1 1
WZ’f 1 3 0 Weak SU(2) bosons 1 1
B, 1 1 0 Hypercharge boson 1 1

Q 3 2 1/6 Quark doublets 1/2 3/2
Uc 3 1 -2/3 Up-type anti-quarks 1/2 3/2
D° 3 1 1/3 | Down-type anti-quarks | 1/2 3/2
L 1 2 -1/2 Lepton doublets 1/2 3/2
E° 1 1 1 Charged anti-leptons | 1/2 3/2
H 1 2 1/2 Higgs field 0 1

e 1 1 0 Singlet neutrinos 1/2 3/2

incorporating certain physical assumptions:

Locality, unitarity, Poincaré symmetry
Mass gap: absence of non-SM degrees of freedom

1.
2.

3.

at or below the electroweak scale

Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry
strictly respected by all interactions and spontaneously
broken to SU(3)xU(1) by a VEV of the Higgs field




SMEFT at dimension 3

L smppr = LYSMEFT @ + QUSMEFT | cpuSMEFT 4 cpSMEFT

In the presence of singlet (right-handed) neutrinos, one can write down their mass term
at D=3:

PYMEFT — M€ +h.c.

D=3 o 9)
Here M is a 3x3 symmetric matrix containing a new mass scale.

Power counting suggests M, ~ A > v, but if that is the case, then we can integrate out
the singlet neutrinos and return to SMEFT.
nu-sMEFT is worth considering only assuming M, < v, creating another violation of
natural EFT power counting



nu-SMEFT at dimension 4

_ vSMEFT I/SMEFT vSMEFT vSMEFT I/SMEFT
Zsmerr = Lpoy . L FUNMERT 4 !

D=4 is special because it doesn't contain an explicit scale (marginal interactions)

PYSMEFT _ 2 V VW Y ife' D f+ Y if'e"D,f

VeB W .G* feo,L feu.D
—(UY,HQ+DY,H'Q+ EY,H'L h.c.)

T . T 2 a a
+D,H'D*H — (H'H)? + 0G4, G4,

In nu-SMEFT at D=4 there are in addition Yukawa interactions with right-handed neutrinos
Together with the D=3 term, it gives neutrino masses

1 \
< SMEFT 2 EI/CMVUC — ﬁchyy +h.c.

As a result, neutrinos are generically mixed Majorana-Dirac

However, in the nu-SMEFT scenario the smallness of the neutrino masses does not have a
natural explanation, and it only adds to mysteries of the SM (why are /M and Y, small) ?



nu-SMEFT at dimension 5

There are qualitatively new effects at D=5 in nu-SMEFT...

FUNET 5 W CpygvOHH + (1°Cypypo™v°)B

Another contribution Magnetic and electric Majorana
to neutrino masses dipole moment of neutrinos

Might also affect

; Leads also to neutrino
Higgs decays

radiative decay

(vj6" vk )B,, = (u&a””vj) = — (vgo™v;)B

Therefore Majorana dipole moment involves necessarily 2 different neutrino flavours

The more usual Dirac dipole moment arises only at D=6 in nu-SMEFT:
I/SM HFT C 7t C 7tk k
LONMEET S (b°C gH'L)B,, + (V°C,zH 6" L)W}, +h .c.

and in this case the dipole moments can be flavor diagonal







Scales in SMEFT

m: m?

A -V, A

1
Z SMEFT D — E(UMV) +h.c. M=-v*C -,
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However, A ~ 10! GeV leads to a psychological problem ..:|

solar~7x 10~ %e V-
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Zsmerr = Lp=2t ZLps+ Lp-s+ Lps+ Lpg+Lpsgt ...

1 1 1
If ,_- ~ — then naive SMEFT counting suggest ¥,_. ~ — , %H_» ~ —,

and so on

If this is really the correct estimate, then we will never see any other effects
of higher-dimensional operators, except possibly of the baryon-number violating ones :/
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SMEFT at dimension-5
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However, this conclusion is not set in stone

It is possible that the true new physics scale is not far from TeV,

but its coupling to the lepton sector is very small

Alternatively, it is possible (and likely) that there is more than one mass scale of new physics

Dimension-5 interactions are special because they violate lepton number L.

More generally, all odd-dimension SMEFT operators violate B-L

If we assume that the mass scale of new particles with B-L-violating interactions is A,

and there is also B-L-conserving new physics at the scale A < A; , then the estimate is

1 1 1 1

Lps~—, Lpeg~—,Lp7~—y Lp_g~—, and so on

A; = A2 A3 A4

O



SMEFT at dimension-6

Zsmerr = Lp=2 t Lp=4 + ZLp=s HLp=st Lp=7+ Lps t+ -..

Grzadkowski et al
. . yups, arXiv:1008.4884
At dimension-6 all hell breaks loose .

Pps = Cy(H'H) + Cy(H'H)(H'H) + Cpyp | H'D H|
+ChygH 6" HWX B+ CycH'H G G% + CpyyH'H WX WX + CpzsH'HB, B

U= pu UV uv uv''’ pu UV pv
kimyx/k [ m abcya b e
++CyetmWE WL W+ Co fGEGE G,

~a a Wk wwk n k1 Wik
+C,zH'H G4,G%, + CyywH'H W, Wy, + CyzH'H B B, + CpiyH'6"H W B, ,

+Cye "Wy W, W + C [ G4,G).Gs,

+H'H(LHC,,E°) + H'H(QHC,,,U) + H'H(QHC ;;;D°)

+iH'D HLCDEL) + iH'o*D HLCD& 6 L) + iH' D H(EC,, 0" E)
l p u © ut'o"D, w00 l u HeO

R g ~ _ . < ~ _ R g _
+1HTDMH(QC;}Q>UP‘Q) + lHTakDMH(QCI%)G”GkQ) +iH'D H(U Cy,0"U°)
+iH'D H(DCyyyo" D) + {iHTDMH( U‘Cyy,q0"'D°)

+(Q6*HC,y,6" UYWy, + (QHC, 35" U)B,,, + (QHC, ;Tc" UG},
+(Q6*HC 46" DYWys, + (QHC 56" D)B,,, + (QHC 45 T*6"* D) G,

+(Lo*HC 6" EYW,, + (LHC 6**E)B,, +h .c. } + Sy fermion
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SMEFT at dimension-6

Bosonic operators 3SMEFT D Z CXOX
O, = (H'H)? X

Oy = (H'H)[(J(H'H)
Oup = \HTDMH\Q

Oy = H'HGLGY, 0,c=H'HG,GY,
Opw = H 'H W/I;va]fu ww = H 'H W/’LWZ
Oyp =H'HB,B, O, =H'HB,B,,
Oywp = H'*"HWX B, Oywy =H *HWE B,
Oy = emwk w! wn Oy = MWk w! 'wm
06 = 1"G;,G,, G}, & =1"GG,,G;,

These are mostly relevant for Higgs physics and certain electroweak precision observables.
The CP odd ones, affect important CP observables via loop effects, such as e.g. EDMs



SMEFT at dimension-6

3
' SMEFT 2 Z Oyl Cryliy +h.c.
1J=1

Yukawa-like operators

0., = H'H(LHE)
These affect single Higgs boson couplings
Ou[—] — HT H( Q ﬁ l_]c) to SM fer-‘mions. Bounds depends on the1 flavor
but typically don't exceed | C| < 1 Tev)
— g7 LI NC
Oy = H'H(QHD")




SMEFT at dimension-6

Vertex-like operators These affect electroweak precision observables
(W boson mass, Z branching fractions),
which are measured at per-mille level at LEP

Bounds of order |C| <

D) _ it LT
Oy) =iH'D H(L5"L)

PN _ (10 TeV)2
0% = iH'6"D H(L5"6"L)
<> _

Oy, = iH'D H(E‘c"E)
o) = iH'D H(Q0)

Hg H

3) . K~ =_u k |
Oy, = iH'c"D H(Q5"c"Q)am _, Aftects W boson coupings to left-handed quarks

<> —
Oy, = iH"D H(U‘c"U°)
: T(_) C ~HC
Oy = iH'D H(Dc"D")
Ot = iH'D, H(U c'D") <

Induces W boson couplings to right-handed quarks
and this way it may affect various neutrino experiments




SMEFT at dimension-6

LT =(Qo"HC, 5/“/(70)Wk (QHC,35"U%) By, + (QHC,cT*a" U%)Gy,
+(Qo"HCqw " DYWL, + (QHCapo™ D) By, + (QHCycT c" D)GS,
+(LakHOeW5WEC)W§,, +(LHC.ge" E°)B,, + h.c. (

These affect anomalous magnetic and electric
moments of SM particles at tree level
Bounds depend on flavor and can be very strong,
especially for the first generation



SMEFT at dimension-6

4-fermion operators

Zpaemien = (L6*L)Cy(L6,L) + (E°6,E9)C,(E6,E) + (L6*L)C\(E0, E°)
+(L&'L)C) (06,0) + (L"s L)C;2(06,6"0)
+(E‘0,E)C, (U, U°) + (E°0,E)C, (D 6,D°)
+(L6*L)C,, (U0, U°) + (L5"L)C (D 6,D") + (E6,E)C, (05,0)

+ { (LE)Coq)(D°Q) + e“(LE)C,,)

(Q'T°) + I} ENC) (06T +h.c. }
+(06*Q)C.(06,0) + (06"6*Q)C (05,6 0)

+(U¢0,0°)C,,(U’s,U°) + (D°6,D°)C,4(D 6, D)

+(U Caﬂ U°) CLSJ)(D CGMDC) + (U CGM T4U°) Cb(fl)(D Caﬂ T¢D%)

+(Q°,09C)(U%e,U°) + (Q°6,T*Q)VCH(U‘s, T*U)]

-I—(QCGMQC)Cq(;)(DCO'MDC) + (QCGMT“QC)C;?(DCGMT“DC)

+ { (O TC,) (Q'D) + Q' T*U)CY)) (O'T*D) +h.c. }

+ { (DU)C QL) + (QQ)C 1 (TU°E€) + (QQ)C,, (QL) + (DU)C g, (UE®) + .. }

These affect a wide range of physics, including neutrino physics.
Bounds can be very strong, especially for baryon-number violating operators
and for certain flavor- or lepton-flavor-violating operators



SMEFT up to dimension-6

SMEFT Lagrangian up to dimension-6 provides a convenient framework for a bulk of
precision physics happening today.
In particular, it allows one to quantify the strength of different observables

1YeV: 110%%eV
1 ZeV; 110%'eVv
1 EeV: 110'8ev
1 PeV: 110™eV
1 TeV' 110"%eV
1 GeV 10%V

o>err  vov  eEDM ey KoK  nEDM BB  N-Nev hobb



SMEFT up to dimension-6

SMEFT Lagrangian up to dimension-6 provides a convenient framework for a bulk of
precision physics happening today.
Moreover, it leads to correlations between different observables, e.g. due to SU(2),

symmetry relating charged and neutral currents, and due to the interplay of tree- and
loop-level contributions to observables

Importance of global fits collecting results
from different types of experiments !




SMEFT at higher dimensions

Zsmerr = Lp=2 t ZLp=at ZLpst+ Lpst+ Lp7+ Lpsgt ...

T T T T T T T T T T T
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Exponential growth of the number of operators with the canonical dimension D



SMEFT at higher dimensions

SMEFT at dimension-5: Weinberg (1979)
Phys. Rev. Lett. 43, 1566

Grzadkowski et al

SMEFT at dimension-6: arXiv: 1008.4884
. . Lehman
SMEFT at dlmenSIOI‘l-7: arXiv: 1410_4193
. . Li et al
SMEFT at dimension-8: arXiv: 2005.00008
. . Li et al
SMEFT at dimension-9: arXiv: 2012.09188
. : Harlander, Kempkens, Schaaf
SMEFT at dimension-10,11,12: e - 5308 Ooan

Code to generate a basis at arbitrary dimension in SMEFT: arxw:_zizec;:.]cl)4639



Beyond dimension-6

Zsmertr = Lp=2t Lp=4+ Lps+ Lpst Lpg+ Lpsgt ...

You need to be aware of the existence of higher-dimensional operators,
whenever you need to argue validity of the EFT description

Moreover, a qualitatively new phenomenon may arise at higher dimensions

Electric and magnetic Majorana UV
dipole moments of left-handed 3D=7 D (LH)o (LH)BMU T

neutrinos arise at dimension-7

At tree level, light-by-light scattering
receives contribution from dimension-8, 2
which in some situations may with 3D=8 D (B,WBMU) T
lower order loop contributions

Neutron-antineutron oscillations
arise at dimension-9

Zz D=9 - eabcedef(JaJd)(que)(Qqu) T ...

In all such cases however, you need to argue validity of your EFT
and why you don’t expect any larger effects of new physics
from operators of lower dimensions



Beyond dimension-6

Zsmerr = Lp=2t Lp=y+ Lpst+ Lpgt Lpt+ Lpgt .-

You need to be aware of the existence of higher-dimensional operators,
whenever you need to argue validity of the EFT description

Moreover, a qualitatively new phenomenon may arise at higher dimensions

If experiment pinpoints a coefficient of some operators of dimension-6,
then subleading dimension-8 operators will provide precious information

g7 _ g7
M? S M4

Only determines .
. May allow disentangle
coupling over mass scala .
coupling and mass

of new physics

C6 ~



Part 3

Some ayyﬁcaﬁons

In neutrino ]aﬁysics



Neutrino oscillations in QFT

Process dominated by intermediate neutrinos close to mass shell,
where amplitudes factorize into production and detection parts

3 MS — S'ev) M, T — Tep) 3. ML MY
M(ST — S'e,T'ey) = Z - - d = Z il

2 _ 2 g
k=1 q" —mi +1€ k=1

q> — m¢ + ie

Oscillations due to interference between different neutrino mass eigenstates,

possible thanks to momentum spread of source and target particles
45



Neutrino oscillations in QFT

L>o0
dN .eOC A.Y
E, > |mk2 - m12 | ; - ﬂ

Obs;rt\; able Production
Masses of  OScillation _phase space Detection
Geometric phase (without integration phase space
source and over neutrino energy)
factor .
target atoms AA, Gonzalez-Alonso, Tabrizi

46 [arXiv:1910.02971]



Neutrino oscillations in QFT

NSNT . )

The rate above is already an observable in neutrino experiments, but to more easily
compare to the commonly used language we can also define oscillation probability

R,z

Paﬂ:

(I)adﬂ
/ ~—

Neutrino flux Neutrino cross section
at the source at the target

jdnp|/1 I jdHD |47

kl—

At this point problem reduced to calculating Feynman diagrams and integrating over phase space
47



One phenomenological application:
electron antineutrino survival probability in reactor experiments

[arXiv:1901.04553]
with Martin Gonzalez-Alonso and Zahra Tabrizi
48



Reactor neutrino oscillations in EFT

| > exp zL(m’; jdl‘[’ /%P /%P jdl‘[ ,/%D/%D
55, = - i
Ay g, Y

—

e — _m_

Short-baseline oscillations
of electron antineutrinos
produced in reactors

Relevant for Daya Bay,
RENO, Double Chooz

2~
| ’ - m2L ] ~ m %i N\ R
P, ., =1—sin? ) sin? ([ 26,5 — ap——— — ap—=
C 4Ev Ey_ A fT (Ev)

— — — e




Reactor neutrino oscillations in WEFT

Usual CP-conserving oscillation pattern (remains in SM limit)

a Am3 L - m ]
‘Pl_/ Ly = 1] — Sin2 L Sin2 2913 — ap : — dp - ;
e Ye 4Ey Ey — A fT(EV) ‘
+sin Am;,L sin9,3)( 7x + Pt — Ppie | + (D) + O(AM? 1h

| 2F, P\ B A ey )T |

CP-violating oscillations (vanishes in SM limit)



Reactor neutrino oscillations in WEFT

\
\

|
S S |

VE - "TR(E)

. —

Standard ©13 mixing angle replaced by effective angle:
~ 3&4
913 — 913 + Re[L] — RG[R] g4~ 1.25
3¢+ 1
/ <
Original PMNS [X] = e (st[é‘x]eﬂ + 623[€X]er)

mixing angle

v o o
Lrygrr > =2 [1+€L]eﬂ(eaﬂyﬂ)(u0”d)+ IGRLﬁ (@50, d) + ... | +h.c.




Reactor neutrino oscillations in WEFT

Reactor neutrino oscillations are sensitive at linear level
to flavor-off-diagonal WEFT Wilson coefficients €r

2V, o o
Lrygrr > =2 | 14, (@)@t + ] (@) d)+ | e




Im [R]

0.2

—-0.2

Reactor neutrino oscillations in WEFT

Combined

N N ‘ N N N N ‘ N N N

Daya Bay, 30: Dashed
RENO, 30: Dotted

0.05 0.1 0.15

e 2A N
sin~ 2605

Note we cannot assume 013 from SM fit.
SM and BSM have to be fit simultaneously!



Reactor neutrino oscillations in WEFT

3L 5 |

U 1% _ T ‘

sin(20, ;) + f T _ f + O(e2) + O(Am? ]
13\ 7R DL _ A PfT(E) X 21

— ———— _ —— __

The parameters ap, p, ff, p correspond to scalar and tensor 4-fermion interactions
involving 1st generation quarks and leptons

—combined E.g. tensor interaction
O4j Im|[T] free i
- lo,20, 30 ] 2Vd 1 [ ] ( )( C //lyd)
i 1 € €0, Up)\U O
i i T
02 ] V2 4 a’uvp
g o ©
-0.2
-0.4
0 005 o1 o015 02

sin22913



SMEFT at dimension-6

L pemion = (Lg"L)Cy(L, L) + (E°0,E)C,(E0,E°) + (L6"L)C)(E0, E°)

+Le')CI(05,0) €T CI (05,00
+(E0,E)C, (U, T) + (E6,E)C (D 0, D)
+(LE"L)C (U6, T) + (LGL)Coy( D0, D) + (E,E)C,(05,0)

n @q( D°O) + ekl(]:kEc)Cl(elq)u(QlUC) + ekl(zkgﬂvEC)Cl(jq)u(@h .C. }

+(06*Q)Ci,(05,0) + (065 Q)Cy)(05,60)
+(U¢,09C,(Uc,U°) + (D6,D)C, (D 6,D")
+(U0,U9C (D, D) + (U, T*U)CON(D 6, T D)
+(Q°6,0°CS,)(Uo,U°) + (Q°6,T*Q)VCH(U e, TU))
+(0,0°)C)(D°6,D) + (Q°0,T*Q)C} (D 0, T D")

Opuq = iH'D,H(Uc#D°)

+ { ekl(QkUC)c;z d(QlDC) + ekl(QkTaUC)c;z d(QlTaDC) +h.c. }

+ { (DU C e (OL) + (Q0)C, (U E) + (Q0)C, (QL) + (DU)Cpo(UE) +h ... }

Several SMEFT operators are probed by v, — 1, measurements
All in all, short baseline reactor neutrino oscillations sensitive to 5 distinct
linear combinations of dimension-6 SMEFT operators



Projected FASERNu constraints

€
10 103 102 10 1 10! 1072 103 10* 107
T 1 'II'I|||| FMIIII |II'I'I|||| rll'lllll rll'lllll rll'lllll
L=150 fm~!,90% C.L.
R | 7 decay
bPv.-ve
I—»n decay
I—» 7 decay
€R 4 P 7 decay
I |-> 7 decay
Ve—Vr
|—>Vﬂ >V,
(¥4 2.3/0.94/0.57 [ 7 decay
ee 0.21/7.9x1072/3.9%x10~> ‘ K decay
9] 11.0/0.77/0.47 | K decay . .
er 0.19/0_15/9_7)(10-2 K decay M u Itl p Ie o pe rato rs WI I I
JTS 0.26/0.18/0.12 || P Kdecay = g
- W 6 3510-2/5.9%10~2/1.4x10"2 | P Kdecay be p ro bed ’ d Ith ou g h exis tl n g
754 8.6x10-2/7.0x1072/4.4x10™2 K decay H H
e g constraints are stronger in
171 0.40/0.33/0.21 | P decay at.afi 1
(xd 11.9/4.8/2.9 | 7 decay a 1 at a tl me ana Iys IS
e 2.8/1.1/0.95 D decay
7] 0.97/0.48/0.41 9D decay
574 6.9/5.8/2.9 D decay
TS 502614 | D decay
ER = pu bl 9D decay
Jl5g . 10.1/9.7/4.4 | D decay
(5 0.50/0.41/0.25 Dy decay
(71 0.23/0.19/0.12 B D, decay
(xy 0.41/0.29/0.13 | D; decay
1 1 IllIlIl L L lIIIIII '] L IllIIll L L lIIIlII 1 L L.LLLLL
1072 107! 1 10 10?
A=v/V & [TeV]
[arXiv:2105.12136]

with Joachim Kopp, Martin Gonzalez-Alonso, Yotam Soreq and Zahra Tabrizi



Current COHERENT constraints

| 0.10f | |
| SMEFT language 1
| |
J i
l‘ |
| 0.05! ;
’ s GOLERENT Several neutral-current operators
| & 0.00 - | are probed. Constraints complementary
l d ! to exist electroweak precision constraints
20 2 Joitd oo S | and improve visibly the current global fits
| - COHERENT |
|
~0.101. | | | 4
-010  -005 000 005  0.10 |
_ CIU,
l u

% v,C uytu >‘<
e :

u

[arXiv:2301.07036]
with Victor Breso-Pla, and Martin Gonzalez-Alonso



EFT is a universal language to describe a multitude of low-energy and
high-energy experiments, including neutrino oscillations and neutrino
scattering on various targets

SMEFT is perhaps the most popular EFT framework, as it does not
assume existence of any particles beyond those of the Standard Model

SMEFT allows one to combine constraints from different experiments
and compare their sensitivity, in particular between neutrino
experiments, LHC high-energy scattering, and LEP precision
observables. All these inputs are vital to constrain the muilti-
dimensional parameter space of SMEFT

A complete SMEFT analysis of neutrino oscillation experiments has not
been done yet



