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Status of Neutrino Physics in 2023

mixing angles:
sin‘,, @ 4%
sin“0,3 @ 3%
sin®0,; @ 3%

Super-Kamiokande, Borexino, SNO

MBL: Daya Bay, RENO, Double Chooz

LBL: KamLAND )
mass squared differences:

Am5, @ 3%
|Am4, | @ 1%

IceCube, Super-Kamiokande Future: DUNE, T2HK , JUNO

¥

* Increase the precision
e CP-phase?
* Mass hierarchy?

T2K, MINOS, NOvA
Also:

Mass scale? Dirac or Majorana?

: Sterile?
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Questions:

* How can we systematically use different neutrino experiments for BSM
searches?

 How can we connect results to other particle physics experiments?

* Can neutrino experiments probe compelling new physics beyond the reach
of high energy colliders?
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“Heavy' New Physics?

Affects Neutrino Interactions: Indirect Search

/‘a €p

i S

L

e

Observable: rate of detected events
~ (flux)x(det. cross section) x (oscillation)

VA TN
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 Coherent CC and NC forward scattering of neutrinos

‘Ve = ye)vﬂ)v'{' Ve,Vu,VT

W Z

e V.

(ce)

* New 4-fermion interactions

* Observable effects at neutrino
production/propagation/detection?

* Using “EFT" formalism to
“systematically” explore NP beyond
the neutrino masses and mixing
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Why EFT?

One consistent framework to probe different aspects of particle interactions;
Constraints from different low/high experiments can be meaningfully compared;
Results can be translated into specific new physics models;

We can probe very heavy particles, often beyond the reach of present colliders, by
precisely measuring low-energy observables;

What's the place oi neutrino experiments in this program?
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EFT ladder

A

| TeV T

100 GeV +

10 GeV +
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A

Zsmerr = Lsmt+ ZLp=s +

* Colliders
e CLFV

/" \

Known SM Gives neutrino
Lagrangian Masses

“ ey,
>tn")"m< >\ X
OfY = (Iy"o1)(Gruoq)
Ogde = (le)(dq) + h.c.

O = (Ta€)e™®(Gpu) + h.c.

Oltq = (iaaﬂue)fab(qbaﬁvu) + h.c.
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SMEFT: minimal EFT above the weak scale

Zz D=6




EFT ladder WEFT: Effective Lagrangian defined at a low scale u~ 2 GeV

A

| TeV T

100 GeV +

10 GeV +
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A

* CC: New left/right handed, (pseudo)scalar and tensor interactions

2 Vud

LWEFT DO — { [1 +@ U’Y“PLd)(fa’yule/g)

+a5(u7“ Prd)(€ayuPLvg)

e 1 _ -
+ 5 (€S)as (@) (€ Prvs) — fep)ap(@r5d) (CaPrvs)

.. le@ag(ﬂa‘“’PLd) (ZQOIWPLVB) + hC}

* NC: New left and right handed interactions

2 _ —
LWEFT D —v—2(Va’y“PLI/,3) (f’)’uPXf)

* Neutrino experiments
* Hadron Decays
* B-decays
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At the scale m; WEFT parameters ex map to dim-6 operators in SMEFT

’U2

AV

’U2

m[CHud]nfsaﬁ

’1)2

3 3 3
(Vud [clap + Vialcsirl1i0ap — Via [Cz(q)]amj)

B :
_2A2V d (de[cl(e;u]ﬁajl =+ [Cledq]ﬁan)

’U2

1) 1x *
_2A2Vud (‘/}d[cl(e(zu]ﬂajl - [cledQ]ﬂall)

202 @) =%
_szud V.'?'d[clequ]ﬁajl

Falkowski, Gonzalez-Alonso, ZT, JHEP (2019)

* All & arise at O(A™2) in the SMEFT, thus they are equally important.

* No off-diagonal right handed interactions in SMEFT.
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EFT at neutrino experiments
e

a
We proposed a systematic approach to neutrino / €p
oscillations in the SMEFT framework! °__§
Falkowski, Gonzalez-Alonso, ZT, JHEP (2020) ei/ . . , ,
L

9/5/2023 Zahra Tabrizi, NTN fellow, Northwestern U.

11



EFT at neutrino experiments

a
We proposed a systematic approach to neutrino / €p
oscillations in the SMEFT framework! °___)
o o0 00
L

Falkowski, Gonzalez-Alonso, ZT, JHEP (2020)

UPMNS
I Observable: rate of detected events
Ve . m -
v, " 1 W ~(flux)x(det. cross section)x(oscillation)
vME N B
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EFT at neutrino experiments

We proposed a systematic approach to neutrino
oscillations in the SMEFT framework!

Falkowski, Gonzalez-Alonso, ZT, JHEP (2020)

Upmins
I

“Hm -
LN N
vME N B

Vi Vp V3

depend on the kinematic and spin variables

ME = Uk AP+ Y [exUT* AL
X

ME, = Uy AP + 3 [exU] AR
X
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e

s
Q,m

.

jeﬂ
L

Observable: rate of detected events

~(flux)x(det. cross section)x(oscillation)

—

V

CC EFT
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J\r/

NC EFT
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EFT at neutrino experiments

€q
We proposed a systematic approach to neutrino / €p
oscillations in the SMEFT framework! °___)
Falkowski, Gonzalez-Alonso, ZT, JHEP (2020) g/ . - : ,
L

UPMNS
I Observable: rate of detected events
Ve . m -
v, " 1 W ~(flux)x(det. cross section)x(oscillation)
AN N e ~— -~/ \r/

CC EFT NC EFT

depend on the kinematic and spin variables

ME = Uk AP+ Y [exUT* AL
X Corrections on fluxes/cross sections

M5 = Uy AP + Z [exUly AR
X

O'TOtal = O'SM + EXO'Int + SXZO'NPN O'SM(1+£X dXL + SXZ dxx)

gt = @M + exp™ + ex? NP~ ¢ M(1+x px1 + £x° Pxx)
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FASERvV

Downstream of ATLAS at of 480 m;
Ideal for detecting high-energy neutrinos at LHC;

1.1-t of tungsten material; b o Lc B
. . | TI12 B —
Several production modes; . ‘

Pion and Kaon decays are the dominant ones;

All (anti)neutrino flavors are available; i T I TRn T PO g
=
"g 1011
.
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= 10°
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E . Bottom _-',
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Production
Falkowski, Gonzalez-Alonso, ZT, JHEP (2020)

Due to the pseudoscalar nature of the pion, it is sensitive only to
axial (e;-eg) and pseudo-scalar (gp) interactions.

pLL = —PrL =1, ppPL = —PPR { :)*\NV\A<

4
= ]_ pPP = mﬂ- - _
PRR ) mﬁ(mu +my) 7 m(dl) — p-+ v,

~700!

* Larger pyy = smaller €!

(0] dy*ysu |7 (pr)) = ip fr

pTotl ~ SM(1+ex pxy + £x° Dxx) _ m?2

(Ol dysu 7+ (pr)) = ~i "

Huge overall flux
normalization for pion decay!
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Production
Falkowski, Gonzalez-Alonso, ZT, JHEP (2020)

Dyecs Dcs . —1
Pri.a = PRRa = “PLRa = 1>

D,cs

2

D.,cs D,cs mp 3
8 — g — 2 ~ —1.6, —27, —5.5 x 10 fora=rT, u, e
PpL.o PPR,a ma, (e + ) 7
D mi
Pppa = D ~ 2.5, 710, 3.0 x 107 fora =T, p, e

m% (me + mg)?

[0

* Larger pyy = smaller €!

pTotl ~ SM(1+ex pxy + £x° Dxx)

Large overall flux normalization for charm decay as well!
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Production

kaon

decay Falkowski, Gonzalez-Alonso, Kopp, Soreq, ZT, JHEP (2021)

Both 2-body and 3-body kaon decays contribute:

%
1
FASERv W-
K, us _1’3"' G
Sl 2 7 e R E———— -
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10°
107!
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1072 frememmrn s o= L eeeeeeesssena b naannnns e T PTT %

) I ——- i
10 3? ............................. —PLT = .

From 3-b decay

e
1074

- A1 1 1 1 1 1 1 1 l 1 1
10700 200 500 1000 2000 5000 (7 |5v*u|K°) = PP £, (¢®) + ¢* f-(¢?),

Neutrino Energy E, [GeV]

2 2
-3 0\ __ _mK — My 2
Depends on energy distribution of K%, K, (m”|5ul K7) = — mu_fO(q )

or Ks at each experiments

v _ MoV
(™ |so*u|K 0) = z'p‘;{p”prwpK BT(qz) ,
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Detection

Falkowski, Gonzalez-Alonso, Kopp, Soreq, ZT, JHEP (2021)

Deep Inelastic

I 1 ] I ] ] 1 T I 1 1 1 1 1 1 1 1 Y
200+ CC vW Cross Sections i SC@@[@TEH@
B O velu
[}
g 102% \ v {
= [ =
o = -
C?E : (TV,./“ ----------------------------- i
| S B o e TR
: 0 ' q X
b5

2 1 1 1 1 IR | 1
?00 200 500 1000 2000 5000 104
Neutrino Energy E, [GeV]

DIS detection, simple to include NSI

(compared to QE and Resonances)
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Detection

Falkowski, Gonzalez-Alonso, Kopp, Soreq, ZT, JHEP (2021)

Deep Inelastic
---------------------------------------------------------- Scattering

.......... ey .

Detection Coefficient

1 1 1 r 3 3 31 1 1 1
100 200 500 1000 2000 5000
Neutrino Energy E, [GeV]
2

is more important
than £y!

Ex

O'TOtal ~ O'SM(1+£X dXL —+ SXZ dxx)
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EFT at FASERv
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Falkowski, Gonzalez-Alonso, Kopp, Soreq, ZT, JHEP (2021)
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» Results are statistics dominated: v.~1000, vu~5000, v.~10

> Optimistic systematic uncertainties: 5% on v,, 10% on v, 15% on v,

> Conservative systematic uncertainties: 30% on v, 40% on v, 50% on v,
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EFT at FASERv

Falkowski, Gonzalez-Alonso, Kopp, Soreq, ZT, JHEP (2021)

FASERv: colored bars

Top: Conservative/Optimistic flux uncertainties

Bottom: High luminosity LHC

Neutrino detectors can identify flavor: 81
operators at FASERv

New physics reach at multi-TeV

Complementary or dominant constraints

1 107" 1072 1072
| L | L | L |
L=150fb™',90% C.L.
[evd] Cons./Opt. I
Ul [ -LHC 7 decay
us
e S
ud
e
us
e <
us
| - <
CS
[eR e Ds decay
CS
[GR ]‘r,u D, decay
[‘-urd]uu
L L L L L Ll I L L L L L Ll I
1071 1 10

» Results are statistics dominated: vo~1000, v,~5000, v;~10

» Optimistic systematic uncertainties: 5% on ve, 10% on v, 15% on v,

A=v/Vex [TeV]

» Conservative systematic uncertainties: 30% on ve, 40% on v, 50% on v,
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Other FPF Experiments

1011 i F
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e FASERV2: « FLArEIO: « FLArE100:
75 times more events, 40 times more events, 300 times more events,
~ 9 (3) times better ~ 6 (2.5) times better ~ 17 (4) times better
sensitivity for (off-) sensitivity; sensitivity;

diagonal elements;
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Long Baseline Accelerator Experiments

* 0.1-10 GeV energy range: cross section is much more involved!

o G. Zeller
. S T2KHyper-K

lllllllll

10" 1 10 10?

J.A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)
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Quasi-Elastic scattering at the nucleon level

e 104

G
&

o 100}

. e 103 times x-section enhancement
_5 1 1 * Much higher statistics
3

c(/,)) 0.01

n

S {

@) 10 Preliminary _ _ o

0 2 4 6 8 10 12

Neutrino Energy E, [GeV]

Kopp, Rocco, ZT, 2023 . XXXXX

Can neutrino experiments have access
to new physics at 100 TeV scale?
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v
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Neutrino experiments give us a powerful tool to
search for new physics, either by direct production |
T~ or by precision measurements!
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Conclusion:

We can probe very heavy particles, often beyond the reach of present colliders, by precisely
measuring low-energy observables using the EFT formalism.

We have proposed a systematic approach to neutrino oscillations/scatterings in the SMEFT
framework.

We applied the formalism to FASERv experiment, however the formalism can be readily
extended to other types of neutrino experiments.

Unlike other probes (meson decays, ATLAS and CMS analyses, etc.) neutrino experiments
have the unique capability to identify the neutrino flavor. This is crucial complementary
information in case excesses are found elsewhere in the future.

Future directions: Systematic model-independent global analyses of new physics in neutrino
oscillation experiments with:

i) Power counting of EFT effects;

i) Extraction of oscillation parameters in presence of general new physics;

iii) Comparison between the sensitivity of oscillation and other experiments.
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Any Questions?

9/5/2023

I'M Now GOING T ofen THe FLOOR.TO AURSTIONS.
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WEFT Power Counting

AR

* Dim-6: — = E)Z(
SM
e Dim-7: Cannot interfere with the SM amplitudes, suppressed!
Liao et al, JHEP 08 (2020) 162
AR
« Dim-8: — = +Jc eg E? Jv?
Rsu

9/5/2023 Zahra Tabrizi, NTN fellow, Northwestern U.
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Specific New Physics Models

€,: measures deviations of the W boson to quarks and leptons, compared to the
SM prediction

v o d
Boe8id., - _
m— Vi, (1= 75V, - iy (L= r9d
w
e u

g : left-right symmetric SU(3)xSU(2),xSU(2)gxU(1)x models introduce new
charged vector bosons W’ coupling to right-handed quarks

ey, (1 —ys), - uy*(1 + y5)d

ﬁ myy
R~ —>
e u mW/

€sp7: In leptoquark models, new scalar particles couple to both quarks and
leptons

L L (LOXLQ)
LQ LQ
> @ < ﬁ v2
Q Q SPTT
LQO
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WEFT-SMEFT Matching:

s
SMEFT:

+

5 gr.ogy,0
\/gL 0T gyo f
+ [gL\/%” Wivo.es +WI==—=

+ Z, Z [gff]IJfI@fJ-F

f=u,d,e,v

A ZQf erouer + €70,€7)

lgp q]u _

V2 V2
Zgi Z [ggf]u fﬁufj'

f=u,d,e

o,dy+

l9r “]1s WiHua,d5 + h.c.

Chirality conserving (I,J = 1,2, 3)

Chirality violating (I,J =1,2,3)

[Oeq]HJJ =_(215u£1)(QJ5“ QJ.)
[qu ltryg = (16,0%1)(Gs0"0"qy)
Owlrrss = (51%61)(’“]0 hag)
[Ovdlrrrs = (£r5,41)(d50"dS)
[O eq]IIJJ . (eIUueI)(qJU”qJ)
[Ocu]1155 = (ef0,87)(uG0"us)

[Ocdl1rs5 = (€50,5)(d50+d5)

WEFT: Lot

9/5/2023

One flavor (I =1,2,3)

Two flavors (I < J =1,2,3)

[Oiequ]IIJJ : (@é?)ejk(q‘k;af})
(08 J110s = (£15,,87) €4 (850, 45)
[Otedq| 1155 = (€1€5)(d5q%)

[Oee]IIII =

2 Vud

(%

d
€J _+_ edeJ 68@]

—I-f (eSvy)(utd) +

[Oulrrir = %(@5“51)([15 “er)

[Oelrrir = (€15,1) (e507E5)

3 (efo,e7) (efotes)

(1 ) (as) (@5%d) + e (61,00) (w0 )

deJ

2

Zahra Tabrizi, NTN fellow, Northwestern U.

[Owlirss = (£r6,.4r)(£,0%L5)
[Owlrssr = (£15,L5)(£;6%4r)
[Otel1175 = (li ulr)(e50"€g)
[Otelssrr = (£55,45)(e30"€F)
[Oce]rs51 = (€15,L,5) (50" )
[Oceli1s5 = (e70,.87)(e50"€5)

+ 55 TP (%)) (ad®) + €7 (650, v5) (U0 d) + h.c.
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QE matrix elements at the nucleon level

_ _ . gT(V)(q ) Js
EEo) ndIn(n)) = p(py) |9v(e) 0 = TLTE 0" + 4 un(pn)
3 N N
F ~ 2
_ - 2 - 9ro(q°) gr(q®)
(p(pp)| @y Y5d [n(Pn)) tp(Pp) |94(0%)Yu— 1 Owq” +"o7 70 [YsUn(Pn)
i 2M N 2M N
10
i 1 NME 21 i PACS 21
st 1.21C RQCD 20 #  PACS 18 erratum
or (@) Y Mainz 21 & ETMC 20
> 1.0 % CalLat 21 CLS 17
S s
& [S;
: =08
E 1 gv(qz)
0.6
0.5
0.4
00 02 04 06 08 10 0.2 0.4 0.6 0.8 1.0
q2 [GeVZ] Q2/Gev2
constrained by eN scattering poorly constrained by expt.
Kopp, Rocco, ZT, in preparation Meyer et al, 2201.01839
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QE matrix elements at the nucleon level

B i) = ) |av(@) 7 —i 2 6,0 J,%S%{qu]un@n)

_ _ [ gre(@®)  ,  gr(d?)
(P(pp)| Wy ¥sd In(pn)) = Up(pp) [9a(q7)Vu— 1 owq” + qu Y5Un(Pn)
i 2M N 2M N
1 NME 21 B PACS 21
RQCD 20 #  PACS 18 erratum
Mainz 21 $ ETMC 20
CalLat 21 CLS 17

itk

Q?*/GeV?
poorly constrained by expt.

Meyer et al, 2201.01839
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Form Factors

QE matrix elements at the nucleon level

(p(pp)| ud|n(pn))
(p(pp)| Bysd|n(ps)) =

{p(pp)| WO din(p,)) =

gS(qz) Up (pp) Un (Pn)
9p(q%) tp(pp) V5 Un(Pn)

ﬂp(pp) [gT(qz) Ouw e gT)(q ) (Q/L'Yu - qll’)lll-)
+ (2)( %) (qu Py

e conservation of the vector current (CVC):

— @ P) + ¢2(6®) (Yudrs — 'yugm)] U (Pn)

M
g9s(q®) = 5mN

2
gv(q®) + 50

e partial conservation of the axial current (PCAC):

500 ‘ ‘ ‘ ‘ f

100}
50f

10§

1 l
0.5 M

0.0 0.2 04 06 0.8 1.0
q* [GeV?]

9/5/2023

We need axial form factor for NP as well

Much larger statistics

Large pseudo-scalar form factor (no g/M suppression)
Different energy scale compare to beta decay experiments

Kopp, Rocco, ZT, in preparation
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QM-NSI Description

Neutrinos are not pure flavor states:

er Standard
ey F—»o

W —
@ sta:c;‘ard

Standard NSI approach

Normalization

NSI parameters

Rotation of flavor states at the source

Rotation of flavor states at the detector

9/5/2023 Zahra Tabrizi, NTN fellow, Northwestern U.
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QM-NSI Description

Neutrinos are not pure flavor states:

Observable: rate of detected events

~(flux)x(det. cross section)x(oscillation)

~iik Zslak|s]ailzal prlza] 5

ro=1+SU* &vg=14+eHTU

Falkowski, Gonzalez-Alonso, ZT, JHEP (2019)

9/5/2023 Zahra Tabrizi, NTN fellow, Northwestern U.
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QM-NSI Description

* Can one “validate” QM-NSI approach from the QFT results?

* If yes, relation between NSI parameters and Lagrangian (EFT) parameters?

* Does the matching hold at all orders in perturbation?

9/5/2023 Zahra Tabrizi, NTN fellow, Northwestern U. 37



QM-NSI Description

* Can one “validate® QM-NSI approach from the QFT results? Yes...

* If yes, relation between NSI parameters and Lagrangian (EFT) parameters?

* Does the matching hold at all orders in perturbation? No...

Observable is the same, we can match the two

(only at the linear level)

Falkowski, Gonzalez-Alonso, ZT, JHEP (2019)
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Comparing QM and QFT

Only at the llnear Order: Falkowski, Gonzalez-Alonso, ZT, JHEP (2019)
Neutrino Process | NSI Matching with EFT
ve produced in beta decay €is = €Lt — [€R]is — Z—i%[eqﬂ]:ﬁ
.. i 1-3g7 me 3
ve detected in inverse beta decay €5e = [€L]ep + 1+3z§ [erles — & (14,?359124 [es]es — 1%% [eT]eB)
m2 FS
v, produced in pion decay €.5 = leL]ns — [€r]Ls — m[ep]yﬁ

* Different NP interactions appear at the source or detection simultaneously
* Some of the pxr/dx;. coefficients depend on the neutrino energy

e There are chiral enhancements in some cases

These correlations, energy dependence etc. cannot be

seen in the traditional QM approach.
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Comparing QM and QFT

Beyond the linear order in new physics parameters, the NSI formula matches the
(correct) one derived in the EFT
only if the consistency condition is satisfied

PXLDy L = PXy, dxrdy; =dxy

This is always satisfied for new physics correcting V-A interactions only as p., = d,, = 1 by definition

However for non-V-A new physics the consistency condition is not satisfied in general

10 : ———————r
105;
104;
103;
102;
102
100}

Falkowski, Gonzalez-Alonso, ZT, JHEP (2019) 3
1071 ¢

Production Coefficient

10'2:

_ [dlIpARAD 1073

YT [diplAP)E 104}
1075t L] A

1 200 500 1000 2000 5000
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* Low Energy WEFT:

Flavor Experiments

EFT at FASERv

Falkowski, Gonzalez-Alonso, Kopp, Soreq, ZT, JHEP (2021)

Colliders

(Independent of the underlying high- |

energy theory)
v' B-decays

v' Leptonic pion decays |
v' (Semi-)Leptonic kaon decays [el.-
v" Hadronic t decays }

* High Energy SMEFT:

(Bounds are less robust)

v LHC
v CLFV

Bounds shown in bold face have been
calculated in this work

9/5/2023

Coupling Low energy (WEFT) High energy / CLFV (SMEFT)
90 % CL bound process 90 % CL bound process

(€4 e 4.6 x 1077 Trsev/Traouw
[e}d]eu 7.3x 1076 Troev/Trnosuw [7) 2.0 x 108 1 — e conversion
(€4, 73x107°  Troe/Tamw [7) 2.5 x 1073 LHC [64]
[e%‘i]ue 2.6 x 103 Trsev/Trow 2.0 x 108 1 — e conversion
G 9.4 X 1075 Trver/Trosuw

2.6 x 10~3 Troev/Trospw
(€4 e 9.0 x 102 Trm 5.8 x 10739 /4.4 x 1074 LHC [65] / T decay [64]
(€] 9.0 x 1072 Trom 5.8 x 10730 LHC [65]
(€47 8.4 x 1073 7-decay [65] 5.8 x 10730 LHC [65]
[Eifzs]ee 1.1 x 106 rK—)eu/FK—);w
[€5]en 2.1 x 1075 ke /TR 6.2 X 107 1 — e conversion

2.1 x 1078 Tk—er/TK—uw 7.1x 1072 LHC [64]
(€] e 2.3 x 103 Tker/TK—uw 6.2 x 107 1 — e conversion
(€% 22X 107%  Tkoer/TKow
[€%]r 2.3 x 1073 TK—ev/TK-uw
[€%]re 6.4x107%2 T, ,k,/Tkow |3.1x10720)/81x1072 LHC (data [66])/7-decay [64]
G 6.4 x 10~2 Tk /TR 3.1 x 10—2( LHC (data [66])
(€4 1.3 x 1072 7-decay [67] 3.1 x 10720 LHC (data [66])
[€B]ee 48 x 1073 I'pier 1.3 x 1072 LHC [68]
[€5]en 4.6 %1078 I'p.ser 1.3x 1072 / 2.7 x 1078  LHC [68] / # — e conversion
[€%5]er 46 x 1073 T'p.er 1.3x1072 /1.9 x 102 LHC / 7-decays [64, 68]
(€] e 8.9 x 1073 | NS 2.0x 1072 /2.7 x 107®  LHC [68] / 1 — e conversion
G 1.0 x 1073 Tp.ow 2.0 x 1072 LHC [68]
(€] ur 8.9 x 1073 b 2.0 x 1072 LHC [68]
[€%]re 2.0x 107! Do 1.6 x107%2 /1.9 x 1072 LHC / 7-decays [64]
(€8] ru 2.0x 1071 Ip.rw 2.5 x 1072 LHC [68]
(€] s 3.2 x 1072 T'p. s 2.5 x 1072 LHC [68]
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EFT at FASERv

e FASERwv: colored bars

* Low Energy WEFT:

(Independent of the underlying high-energy theory)
v B-decays
» v' Leptonic pion decays
v" (Semi-)Leptonic kaon decays
v" Hadronic t decays

* High Energy SMEFT:

(Bounds are less robust)

v LHC
v’ CLFV

9/5/2023

d
ep*d

us
P =

cS
€55 d

—

e
eT

pe
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Falkowski, Gonzalez-Alonso, Kopp, Soreq, ZT, JHEP (2021)

€
104 103 102 10 1 10°' 102 103 10* 107
TTT F:I;lll FI'I'Illl rll'l'llll Fll'llll Fl'l'llll Fl'ﬂlll FI'I'IIII FI'Illll ’Iﬂ
L=150fb=",90% C.L.
2 cons.: 4.0x10~ fopt.: 3.4x1073 /future: 1.9x10~° | |5
Y ay
6.4x10>/62x103/3.0x10> . mdecay || )
- - - ] u—e con
1.7x1073 /1.4x10~3 /8.7x10 - LHC 7 decay |
= - = 1]
8.3x1073/7.2x10°/3.9x10> ll [ 7 decay ”_)ewcon
2.8x107°/2.6x107>/6.4x10~ P decay
7 decay
|7 decay
LHC
9.5/3.8/2.3 7 decay H-» LHC
I -3 -3 -3 ]
49x10 3/3.z><1o 3/2.3x10 : K ety
- w W [l
6.0x107%/5.8x10*/2.8x10 K decay |3 e
1.4x1073/12x1073 /7.4x10~* K decay |
113x1072/7.9%1073/5.7x10~ || P Kdecay n
pu—e con
3.3x1073/2.9x103/7.5x10~* > K decay
3.6x1073/3.0x103/1.9x10~3 K decay
3.9/3.3/2.0 7 decay |-Jppg- LHC
1.9/1.6/0.99 7 decay | b3 LHC
57.3/23.1/14.1 LHC  decay
11.4/4.0/3.1 LHC |-3pj3- D; decay
3.8/1.8/1.6 LHC |pf» D; decay
30.5/24.0/13.0 LHC | D decay
11.1/9.5/5.2 LHC |-js D; decay
8.6/5.4/3.5 LHC |3 | D5 decay
41.8/39.8/18.4 LHC s Dy decay
1.9/1.3/0.87 Ds decay |- LHC |-
0.88/0.73/0.45 D; decay | pkHC |-
0.26/0.18/8.1x10~2 . LHC |} D; decay
L L lllllll L L lllllll L L Illllll L L IlIIlIl L L LU LLLL
102 107! 1 10 102
42
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EFT at FASERv

Turning on one interaction at a time: Right handed A. Falkowski, M. Gonzélez-Alonso, J. Kopp, Y. Soreq, ZT
JHEP 10 (2021) 086
Optimistic (5%, 10%, 15%) and Pessimistic (30%, 40%, 50%), uncertainties on electron muon and tau neutrinos
€

104 10° 107 10 1 107! 102 102 10 107

1'I'I—|II'I11||| |II'I11||| 'I'II1||| |II'I1'I||| Flnrrrl—rnrrrn—rnrrrrl—rrrrrrn—rrm-n-l—rm
L=150 fb!,90% C.L.

| 7 decay
v, -ve

| decay

> n decay

H ud
From pion decay and DIS = €k | P decay
|I I—»ndecay
il |->V,,—>VT
I-»-rdecay
S 0.21/8.4x10-2/3.9x10-2 K decay
11.2/0.81/0.51
_’ 10.19/0.16/9.8x102
s 0.32/0.19/0.14
€Ep” | —2 =) =7 I
From kaon decay and DIS - R 75x1072/6.8x1072 /1710 | P Kdecay
_’ 8.6x1072/7.2x10~2 /4.4x10~%
0.83/0.69/0.43
0.41/0.34/0.21
11.9/4.9/2.9 ; - 7 decay
B 3.1/1.1/0.98 [ D decay
1100049043
8.1/6.4/3.5
" 3.0/2.6/1.4 |
P €5’
From charm decay and DIS + R 23/14/094 | b D decay

10.6/9.7/4.9

— 0.23/0.19/0.12

0.42/0.30/0.13
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EFT at FASERv

Turning onh one interaction at a time: Sca|ar A. Falkowski, M. Gonzélez-Alonso, J. Kopp, Y. Soreq, ZT
JHEP 10 (2021) 086

Optimistic (5%, 10%, 15%) and Pessimistic (30%, 40%, 50%), uncertainties on electron muon and tau neutrinos

104 103 10? 10 1 107 102 1073 10* 1073
TT T III'I||||| I'II'I1|||| rn'hlll Fﬂllll III'I1|||| III'I1|||| III'I'I|||| III'I'I|||| III'I'I|||| III'I'I

_ L=150fb!,90% C.L.
P K decay
eu 027023013 P K decay I
s il BEd 4.2x1072/35%1072 /2110 LHCH > K decay Jemeen
s | 20— o K decay .
From kaon decay « = JT 0.34/034/0.12 P K decay
Jlad 0.11/9.6x1072/5.9x10~> | K decay
(e 3.9/33/20 | 7 decay Pt LHC
2971 1.9/1.6/0.93 7 decay |-} LHC
57.3/23.1/14.1 ‘ I LHC s 7 decay
102 107! 1 10 102

A=v/\V e [TeV]
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EFT at FASERv

Turning oh one interaction at a time: Tensor A. Falkowski, M. Gonzalez-Alonso, J. Kopp, Y. Soreq, ZT
JHEP 10 (2021) 086

Optimistic (5%, 10%, 15%) and Pessimistic (30%, 40%, 50%), uncertainties on electron muon and tau neutrinos

10* 103 10? 10 1 107" 102 103 10* 107
TT T [T T [T T FI'I'I'I'I-I_rI'I'I'I'I'I-I_rII'Illll rl'l'lllll r"'hlll III'I'I|||| III'I'I|||| IIII'I

L=150 fb!,90% C.L.
IS cons.: 1.1/opt.: 037/future: 029 | | B decay
(=T T | | b sy .
3.4/24/1.4 i I—» B decay |—> 7 decays
\ 1.7/1.0/0.66 P LHC MJI)I‘3 -
From DIS = (B PP (1.4/0.52/0.48 —
4.6/4.3/2.0 p»LHC
ﬁ 017/0.14/86x1072 7 decays 7 decays
— 7.6x1072/6.3x1072/3.9x10~2 -7 decaysj- LHC
2.5/1.0/0.61 7 decays|- b3 LHC
B 3711089 || p>Ddecay pp-1HC
— 1.1/0.52/0.46 | | Ddecay |LHC iy
8.6/6.8/3.7 P D decay 7 decays R
3.12.7/1.4 p»LHC Jlje‘con
From charm decay and DIS s €7 o uufPRienrs - LHC e
11.7/11.2/5.2 > LHC
0.54/0.45/0.28 |—>‘r decays
0.25/0.21/0.13 I > LHC
Ky 7953219 [ LHC
L1l Lo sl L sl L1 3l IR EIT
1072 10! 1 10 102

A=v/V & [TeV]
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