tttttttttttttttttttttttttttt

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

Can neutrinos help probing
the SM effective theory?

Xabier Marcano

xablier.marcano@Qunibo.it BNL - 1270372026

Finanziato 723, Ministero

dall'Unione europea (70w dell’'Universita [taliadomani
NextGenerationEU %5¢%> e della Ricerca



mailto:xabier.marcano@unibo.it

."
RNy

vty

P ‘1\.0‘
o

SR N v s T L
9 -
.

B

¥










Status: June 2024

r—
_Q OAQ total (x2) . -
O 10! Egug s ATLAS Preliminary Theory
e incl
pr>100 GeV _
5 i Vs =5,7,8,13,13.6 TeV LHC pp V5 = 13.6 TeV
106 k (E05 BBl Data 20.0-31.4fb! =
C o .
- praTSGY LHC pp Vs =13 TeV 4
5 dijets T -1
E- 25 GeV — |
10 e e B  Daa 32-1400 5
C LHC pp Vs =8 TeV .
10* ¢ 0B ye0 BB  Da 202-2037 o
C V- .
C pr> LHC pp Vs =7 TeV .
30 GeV
3 EX nj>1 o -1
10 fl G ey ey oo B Oate o5 -00h 3
C o ¥ total B .
C N n>2 sy A o | LHC pp Vs =5 TeV ]
102 F e “o v - P A BB Data 003-031b .
E A n; >3 p-rG> v Wt Rl wz _M?Z_ total E
- 22 Lo 1(2,?:61 njaz‘ a ‘ﬁ—-ﬁ-_o_ :
101 E A n> 4 o pr>25Ge\,I zZ z =B )
E njz 3 h n; > 3 nj;“ 'I -gy- ‘_n_total E
= nj=2 . ]
L nj>5 I o nj 205 s-chan _2_ 0 H_)(gl)/v i!-n- i
1 E i.i n;,; 4 6 2 "%" o HosbE l.n o WlV:1'/Wtot J
3 o o — 3
= nj =6 nj=3 : >y l’n‘ H—bb i ttZ o Wi .
" n n>5 nj>7 vy (x0.01) H-1r (x0.5) mm WWZ tot. YV ]
o o} (x0.01) ne, (x0.25) e tEWE A &02 IQ
10_1 o Yy (x0.5)
E n=8 -tz (x0.01) SO o ' e E|
= nj=4 nj>6 q H—zZz o 3
N u ¢) Hoyy Heorr Zjj u Wyy Wryjj :
-2 nj27 (x0.15) el O total
10 E nj=>5 A |
: v i I o A B 2 n-I- wew
B - o H— H—yy — a -
i (Xo'g)y a WJIrnV.V’ 7
—_ . I
10 3 26 oy g wzy “ || B -
H—yy ﬂ 77
|| “i
PP Jets Y w z tt t Vv H Hjj VH ttv ttH _ WWwWV YYY Vyy yy-WW
tty Vjj  tttt Vyii VVijj
tot. tot. VBF tot. EWK " tot. EWK EWK

Xabier Marcano (UniBo & INFN) 4



Q
3
=
S
D
O
S
S
S
S
S
m, &
O z
<
S
-
S
Q
&

B Neutrino masses
B Dark Matter

B Strong CP problem
@ Hierarchy problem
B Flavor puzzle

Xabier Marcano (UniBo &




Neutrino Oscillations: Solution of two open problems

> Atmospheric Neutrino Problem
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Neutrino Oscillations: Solution of two open problems
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Muon-neutrinos
give signals in
the water tank.

Muon-neutrinos
arriving directly
from the
atmosphere

\

Light detectors
measuring Cherenkov
radiation

)

PROTECTING
1000 m ROCK

Muon-neutrinos
R3] that have travelled
through the Earth
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PROTECTING ROCK

Both electron neutrinos
alone and all three types of 2100m
neutrinos together give sig-
nals in the heavy water tank.
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neutrino energy
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ATLAS Exotics Searches™ - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: May 2020 L dt = (3.2—-139) fo~! V5=8,13TeV
Model ¢,y Jetst ET™ [Ldi[fb] Limit Reference
T T T T I T T T T T T T T I T T L] T T T T T I T L] T T
ADD Gkk +g/q Oepu 1-4j  Yes 361 Mp 7.7 TeV n=2 1711.03301
ADD non-resonant yy 2y - - 36.7 Mg 8.6 TeV n=3HLZNLO 1707.04147
ADD QBH - 2j - 37.0 My, 89TeV n=6 1703.09127
ADD BH high ¥, pr >lepu >2] - 32 | M 8.2 TeV n=6, Mp =3 TeV, rot BH 1606.02265
ADD BH multijet - >3] - 3.6 M, 9.55TeV n=6, Mp=3TeV,rot BH 1512.02586
RS1 Gk — vy 2y - - 36.7 | Gk mass 4.1 TeV k/Mp = 0.1 1707.04147
Bulk RS Gy » WW/ZZ multi-channel 36.1 Gk mass 2.3 TeV k/Mp = 1.0 1808.02380
Bulk RS Gxx — WV — {vqq Teu  2j/1J Yes 139 [Gremass 0 20TeV. k[Mp) = 1.0 2004.14636
Bulk RS gk — tt le,u >1b,>1J/2) Yes 36.1 gkk Mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP leu >2b,>3) Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AM) - ¢t) =1 1803.09678
SSM Z" — ¢ 2ep - - 139 |zZmess  51TeV 1903.06248
SSM Z’ - 17 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
Leptophobic Z” — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
Leptophobic Z" — tt Oe,u >1b,>2J Yes 139 r'm=12% 2005.05138
SSM W’ — ¢v lenu - Yes 139 1906.05609
SSM W’ — 1v 17 - Yes 36.1 1801.06992
HVT W’ - WZ — tvggmodel B 1 e,u 2j/1J Yes 139 gv =3 2004.14636
HVT V' - WV — gqqqqg modelB O e, u 2J - 139 gy =3 1906.08589
HVT V' - WH/ZH model B multi-channel 36.1 2.93 TeV gv =3 1712.06518
HVT W’ — WH model B Oeu >1b>2J 139 gv =3 CERN-EP-2020-073
LRSM Wk — tb multi-channel 36.1 WR mass 3.25 TeV 1807.10473
LRSM Wk — uNgr 2u 1J - 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, g = gr 1904.12679
Cl qqqq - 2j - 37.0 A 21.8TeV 1703.09127
Cl ttqq 2e,p - - 139 AL sseTe CERN-EP-2020-066
Cl tttt >1epu >1b,>1j Yes 36.1 A 2.57 TeV |Catl = 4n 1811.02305
Axial-vector mediator (Dirac DM) Oe, 1-4j Yes 36.1 Mpned 1.55 TeV 84=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mmed 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
VVyy EFT (Dirac DM) Oe,u 1J,<1] Yes 32 M. 700 GeV m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 my 3.4TeV y =0.4,1=02, m(y) = 10 GeV 1812.09743
Scalar LQ 1%t gen 12e >2] Yes 36.1 LQ mass 1.4 TeV p=1 1902.00377
Scalar LQ 2" gen 1,2 u >2] Yes  36.1 |LQmass 1.56 TeV B=1 1902.00377
Scalar LQ 3" gen 27 2b - 36.1 LQZ mass 1.03 TeV B(LQ; — br) =1 1902.08103
Scalar LQ 3" gen 0-1epu 2b Yes  36.1 LQg mass 970 GeV B(LQY — tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb + X multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
VLQ BB —» Wt/Zb + X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
VLQ Ts/3Tss3|Ts;3 » Wt + X 2(SS)/>3 e,u >1b,>1j  Yes 36.1 Ts/3 mass 1.64 TeV B(Ts;3 > Wt)=1, c(Ts3Wit)=1 1807.11883
viQY - Wb+ X le,u >21b,>1) Yes 36.1 Y mass 1.85 TeV B(Y = Wh)=1, cr(Wh)=1 1812.07343
VLQ B - Hb+ X Oeu,2y >1b,>1 VYes 79.8 B mass 1.21 TeV kg=05 ATLAS-CONF-2018-024
VLQ QQ — WqWq Teu 4]  Yes 203 [lOMESINee0cE 1509.04261
Excited quark g* — qg - 2~ 139 |G 6 Te V] only " and d', A = m(q") 1910.08447
Excited quark g* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
Excited quark b* — bg - 1b1]j - 36.1 | b* mass 2.6 TeV 1805.09299
Excited lepton ¢* 3eu - - 20.3 AN=3.0TeV 1411.2921
Excited lepton v* Seurt - - 20.3 AN=1.6TeV 1411.2921
Type Il Seesaw 1en >2j Yes  79.8 | N° mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 Ngr mass 3.2 TeV m(Wg) =4.1TeV, gL = gr 1809.11105
Higgs triplet H** — ¢¢ 2,34e,u(SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
Higgs triplet H** — ¢r 3eput - - 203 |Hfmass 400 GeV DY production, B(H;'* — ¢r) = 1 1411.2921
Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |q| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v; = 13 Tev 1 L Ll I L L L L L L Ll l L L L L L L Ll I 1 L 1 1
partial data 1071 1

*Only a selection of the available mass limits on new states or phenomena is shown.

+Small-radius (large-radius) jets are denoted by the letter j (J).

Xabier Marcano (UniBo & INFN)
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ATLAS Exotics Se \V'A'TE R TR A o ATLAS Preliminary
Status: May 2020 : : < - | ‘_ B )fb—l \/_=8, 13 TeV

Model i ] _ DV AC ¥ 2 « B Reference

ADD Gk + g/q il YR =n ¢ @ G . ST 1711.03301
ADD non-resonant yy 5 e R R et i v : 1707.04147
ADD QBH 72 SR KA S 1703.09127
ADD BH high ¥, p1 HE B fos e z S 7% 3 TeV, rot BH 1606.02265
ADD BH multijet L : % 3 : ’ 3 TeV, rot BH 1512.02586
RS1 Gyk — vy g : A 2 5 j R 1707.04147
Bulk RS Gyx —» WW/ZZ B ; Rt : e R 1808.02380
Bulk RS Gkx — WV — fvqq B, > o i 2004.14636
Bulk RS gxk — tt ] ! i \ v 4 : 1804.10823
2UED / RPP ., St , = 1803.09678

SSM Z’ — ¢t : N AN ; ;i L 1903.06248
SSM Z" — 17 kb D K : 1709.07242
Leptophobic Z’ — bb A O W RE Y. AN 1805.09299
Leptophobic Z’ — tt 0 X F Sy R 2005.05138
SSM W’ — ¢v Ao B e : 1906.05609
SSM W’ — v ¥ j '8 - 1801.06992
HVT W’ - WZ — tvqqg model B 1 7 TR N , N 2004.14636
HVT V! - WV — qqqq modelB 0 ; N o N e 1906.08589
|-

HVT V' - WH/ZH model B multi-c : poar § 1712.06518

HVT W’ — WH model B

LRSM Wk — tb multi

LRSM Wi — uNg

Cl qqqq
Cl ttqq

Cl tttt

Axial-vector mediator (Dirac DM)
Colored scalar mediator (Dirac DM)
VVxx EFT (Dirac DM)

0e
-Cl
2

2e
>1e

0e,
0e,
Oe,

(x) =1GeV
eV

CERN-EP-2020-073
1807.10473
1904.12679

1703.09127
CERN-EP-2020-066
1811.02305

1711.03301
1711.03301
1608.02372

Scalar reson. ¢ — ty (DiracDM)  0-1 e, 4 ' o (x) = 10 GeV 1812.00743

Scalar LQ 1%t gen 12e 1902.00377
Scalar LQ 2" gen 1,2 : 1902.00377
Scalar LQ 3 gen 27 i : 1902.08103
Scalar LQ 3 gen 0-1e, > 1902.08103

VLQ TT — Ht/Zt/Wb+ X  multi-cha 1) ; 1808.02343
VLQ BB —» Wt/Zb+ X multi-cha 5 S e e 1808.02343
VLQ Ts/3T5/31T5/3 — Wt + X 2(SS)/>3 2 ; 1807.11883
VLQY - Wb+ X 1eu S p : AR, 1812.07343
VLQ B — Hb+ X 0eu,?2 3 Sedp = . L ATLAS-CONF-2018-024
VLQ QQ — WqWq 1epu s oo A 1509.04261

Excited quark ¢* — qg - R o 1910.08447
Excited quark ¢* — qy 1y A 3 ; 1709.10440
Excited quark b* — bg - : 1805.09299
Excited lepton £* 3eu : 3 1411.2921
Excited lepton v* Seurt e 1411.2921

Type Ill Seesaw Teu 3 = ATLAS-CONF-2018-020
LRSM Majorana v 2u i 1809.11105
Higgs triplet H** — ¢¢ 2,3,4 e, u (SS \ 1710.09748
Higgs triplet H** — {7 3eut $ = 1411.2921
Multi-charged particles - 3 1812.03673
Magnetic monopoles - 1905.10130

Vs=13TeV
partial data

*Only a selection of the available mass limit¢
+Small-radius (large-radius) jets are denoteg
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B Add higher dimensional operators

— warning! Wilson coefficients are scale dependent C = C(u) —

1 1 1
Zsmerr = Lsm+ - D, CO00 + e D CO0O+ 0 e

a

Xabier Marcano (UniBo & INFN)



B Add higher dimensional operators

— warning! Wilson coefficients are scale dependent C = C(u) —

1 1 1
Zsmerr = ZLsm t A Z Co'0g + A2 2 G0 + 0 e

a

£ Qc(l5 ) only 1: Weinberg operator
— neutrino masses —
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B Add higher dimensional operators

— warning! Wilson coefficients are scale dependent C = C(u) —

1 1 1
Zsmerr = ZLsm t A Z Co'0g + A2 2 G0 + 0 e

a

B Q' only 1: Weinberg operator
— neutrino masses—

o fo) 59 operators — 2499 parameters [Buchmuller&Wyler'86, Grzadkowski et al’ 10]

— most relevant phenomenologically —

B 02" just a lot

— we neglect them—

Xabier Marcano (UniBo & INFN)



B 59 non-redundant operators ( x flavor structure)

Warsaw basis [1008.4884]

X3 <P6 and 904D2 '(/)2(P3
Qe | fABCGIGEGS | Q, ()3 Qey (0T0) (lperip)
" & | fAPCGHGEGSE | Qun | (0le)D(ple) Que (0'0) (3pu, )
- * _
'Cé Qw | e"EWIWPWEE | Qup | ("D*0)” (¢'Dyugp) | Qay (0'0) (Gpdrep)
5 Qw | WJ”W,;’ PWJ{ p
q\| X2902 ’thXQO ¢2902D
O - = =
o | Qo | eeGLGM™ | Q| (ote)T'oWh, | QY| (¢liDue) (M)
= Q _ 1 éA GA;U/ l_ 5% B (3) T'BI l_ I “l
E G Yy uv QEBB ( 0 67')80 uv Q(pl (90 v " SO)( pT 7 7”)
~ . H —
n Qow ‘PTSO W;{VWIW Qua (‘jpa WTAUT)‘P Gﬁu Qe (‘PTZ D, ©) (ep’)’uer)
49 t Tl Tuv = UV I=w/1 (1) T'H ~
S || Quw | ©eWLW Quw | (Go" ur )T oWy, || Qeq | (91 Du ) (37 ar)
o) , A~ =
S | Qs | #eBuBY | Qus | (§0"u)F B bl | (0Dl o) (@ v"q,)
~ <>
ng B plp B,,B" Qic | (Go WTAdr)‘P Gﬁu Qopu (‘PTiD u P) (UpyHur)
<> —
Quws | ¢'TloW,. B* Qaw | (Go*d)T'o WL, | Qua | (¢'iD,)(dyy"d,)
ngW B ol W,fuB e QaB (@p0"”d;)p By Qopud ("D uwp) (Upyd,)
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https://arxiv.org/abs/1008.4884

B 59 non-redundant operators ( x flavor structure)

(LL)(LL) (RR)(RR) (LL)(RR)

Qu | Gd)Tl) || Qe | @Eme)@re) | Qe | Gyl (@nter)

W | @) @e) || Qu | @) (@ fwu» Qu | Gyl @y uy)

@ | @nrle) @'t || Qu | (dud)([dertd) | Qu | (pvule)(dey”dy)
o | Q| Gu)@re) | Qu | (@ we»(a vu) | Que | (Gvuar) (ErPer)
% QY | L) (@7 'a) || Qea (&pvuer) (dsy™dy) w | (@) @y )
o] QL | @) (dsy dy) | (@7 Ta,) (@™ TAuy)
° Q) | @ THu,)(doyTAdy) | Q% | (@vuar)(diydy)
c§> QW) | (GvuTar)(dsy*TAdy)
o (LR)(RL) and (LR)(LR) B-violating
S (e | Gerdd) | Qu sy [(d2)TCul] [(q)TCl]

Qo | (@w)esn(@d)) || Qugu ePe . [(g57)TCqf*] [(u)"Cel]

Q%) | (@T4u,)eju(@TAdy) || Qugq e jnerm [(457)TCal¥] [(q2™)TCIp]

Qb | Bedein(@u) || Quun e [(d2)"Cuf] [(u))" Cer]

Q0. | Bower)em(@ o™ u)

Xabier Marcano (UniBo & INFN)
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B Rich and complementary phenomenology

S

Lepton
scattering
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Biekotter, Hurth [2311.04963] —

— Bartoccl,
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— Fernandez-Martinez, XM, Naredo-Tuero [2403.09772] —
10° 102 10~* 1076 108

o x
- 05% CL
100 10! 102 103 10*

A (TeV) New Physics scale (c~1)
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considering all (flavor) operators to be
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We will follow the model-independent assumption closely,

and
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Brivio et al [2208.08454v3]
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many works Biekoétter’18, da Silva Almeida’18, Kraml’19, van Beek’19, Dawson 20,
da Silva Almeida’21, Hartland’19, Brivio’19, Ellis’ 20, Ethier’21, Iranipour’22, Bartocci’23, Kassabov23....
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— Breso-Pla, Falkowski, Gonzalez-Alonso,
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— Broadly speaking, we found two main strategies —

B Linearized global analyses

4 Keep only leading terms: interference w/ SM
4p Linear ™ Gaussean likelihood ™ Analytically treatable

4p Easy to identify flat/poorly constrained directions

B One-at-a-time analyses

4 When there is no interference w/ SM (e.g. LFV)

4p No fully global analyses available

Xabier Marcano (UniBo & INFN)
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B SM Effective Field Theories

— Focus on leptonic operators —

B Neutrino Non Standard Interactions

— popular neutrino-EFT interactions —

B Global analysis of LFC fermionic operators
— Can we improve current status using neutrino data? —

B Global analysis of LFV fermionic operators
—Can we get a global picture?—

— Can we improve current status using neutrino data? —
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B Neutrino Non Standard Interactions @
— popular neutrino-EFT interactions —

B Global analysis of LFC fermionic operators
— Can we improve current status using neutrino data? —

B Global analysis of LFV fermionic operators
—Can we get a global picture?—

— Can we improve current status using neutrino data? —
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— Wolfenstein’78, Mikheyev and Smirnov’'85, Roulet’91, Guzzo et al’91, Grossman’95, Gonzalez-Garcia et al.’99, ... —

B New EFT interactions modifying neutrino production, propagation and
scattering

Lxenst D — 2V2G el (TayuPrvg) (F1*Px f),
Loonst D — MGF{ X (5 Pus) (i Pce) + €4 20y, Povs) (a7 Pud)
“dR(ea'yuPLVﬂ)(u'y“PRd) + 26“ds (éaPrvp)(ud)

253%13 (eaPrvs)(uysd) + e“dT(eaaWPLuﬁ)(ua“” PLd)} + h.c.

B Deeply studied and searched for in neutrino oscillations

— e.g. review Farzan and Tortola, Front. in Phys. 6 (2018) 10, [arXiv:1710.09360] —
— although caution is needed with normalization Coloma et al [arXiv:2411.00090] —

Xabier Marcano (UniBo & INFN)
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@ NSI O SMEFT

— well studied matching —

— Gavela et al. ' 08, Falkowski et al.’17, Jenkins et al.’18, Bischer et al.’19, Cherchiglia et al’23,... —
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@ NSI O SMEFT

— well studied matching —
— Gavela et al. ' 08, Falkowski et al.’17, Jenkins et al.’18, Bischer et al.’19, Cherchiglia et al’23,... —

B Charged lepton processes give much stronger bounds than neutrinos

— Gavela et al [arXiv:0809.3451], Antusch et al [arXiv:0807.1003] —

Xabier Marcano (UniBo & INFN)
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— Global Picture —

— one-at-a-time —
— compared to charged leptons —
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Improving the global SMEFT picture with bounds on neutrino NSI
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— M. Gonzalez-Alonso et al.’15, Falkowski et al.’17, Breso-Pla et al.’23...
INFN)

Falkowski, Gonzalez-Alonso et al explored it in great detail

Xabier Marcano (UniBo &



Falkowski, Gonzalez-Alonso et al explored it in great detail

— M. Gonzalez-Alonso et al.’15, Falkowski et al.’17, Breso-Pla et al.’23... —

Collected an extensive list of precision observables

| Class | Observable | Exp. value | Ref. & Comments | SM value |
| VeleQq | R,.5. | 0.41(14) | CHARM [73] | 0.33 |
(g7")? 0.3005(28) 0.3034
(g7 )? 0.0329(30) ~ 0.0302
VuVudq 0 2.500(35) PDG [61], p~1 2.4631
0 456702 5.1765
95 + 295, 0.489(5) 0.4951
) 2%, — g%, —0.708(16) PDG [61], p # 1 —0.7192
PV low-E 2g¢t, — ged —0.144(68) —0.0949
ceqd A —0.042(57)
g% — g, ~0.120(74) SAMPLE [89)] —0.0627
PV low-E bsps(A = 0.81) | —1.47(42) - 10~ SPS [90) —1.56-10~*
ppqq bsps(A = 0.66) | —1.74(81) - 10~* —1.57-107*
d(s) = wlv 4t Eq. (3.17) Ref. [55] 0
o(qq) LEPEWWG [91], p # 1
ete” — qq O, O f(V/s) LEPEWWG [100], f(V/s)
A, AT VENUS [93], TOPAZ [94]
gr —0.040(15) —0.0396
Pubuee g —0.507(14) PDG [61), p # 1 —0.5064
ee —ee | 95 [ 0.0190(27) | PDG [61] [ 0.0225 |
_ . 1.58(57) CHARM [97]
* + o
Vul Vb 75 0.82(28) CCFR [98] L
G2,/ G> 1.0029(46) 1
T — vy GG 0.981(18) PDG [61], p= 1 1
bl LEPEWWG [91], p =~ 1
ete” — 4T 0 07y Pr f(V/s) LEPEWWG [100], f(V/s)
AR AT VENUS [96]

Xabier Marcano (UniBo & INFN)

Falkowski et al. [1706.03783]

+ Pole observables
(see Efrati et al. [1503.07872])
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Falkowski, Gonzalez-Alonso et al explored it in great detail

— M. Gonzalez-Alonso et al.’15, Falkowski et al.’17, Breso-Pla et al.’23... —

B Collected an extensive list of precision observables

B Worked at linear order
— keep only interference w/ SM —

— Q@Gaussian likelihood for WCs —

B Constraint 65 combinations of WCs

B Built 65x65 correlation matrices

Xabier Marcano (UniBo & INFN)
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Falkowski, Gonzalez-Alonso et al explored it in great detail

— M. Gonzalez-Alonso et al.’15, Falkowski et al.’17, Breso-Pla et al.’23... —

B Collected an extensive list of precision observables

B Worked at linear order
— keep only interference w/ SM —

— Q@Gaussian likelihood for WCs —

B Constraint 65 combinations of WCs

B Built 65x65 correlation matrices

B /dentified and isolated 13 flat (or poorly constraint) directions
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B Global Analysis to NC-NSI in oscillation + CEVNS
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B Global Analysis to NC-NSI in oscillation + CEVNS

.................
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& GlobalAnalys:s to NC-NS/ in oscillation + oe—a1o
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M Previous SMEFT bounds help constraining NSI

4 Mainly from €,, + strong correlations

M Neutrino oscillations + CEVNS improve SMEFT global picture

4p Doesn'’t close flat directions, but improve some bounds
W New bounds in the T sector

4p Induce strong(er) correlations

Xabier Marcano (UniBo & INFN)



2403.09772

Global Lepton Flavour Violating Constraints on New Physics

v

arX

Enrique Fernandez-Martinez, XM and Daniel Naredo-Tuero

)
Z
™
Z
oY
o
@
c
=)
N’/
o
c
]
o
]
>3
-9
r
e
]
X


https://arxiv.org/abs/2403.09772

R

8 Plenty of work in this direction

Raidal&Santamaria(96), Kuno&Okada(99), Brignole&Rossi(04), Ibarra et al (04),
Carpentier&Davidson(10), Crivellin et al(13), Celis et al(14), Pruna&Signer(14), Efrati et al(15),
Feruglio et al(15), Davidson(16), Crivellin et al(17), Aebischer et al(18), Gonzalez et al(21),

Ardu&Davidson(21), Calibbi et al (21), Calibbi et al (22), and many others

Xabier Marcano (UniBo & INFN)



some WC (see later)

95% CL

Xabier Marcano (UniBo & INFN)

A (TeV)

102 103
New Physics scale (c~1)
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— See also previous partial analyses: Husek ‘20, Davidson’22, Banerjee 22, Hoferichter’23 —

B Many operators and observables

— No interference with SM —

B We cannot linearize the EFT dependence
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B Many operators and observables

B We cannot linearize the EFT dependence
— No interference with SM —

Everything is possible
when you have the proper tools
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B Many operators and observables

B We cannot linearize the EFT dependence
— No interference with SM —

Everything is possible
when you have the proper tools

Daniel Naredo

Xabier Marcano (UniBo & INFN)
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up — quarks down — quarks
(@yuu) (ELar*eLs) OahL (dud)(ELar*eLp)
(@yuv5u)(LaeLs) O (duysd)(eLay*ers)
(@yuu)(ERaY"eRB) O%br (d7.d)(Erar*erp)
(@yuy5u)(ERaY eRp) Or | (dVur5d)(Erar™ers)
(au)(€Laerp) + h.c. 0%k (dd)(éraers) + h.c.
(ysu)(eLarp) + h.c. Obr | (dvsd)(eraerp) +h.c.
(Goyu)(€Laot’erg) + h.c. 02% r | (do,,d)(ELao erp) + h.c.

— LEFT —

All operators are independent

Xabier Marcano (UniBo & INFN)




up — quarks down — quarks

(@yuu)(ELar eLp) OabL (dud)(ELar*eLs)
(@yuv5u)(LaeLs) O (duysd)(eLay*ers)
(@yuu)(ERaY"€Rp) Ot (d7ud)(€rRar*eRs)
(Uyuysu)(ErRaY*ERB) Ol (dvuy5d) (ERarERB)
(au)(€Laerp) + h.c. 0%k (dd)(éraers) + h.c.
(ysu)(eLarp) + h.c. Obr | (dvsd)(eraerp) +h.c.
(Goyu)(€Laot’erg) + h.c. Ofgg r | (do,,d)(ELao erp) + h.c.

Xabier Marcano (UniBo & INFN)




up — quarks down — quarks

(@y,u)(ELar*ers) (dvud)(ELa*eLp)
(@, v5u)(Larers) (dyuv5d)(ELareLs)
(@y,u)(EraY*erp) (J’Yud) (EraY"erp)
(@Y, v5u)(ERaY ERp) (dvuv5d) (ERa"ERB)
(Gu)(éLaerp) + h.c. (dd)(éraers) + h.c.

(dvsd)(eLaerp) + h.c.
(d_O',wd) (éLaa’“’eRﬂ) + h.c.

(aysu)(ELatrp) + h.c.

(ﬁO’,,,,,u) (éLaa“”eRﬂ) + h.c.

— SMEFT (3flavor) —

SMEFT induced relations. Only light quarks u,d,s

less freedom

v

Xabier Marcano (UniBo & INFN)




up — quarks down — quarks

(@yuu)(ELareLs) (dvud)(ELar"eLp)
(@yuv5u)(ELar eLp) (dyuvsd)(ELarters)
(@y,u)(EraY*erp) (J’Yud) (EraY"erp)
(@yuY5u)(ERaY"ERS) (dvuy5d) (ERarERB)
(au)(éraerp) + h.c. (dd)(éraers) + h.c.
(@ysu)(€Laerp) + h.c. (dvsd)(eLaerp) + h.c.
(Goyu)(€Laot’erg) + h.c. r | (do,,d)(ELao erp) + h.c.

— SMEFT (3flavor) —

SMEFT induced relations. Only light quarks u,d,s

— SMEFT (2flavor) —

v SMEFT induced relations. Only light quarks u,d

less freedom

Xabier Marcano (UniBo & INFN)
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B /ncoherent contributions

— no new inside from a global analysis —

B Everything well constrained

A 2 5 —50000 TeV

B Few exceptions
(AF = 1)

eupp, €eTTT, UTTT, EUTT
(AF = 2)

euep, eTer, UWTUT, eTuT

44
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one-at-a-time bounds = global bounds

Fully Leptonic
Semileptonic
Xabier Marcano (UniBo & INFN)




B Many mesons w/ different structures — great complementarity —

T, 1>, 1>, t>fw, 1> nn, > CP

B Some coherent/incoherent contributions, e.qg.:

2 )
m
0 uA _ dA r uP _ .dP
BR (7 — £1°) o Z Corx ~ Corx T (cix = cx)
X=L,R m, (m, +my)
m? myg 2 fr.4 ’ 2 mg 2
BR (= £4) < Y Cat-2—2 ) el | e (=2 ) (25 -1-= ) ||
X=L,R " i Iy " i

Xabier Marcano (UniBo & INFN)



B Many mesons w/ different structures — great complementarity —

Tt flrn,t>Cn, 1>, t>fw, 1> n,t— £

B Some coherent/incoherent contributions, e.g.:

UL dx UL dx ST
Observable Cre = Cre Cre T Crt
VI 1A|S

T — 470
T — In
T — Iy
T — bw
T bt
T — 4P

B 70 WCs - 9 indep. constraints = 1 flat direction
— involving A and S WCs —

Xabier Marcano (UniBo & INFN)
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globally constrained

B Flat directions in SMEFT(u,d,s)

@ Vand T slightly weaker
'@ Only SMEFT(u,d) fully and

one-at-a-time bounds = global bounds

mu"
C
=
L
il
L
C
L
]
L
C
A
U)

Fully Leptonic
Semileptonic

Xabier Marcano (UniBo & INFN)




B Very strong constraints

cLFV obs.

Present upper bounds (90% CL)

BR(p — e)

BR(u — eee)
CR(p — e,S)
CR(p — e, Ti)
CR(u — e, Pb)
CR(u — e, Au)
BR(7" — pu~et)
BR(7" — pte™)
BR(7° — pue)

BR(n — ue)
BR(n" — pe)
BR(¢ — pe)

Xabier Marcano (UniBo & INFN)

3.1x 10713
1.0 x 10712
7.0 x 10711
4.3 x 10712
4.6 x 10711
7.0 x 10713
3.2 x 1010
3.8 x 10710
3.6 x 10°10
6.0 x 106
4.7 x 1074
2.0 x 10~

MEG II (2023)
SINDRUM (1988)
Badertscher et al. (1982)
SINDRUM 1II (1993)
SINDRUM 1II (1996)
SINDRUM 1II (2006)
NA62 (2021)

E865 (2000)

KTeV (2007)

Saturne SPES2 (1996)
CLEO (2000)

SND (2009)

31
32
33
34
35
36
37
38
39
40
41
42

4 Refs in arXiv: 2403.09772

50



https://arxiv.org/abs/2403.09772

B Very strong constraints

B Mainly from u — e conversion in nuclei

4p Spin-Independent for V, S, T operators

— e.g. Raidal’97,Cirigliano’09,Crivellin’17,Davidson’22, Plakias 23... —

4p Spin-Dependent for A, P, T operators
— Cirigliano’17, Davidson ’17, Hoferichter 22 —

B Weaker but complementary from M — eu for A and P

— Also needed in a global picture! —

Xabier Marcano (UniBo & INFN)
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Ue (w/o nuclear uncertainties)

B (e (W/ nuclear uncertainties)

B e
N
[ 1 one-at-a-time

[ ]

[ ]

[ ]

[ ]

95% CL
100 10! 102 103
Strong Correlations!! A (TeV)

Xabier Marcano (UniBo & INFN)




v?
A2

€

108

10~°

10~

10~2

109

Ue (w/o nuclear uncertainties)

|

B e

N

[ 1 one-at-a-time

uV
afL

95% CL

10

Strong Correlations!!

~
Z
™
Z
]
)
@
€
=)
N’/
)
c
o
1 9
5]
=
1 S
r
8
5
X



Neutrino oscillations — zero distance effects
[Biggio et al’09]

arXiv: 2411.00090

Improving the global SMEFT picture with bounds on neutrino NSI

Pilar Coloma, Enrique Fernandez-Martinez, Jacobo Lopez-Pavon, XM,
Daniel Naredo-Tuero and Salvador Urrea

Xabier Marcano (UniBo & INFN)


https://arxiv.org/abs/2411.00090

Coloma, Fernandez-Martinez, Lopez-Pavon, XM, Naredo-Tuero, Urrea [2411.00090]

SMEFT global bounds with u, d quarks
2
Cl
10° 1072 10~ 10~ 10-8
CZZL
CﬁZL
oot RSN
o [ 1 one-at-a-time
2 BN CcLFV only
S dA =1 cLFV + KARMEN/NOMAD
BT NNSNNNNNN
S
I
~
s, RN
s, I
o, RSN 95% CL
10° 10! 102 103
‘ Strong Correlations!! A (TeV)

Xabier Marcano (UniBo & INFN)

10*

v 0Sc at zero-distance

54



https://arxiv.org/abs/2411.00090

%

— Global Picture —

— one-at-a-time —
— compared to charged leptons —




B SM EFTs are well motivated and powerful tools for model-independent analyses
— many new parameters, challenging to constrain them all —

B Potential flat/poorly constrained directions make it harder
— we need more independent observables—

B NS/ formalism provides new data
4p Improves global picture for LFC operators

— improve bounds, new bounds for T, stronger correlations —

4p Closed flat directions for LFV operators

— zero distance effects for pie —

Xabier Marcano (UniBo & INFN) 56
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------ Non. Osc. + Osc. + CEVNS (Gaussian approx.)
= Non. Osc. + Osc. + CEVNS (Exact)
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B Low-energy observables

Falkowski et al. [1706.03783]

Class Observable Exp. value Ref. & Comments SM value
VeleQq R,.5. 0.41(14) CHARM [73] 0.33
(g7)? 0.3005(28) 0.3034
2
(97 0.0329(30) N 0.0302
Yuudd 0 2.500(35) PDG [61), p~1 2.4631
0 4567057 5.1765
95 + 2g§§, 0.489((5) ) o 0.4951
] 295, — ged, ~0.708(16 PDG [61], p # 1 ~0.7192
PV low-£ 2get, — ged, —0.144(68) —0.0949
o ges, — ged —0.042(57) SAMPLE [89) —0.0627
va Jva —0.120(74) '
PV low-E | bsps(A = 0.81) | —1.47(42) - 10~* SPS [90] —1.56-10*
e bsps(A = 0.66) | —1.74(81) - 10~* —1.57-10*
d(s) — wlv a* Eq. (3.17) Ref. [55] 0
o(qq) LEPEWWG [@_, p ;é 1
ete” = qq Oc, Op f(\/s) LEPEWWG [100], f(\/s)
A AT VENUS [93], TOPAZ [94]
g —0.040(15) —0.0396
e g —0.507(14) PDG [61), p 71 —0.5064
e"e” —»ee” 95 0.0190(27) PDG [61] 0.0225
_ 1.58(57) CHARM [97]
* + o
Vil DVl H s 0.82(28) CCFR (98] L
G2./G% 1.0029(46) N 1
T — vy G2 0.981(18) PDG [61], p~ 1 1
colee) LEPEWWG [91], p ~ 1
ete” = L4~ Opy Ory Py f(V/s) LEPEWWG [100], f(y/s)

VENUS [96]

Al}é‘B7 71:"B
Xabier Marcano (UniBo & INFN) 62




B Pole observables Efratiet al. [1503.07872]

Xabier Marcano (UniBo & INFN)

Observable | Experimental value | Ref. | SM prediction Definition
T, [GeV] | 24952+ 0.0023 | [47] 2.4950 > L(Z—~Jh
Ohaa [nb] | 41.541£0.037 | [47] 41.484 Lo A e e 00D
B IANCET p— f :
R, 20.804 £ 0.050 [47] 20.743 gzr—g;e—_)) Observable | Experimental value | Ref. | SM prediction Definition
—
R, 20.785 4 0.033 | [47] 20.743 WQZTJ_") my [GeV] 80.385 £ 0.015 | [50] 80.364 LY (1 4 om)
R, 20764+0.045 | 47 |  20.743 2o "1 [ Tw [GeV] 2.085+0.042 [ [45] 2.091 > LW = ff)
A%; 0.0145 4 0.0025 | [47] 0.0163 342 Br(W — ev) | 0.107140.0016 | [51] 0.1083 prv("vyj';f,)
App 0.0169 £ 0.0013 | [47] 0.0163 1AcAy | [Br(W — ) | 0.1063+0.0015 | [51] |  0.1083 T
Avt 0.0188 4 0.0017 | [47] 0.0163 3A.A, e
it I Br(W —7v) | 01138400021 | [51] 0.1083 ST
Ry 0.21629 4 0.00066 | [47] 0.21578 D(Z—50) L
g (222400) R, 0.49 % 0.04 [45] 0.50 e
R, 0.1721 £ 0.0030 | [47] 0.17226 (Z—ce)_
- >, N(Z—42) 0.998 + 0.041 52] 1.000 97 %/g, &,
AFB 0.0992 + 0.0016 | [47 0.1032 SAA, :
= = — e
AFB 0.0707 £ 0.0035 | [47] 0.0738 SALA,
A, 0.1516£0.0021 | [47] | 01472 | Do) Toeney)
D(Z—ujpup)-T(Z—=phug
A, 0.142+0.015 | [47] 0.1472 R
D(Z—1r ) )-T(Z—>1h1h
A, 0.136+0.015 | [47] 0.1472 A A
—;ﬁT
A, 0.1498+0.0049 | [47) |  0.1472 e
T )— TTET
A, 0.1439 4+ 0.0043 | [47] 01472 | Mmoo |
Ay 0.923 + 0.020 [47] 0.935 ;‘(z*bﬁ’;g;?é*bﬂ’iﬁ)
A 0.670+0.027 | [47] 0.668 \Zoerie ) o SeRth)
A, 0.895+0.091 | [48] 0.935 e
T(Z—u)+ L (Z—cc)
Ry 0.166 4 0.009 | [45] 0.1724 A




¥ Only quadratic contributions from new physics

— @Going global is a difficult task, some simplifications as a first step —

B Results always for low-energy WCs

— warning! Wilson coefficients are scale dependent C = C(u) —

B Work at tree level

B WC diagonal in the quark sector and CKM = 1

B Operators only to light quarks
— either (u,d,s) or only (u,d) —

B /dentify all flat directions

— explore the parameter space with an adjusted MCMC —

Xabier Marcano (UniBo & INFN)



B These results rely crucially on nuclear elements for it — e conv.

B Uncertainties of the overlap integrals can make bounds redundant
— Davidson et al [1810.01884] —

CR(p—e,S) < 7.0x10°1
CR(u — e, Ti) < 4.3 x 10712
CR(p — e,Pb) < 4.6 x 1011
CR(p — e,Au) < 7.0x 10713

All independent bounds?

B We include nuclear uncertainties as nuisance parameters in the GF

Xabier Marcano (UniBo & INFN)



HEFT

*There could also be a third option
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new physics above the EW scale

67

Xabier Marcano (UniBo & INFN)




Xabier Marcano 67



A SUB). x SUQ), x U(1)y

ZLsmerr = Lsw + ) CP0O + LT+ 0| ==

SUQB): X U(Dgy

Fimes 5 \/_ Z o (eL o eg )F,, + hc
a#p

. 2
d1m—6 2 : qx qx z : yoYy y5Yy
q,x,Y v,X,Y

e —————— . : : - W



enkins et al [1 709.04486]

up — quarks

(dy,ud)(ELar” eLs)
(dyuvsd) (éLa’Y“eLﬂ)

7 5 Ak
(€ra"€RA) (eryTuers) (dyud)(€Ra? erp)

(éLa’Y“eLﬂ)(éR'v'YﬂeR‘S)
oy ers) (ELyYneLs)
SRS

ZLB_ s o . - ; (ﬂ’Y5u)(éLaeRﬂ) +hC

(G0 ) (éLaU'weRﬁ) + b.c.

44— — dipole

4—— 4-fermion

Xabier Marcano (UniBo & INFN) 67



A SUB). x SUQ), x U(1)y

1 [ .
_ 5) (5
Zsmerr = Lsm T — 2 , CO0P +
a iy

SUQB). X U(l)gy,
Ry

a#p

di 5 e
S O 4 (eL ceg )F,, + hc

. 2
d1m—6 2 : qx qx = z : yoYy y5Yy
q,x,Y XY




B Many mesons w/ different structures — great complementarity —

Tt flrn,t>Cn, 1>, t>fw, 1> n,t— £

B Some coherent/incoherent contributions, e.g.:

cug — o g + o 2
VIAIS|P|T|\V|AIS|P|T|V|A|S|P|T

=YmE
T T N

T — In/ 3 3 3 3
T — fw

T bt~ -
T — Lo

B 15 WCs - 11 indep. constraints = 4 flat directions
— involving A, S and P W(Cs —

Observable

Xabier Marcano (UniBo & INFN)
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B Nuclear overlap integrals for Sl at 5% (10%) for light (heavy) nuclei

— Davidson et al [1710.06787],
Hoferichter et al [1506.04142],
Bartolotta et al [1710.02129]—

B Nuclear corrections &’ and 6" to the axial contribution of SD

— Hoferichter et al [2204.06005]—

B Gluonic matrix element dy ~ 30%

— Hoferichter et al [2204.06005]—

Xabier Marcano (UniBo & INFN)
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G2 2(m2 — m2)? 2 2
BR (r — fﬂO) = RUAYE z Z ¢ — cd;‘ + z (C”Lf — cdbf)
. m T X m (m +m ) X X
vt X=L,R  \""u d
— Aebischer et al [1810.07698]—
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