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Introduction

o [I'll focus on precision measurements in non-forbidden processes:
o Both exp & theory (lattice!) precision needed
®© Precision ~ 102-103 — A~ O(1) TeV

© Much higher scales if SM is suppressed
(mr—ev, CPV, CKM, ...)

o Still a very wide subject:
e Leptonic processes, flavor (kaons, B's, LFU, ...), ...

© Nuclear decays, atomic PV, neutrino, ...
o Z/W data (LEP & LHC), LEP2, top, Higgs, ... — low-energy?

© [I'll assume "heavy NP" — Effective Field Theory
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EFT 101

A
W ~ 10 TeV NP ,.
P £(x) = £ (SM fields, bSM fields)

: 3 ay 4

- 1
>VV‘\'IW< >< 1oV oM Lefsr. = Lsn + 2 Zai O; Skandard Model EFT

[Buchmuller & Wyler’86,
Leung et al.’86,

Grzadkowksi et al., 10,
Jenkins et al'l3, ...]
> X c r sy
d—ul~vg — — \/—
2

~ GeV

EL'y,,l/-ﬂ'y“dL - ZGEJ ZPI‘V-'U,I‘da
poT
ﬂ Low—ehergj EFT

[Cirigliano et al'09,

Aebischer al.'l5,
EW,N,... — e Jenkins et al'l8, ...]
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EFT: motivation

Take your favorite precision experiment:

- Implications for NP model M?

L

Nowkrivial:

- Atomic/muclear/hadronic/PDF TH;
- Correlaktions;
- Cukbs, SM assumed?

- Large Logs resummakion

é )

Specific NP model

-

'{Loi,exp - Oi,sm = 00 (01,02, ...




EFT: motivation

Useful especially if...

= Global analysis
= Final likelihood public

= Avoid additional assumptions

Valid also if NP is found!

Example: EFT for "B anomalies"
[Aebischer et al'l9, Alguerod et al'l9,
Ciuchini et al.'19, Arbey et al.'19, ...]

| - 4 N
i{ o ] T \ Specific NP model
{Loi,exp - Oi,sm = 00 (01,02, ..., 0.80) | 00
- e —— A62 = fi(gnp, MNp)
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| 2008: global fit in the "flavor-

universal” SMEFT
[Han-Skiba'O5]

- 2015-2017: global fit in the flavor |

general SMEFT
[Efrati, Falkowski & Soreq'l5;
' Falkowsgki & Mimouni'l5;

\ Falkowski, MGA & Mimouni'l7]
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EWPO ﬁt in the flavorful SMEFT

[Falkowski, MGA & Mimouni, 2017]

- 258 experimental input

» Z- & W-pole data

- ete—lfl, qq

- Low-energy processes:

Nuclear and hadron decays (d—ulv)

PV in atoms and in scattering

®
= Neutrino scattering
®
- Leptonic tau decays
Class Observable Exp. value
Veleqq Ry.5. 0.41(14)
(97)? 0.3005(28)
(9p)? 0.0329(30)
Vutuqq —
o 2.500(35)
op 4.561542
g5 + 2958, 0.489(5)
20% — g%, —0.708(16)
PV low-E - "
ceqq 2¢8% — g8, —0.144(68)
—0.042(57)
99 — 9t
—0.120(74)
PV low-E bsps(A = 0.81) | —1.47(42) - 107*
11qq bsps(A = 0.66) | —1.74(81) - 10~*
d(s) — ulv e?'[ eq. (3.17)
o(qq) i
efe” 2 qq 06,0 F(V5)
Afp. Afp
T — T——

Class Observable Exp. value
grhs —0.040(15)
Vpvyee
gy —0.507(14)
e"e” e e 9%y 0.0190(27)
. . " 1.58(57)
V" =Vt oM
0.82(28)
G2,/G% 1.0029(46)
T — lvv
G2,/Gy 0.981(18)
do(ee)
dcosf
ete” — (70T Oups Ory Pr f(\/g)
Arp, Afp
T— T—

AR

Observable | Experimental value | Ref. | SM prediction Definition
T, [GeV] | 24952+0.0023 | [47] 2.4950 S T(Z > Ff)
Ohad [0b] 41.541+0.037 | [47] 41.484 1 TWZzeTe JNZzan)
o
R, 20.804+0.050 | [47] 20.743 P
2. L (Z—4qq)
R, 20.785 4 0.033 | [47] 20.743 W‘mﬂ
R, 20.764+£0.045 | [47) | 20743 Lo
AT 0.0145+0.0025 | [47] 0.0163 Y
ATE 0.0169 +0.0013 | [47 0.0163 SAA,
AT 0.0188£0.0017 | [47 0.0163 SAA,
I'(Z—bb
Ry 0.21629 = 0.00066 | [47] 0.21578 f(r(%;%)
T'(Z—cg
R, 0.1721+0.0030 | [47] 0.17226 S
ATB 0.0992+0.0016 | [47 0.1032 SAA,
AlD 0.0707 £0.0035 | [47 0.0738 34,4,
A, 0.1516+0.0021 | [47] |  0.1472 DZoele) T schen)
T T
A, 0.142+0.015 | [47] 0.1472 %jﬁﬁ“j@
A, 0.136+0.015 | [47] 0.1472 e
e+27 — E+27
A, 0.1498 +0.0049 | [47] 0.1472 Ao )Tty
A, 0.1439+0.0043 | [47] 01472 | MRrp T
A 0.923£0.020 | [47] 0.935 HEobuby )T bnbn)
A, 0.670+0.027 | [47] 0.668 Toee o0 Sencn]
A, 0.895+£0.091 | [48] 0.935 e PO onin)
T u)+T C)
Ruc 0.166+0.009 | [45] 0.1724 e oa
——————
Observable | Experimental value | Ref. [ SM prediction Definition
my [GeV] 80.385+0.015 | [50 80.364 LY (1 1 om)
Ty [GeV] 2.085 + 0.042 15 2.091 S TW > fF)
T(W—oev
Br(W — ev) | 0.1071+£0.0016 | [51] 0.1083 %
(W
Br(W — wv) | 0.1063+0.0015 | [51] 0.1083 %
TW—otv
Br(W — 7v) | 0.1138+0.0021 | [51] 0.1083 %
T'(W—cs’
Rye 0.49 £ 0.04 [45] 0.50 e
Was ) Waz |
R, 0.998+0.041 | [52] 1.000 PR
— ———




EWPO ﬁt i the “f LO\VO"‘F“L SMEFT [Falkowski, MGA & Mimouni, 2017]

- 258 experimental input

- They constrain 61 combinations of Wilson Coefficients [Higgs / Warsaw basis]

w

=

ﬁ—-

S = -

O = Osm + O (c1,€2, ..., €80) — Y2 =2 (ci) |

L L
L Q
L)(q

Resulks given at the

EW scale

(QEDXQCD running included in

precise low-£ observables)
[MGA, M. Camalich & Mimouni, PLB'17]




EWPO ﬁt i the ffi.o\vornfu,i. SMEFT

- 258 experimental input

[Falkowski, MGA & Mimouni, 2017]

- They constrain 61 combinations of Wilson Coefficients [Higgs / Warsaw basis]

——
2

p

dk O = Osm + O (€1,€2, ..., €80)

——

—
W,Z -
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EWPO ﬁt i the “f LO\VO"‘F“L SMEFT [Falkowski, MGA & Mimouni, 2017]

- 258 experimental input

- They constrain 61 combinations of Wilson Coefficients [Higgs / Warsaw basis]

"Flavor-universal' limit

(5ng€\ [ —1.22 + 0.81

\ dgZ \ 15+ 7 )

(i)

ng

Coy
Ced

dg7e —0.10 + 0.21 o
591%‘3 —0.15 + 0.23 Coe -3.0 £ 1.7

6 Zu — _1 6 :I: 2 O X 10_3 Cee — 72 £33 % 10—3
géu N ' ' ’ Coe 02 +13 )
9% —2l A Cee 954+ 30

6gfe 19 + 1.4

\ cea /

[ —48 =+ 2.3\
—15.4 £ 9.1
14 + 23

4 + 24

6 + 42

4 + 11
\ 26 + 18

x 1073,



EWPO ﬁt in the flavorful SMEFT

- 258 experimental input

[Falkowski, MGA & Mimouni, 2017]

- They constrain 61 combinations of Wilson Coefficients [Higgs / Warsaw basis]

O =Osm + O (c1,¢2

= =

¥

Universal EFT
(oblique parameters)

-
|
|
|
1

L

S —0.10 + 0.13 1. 0.86 0.70 —0.12
T 0.02 + 0.08 S 1. 0.39 —0.06
y | | —0o15+011 |0 P . 1. —0.49
W —0.01+0.08 L




EWPO ﬁt in the flavorful SMEFT

- 258 experimental input

[Falkowski, MGA & Mimouni, 2017]

- They constrain 61 combinations of Wilson Coefficients [Higgs / Warsaw basis]

One EFT operator at a time:
X* = A* (Ceewn)

— eeqq: best bounds come from APV or CKM-unitarity!
[competitive with LHC]

PS: t1qq: no bound! (517M€1)(Q17 C]1)




EWPO ﬁt i the flavorful SMEFT

- 258 experimental input

[Falkowski, MGA & Mimouni, 2017]

- They constrain 61 combinations of Wilson Coefficients [Higgs / Warsaw basis]

KL O =Osm + O (c1,¢2, -

——

s €80) = 12 =22 (ci) |

RGE!
( )
Specific NP model
ol

= fi(gnp, Mnp)

>

Z' flavor gauge bosons [Cline & Camalich, 1706.08510],
Minimal Z' models [Alioli et al., 1712.02347],




EWPO ﬁt i the flavorful SMEFT

- 258 experimental input

[Falkowski, MGA & Mimouni, 2017]

- They constrain 61 combinations of Wilson Coefficients [Higgs / Warsaw basis]

QL O =Osm + O (c1,¢2, -

=

¥

Precision needed in any other observable to compete?

v2=y%2(c) > 60(c)=#H T #

s €80) = X2 =22 (1) |




Cannot we do the same with flavor data?

- UV meaning of the famous CKM-triangle plot?
Never done in the general SMEFT!

- Difficulties (flavor vs EWPO):
»  Nonperturbative QCD input;
»  CKM parameters (no hierarchy of observables)

- Traditional approach: no NP in tree-level
extraction of CKM from CC processes

.i‘ 0= OSM (Vlj;ﬂk) + 00 (Vlj;ﬂk;ﬁl) x
{ — 2 =22 (Vij30i58) | |

=




Cannot we do the same with flavor datar?

- UV meaning of the famous CKM-triangle plot?
Never done in the general SMEFT!

- Difficulties (flavor vs EWPO):
»  Nonperturbative QCD input;
»  CKM parameters (no hierarchy of observables)

- Traditional approach: no NP in tree-level
extraction of CKM from CC processes

- EW case:

— e — = —_—— = N

= — — ™

T —

7 |
/NP affecting the extraction of EW parameters (g, g', v) taken into account \

u{( © -y = 1 1
’V Muon decay: v = 246.21965(6) GeV e (1 +5GF) —




Cannot we do the same with flavor datar?

[Descotes-Genon, Falkowski, Fedele, MGA, & Virto, JHEP'19]

e Four "optimal" observables:
I'(B = Tv,),

AM,;, AM,.

DK = ) /DT = py),

— FPour tilde Wolfenstein parameters;

0.22537 £+ 0.00046
—-0.25 —0.24

1

14
+

>,

>

| A=A+64 0.828 £ 0.021
‘| A=+ 0.194 = 0.024
i =1+ 07] 0.391 & 0.048

— NP effects in them calculated: SA = f(&))

© Any other flavor observable becomes a NP probe:

direct
Oa,NP

O = Oasu(Wj) + G0GRE = Oas(W) + 60285 +0
Wi=(L,A,p,m)
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Hadronic tau decays as NP probes

Hadrons

=

00 p 0
)
(AN

d
u

APPLAUSE

- - -
£ Y

a H
e j

N Y/

1)

® Great EXP & TH precision in hadronic tau decays:
s, Vus, ms, ChPT LECs, QCD vacuum condensates, fr, ...

© UV meaning of their (dis)agreement with other determinations?
What are they exactly probing?
Are the competitive?
— EFT!

M. Gonzalez-Alonso (CERN) Low-energy BSM probes




Low-energy EFT

ede couplings enter indirectly

(1 + e‘ZT)m(l = e - UrH(1 — y5)d

+eg” Tyu(l —vs)vr Ty*(1 + y5)d

+ 7(1 —y5)vr - U [ecs"T - e,c_!,T'y5] d Cirigliano et al. '10

4+ h.c.

—|—e‘71-7 Touv(1 — v5)vr - uok”(1 — 5)d

We focus on non-
strange decays!

[V. Cirigliano, A. Falkowski, MGA, &
A. Rodriguez-Sanchez, PRL'19]
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T—> TV

© Only channel widely perceived as a NP probe

m2 f2G%|Vual? m2\ (m)
A (Y g0

Error dominated by fr (2x ex. and 5x rad. corr)

| £+ = 130.2(%) MeV !
/| [FLAG'1?7, RBC/ UKQCD'14]

O quark A gluon

ource: http://Ipc-clermont.in2p3.fr/IMG/theorie/LQCD2.jpg
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T — TV d>‘<

® Precise data;

[Davier et al., 1512 1501] [Davier et al., 1706.09436]

0 . o) I L B I IR B UL EURLE L LR EURILE I
E H E L - TOF © KLOE12 1
35 c 10° + OLYA « BES -
z : S E = CMD » SND E
= 1 o N *CMD206 * DM1 ]

b= °cCMD203 - DM2

: g 10° 4 +KLOEO8  ° BABAR 3

A o 4 » KLOE10 Combined 1
s (GeV9d 10 =

] - . ]

; 2 ok k . oli S

. u - .- ‘L 2 3

: : 1 I - I L1 1 l 11 1 l 1 l l L l 11 I 1 1 I 11 1 l 1

04 06 08 1 12 14 16 1.8 2 22 24

35 [+ SU(2) breaking corrections] Vs [GeV]

Way out:
To exbtract the SM value from ere-—
(which is free of heavy NP)!
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T — TV d>‘<

® Precise data;

*CMD206 * DM1
°CMD203 - DM2

S AN
w - TOF s KLOE12 ]
32 10°E + OLYA + BES _
5 E > CMD © SND E
z

v1

10°¢ +KLOEO8 ° BABAR J

Cross section [nb]

+ KLOE10 Combined

10%— \A _§ 3
P ds

<
w
g
W
~s

F *][ ‘1'1.
10..— ete > »fﬁ ‘ ++ ++
0406 08 1 12 14 16 18 2 22 24
s [GeV]

* *
o T et P\ I o ol RO

Usmg [Dav1er et al 1’706 09456]
Main error
£XP !
- More data coming (& better agreement-);
ﬂ - Lattice W\FU’E too [M. Bruno et al., 1811.00808] * Using Keshavarzi et
- Full spectrum available al1¥ one finds 20



T — MTv

® Suppressed in the SM — Enhanced sensitivity to scalar contributions:

[Garcés, Hernandez Villanueva,
Loépez Castro, P. Roig , 1708.07802]

— Nontrivial constraint on s even though SM & NP contributions are hard to predict accurately.

e Inputs:
© Latest experimental results for the BR [BaBar’20107;
© SM prediction (& uncertainty) [Escribano et al.'20167;
© BSM prediction (& uncertainty) [Garcés et al., 20177;

Fubure?
It will improve if TH or EXP (Belle-1I')
uncertainties can be reduced.

M. Gonzalez-Alonso (CERN) Low-energy BSM probes




Inclustve tau decays

m2

K

dso(5) oy (s) ~

|s|=s0

Exp. spectral functions

W;
s b
25 |

OOOOOO

[ALEPH’05,

‘o) ) Davier et al. 1312.1501]

Mj(q) ~ /dS " (0] T(Ji(x)4(0)) |0)

T —

dsw(s)Il(s) = OPE(as, Oq) + DV + He+FH eprFfer

v o

SM (QCD) BSM

[Wilson’69, Shifman et al’79, Braaten et al’92, ...]



Inclustve tau decays

Re(q?)

€v/A —eLiR 6L+R

(,’—_ = e ——— — = = — — — ——— — — —————— =

‘L " ds S exp . m2 H . |
‘\’ —Ww % pV:tA< )%(1 +\2€V vaj:(l —|—‘2€A XAA— w ‘|‘€TXVT + DV’ !‘

[Balitsky et al'85, M 7 | |@V+A| < (0 4GeV)2d(d 1)! i‘
Cata & Mateu'O8, ‘ ~ ‘
Jamin & Mateu'08] ﬂas(Mz) = 0.1182(12) Oy~ = —0.0042(13) GeV®
' [FLAG'17] | | [K—mm, RBC/UKQCD coll.'1, ‘
- . — | Rodriguez-Sanchez & Pich'18] §




Inclustve tau decays

w(z) = (1—2)*(142z)
wx) = 1 :>

V+A channel

V-A channel

"' wiz) = 1-—z : €T p— 6L+R—I—31€R—I—81€T—(5O:l:50)-10_3
| wz) = (1-2)° 6L+R—6L+R+19GR+8OGT—(10:I:10) 1073 Exp, < |




R@Cﬂp: NP bounds from Hadronic Tau decays

Hadrons

€, — € +ep—€%R 1.0£1.1
€R 0.2+1.3
| —osxis |0z rergE
€p 0.5+1.2 p= 1 (1) 0%6
€T —0.04 £ 0.46 B

[MS-bar ot p = 2 GreV]

Running to higher energies:

(QCD x QED & QCD x EW)
[MGA, Martin Camalich & Mimouni'l7]

€r, 1 0 0 0 0 €r,
€R 0 1.0046 0 0 0 €R
€s =10 0 1.72 2.46 x 1079 —0.0242 €s
€p 0 0 2.46 x 1076 1.72 —0.0242 €p
—4 —4
T ) =2 GeV) 0 0 —2.17x 10 —2.17x 10 0.825 v Ju=2)




EFT matching, EWPO & LLHC

A
S Sl = 10700

1) 1)
>vv\\’/W< ><~1Tev
1} T
P
1} 10y
>< >< 2 GeV

£(z) = £ (SM fields, bSM fields)
10)
1
Lerr. = Lsy + 2 Z a; O;

RGE (EW X QCD> [Alonso et al.'14,

MGA, Camalich & Mimouni'l?]

L E = f (aj ) MATCHINGS [Cirigliano, MGA & Jenkins '10]

ﬁ RGE (QETD x QC‘D) [MGA, Camalich & Mimouni'l7]

; 4GV,
d—ubl— g — — \/—
2

EL’)'”I/-Q_L’}’“'dL + Zega ?pFu-ﬁI‘da
poT
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EFT matchlng, EWPO & LLHC

;T . - o - .

No of:ker Low—E \\\
obse.rvabl. bLe.! ‘

v 0 = (Iy"a"1) (q,0%)
SMEFT Matching: Other EWPO
e — 5, =gy =691 — [ rrns + [€)]eert
€R = 592/%7 P e is Lep?:on Lhdepehdeh&!
T 1 B3
€s,p = _§[Clequ £ Cledqlrr11 -
. 3
GT — _§[Cl(e;'u,]7'7'11 *
EWPO f : : =
[Fallkkowski, MGA 1 2 :l: 2 9

—02+1.1

& Mimount, 2017]l

0.9x1.1
—0.36 = 0.93




EFT matching, EWPO & LLHC

/' o = — = S s ————— — = — -

/

Less precisiom

compev\sa&ed bj
hf.gher E:

- — . . Aaf ~ s/
8 ATLAS -1 i?:t—anv 3
T {s=13TeV, 36.1 fb ) Jet <
g 7 oncanaity
7 Uncertain
3 10 weee Wy, (3 TeV) 3
e Wy, (3 TeV) 3
- EE Coefficient | ATLAS 7v |7 and 7 decays
0 ey )rr11 | [0.0,1.6] [—7.6,2.1]
102 [ceequlrr11 | [—5.6,5.6] [—5.6,2.3]
. [ceedq)rr11 | [—5.6,5.6] [—2.1,5.8]
10°F (e Jrr11 | [-3.3,3.3] | [~8.6,0.7]
@\ 1‘2; 7 //4////4/////// 95% CL intervals ((in 1073 units at p =1 TeV
g 0g //// S————
= 300 500 700 1 000 2000

my [GeV]




EFT matching, EWPO & LLHC

| 004 T T
Hadronic
Taw becc\js
0.02r
A new %-level gég 0.00

probe of LFU of Hadronic 7+ LHC
verkex correction!

EWPO+LHC
+Hadronic t
-0.02¢ ~ ~

EWPO+LHC

-004: . . 0N A
-0.06 -0.04 -0.02 0.00 0.02 0.04 006

69/~ 69;"
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NP bounds from Neutrino Oscillation data >‘<d

[A. Falkowski, MGA, & Z. Tabrizi,
© Similar to flavor physics: ¢ = ¢ (6;, Am?) JHEP'19]

© NP constrained by the observed consistency: 0 = 0 (8, Amz, &)

o Linear sensitivity (EFT counting) to non-diagonal flavor structures

®© (Of course processes with charged leptons are expected to be way more powerful...)

M. Gonzalez-Alonso (CERN) Low-energy BSM probes




NP bounds from Neutrino Oscillation data >‘<d

.. . [A. Falkowski, MGA, & Z. Tabrizi,
© Similar to flavor physics: ¢ = ¢ (6;, Am?) JHEP'19]

© NP constrained by the observed consistency: 0 = 0 (8, Amz, &)

© Concrete example:
short-baseline reactor neutrino experiments

Am3, L
Py 5. (L E,)) = 1- sin? (%) sin? (2913’)

124

[?S: no anomaly in
far/near ratios]

® Precision: 813 = 0.0%56(29)
[DayaBay'18, ~4M neutrino events! |

0.95

e
©

Far/Near(Weighted)
T T I T T I-‘I T
i
_|_
| ——
—=1 |
_|_

2 4 6 8 10 12




NP bounds from Neutrino Oscillation data >‘<d

[A. Falkowski, MGA, & Z. Tabrizi,
© Similar to flavor physics: ¢ = ¢ (6;, Am?) JHEP'19]

© NP constrained by the observed consistency: 0 = 0 (8, Amz, &)

© Concrete example:
short-baseline reactor neutrino experiments

Am3, L
Py 5. (L E,)) = 1- sin? (%) sin? (2913’)

12

® Precision: 813 = 0.0%56(29)
[DayaBay'18, ~4M neutrino events! |

© Again: UV-meaning of the good agreement with the SM?
@ No access to NC NSI (negligible matter effects): vvqq
© Non-standard V-A ( eLyuv+ uryrdy ) gets hidden: 615 — 6'15 [Ohlsson-Zhang'09]
o S, T and Im(V+A) can be probed

v><u
d

e




NP bounds from Neutrino Oscillation data ><‘d

.. . [A. Falkowski, MGA, & Z. Tabrizi,
© Similar to flavor physics: ¢ = ¢ (6;, Am?) JHEP'19]

® NP constrained by the observed consistency: 6 = ¢ (6, Am2, ¢;)

© Concrete example:
short-baseline reactor neutrino experiments
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Summary

« The (SM)EFT is an efficient framework to combine /
compare / interpret precision low-E experiments

- Intense activity in recent years:
EFT basis, RGEs, global fits, BSM matching, ..

- Flavor-general SMEFT fit to EWPO (publicly!) available
[Falkowski, MGA & Mimouni, JHEP'17]

= The UV information of many precision measurements has not been explored:

- Hadronic Tau Decays
[V. Cirigliano, A. Falkowski, MGA, & A. Rodriguez-Sanchez, PRL'19]

< Reactor neutrinos
[A. Falkowski, MGA, & Z. Tabrizi, JHEP'19]
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