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Low-Energy Probes of New Physics

o [I'll focus on precision measurements in non-forbidden processes:

o Both exp & theory (lattice!) precision needed
o Precision ~ 102 - 103 — A ~ O(1) TeV ><<

© Much higher scales if SM is suppressed
(m—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

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




EFT 101

A
W ~ 10 TeV NP ,.
P £(x) = £ (SM fields, bSM fields)
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>VV‘\'IW< >< 1oV oM Lefsr. = Lsn + 2 Zai O; Skandard Model EFT

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

Grzadkowksi et al., 10,
Jenkings et al'l3,
Alonso et al.'l3, ...]
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[Cirigliano et al'09,

Aebischer al.'l5,
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EFT: motivation

Take your favorite precision experiment:

- Implications for NP model M?

| Oiew-Oisu=fi(g M) |

Nowkrivial:

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

- Large Logs resummakion
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Specific NP model

-
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EFT as a model-independent framework
to interpret, combine & compare

low-E experiments
(& a bridge to models)
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EFT as a model-independent framework
to interpret, combine & compare

| low-E experiments

(& a bridge to models)

(Sort of) well kiown in many cases
Example: Electroweak Precision Data » Flavor-general (1)
SMEFT £ik

[Efrati, Falkowski & Soreq, JHEP'15;
Falkowski & Mimouni, JHEP'16;
Falkowski, MGA & Mimouni, JHEP'17]



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
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Observable | Experimental value | Ref. | SM prediction Definition
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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]

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\vornfuj. SMEFT

- 258 experimental input

[Falkowski, MGA & Mimouni, 2017]

- They constrain 61 combinations of Wilson Coefficients [Higgs / Warsaw basis]
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EWPO ﬁt i the ffi.o\vornfuj. SMEFT

- 258 experimental input

[Falkowski, MGA & Mimouni, 2017]

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

O =Osm + O (c14¢2, ..

——

L .5 €80) — 2 =2 (ci)) |

# Public likelihood: ¥2 = %2 (ci)

o It allows us to study the interplay of experiments in a more general setup

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

(v ) (" )




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) = P2 =72 (c)) |

RGE!
é )
Specific NP model
(4)
o
% = fi(gnp, Mnp)
L

Extra-dims [Megias et., 1703.06019],
Z' flavor gauge bosons [Cline & Camalich, 1706.08510],
Minimal Z' models [Alioli et al., 1712.02347],




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]

=

ﬁ—-

- O =0sm + O (c1,€2, «.ey €80) — %2 =2 (Ci) |

e —— - === = —

- Can't we do the same with flavor data?

+ Practical complication: hadronic FF




EWPO ﬁt i the “f LO\VOr‘fML SMEFT [Falkowski, MGA & Mimouni, 2017]

- 258 experimental input

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

=

ﬁ—-

- O =0sm + O (c1,€2, «.ey €80) — %2 =2 (Ci) |

e —— - === = —

- Can't we do the same with flavor data?

+ Practical complication: hadronic FF

- LFU ratios: intense activity recently ("B anomalies")
[Aebischer et al'l19, Alguerd et al'l9, Ciuchini et al.'19,
Arbey et al.'19, ...]




EWPO ﬁt in the flavorful SMEFT

[Falkowski, MGA & Mimouni, 2017]

= 258 experimental input

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

Q& O OSM + 0 (CI,CZ, coes CSO) — XZ - Xz (cl)

———

- Can't we do the same with flavor data?

+ Practical complication: hadronic FF

- LFU ratios: intense activity recently ("B anomalies")

[Aebischer et al'l19, Alguerd et al'l9, Ciuchini et al.'19,
Arbey et al.'19, ...]

< UV meaning of the famous CKM-triangle plot?
Still to be done in the general SMEFT

The presence of CKM factors requires some care
[Descotes-Genon, Falkowski, Fedele, MIGA, & Virto, '19]
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EFT as a model-independent framework
to interpret, combine & compare

| low-E experiments

(& a bridge to models)

(Sort of) well known in many cases
Ex&mpie: Eleckroweale Precision Daka



EFT as a model-independent framework
to interpret, combine & compare

| low-E experiments

(& a bridge to models)

(Sort of) well known in many cases
Ex&mpie: Eleckroweale Precision Daka

Not so much i obhers
Ex. #1: Hadronic Tau deaa:;s



Hadronic tau decays as NP probes

© Great EXP & TH precision used in the past to extract SM quantities:
Ols, Vus, (g'Z)u,had, cen

© UV meaning?




Hadronic tau decays as NP probes

© Great EXP & TH precision used in the past to extract SM quantities:

Ols, Vus, (g'Z)u,had, cen

© UV meaning?

‘Ceff

Hadrons

APPLAUSE

3
(é - -‘
=‘
W

\(

Gr V4 _ _ ' _ OH wow!
— - (]_ e 62]7—)7"7”(1 — 35 )vr - Oy (1 — v5)d AN Ju PERADI&M
V2 4_ SHIET!
- &d- Vo T BVES

+e3" Fyu(l — v5)vr Uy* (1 +5)d

+7(1—5)vr -0 |:€5

—I—e‘#r Touw (1 — v)vr - GoH” (1 — ~5)d

dr _ e‘,_j{rfy5] d Cirigliano et al. '10

+ h.c.

v

[V. Cirigliano, A. Falkowski, MGA, &
A. Rodriguez-Sanchez, PRL'19 (in press)]



u T

© — v as a NP probe d>‘<v

[V. Cirigliano, A. Falkowski, MGA, &
® Precise data; A. Rodriguez-Sanchez, PRL'19]

[Davier et al., 1512 1501]

(1/N)dN/ds

1 1y ol
Ll Ll 1

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




u T

© — v as a NP probe d>‘<v

[V. Cirigliano, A. Falkowski, MGA, &
® Precise data; A. Rodriguez-Sanchez, PRL'19]

[Davier et al., 1512 1501]

(1/N)dN/ds

1 1y ol
Ll Ll 1

. Bubk the QCD descnphov\ is more volved
— Hadronic physics probe;

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




T — v as a NP probe ps

[V. Cirigliano, A. Falkowski, MGA, &

® Precise data; A. Rodriguez-Sanchez, PRL'19]
[Davier et al., 1512 1501] [Davier et al., 1706.09436]
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To exbtract the SM value from ere-—
(which is free of heavy NP)!

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




u T
© — v as a NP probe

d \Y;

[V. Cirigliano, A. Falkowski, MGA, &
® Precise data; A. Rodriguez-Sanchez, PRL'19]

L L B L L

TTTH

Ll

oy
g pTTTTTTTTES £ * TOF o KLOE12
CE 2} i g + OLYA * BES
51¢ §112 s 10E > CMD » SND 3
z 8" wat 8 *CMD206 * DM1 ]
0L £ ‘hﬂ"' il i 102 ©CMD203 * DM2 |
o 3 +KLOEO8 ° BABAR 13
i 8t K S § ~ +KLOE10 Combined 7
10 ; s(Ge‘WE 10 =
.3: ] vs’ E i !l E
10 ¢ 3 q 1 _;I L _L -
E B E i Y E
10 - F . I ‘Ll_l_ &
E 10 e'e—=n'n 'f'{' l ++ 3y
T N P T | :..|.‘.1‘..1...|...|...|‘.:l‘|.‘.1.‘.|...|...|.
0 05 1 15 2 25 3 35 04 06 08 1 12 14 16 18 2 22 24
s (GeV?) \s [GeV]




T — v as a NP probe ps

[V. Cirigliano, A. Falkowski, MGA, &

. z = 1
® Precise data; A. Rodriguez-Sanchez, PRL'19]
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T — v as a NP probe ps

[V. Cirigliano, A. Falkowski, MGA, &
® Precise data; A. Rodriguez-Sanchez, PRL'19]
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T — v as a NP probe

® Precise data;

(1/N)dN/ds

o T et

Usmg [Dav1er et a,l 1’706 09456]

[V. Cirigliano, A. Falkowski, MGA, &
A. Rodriguez-Sanchez, PRL'19]
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T — v as a NP probe

[V. Cirigliano, A. Falkowski, MGA, &

® Precise data;

o T et

|~

(1/N)dN/ds

Cross section [nb]

Usmg [Dav1er et a,l 1’706 09456]

- More data coming (& better agreement...);
- Lattice w\pu,& koo [M. Bruno et al., 1811.00508]
- r»u,u. spea&rum available

A. Rodriguez-Sanchez, PRL'19]
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© — v as a NP probe d>‘<

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




© — v as a NP probe d>‘<

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

- e < Wr We 3) 3) + RGE running
€, — €L =09r " —0gr, [Ceq Jrr11 + [Ceq Jeet1 [MGA, M. Camalich & Mimouni, PLB'17]
T _ s Wai
GR = 5gR ,
1
T _ *
€s.p — _§[Clequ + Cledglrr11 5
1 (3)

6} - 2 [Clequ]TTll .




© — v as a NP probe d>‘<

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

- e < Wr We 3) 3) + RGE running
€p — €1, =0g9r " —0gp [Ceq Jrr11 + [C Jeet1 [MGA, M. Camalich & Mimouni, PLB'17]
T _ s . Wa
GR = 5gR ,
T _ 1 :l: ]*
€s,p — _§[Clequ Cledq)rr11 >
L. 3
T __
€r = 2 [Clequ]TTll .

+ comparison with other EWPO,
LHC, models, ..




EFT as a model-independent framework
to interpret, combine & compare
' low-E experiments
& a bridge to models)

Ex. #2: Reactor neuktrine oscillakions
[A. Falkowski, MGA, & Z. Tabrizi, JHEP'19]
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NP bounds from Neutrino Oscillation data X‘d

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

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




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

Am?
Py 5. (LE,) = 1-— sin? (::THL) sin’ (2013‘)

124

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




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
©
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NP bounds from Neutrino Oscillation data X‘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

Am3, L
'P’_/fr—”;e(L’ EI/) = 1- SinQ (—;n_gl ) Sin2 (2913’)

124

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

© Again: UV-meaning of the good agreement with the SM?




NP bounds from Neutrino Oscillation data X‘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

® 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




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’)

v

® 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]




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

) Am?2, L\ . Me
Py 5. (L,E,) = 1—sin® (4—5:) sin’ (2913 - QDE,, A

Am%l L Me »
sin [ —=— | sin(26;: 3 — — -
+  sin ( o8, ) sin(2613) (/DEI/ A Bp (B

® 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

Am?2, L ) ,
Py 5. (LE,) = 1-— sin? (jln—Efl) sin? (2013 - ap Me ap A )

v Eu - A fT(EI/)
~ (Am3, L\ . Me Me
+ sin ( 2Ef’i ) sin(2613) (BD BA ﬂPfT(E,,)) + O(eg{)
0.4 } Im[T] free {
lo,20, 30
0.2 |
77 : ; , 7 % level bounds
| : 3 I (TeV scale)

deéi;u] all 1

Vv u ~0.4
L L L L 1 L L L L | L L L L | L L L L
T>< 0 0.05 0.1 0.15 0.2

sin?26,




Summary

- Many precious low-E precision measurements

- 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, ..

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

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

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

M. Gonzalez-Alonso (CERN) Low-energy BSM probes
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eeqq 1nteractions e

ATLAS e Data

Vs =8TeV,20.3 0" Dz

LA

[ Multijet & W+Jets
[ Diboson

[ Photon induced

Entries

d v vl ol od ol ol o

Cig x 103
APV 1.6+1.1 L -
él ', cerstrtssty +Tx++l+ I
QWEAK —2.3+4.0 8 o5 100 200 300 1000 200
PVDIS | 24435 e
Less precisiou
LEP-2 —42 4+ 28 campeusa&ed bj
higher B
Aaf ~ s/N\2
LHC 25732 | LHCrun2&HL-LHC

— ~10-4 level bounds
[Greljo-Marzocca, 2017]

Letter of Intent to the ISOLDE and Neutron Time-of-Flight Committee |

Laser Cooling of Ra ions for Atomic Parity Violation
[Wood et al.,

May 31, 2017
Science, 1 997]

L. Willmann', K. Jungmann!, N. Severijns?, K. Wendt?

"The ton Ra+ renders the possibility for a

[Falkowski, MGA & Mimouni, 201 7] ‘ Sx Emprovemeh& in the accuracy o stz 0,

within 1 week of measurement time"

M. Gonzalez-Alonso (CERN)




Global EFT fit of flavor data?

+ Difficulties (flavor vs EWPO):
Nonperturbative QCD input (form factors); — g2 =72 (Vlj’gk’ &)

®

®

CKM parameters (no hierarchy of observables) ==

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

— Makes sense (Anp >> TeV in other processes), but...

®

®

®

®

®

It's unnecessary

Inconsistent with the EFT counting / philosophy;
BSM ~ SM-like?

Hints in R(D), R(D*) [only 0.3 "suppression"]

Tree-level CC processes can be very suppressed
(CKM, chiral suppression, ...)

o UV-meaning of the consistency of the whole CKM paradigm???

1.5\\\\\\\\\\\\\\

| 0 OSM (Vlj,ek)+50 (V,J,ek,al) 54

1.0
05

0.0




CKM parameters in the SMEEFT

[Descotes-Genon, Falkowski, Fedele, MIGA, & Virto, 1812.08163]

| O = Osm (WJ;O“) + O (Wis0i5¢i)
I — 2 =92 (Wis0i5¢i) |
— 1= (@)

© Four "optimal" observables; T
[(K — pv,)/T(m — wv,), D(B—71v), AM; AM,. P

— Four tilde Wolfenstein parameters;
— NP effects in them known (not neglected);

A=A+ o\ 0.22537 + 0.00046 1 —0.16 0.05 —0.03
A=A+05A | | 0828+0021 1 —025 —024
p=p+op | 7| 019440024 |0 P . 1 083
i = i + 07 0.301 + 0.048 : : S

© Any other flavor observable becomes a NP probe:

—_~—

Oa = Oasu(W;) + SO = Onsu(Wy) + OB + 000




Tau, EWPO & LLHC searches

. Less precisiom
Other EWPO compev\sa&ed bj
hf.gher E:

Aag ~ s/ N\?

>
(3]
9 e
) 5 Oters Unique Llow-E probes
< wy i .
g e Coefficient | ATLAS 7v |7 and 7 decays
(1N} we W, (3 TeV)
s W, (3 TeV)

e ]rr11 | [0.0,1.6] | [-7.6,2.1]
(Coequ)rrit | [=5.6,5.6] | [~5.6,2.3]
[Ceedglrrit | [<5.6,5.6] | [=2.1,5.8]
€ Jrri1| [-3.3,3.3] | [=8.6,0.7]

Cﬁequ
95% CL intervals x 1073 unitsJjat p = 1 TeV

Data /SM

360 500 700 1000 2000
m; [GeV]




Tau, EWPO & LLHC searches

/' T o - N - ?A’
/
1‘ B — — -
\“ u T /;”/ - - S
4 W "'}
Hadronic 0.04 .
Tauw ﬁecajs
0.02 .

sgR™!

-0.02

- Hadronic 7 + LHC

EWPO+LHC
+Hadronic t

%-level probe of LFU
in the vertex!

EWPO+LHC

20.04 -0.02 0.00 0.02 004 006
69"~ 69"

Less precision compemsa&ed
by higher £: Aus ~ s/A2

> ET r —TT T -
8 F i o1 ia/aianv
= 1°E Ys=13TeV, 36.1 fb -
c E [ Others
ac: 10 77 Uncettainty ]
i E e Wiogy (3 TeV) 2
1E e Wy, (3 TEV) 3
101k :
102 -
107 -
« : ' 7
P ———

2000
m; [GeV]



Oscillations in EFT

UPMNS
|
Oscillation in the SM: Ve _- N -
A L
P,, _.,,, L E ZU(.A UiA U Ui_] exp (_,. INAJ ) Vi O . .
f A 2E
v, ™ H B
Oscillation in EFT. TV vy Vs

AmJKL> o _ _(JAD AR () AD,
2Eu , TK (ZI f |Aa1 ) (ZI’ f |A£a 2)

Production and Detection amplitudes

Py 5, (L, E,) ZC'JK exp (—z

AP = M(XP = e oyY?), AR = My XP = ifyP)

APy =UME+ Y fexUlasME, AR =US MP+ Y Utk ]saME
X=L,R,S,PT X=L,R,S,P,T

3/7/19 Zahra Tabrizi, USP 28



EFT in reactor experiments

The survival probability in the SM+V-A+detection+production:

. Am2 L . ~ Me Me
Ppe_)lje(L? El/) - 1 - Sln2 (4—51.) Sln2 (2913 - aD EV o A - aP )

2 N
+ sin (A2m—E3:1L) sin(26;3) (5D

1%

—51)

fr (Eu)

513 = #13 + Re [L]

ap = 74 Re [S] - $44Re (17, ap = ‘Z—TRe [T]
— 3 — —
Bp = g¥im [S] - S5 (1], Bp= "l [T)

Survival probability at the leading order depends only on
off-diagonal Wilson coefficients g,!!!

[L] = € (sg3[er]en + casler]er)
[S] = €“°P (sa3les]en + casles]er)
[T] = €“¢P (so3[ér]en + cos[ér]er)

3/7/19 Zahra Tabrizi, USP 29



