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How to connect low-energy ~ GeV with high-energy ~ TeV?
Well-known answer: Standard Model
o All observables depend (at most) on the ~ 20 SM parameters
o Fit parameters using observables especially sensitive to them (see Erler's talk)
@ Make predictions for observables at any scale

The agreement is rather impressive )
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But SM may not be all we have up to the Planck scale )
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Try to extend the SM minimizing assumptions J

Focus on interactions between lepton and light quark charged currents
@ Dominant in many low-energy observables, leading to precise predictions
@ Suppressed by ~ E /v in the SM (they are weak interactions!)
@ Natural connection to pp — leptons observables in LHC
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The low-energy Lagrangian

4 S 1o\t gtapyl
LI ~ WS (Vm Sy +Inin) +hoc. L ~ iz, VI I + e

p? < M3,

Assume now
@ Absence of light nonstandard particles
o Lorentz, U(1)em and SU(3). invariance

@ SM interactions dominate
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The low-energy Lagrangian
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~ GrVup
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+ep Ivu(1 —5)vy iy (1 +5)D
+ 7(1 — Y5)V; - U[e?’ = 62’75} D

+e20,,(1 — s)vy - Go (1 — 5)D| + h.c.
s s : ,
GrePl ~ ﬁ Pl 2 J Cirigliano '09, Bhattacharya '11

New physics parametrized in 5 €?! couplings for every D (d or s) and / (e, 1, T) ]
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Low-energy sectors: 3 decays. The SM case

Start with the Lagrangian
Lot = — 2y, (1 —ys)ve - Uv*(1 — 75)d + h.c.

Compute the nucleon matrix elements
(P(pn) Ty, dIn(pp)) = gv(s)a(pp)yuu(pn) = U(pPp)7uu(pn)
(P(Pn)|Tvuv5d|n(pp)) ~ ga(S) U(Pp) VY5 u(Pn) ~ ga T(Pp)Vuy5U(Pn)

Compute the decay rate (plus corrections) and compare to experiment

Th, th(|Vud| ga) — |Vig| = 0.9736(5)
° .Ftth(O"' — 07)(|Vud|) = |Vua| = 0.97389(18) Czarnecki '19, Hardy '18
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Low-energy sectors: 3 decays BSM

‘Ceﬂ(ege7€dRe?€ge’ege’€‘7if) J = {’Y#PL’PY;LPR, I7757qu} J

J Nucleon matrix elements Weinberg '58, Bhattacharya '11

LEX(C) Lee-Yang '56
@ Now in terms of effective nucleon fields (AT p)
C CJ'(e;ievgi)
bdlr ~ F(E.., Pe., <j>;g,-, €de \7ud) Treiman '57, Bhattacharya '11

|Vl 0.97452(34)(19)

€de | 0.002(1)(21) (90% CL) Gonzalez-Alonso '18
€de | 0.0014(20)(3)  (90% CL) ...and improving fast!
cde ~0.0007(12)(1) (90% CL)
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Low-energy sectors: Pp(,) decays in the SM

Same SM Lagrangian
LH = —%‘Q7’m(1—’)’5)1//~L_l’)/“(1—'ys)D+h.c.J

1 Hadronic matrix elements (0|J%|P(p)) ~ ip.fp

- 2
GE|Vipl* fos 2 m; Pe
Mpat) = ~ g mpe mj (1= 5= ) (14 65)

5P Radiative corrections — Marciano '93 Cirigliano '07 Rosner '16

Both radiative and hadronic uncertainties reduced in K/7 and /e ratios ]
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Low-energy sectors: P,y decays BSM

de  de _de _de _d
Le(€[®, €7, €5, €5, €T) J

J Hadronic matrix elements

. 2
r _ GHVpP L 2 m? P! AP
Pea(v) = 8 mp= mj | 1— m (1 + em) (1 + Z2)
P~ P
—@ @
- PCAC P ~ q,A*/(m, + mg)
- SM T —~ BSM T
vL lr, vr R
eg’ contribution very enhanced! Gonzalez-Alonso '16

Again uncertainties reduced in K/7 and u/e ratios J
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Low-energy sectors: Kjz(,) decays in the SM

Same SM Lagrangian
Lo = — Ty, (1—s)w- By*(1— 75)D+hCJ

Hadronic matrix elements
(m(p)[57ud|K (k) = A*(k, p) f(a%) + B*(k, p) fo(q?)
e f.(q?)/f.(0). Parameters from the differential distribution

@ Good theoretical knowledge of ﬁ’(q))

1

[(|Ves|£1(0)) — | Vis| = 0.2238 & 0.0007 | Blucher 18
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Low-energy sectors: Kjz(,) decays BSM

de _de _de _de _de
Lesr(€l%s €75 €5, €6, €T) J K

1

Hadronic matrix elements

(m(p)|5vuulK (k) = A*(k, p) fr(q?) + B (k, p) fo(q®)
(m(p)[5ulK (k) ~ Afo(q°)
(n(p)|So,mulK(k)) = A" (k, p) Br(q®)

I

¢ alters both the shape and the normalization! | Gonzalez-Alonso 16
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Low-energy sectors: First two lepton families

Other observables giving information
e Hyperon 8 decays. Similar formalism to nucleon 8 decay, but larger
uncertainties (SU(3) instead of SU(2)) Mateu '05, Chang '14
@ Pion (3 decays. Similar formalism to Kiz(y)- Good theoretical and
experimental knowledge Pocanic '03

@ Pp,. Strong bound on e‘# Bychkov '09 |
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Low energy sectors: 7 — P,

Effective Lagrangian

Dt Dt T
LGH(GL » €R 765 7€P aGT)

1 Hadronic matrix elements (0|J%|P(p)) ~ ip,.fp

2 ~2 2 2\ 2
(r = Puy) = ZEEVRE (1 28)" (14 52) (1 +62) J
Cirigliano '18
o Agreement at the ~ 1% level with SM
@ Two bounds below 1072 on P~ J
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Low energy sectors: 7 — PP~ v, in the SM

Effective Lagrangian

L = =Ty, (1—s)vi- Ty (L—75) D+ h.c. \O

Hadronic matrix elements
(P(p)P~(k)|d,.ul0) = A“(k, p) f(q®) + B*(k, p) fs(¢°)
@ In general limited theoretical knowledge on form factors

@ Very rich phenomenology Pich '13

ful result

t 1GeVA)
SIS (Gev)

Bijnens '02 Guerrero '97
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Low energy sectors: 7 — wr~ v, BSM

Effective Lagrangian J

Dr Dr _Dr Dt _Dt
‘ceﬁ(EL yER ;€5 ,€Ep 76T)

Hadronic matrix elements

(m(p)m~ (k)| dv,.ul0) = A
(m(p)r—(K)|do,uul0) = A
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Form factor from electron-positron data — strong bound! Cirigliano '18 J
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Low energy sectors: 7 inclusive
. . ar N
Effective Lagrangian J s ~ Tmll

LH = GFV"D/’Yu(l vs)vi- iy (1 —~s) D+ h.c.

e.g. De Rafael '97

M7"(q) = i [ d*x ™ (0| T[J"(x)J"1(0)]|0) |

Im(qz)
T Imes)

X /\/\/W\/\// s Re(?)
’m‘ ‘ ImII(s) experimentally known ‘
Braaten '92
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Low energy sectors: 7 inclusive phenomenology in the SM

o Non-strange V+A. Perturbative QCD, as(m,) = 0.328 + 0.014 Pich '16
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@ Non strange V-A: very large cancellation!
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e Strange-Nonstrange comparison— | V| Gamiz '13, RBC UKQCD '18
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Low energy sectors: 7 inclusive BSM

Relation between % and Iml1 modified by NP couplings J

o Non-strange V+4+A. Take a; from the lattice — make precise predictions for
observables as a function of €97 and fit to data

@ Non strange V-A. V — A cancellation does not exist for BSM terms! Again,
necessary inputs from the lattice.

o Strange-Nonstrange comparison. Poor experimental data beyond the
ratio. Bound on strange couplings

€™ —edetedm —ede 1.0£15
ear 02+16
el =| -06+15 | x107?
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4" —0.06 £ 0.75

Cirigliano '18
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Connecting bounds with other observables

Effective Lagrangian
= i eP!] ~ a® % <10"J
eﬁ‘(GL 7€RT765 7€P 7€TT)

My Ayp > 10721 av

E — L(ePh
‘ Anp.Lpsu
o If E ~ My one cannot
integrate it out *
My, Csverr(e))
o Assume Ayp > My 7 |
o SMEFT L = Lsy + Lp=a I
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Connecting bounds with other observables

Tree-level matching. Two kind of contributions

1 2
Qg) = byl 35y 7' gt >< — L~ 712 x (Pl ~ T2)% ><
2

) = o1iD! Tyl
Q. = #'iD,, oyl

. de _ du _ _dr
A consequence: €5 = €g = €

Connection with other sectors

@ Low-energy neutral current phenomenology Erler 18, Falkowski '17
@ Z and W Pole observables Erler '18, Efrati '15
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Connecting bounds with LHC measurements

Lsvert = Lsm + Lp>4

- /\NP>E>MW J

Antonio Rodriguez Sanchez Connection between low- and high-energy



Connecting bounds with LHC m

precision observables

LHC observables (pp — v}, pp — II) contain larger uncertainties than low energy

J

However relative contribution of contact terms is less suppressed in LHC wrt
low-energy weak observables

0.04 J
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Conclusions
‘//»:” ” - ‘//»/7’ L (W“T N< O:gg gz() >E TmlIT
IR I Mo ox M

Interactions between light quark and lepton charged currents lead to a very rich J

and precise low-energy phenomenology

Model-independent low-energy EFT Lagrangians with very few assumptions J

Matching to SMEFT connects them to bounds in:
@ Other Electroweak Precision Observables

@ LHC measurements
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