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Plan of the talk

@ Strategies to look for New Physics at low-energy
© Experimental status and fit results for R/° and R/

® Running and matching: from high-energy SU(2), ® U(1)y effective
Lagrangians down to low-energy U(1)em invariant effective Lagrangians
® The importance of quantum effects:

» Z and W leptonic coupling modifications
» generation of a purely leptonic effective Lagrangian
» corrections to the semileptonic effective Lagrangian

® Observables:

> R;é/ € and R;(/ Z) @ the tree level
» LFU violations in Z and 7 decays: R;/Z and R7/* @ the quantum level
» LFV B-decays: B — K*rpand Bs — T @ the tree level
» LFV 7 decays: 7 — pll, 7 — pp, ..... @ the quantum level

® Conclusions and future prospects
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NP search strategies

e High-energy frontier: A unique effort to determine the NP scale

o High-intensity frontier (flavor physics): A collective effort to determine the
flavor structure of NP

Where to look for New Physics at low-energy?

e Processes very suppressed or even forbidden in the SM

» FCNC processes (u — ey, p — einN, 7 — py, 7 — 3u, B— Krp, --+)
» CPV effects in the electron/neutron EDMs
» FCNC & CPVin Bs ¢ & D decay/mixing amplitudes

e Processes predicted with high precision in the SM

> EWPOas (g—2),: ai® —aSM ~ (34 1) x 109, a discrepancy at 30!
» LFUin M — ¢v (with M = =, K, B), B — D®*)¢v, B — K¢¢' and T decays
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Experimental status

o Experimental data in B physics hints at non-standard LFU violations
both in charged-current as well as neutral-current transitions:

» An overall 3.9¢ violation from 7 /¢ universality (¢ = u, e) in the charged-current
b—c decays [BaBar '13, Belle 15, LHCb '15, Fajfer, Kamenik and Nisandzic '12]

r7e B(B—= DX)rD)ey, /B(B — D¥)15)sy
D) B(B — D)D) exp /B(B — D) i)su

Ry/*=137+017, R;‘=1.28+008

» A 2.60 deviation from /e universality in the neutral-current b — s transition

B(B = Kutp™ )ex
pr/e - 22 T RE I Jexp 4 745+0.090 4 36
K B(B — Kete )exp —0.074

while Re/e =1 up to few % corrections [Hiller et al,07, Bordone, Isidori and Pattori, "16].
K JSM
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Fit results
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Figure: Best fit regions at 1 and 2¢ in the plane C§' vs. C¢ (left) and C§' = —Cj; vs.
Cg = —C¢, (right). The diagonal line corresponds to lepton flavour universality.
4 Gr e
Ne _ TP *_ T 0); O
W= VioVis 16— Z(c,o, + C/O)) + h.c.

Oy = (S7.PLb)(1y"0),  Oro = (S PL)(P7"750)

[Altmannshofer & Straub, '15, see also Hiller et al., '14, Hurth et al., '14, Descotes-Genon et al., '15]
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High-energy effective Lagrangian

e The explanation of the R,‘é/ ¢ anomaly favours an effective 4-fermion operator
involving left-handed currents, (S, br)(ficyufar) Hiler etal, 14, Hurth et al. /14

Altmannshofer and Straub 14, Descotes-Genon et al., 15, ......]

¢ This naturally suggests to account also for the charged-current anomaly
through a left-handed operator (C.y,.b.)(7.y.v) wWhich is related to
(EL’YubL)(,aL'Y,uNL) by the SU(Z)[_ gauge symmetry [Bhatiacharya et al., "14].

e This picture can work only if NP couples much more strongly to the third
generation than to the first two. Two interesting scenarios are:

» Lepton Flavour Violating case: NP couples in the interaction basis only to third
generations. Couplings to lighter generations are generated by the misalignment
between the mass and the interaction bases through small flavour mixing angles.
LFU violation necessarily implies LFV [Glashow, Guadagnoli and Lane, 14] .

> Lepton Flavour Conserving case: NP couples to different fermion generations

proportionally to their mass squared |Alonso, '15]. The non-abelian leptonic flavour
group is broken but U(1)e x U(1), x U(1)+ is preserved.

CKM 2016
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LFV case: high-energy effective Lagrangian

¢ In the energy window between the EW scale v and the NP scale A, NP effects
are described by £=Lsm + Lxp With £ invariant under SU(2), ® U(1)y.

Ci - - Cs /- —
Lnp = /\7; (@ L) (Lavular) + /\7: (v 72qsL) (Laryut?lsl) -

o After EWSB we move from the interaction to the mass basis through the unitary
transformations (VJ Vg = Vexkwm = V) [calibbi, Criveliin, Ota, 15]

u. — Vuu a. — VddL v — Usvy e — UeeL,

1 - _
Lnp = ﬁ[(c1 + Cs) )\,(‘;)\i/ (d[_/’deLj)(eLk’yueu) + B — Kt
203 ()\}}d)\z/ (L_IL,"}/H dLj)(éLk’yul/L/)—i—h.C.) B — D(*)EV
(C1—C3) A\ (A" duj) (Fikyuvns) + - -] B — Kww

d * e * ud *
Ni = VasiVasp  Aj = UggiUes; i = Vigi Vs

Lesson: at tree-level 7 LFU & LFV processes are not generated!!
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Semileptonic effective Lagrangian

o Effective Lagrangian for b — s¢¢ and b — Svv [Buchalla et al., '95]
4GF

L =5

VisVis (CLOL + C4OL + Cloly ) + hec.,

i ¢ - L i € - 2.~H

0, = W(SL')’ubL)(Vi’Y (1=)v5), Oy = W(SL'}/ubL)(ei')’ (15)€))
o By matchlng ,C with Lnp [Alonso, Grinstein, Camalich, '14, 15 & Calibbi, Crivellin, Ota, '15]

472 VP

(Co)j=—Cly = Wﬁ (Ci+Cs) MaAf + -+,

4-71'2 d e
(C )U ezv V* /\2 (C1 CS) >‘23A"f +oee

o Effective Lagrangian for b — clv [Buchalia et al., 5]

4G _ _
oo _ _TF Vao (CE) (Guvubr) (Buin™vij) + h.c.
o By matchlng Wlth LNP [Alonso, Grinstein, Camalich, '14, 15 & Calibbi, Crivellin, Ota, '15]
b V )\
(G =i = 73y % Cs A\
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Semileptonic observables

e B— Kl
RL/® ~ |G + CsM P ~1_0og C1+C) A |/\753|2
|Cee + CSM2 N2(TeV) 1073
Ry/® = 0.74575%% + 0.036
7/l
* Ry
e SlC)sP 0426 (1 Lﬁ%) \e
D) T 3 |(CP) 2 A2(TeV) Vo ) 7%
Ry/*=137+017, RL‘=1.28+0.08
e B— Kvi
B(B— Kvp) > ;|CM e+ Cl?
Ry = 7 = <43
B(B — KI/Z/)SM 3|C§M|2
1, 0B(Ci=Ca) (M), 03(Ci =G (M
- N2(TeV) 0.01 A4(TeV) 0.01

» B-physics anomalies accommodated for: i) C; = 0 and C3 # 0 and i) C; = Cs.

» The correct pattern of deviation from the SM is reproduced for C53 < 0, )‘gs <0
and |>\ 5/ Vep| < 1. For |C3| ~ O(1), we need A ~ 1 TeV and [\;] 2 0.1.
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Low-energy effective Lagrangian

Construction of the low-energy effective Lagrangian: running and matching

e We use the renormalization group equations (RGESs) to evolve the effective
lagrangian Lxp from p ~ A down to © ~ 1 GeV. This is done is three steps:

> In the first step, the RGEs in the unbroken phase of the SU(2) ® U(1) theory are
used to compute the coefficients in the effective lagrangian down to a scale . ~ my.

» In the second step, the coefficients are matched to those of an effective lagrangian
for the theory in the broken symmetry phase of SU(2) ® U(1), thatis U(1)e.

» In the third step, the coefficients of this effective lagrangian are computed at p ~ 1
GeV using the RGEs for the theory with only U(1)¢; gauge group.

e Then we take matrix elements of the relevant operators, using perturbative QCD
for heavy quarks and chiral perturbation theory for light quark loops.The scale
dependence of the RGE contributions cancels with that of the matrix elements.
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Leptonlc Z-coupling modifications

e Lnp induces modification of the W and Z couplings

£NP— A2 [(C1+ C3) AjAR (T uL) (Pukyuver) +
( C3)>\ )\kI(ULI'Y UL])(eLk’yMe[_/) =+ .
Lz = 7el(zgzLPL+deFiPﬁ')e/+71’leguLVL/
G
Agl, ~ 3 (3}’t (Ci—Cs)Ags + g5 Cs) log ( 16772
2
i oV // Figure: The square is a
Agu = A2 (3y, (Ci+Co)As — g2 CB) log ( 16772 4-fermion interaction in Lyp

e These expressions provide a good approximation of the exact results obtained
adding to the RGE contributions from gauge and top yukawa interactions the
one-loop matrix element with the Z four-momentum set on the mass-shell.

e The scale dependence of the RGE contribution cancels with that of the matrix
element dominated by a quark loop.
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Z-pole observables

e LEP bounds on non-universal leptonic Z couplings [roc)

M 0.959 +0.029, & _ 1.0019 4 0.0015

Ve ae

ve = gif + gbk and a, = gif — gik are the vector and axial-vector couplings

33
Viqo 2AOL g g5 (-102C)
ve (1 —4sf) N2(TeV)
4 ppgEat 00040 +02C)
2 =1 2800~ 1 - 0.004 TG

e Number of neutrinos N, from the invisible Z decay width

33 \ 2
oy (S1) o m (e —02Cy)
o=z (sﬁ?“) = 3+ 4R0L~3+0.008 R

to be compared with the experimental result (roc
N, = 2.9840 + 0.0082

e B(Z — p*rT) is always well below the current experimental bound.
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Purely leptonic effective Lagrangian

e Quantum effects generate also a purely leptonic effective Lagrangian, as well as
corrections to the semileptonic interactions.

4G
3 == 20035 (o) e (egiict - Quet) + o
[e]e} 4GF e — m - n
Lot Af | et (BLivuvy) (Wiky" ek + Uy" Viudw) + h.c.
NA
where ¢ = {vik, ewk A, UL, di R, S} and g7 = Ta(¢) — Qy sin® .
s 3 V2 A2 s 3 VP N2
ct=Wi PE(G —C3))g3log e c’ =i 1672 N2 Cs A3z log z
e? v n12
ct = BN {(303 C1)Iog = (Ci+Ca)Ngs Iog

2
+2(Cy—Cs) ()\33 log — mi >+ Azzlog —= Me )]

e The top-quark yukawa interactions affect both the neutral and charged currents.

e The gauge interactions are proportional to €* and to the e.m. current.

e The residual scale dependence is removed by the matrix elements in the low
energy theory. For simplicity, we assume a common mass my q4s = u ~ 1 GeV.
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LFU violation in = — ¢ov

e LFU breaking effects in = — (ov

/e _ B(T = pi)exp /B(T — pviv)sm
T B — evd)exp/B(p — evi)sm
= B(T — evi)exp/B(T — evi)sm
T By — evi)exp/B(p — evi)sum

o RI’*: experiments vs. theory
RT/* =1.0022 4+ 0.0030, RZ/® = 1.0060 = 0.0030 [HrAc, 14

0.008 Cs

T/l CCN\E. ~
R/ ~1+42c¢" Az 1+/\2(TeV)

A3s
RT( .- experiments vs. theory

R/‘=137+017, R[/‘=128+0.08

R/ 0.12Cs

() )\ga
D N2(TeV)

Strong tension between R;/* and R}/‘!!
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LFV r decays

e LFV 7 decays

2 e \ 2
B(r — 3u) ~ 5 x 10— = (A%)

A4(TeV) \ 0.3
~ e (c- —0.28Cs)% [ M%)°
B(t — up) =5 x 10 ey \o3
2 e \ 2
~ L= )
B(T — pm) =~ 8 x 10 A (TeV) (0.3)
e LFV B decays
ci* 12103
B(B—Kru) ~ 4x 107 |C47[2 m 1077 | 22| {221
05| |2,

since C4*/CL™ ~ A, and |CL*| ~ 0.5 from RE/* ~ 0.75.
o Experimental bounds [-rrc):
B(7 — 3)exp < 2.1 x 1078
B(T — pup)exp < 1.2x 1078

B(r — pmt)exp < 2.7 x 1078
B(B — KTt)exp < 4.8 x 107°
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Ri/® vs. RIS for Ci = 0,|Cs| < 3, |A\s| < 0.04 and Mg < 1/2.
The allowed regions are coloured according to the legend.
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B(B — Ktp) vs. B(T — 3u)

107

1075 _ Experimental bounds
mC =0

10°¢ [ | Cl = 03

Br(B — Krtpu)

0 T
10710 107 1078 1077

Br(r — 3u)

B(B — Kru) vs. B(1 — 3u) for |A%| = 0.01, Ci = C; (green points) or
C1 = 0 (blue points) imposing all the experimental bounds except Hg{f).
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Conclusions and future prospects

¢ Important questions in view of ongoing/future experiments are:

» What are the expected deviations from the SM predictions induced by TeV NP?

» Which observables are not limited by theoretical uncertainties?

» In which case we can expect a substantial improvement on the experimental side?
» What will the measurements teach us if deviations from the SM are [not] seen?

o (Personal) answers:

» The expected deviations from the SM predictions induced by NP at the TeV scale
with generic flavor structure are already ruled out by many orders of magnitudes.
Therefore, we can expect any size of deviation below the current bounds.

» LFV processes, leptonic EDMs and LFU observables do not suffer from theoretical
limitations and there are still excellent prospects for experimental improvements.

» The observed LFU breaking effects in B — D(*)¢v, B — K£¢' might be true NP
signals. It’s worth to look for LFU breaking effects in B — ¢v and B — K.

» Large LFU breaking effects in B — D*)¢v and B — K¢¢' Z  are typically
associated with large LFU breaking effects in 7 — ¢vv and in Z pole observables.

» If LFU breaking effects arise from LFV sources, the most sensitive LFV channels are
typically not B-decays but = decays such as 7 — pff and 7 — up, - - - .
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