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» [ntroduction (Where do we stand in the search for NP?)

The 1° run of the LHC has tested the validity of the SM in an un-explored range of
energies, finding no significant deviations. The key results of the 1* LHC run can
be summarized as follows:

» The Higgs boson (= last missing ingredient of the SM) has been found

» The Higgs boson is “light” (my, ~ 125 GeV — not the heaviest SM particle)

> There 1s a “‘mass-gap” above the SM spectrum (1.e. no unambiguous sign of
NPupto~1TeV)
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» [ntroduction (Where do we stand in the search for NP?)

The 1° run of the LHC has tested the validity of the SM in an un-explored range of
energies, finding no significant deviations. The key results of the 1* LHC run can
be summarized as follows:

» The Higgs boson has been found
» The Higgs boson i1s “light” (my, ~ 125 GeV)

» There 1s a “mass-gap” above the SM spectrum

This is perfectly consistent with the (pre-LHC) indications coming from indirect
NP searches (EWPO + flavor — light Higgs + mass gap above SM spectrum).

But all the problems of the SM (hierarchy problem, flavor pattern, dark-matter,
U(1) charges,...) are still unsolved — the motivation for NP are still there
(somehow even stronger than before)

The key questions are (as in the “pre LHC era”):
~ How large 1s the “mass gap”?
- Can we expect a non-minimal flavor pattern?
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» [ntroduction (Where do we stand in the search for NP?)

The key questions are:

~ How large 1s the “mass gap™?
= Can we expect a non-minimal flavor pattern?

Some “too pessimistic” conclusions (big desert, anthropic principle,...)
have been put forward in the last 2-3 years given

 the absences of direct NP signals
« the SM i1s potentially stable up to very high energies with m;=125 GeV
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» [ntroduction (Where do we stand in the search for NP?)

The key questions are:
~ How large 1s the “mass gap™?
= Can we expect a non-minimal flavor pattern?

Some “too pessimistic” conclusions (big desert, anthropic principle,...)
have been put forward in the last 2-3 years given

 the absences of direct NP signals
« the SM i1s potentially stable up to very high energies with m;=125 GeV
However, looking more closely to data:

» Direct bounds on NP exceed ~ 1-2 TeV only for new states colored
and/or strongly coupled to 1% & 2" generation of quarks

> Similarly, the tight indirect bounds from flavor physics always involve
transitions with 15t & 2™ generation of quarks & leptons
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» [ntroduction (Where do we stand in the search for NP?)

The key questions are:

- How 1 < the © 20 The 2 questions may
OW 1AIge 15 e "Mass gap: well be connected !!
= Can we expect a non-minimal flavor pattern?

Some “too pessimistic” conclusions (big desert, anthropic principle,...)
have been put forward in the last 2-3 years given

 the absences of direct NP signals
« the SM i1s potentially stable up to very high energies with m;=125 GeV

However, looking more closely to data:

* Direct bounds on NP exceed ~ 1-2 TeV only for new states colored
and/or strongly coupled to 1¥ & 2" generation of quarks

» Similarly, the tight indirect bounds from flavor physics always involve
transitions with 15t & 2™ generation of quarks & leptons

\{

( NP models with (relatively) light NP and where 3™ generation of quarks & leptons
have a special role are (still) very well-motivated
The interplay of flavor-physics and high-pT physics extremely important

~\

U J
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On the recent B-physics anomalies

f‘—‘\ DS [ T T T T T T T T T 1 T T T 1 T T T T 1-2 I I I I | I 1 1 1 | 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 | 1 1 1 1 |
‘E " ——— BaBar, PRL109,101802(2012) 2 _ - ]
= [ ——— Belle, PRD92,072014(2015) Ay” = 1.0 contours N i i
& 045 — LHCb, PRL115,111803(2015) == SM Predictions g 1.0 = SNUE P ——— _
[ ————— Belle, PRD94072007(2016) R(D)=0.300(8) HPQCD (2015) R e .
= ——— Belle, arXiv:1608.06391 R(D)=D.299(11) ENAL/MILC (2015) i ]
04 | 0 Average R(D*)=0.252(3) S. Fajfer et al. (2012) 0.8 [ |
B : | E | :
C | ]
035 N 06l £ i
s )] i 1
03f \ &—/ 3 [ ® LHCh ]
C 0.4 B B SM from CDHMV ]
025 - @ — —~—LHCb —=—BaBar ——Belle - A SMfromEOS ]
: z 2_ T T T T T T T T T T T T T T 02 __ | . . V SI\"I fl'Om flav.iO __
: | L o i [ LHCD Preliminary @& SM from JC ]
UZ 03 04 : 00 I T B T T R S S R T S S A B S S B
1.5F 0 1 2 3 4 5 6
[ ¢* [GeV? /Y
! SM
i 1 J
- I -1
0.5 ]
0 P T B R i
0 5 10 15 20

g% [GeV?/c4



G. Isidori — Low-energy hints of physics beyond the SM

Wien, 18 May 2017

I. B — D) tv [LHCb, Belle]
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Test of LFU 1n charged currents
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» SM prediction quite solid: f.f. uncertainty cancel (o0 a good extent...) in the ratio

» Consistent exp. results by 3 (very) different experiments
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I. B — D) tv [LHCb, Belle]

R(X) = I'(B — X{v) 0.35
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Test of LFU in charged currents A Babiar FRLIOSOISOCOL2) * 2 _ ) 6 ontonrs -
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[T vs. hght leptons (L, el 045 LHCb, PRL115111803(2015) === SM Predictions —

C Belle, PRD94 072007(2016) R(D)=0.300(8) HPQCD (2015) ]

: Belle, arXiv:1608 06391 R(D)=0299(11) FNAL/MILC (2015) :
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» SM prediction quite solid: f.f. uncertainty cancel (zo0 a good extent...) in the ratio
+ Consistent exp. results by 3 (very) different experiments
= 40 excess over SM (if D and D* combined)
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I. B — D) tv [LHCb, Belle]

R(X) =
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» SM prediction quite solid: f.f. uncertainty cancel (zo0 a good extent...) in the ratio
+ Consistent exp. results by 3 (very) different experiments
= 40 excess over SM (if D and D* combined)

= The two channels are well consistent with a universal enhancement (~30%)
of the SM b; — ¢ 1 v amplitude (RH or scalar amplitudes disfavored)
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II. Anomalies in B — K& pu / ee [LHCD]

The largest anomaly 1s the one [obs. in 2013 and confirmed with higher stat. in 2015]
in the Ps' [B — K*pp] angular distribution.

Less significant correlated anomalies present also in other B — K™ up observables
and also 1n other b—sup channels [overall smallness of all BR(B — Hadron + pu)]
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II. Anomalies in B — K& pu / ee [LHCD]

The largest anomaly 1s the one [obs. in 2013 and confirmed with higher stat. in 2015]
in the Ps' [B — K*pp] angular distribution.

Less significant correlated anomalies present also in other B — K™ up observables
and also 1n other b—sup channels [overall smallness of all BR(B — Hadron + pu)]

B — K® ][ are FCNC amplitudes (“natural” probes of physics beyond the SM):

® No SM tree-level contribution
® Strong suppression within the SM because of CKM hierarchy

Key point to be addressed: th. control of QCD effects

Three-step procedure to deal with the various scales of the problem:

‘ Constructlon of a local eff. Hamiltonian at the electroweak scale

Her= 2 Ci(Mw) O;

—> - Heavy NP encoded in the C;(Myy)
~ No difference among all b — s I/ decays
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Evolution of Hegr down to low scales using RGE

FCNC operators (E.W. penguins) [Heff =2; Ci(My,) O; } Four-quark (tree-level) ops.:

0,=0,(bs), (1), 0 =(bs), [(cc), .
0,=0,(bs), (1), } 0.=(be), (cs),

[ Hegp =2 Ci(pL ~ my) Qa
b

0

g
o

Mixing of the four-quark O; into the FCNC Q;
[“dilution” of the potentially interesting NP]:

Negligible for Qo [Bgq — 1/ & B — KMII ]

Large for “photon penguins” Qg [ B — K™/ only]
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Evolution of Hegr down to low scales using RGE

FCNC operators (E.W. penguins) =~ Hepp= X Ci(My) O; =~ Four-quark (tree-level) ops.:
g |
0,-0,(bs),_,11), 0 =(bs), (cc),
0,0, (bs),_,(11), } 0,=(be), (es),
. / .

| I
Hegp=2; Ci(pn ~my) Qz’/

\

@ Evaluation of the hadronic matrix elements
AB—f)=Z;C{p) (f10;B) (W

* sensitivity to long-distances
(cc threshold...)

HIC
SUNT

» distinction between different modes

non-perturbative effects...
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II. Anomalies in B — K& pu / ee [LHCD]

The largest anomaly 1s the one [obs. in 2013 and confirmed with higher stat. in 2015]
in the Ps' [B — K*pp] angular distribution.

Less significant correlated anomalies present also in other B — K™ up observables
and also 1n other b—sup channels [overall smallness of all BR(B — Hadron + pu)]

Angular analysis of BY — K*0ut~
¢
aY(r'+1) 9 |3 . 2 2
dcosfpdcosOi dpdg® 327 E{I_FL}SIH Orc + B cos” Oxc+
i(l—FL)ShIEQKCOSQQe’—FL cos> O cos 20, + ;) 54’5
Ss sin” Ok sin® O¢ cos 2¢ + S4 sin 20k sin 20¢ cos & + 4,5 \/FL (1—FTp,)
gy . ; .2 :
5“" sin 20 sin 0¢ cos ¢ + Se sin” Ok cos O + observables designed to cancel
S7 sin 20K sin O sin ¢ + L.f. dependence in the HQ limit
= . : . 2 . 2 .
Sy sin 20k sin 20 sin @ + Sg sin” O sin” 6y sin 2¢ ] Descotes-Genon, Matias, Ramon, Virto '12
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II. Anomalies in B — K& pu / ee [LHCD]

The largest anomaly 1s the one [obs. in 2013 and confirmed with higher stat. in 2015]
in the Ps' [B — K*pp] angular distribution.

Less significant correlated anomalies present also in other B — K™ up observables
and also 1n other b—sup channels [overall smallness of all BR(B — Hadron + pu)]

Pro NP:

» Reduced tension in all the L A S S S S S S e S S B S S S
observables with a unique fit 0.8 LHCb oM Predictions —
of non-standard C;(M,) 0.6 I —

0.4~ —+— Data -
Against NP: 0.2- _

» Main effect in P5' not far from o— =] < = = — — — = —. —
cc threshold 0.2} { _

o “NP” mainly in Cgy (<> charm) 04 =

» Significance reduced with 0.6 + -
conservative estimates of 0.8 —

. . _ "I T T T D TR T T TR NN T T T NEE—— |
non-factorizable corrections 1u . - - -

| | o q? [GeV¥/cH
Jaeger et al. '12, Hambrock ef al. '13, Hiller & Zwicky '13, Ciuchini at al. '15, ...
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II. Anomalies in B — K& pu / ee [LHCD]

The largest anomaly 1s the one [obs. in 2013 and confirmed with higher stat. in 2015]
in the Ps' [B — K*pp] angular distribution.

Less significant correlated anomalies present also in other B — K™ up observables
and also 1n other b—sup channels [overall smallness of all BR(B — Hadron + pu)]

Pro NP:
» Reduced tension in all the T
observables with a unique fit

SM from Descotes-Genon

et al., 1407.8526

of non-standard C;(M,)

Against NP:
o Mz effegt 1n£5_ potfarfiom 0
codlmesiold T =L

o “NP” mainly in Cg («> charm)

=
s b
LI el 11

-0.5
» Significance reduced with

conservative estimates of
non-factorizable corrections

ﬁ-’
——i
IIuIIIIII

- , , ,
il 10 15

2 2 4
Jaeger ef al. '12, Hambrock et al. '13, Hiller & Zwicky '13, Ciuchini at al. '15, ... q- [GeV7/c]

o
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II. Anomalies in B — K& pu / ee [LHCD]

Wien, 18 May 2017

The largest anomaly 1s the one [obs. in 2013 and confirmed with higher stat. in 2015]
in the Ps' [B — K*pp] angular distribution.

Less significant correlated anomalies present also in other B — K™ up observables
and also 1n other b—sup channels [overall smallness of all BR(B — Hadron + pu)]

Pro NP:
s Reduced tension 1n all the
observables with a unique fit

of non-standard C;(M,)

Against NP:
- Mgim effegt in 25_ ot fartiom
codlreiiold "= e i
o “NP” mainly in Cy («> charm)
» Significance reduced with

conservative estimates of
non-factorizable corrections

Belle '16

- —

- w,

HH  This Analysis
LHCb 2013
LHCb 2015
s SM from DHMV

\
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|
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| |
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Jaeger et al. '12, Hambrock ef al. '13, Hiller & Zwicky '13, Ciuchini at al. '15, ...
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II. Anomalies in B — K& pu / ee [LHCD]

Pro NP:

Wien, 18 May 2017

» Reduced tension in all the observables with a unique fit of non-standard short-
distance Wilson coefficients

L B B

Descotes-Genon, Matias, Virto '13, '15

Altmannshofer & Straub '13, '15

3 " Branching Ratios ; Beaujean, Bobeth, van Dyk '13
- iy . Angulér Qbsewal';mles Py ] Horgan et al. '13
2 S
‘ A R (57 PL@W@\
] 1672 "
e? _

2 o Oro = 75— (57 FPrb) (67" 750)
C \- /
R Dnsourrstf USSR SRR BSOS ] Consistency with smallness of
: BR(B; —pp) for Cg = - Cy

ol : : : . :
S (B(B® = jt i )sa = (3.66 +0.23) x 1070
-8b e B(Bg s p,+,u,_) — (2.8 ig;g) x 107
= o2 -1 0 LHCb + CMS

o
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II. Anomalies in B — K& pu / ee [LHCD]

Pro NP:
» Reduced tension in all the observables with a unique fit of non-standard short-
distance Wilson coefficients
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ABE 17 1
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More precise data on the g’=m,,, distribution
can help to distinguish NP vs. SM

Descotes-Genon, Matias, Virto '15
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II. Anomalies in B — K& pu / ee [LHCD]

But the most interesting effects in b — s// transitions are deviations from /e
universality in appropriate “clean’ ratios:

——LIHCb —=—DBaBar ——Delle

l)RK:de(B+—>K+uu) K AL A
de(B+—>K+ee) _

[1-6] GeV2 1.5p | .
» Negligible th. error — clean test |:
of LFU (in neutral currents) i H SM
(M) 0.5F .

RK =1.00 = 0.01 Bordone, GI,
Patttori '16

(eXp) O....I....I....l...

0 5 10 15 ‘2I0I |
= +
R =075 2009 e ¢* [GeV?/ct

+ This anomaly 1s perfectly described assuming NP only in b—spp
[and not in b—see] consistently with Ps' & the other b—sup anomalies
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II. Anomalies in B — K& pu / ee [LHCD]

But the most interesting effects in b — s// transitions are deviations from /e
universality in appropriate “clean’ ratios:

2) j dr(BY — K*up) “Breaking News” (18 April 2017, CERN):
Ryx = Very similar effect observed also in Ry«

_[ dI'(B° — Kee)

1.2 B | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]
é 1.0 _—=-ﬁ—t-¥-=0= -------------------------------------- ]
N ESAE = ]
0.8 .
Sa ] -
0.6 -
[ @® LHCbH i}
0.4 B SM from CDHMV 7
i A SM from EOS ]

0.2 F _ o ¥ SM from flav.io 7]
- LHCDb Preliminary ® SM from JC i
OO i o e |
0 1 2 3 4 5 6

¢? [GeV?/cf]
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II. Anomalies in B — K& pu / ee [LHCD]

But the most interesting effects in b — s// transitions are deviations from /e
universality in appropriate “clean’ ratios:

2) B j dr(BY — K*up) “Breaking News” (18 April 2017, CERN):
Ryx = . Very similar effect observed also in Ry«
_[ dI'(B® — Kee)
IDD—‘ 12 i T ] 1111 ]1Trrr7rrTrTr1T 11T ]
504+ é 2 _:
S| :
0] 08k .
5- % I ]
._-:u:2 0. \/ _|
dg i _
5 0.4F SM including QED )
0.5 L: S¥is 05 i corrections &
i B—K™n(—/"Tv) "F LHCbH Prelimi]l  conservative th. error
ol i e ool 10 Bordone, GI, Patttori '16
0.02 0.04 D.Dl;2 (CEL?’%) 0.10 0.12 0.14 0 1 2 [_) addendum]

N /
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II. Anomalies in B — K& pu / ee [LHCD]

But the most interesting effects in b — s// transitions are deviations from /e
universality in the “clean” ratios Ry & Ry« (combined effect exceeding 30) :

Various “instant papers’ have updated
the fit to b — s// Wilson coeff. L5

Main messages: 1.0 -

> Low-g? bin a bit too low ,
(the central value cannot be 2 7
explained by NP — but there the 2
theory error is larger...) =

+ All the rest perfectly consistent P

Wlth What WCE alreadv knew: - —— LFU observables
i b — spp global fit

0.0

104 — all
"ol gselbes s el deserbes. ~ 7 ol fvoldl non- P hadr. wncert.

assuming NP Qn]y 1n b_>suu 20 —15 —10 —05 00 0.5 1.0 1.5

e . Re C¥

» Stronger indication in favor of V-A o
interaction

- J

Altmannshofer, Stangl, Straub '17
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Speculations on the breaking of Lepton Flavor Universality

-
A LONG TIME AGO IN A GALAXY FAR EAR AWAY...

Q.___‘
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» Speculations on the breaking of LFU

Wien, 18 May 2017

These recent results have stimulated a lot of theoretical activity

~ Hints of LFU violations in b — ¢ charged currents: t vs. light leptons (L, €)
= Hints of LFU violations in b — s neutral currents: [ vs. €

IF taken together... this 1s probably the largest “coherent” set of NP effects in

present data...

A few general messages:

» LFU 1s not a fundamental symmetry of
the SM Lagrangian (global symmetry of the
gauge sector only, broken by Yukawas)

» LFU tests at the Z peak are not too
stringent (— gauge sector)

* Most stringent tests of LFU involve only
1°-2" gen. quarks & leptons

[Becinon Neulring
Mass =0

Baction

AN

L-
Up
Mass: §

Muon Heutring
=0

Qo

Muon
105.7

QUARK

o

Chanmm
1500

o

Srange
150

S

Tau Neulrino
Tau
11

—

Tap

Batom
4280
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» Speculations on the breaking of LFU

These recent results have stimulated a lot of theoretical activity

~ Hints of LFU violations in b — ¢ charged currents: t vs. light leptons (L, €)
= Hints of LFU violations in b — s neutral currents: [ vs. €

IF taken together... this 1s probably the largest “coherent” set of NP effects in
present data...

A few general messages:
* LFU i1s not a fundamental symmetry of Bectonteuis | Muonetis | Tou e
the SM Lagrangian (global symmetry of the | o d
gauge sector only, broken by Yukawas) o 07 '
QUARKS
» LFU tests at the Z peak are not too Q .
stringent (— gauge sector) T B
* Most stringent tests of LFU involve only ) o a
1¥-2" gen. quarks & leptons * “ -

Natural to conceive NP models where LFU i1s violated more in processes
involving 3" gen. quarks & leptons (<> hierarchy in Yukawa coupl.)
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» Speculations on the breaking of LFU

These recent results have stimulated a lot of theoretical activity
(not particularly instructive to discuss all NP proposals...)

What I will discuss next is a bottom-up approach made of three main steps:

Generic EFT approach

¥

Simplified Dynamical Models

¥

High-energy behavior and UV completion

The main guide will be the attempt to describe both LEU effects within the same
framework and, while “going up” in energies (and assumptions), check the
consistency with

- other low-energy data

~ high-pT physics




G. Isidori — Low-energy hints of physics beyond the SM Wien, 18 May 2017

~ EFT-type considerations

» Anomalies are seen only in semi-leptonic (quarkxlepton) operators
» RR and scalar currents disfavored — LL current-current operators

» Necessity of at least one SU(2); -triplet effective operator
(as in the Fermi theory):

AN QL T, Q) ) (LT L)
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~ EFT-type considerations

» Anomalies are seen only in semi-leptonic (quarkxlepton) operators

RR and scalar currents disfavored — LL current-current operators

Necessity of at least one SU(2); -triplet effective operator
(as in the Fermi theory):

AN AN QL T, Q1) (LT L)

Large coupling (competing with SM tree-level ) in be (=33cxy) — 3 V3
Small non-vanishing coupling (competing with SM FCNC) in bs — /, /,

Glashow, Guadagnoli, Lane '14
Bhattacharya et al. '14
Alonso, Grinstein, Camalich '15
Greljo, GI, Marzocca '15

‘ Bordone et al. '17

N, . .
/\gj = 0;303 j + small corrections for 2" (& 1%) generations
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~ EFT-type considerations

» Anomalies are seen only in semi-leptonic (quarkxlepton) operators

» RR and scalar currents disfavored — LL current-current operators

» Necessity of at least one SU(2); -triplet effective operator
(as in the Fermi theory):

AN QL T, Q) ) (LT L)
o LG current L
; 4
QQ current LL current
¥ Qr Ly |

» Two natural classes of mediators, giving rise to different correlations among
quarkxlepton, (evidence) and quarkxquark + leptonxlepton (bounds)
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~ EFT-tvpe considerations [general consequences in charged currents]

A(b — C E%VIL)SMjLNP ¢ 9geGq My
A(b — C E%P%)SM i v ¥ 92 A2

I. From R(D") & R(D) data [I'(b — ctv)/T'(b — cuv)] — [Ro = (0.14 £ 0.04 J
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~ EFT-tvpe considerations [general consequences in charged currents]

o 2
A(b — ¢ £'V")sn4NP ] gegq My,
e — 1+ Rol\: Ry = -
A(b — ¢ ['DY)gMm i O ¥ 92 A2

. From R(D") & R(D) data [I'(b — ctv)/T'(b — cuv)] — Ro = 0.14 £ 0.04

II. In principle, it should be possible to get a strong bound on the sub-leading
leptonic coupling (A, from I'(b — cpv)/T'(b — cev), but surprisingly it 1s
not so stringent (|A, | <0.1) — no dedicated studies (@ B-facotries !
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~ EFT-tvpe considerations [general consequences in charged currents]

o p
A(b — ¢ £'V")sn4NP ¢ gedq My
a — 1+ Rg\. Ry = -

Ab — ¢ ()gy 0 0= a2

. From R(D") & R(D) data [I'(b — ctv)/T'(b — cuv)] — Ro = 0.14 £ 0.04

II. In principle, it should be possible to get a strong bound on the sub-leading
leptonic coupling (A, from I'(b — cpv)/T'(b — cev), but surprisingly it 1s
not so stringent (|A, | <0.1) — no dedicated studies (@ B-facotries !

[II. This breaking of LFU 1n c.c. decrease the tension (although only in part...)
between exclusive & inclusive determinations of |V ;| & |V g

B— X, ,TV
’ é N
v if [(B — X, ,v) is enhanced
Irreducible bkg. for the inclusive meas. subtracted =% | over the SM — [V plinci, are
(at present) assuming SM-like I'(B — X V) overestimated

j
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~ A simplified dynamical model (1)

. . Greljo, GI, Marzocca '15
Main assumptions:

» We assume the effective triplet operator is the result of integrating-out a
heavy triplet of vector bosons (W', Z') coupled to a single current:

1

- 5 JoJ
2ms;

[TV

Ji = 9@ (QE%T“Q‘D + gd\i; (_E%T“Lﬂ) —>

» Non-Universal flavor structure of the currents — mainly 3" generations

— Coupling to 3™ generations not suppressed

— Coupling to light generations controlled by small U(2), x U(2),

breaking terms related to sub-leading terms in the Yukawa couplings
(link to models explaining CKM hierarchy)



G. Isidori — Low-energy hints of physics beyond the SM Wien, 18 May 2017

~ A simplified dynamical model (1)

A brief detour: U(2)" flavor symmetries Barbieri, G.1.,
Jones-Perez,
s 3 generations fermions are singlets Lodone, Straub, '11

« 1stand 21d generation fermions are doublets

= Efficient protection of FCNCs (~MFYV like)

~ The exact symmetry limit 1s good starting point for the SM spectrum
(my=mg=m¢=m =0, Vcxym=1) — small breaking terms needed

Possible “natural solution”
Yu =W 0 0 — A v of models with
0 | 0 1 “dynamical Yukawas”

Alonso, Gavela,

unbroken symmetry V| ~0.04 |A| ~0.006 G.1., Maiani '13

Coming back to the heavy-triplet model, the flavor symmetry implies:

Apd << Aps <<App =1 Ass ~ Mps? ~ |Vigl?
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~ A simplified dynamical model (1)

Five free ge,q Mw 122 GeV N \? )\E )\E
parameters: gmy mv bs? “Tppd TR

4 )
s BB — Kvw) ° I'(B— Xpv)/T(B — Xev)
@ AMBS , AMBd *T— 3“

N CPV(D-D) > T'(t — pvw)/T(t — ew)

Several » R(D*) & R(D)
constraints: | ¢ Rg & P54

\ 4

/

15

‘WewcL
Overall good fit of low-energy data o 95%CL
(non-trivial given tight constraints from AF=2 & LFV) B ‘
05}
. e~ 037, ¢€,~0.38 ¢ 00l
Best fit point: f
p(SM) = 0.002 ol \
—1.0?
Heavy vector 200 GeV  «—>» 2TeV '

mass: (weak coupl.) (strong coup.) B e TR
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~ A simplified dynamical model (1)

Five free parameters:

_ Yeqmw q 4 4
Eﬁ,q — gmy + AbS’ Auu, ATH’

Several low-energy constraints

\ 4

Overall good fit of low-energy data

Some residual tension

[ AF=2 vs. LFU tests in tau decays |
which can be ameliorated including
extra contributions

(e.g. SU(2); singlets Z' or color-octet)

Wien, 18 May 2017

Scatter plot: A,yz <23

0.0F
~0.2}

:bC\

G -04]

—0.6]

-0.8

Fit no AF=2

000 005 0.0 015 020

Ry

Scatter plot: sz <23

0.00 L

......
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~ A simplified dynamical model (1)

1

L= — 2 JiJ; works well...

..and give rise to a rich low-energy phenomenology:

BR(B—D*1v)/BRgy = BR(B—D1v)/BRg; = BR(A;, — A 1v)/BRgy
°b — c(u) Iv
= ...=BR(B, — 1)/BRgy, RM¢(X) ~ 10% RV*(X)

* universal 20-30% enhancement of C.C.
semi-leptonic decays into tau leptons

* 1-2 % (universal) breaking of universality
between muons & electrons (in leading CC
modes)
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~ A simplified dynamical model (1)

1 a ja
L= _Qm%, . works well...

..and give rise to a rich low-energy phenomenology:

BR(B—D*tv)/BRgy = BR(B>D1v)/BRgy = BR(A, — A 1v)/BRgy
ob — c(u) Iv

= ...=BR(B, — 1v)/BRgy RM¢(X) ~ 10% RVH(X)

bosup AG = —Aly

[ sb > s 11 J INP| ~ |[SM| — large enhanc. (up to 10xSM !) or strong suppr.

b - svv ~ £ 50% deviation from SM in the rate

S— » N.B: the deviations should be seen universally in all the
hadronic modes: B — K*tt, B — K1, A,— ATr,...
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~ A simplified dynamical model (1)

1 a ja
L= _Qm%, . works well...

..and give rise to a rich low-energy phenomenology:

BR(B—D*tv)/BRgy = BR(B>D1v)/BRgy = BR(A, — A 1v)/BRgy

*b—c(u) lv

= ...=BR(B, — 1v)/BRgy RM¢(X) ~ 10% RVH(X)
*b—spp ACy = —ACy,
b — s 1t INP| ~ |SM| — large enhanc. (up to 10xSM !) or strong suppr.
b —>svv ~ £ 50% deviation from SM in the rate

*Meson mixing  ~ 10% deviations from SM both in AMp, & AMpg4

[ > 17 decays T — 3 not far from present exp. Bound (BR ~ 10-9) J




G. Isidori — Low-energy hints of physics beyond the SM Wien, 18 May 2017

~ A simplified dynamical model (11)

Main assumpti ONS: Barbieri, GI, Pattori, Senia '15

» We assume the effective triplet operator is the result of integrating-out
Lepto-Quark (LQ) fields

» Non-Universal flavor structure of the current, based again on approximate
U(2), x U(2), flavor symmetry

» Both Vector and Scalar LQ tried — Vector LO produce a very good fit to
data (essentially as good as in model I)
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~ A simplified dynamical model (11)

Main assumpti ONS: Barbieri, GI, Pattori, Senia '15

» We assume the effective triplet operator is the result of integrating-out
Lepto-Quark (LQ) fields

» Non-Universal flavor structure of the current, based again on approximate
U(2), x U(2), flavor symmetry

» Both Vector and Scalar LQ tried — Vector LO produce a very good fit to
data (essentially as good as in model I)

[ Peculiar prediction of the LQ set-up: sizable modification of I'(K — mvv) ]

['K—nw)=T(K — av.y,) + I'(K—nvyv,)+ (K-> vv)

SM like few % possible O(1) deviation
deviation from SM
as in b—spp expected also in b—stt
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~ A simplified dynamical model (11)

Main assumpti ONS: Barbieri, GI, Pattori, Senia '15

» We assume the effective triplet operator is the result of integrating-out
Lepto-Quark (LQ) fields

» Non-Universal flavor structure of the current, based again on approximate
U(2), x U(2), flavor symmetry

» Both Vector and Scalar LQ tried — Vector LO produce a very good fit to
data (essentially as good as in model I)

\{

200 GeV «——» 2TeV
(weak coupl.) (strong coup.)

Vector-mediator mass:
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~ UV completions and high-energy bounds

In both cases (heavy vector triplets & vector LQ) we should address two basic
questions:

* Are these models compatible with high-energy (direct) searches?
o Can we find meaningful UV completions?
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~ UV completions and high-energy bounds

In both cases (heavy vector triplets & vector LQ) we should address two basic
questions:

* Are these models compatible with high-energy (direct) searches? Yes, but...

In both cases no real problem provided we are in a regime of
strong-coupling [large couplings — heavy masses & large widths].

E.g.: the heavy vectors could have a mass ~ 1-2 TeV
(not easily detectable due to small coupling to light quarks & large width)

In both cases there 1s a model-independent expectation of sizable (broad)
excess in pp — 1t & pp — bb, tt that should be accessible in Run-II

*Already some tension
=p  With ATLAS & CMS.

eDeviations from SM
around the corner...
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~ UV completions and high-energy bounds

E 5 _I T ] T T T T T I _|
c 107 aTLAs 's=8TeV,203fb" =
E - [ z(750)»tr e Data =
W 0%k CJz(1250)s7zr E@Z/y" >
= [ 1z(1750)»7zr W Jet—zfake 3
‘ Ry 7
10° [1Top + diboson—=
7z Uncerfainty 3
107 - -
10 Pl —
1 .
1 0-1 ;_I L | I !
% 1.5
~ 1
E 05 Lo | | I I I | [ I 1—:
@) /0 100 200 300 1000
miss -
MYl Thaguie Ev ) [GEV.
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~ UV completions and high-energy bounds

Recast of recent ATLAS searches of Z' — 11

lgsg - x v /M3 lgsg | x vV /M2.
50 .. ———————

ATLAS 13 TeV, 327" |

g
S
B
0-03 /
Yy ; 0 D S TR
02 03 04 05 06 0.7 0608101214161820

MZ’ (TeV) Faroughy, Greljo, M. 7 (TGV)
Kamenik '16
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~ UV completions and high-energy bounds

Recast of recent ATLAS searches of Z' — 11
interpreted in the vector LQ model

Vector LQ exclusion

Faroughy, Greljo,
Kamenik '16 MU (TGV)
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~ UV completions and high-energy bounds

In both cases (heavy vector triplets & vector LQ) we should address two basic
questions:

* Are these models compatible with high-energy (direct) searches? Yes, but...
* Can we find meaningful UV completions? Maybe...

An attractive possibility is to consider these heavy (spin-1) mediators as
composite state of some new strong dynamics [Buttazo, Greljo, GI, Marzocca, '16]
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~ UV completions and high-energy bounds

New sector
SUNTo)TC

P different
L,R | SM charges

SUNE)LXSUNR)rxU(1)y

The basic construction i1s based on the ¢
idea of “Vector-like confinement” SUNg)LrXU(1)y

Global “flavor symmetry”
Spontaneously broken as in QCD
at a scale Apc ~TeV

~ Very similar to the old i1dea of technicolor

- Key difference 1s that the SSB of the new sector preserves the SM gauge
symmetry, that is broken in a 2" step by an appropriate Higgs field
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~ UV completions and high-energy bounds

New sector
SUNTo)TC

P different
L,R | SM charges

SUWNE)LXSUWVRp)r*U(1)y

.
l SUWNVRILr*U()y

Global “flavor symmetry”
Spontaneously broken as in QCD
at a scale Apc ~TeV

Lowest-lying spectrum of resonances:

pseudo-GB Heavy vectors
T, ... P, ®, O, ...

( + possibly LQ)
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~ UV completions and high-energy bounds

SM gauge New sector
SUNTo)TC

P different
L,R | SM charges

SUWNE)LXSUWVRp)r*U(1)y

.
l SUWNVRILr*U()y

Global “flavor symmetry”
Spontaneously broken as in QCD
at a scale Apc ~TeV

Lowest-lying spectrum of resonances:

pseudo-GB Heavy vectors
T, ... P, ®, O, ...
L> Higgs ( + possibly LQ)

(SM-like partially-composite H)
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~ UV completions and high-energy bounds

SM gauge
SM
f3 B(\PL,R)

Lowest-lying spectrum of resonances:

pseudo-GB Heavy vectors
T, ... P, ®, O, ...
L> Higgs

Vi

P different
L,R | SM charges

Wien, 18 May 2017

New sector
SUNTo)TC

SUNp) XSUNR)rxU(1)y

y

SUWNVRILr*U()y

AY

4f operators that can
(SM-like partially-composite H) ~ “solve” flavor anomalies



G. Isidori — Low-energy hints of physics beyond the SM Wien, 18 May 2017

{ Conclusions }

» Very interesting hints of LF non Universality in recent semi-leptonic B-physics
data

* The overall picture 1s still far form being clear, but the patter of anomalies is
apparently coherent— more data can help to clarify the situation

» Main messages in view of future data:
= (re)analyze B physics data without assuming LFU
=conceive more low-energy tests of LFU (especially in B decays)
~the search for LFV in charged leptons 1s extremely well motivated
~the bounds on NP coupled mainly to 3" generation are still relatively weak

~the interplay of low- and high-energy searches is essential
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