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Motivation 1(a): LFU in charged currents

¢ Violation of lepton flavour universality in b — ¢ decays:
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Motivation 1(b): LFU in neutral currents
© p/e universality in b — s transitions
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Motivation 1: LFU in B decays

» Dynamical assumption: New Physics in Left-handed currents.

» Flavour structure: approximate U(2)% symmetry.

Specific realisations involve heavy vectors:
o Vector triplets Greljo, Isidori, Marzocca 1506.01705

¢ Vector leptoquarks Barbieri, Isidori, Pattori, Senia 1512.01560



Motivation 2: the diphoton excess
15

o Searches for resonances in
pp — vy at the LHC:
excess of events at
My = 750 GeV in both
ATLAS and CMS

For narrow resonance, local
significance 3.60 (ATLAS)
and 3.40 (CMS).
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Data consistent with a (pseudo)-scalar particle gg — X — ~7.

o13mev (PP — 1) X B(n — v7) = 47517 b
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see e.g. B, Greljo, Marzocca 1512.04929
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The following content is based on the assumption that the above
hits for new physics are not a statistical fluctuation. No warranty is
given about the correctness of this assumption. Any reference to
real phenomena is (probably) purely accidental. The authors
decline any liability or responsibility for taking the following
speculations too seriously.



Is there a way to fit all these anomalies
in a single, coherent picture?
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The model

o A new strongly-interacting sector, with vector-like fermions 1),
and a confined gauge group SU(Nz¢)

© Approximate global symmetry SU(Np)r x SU(Np)r x U(1)

SUNE)L x SUNE)R x U( 1)y

confines at
N ~TeV

elementary
TC fermions

SUMNE x U(1)v

pNGB: 7, 7% 7% ... Vector mesons: p*,p° w,---

* pp —=n =7y ® Rpe, Ri
Greljo, Isidori, Marzocca 1506.01705



Pseudo Nambu-Goldstone bosons
The theory condenses at a scale f:
(Yihj) = —f*Bodij
SU(Np) x SU(Ng)g — SU(Np)y: N2 — 1 Goldstone bosons.

The global symmetry SU(Np)y is explicitly broken by the mass
terms M and by SM gauge interactions D,,.

f2
Lywn =7 (Tr [(D#E)T(Dﬂz) + 2By (TrM3)] + Tr[MTET]))
> =exp (%t“wa> is the pNGB matrix;
M = diag(my,) is the TC-quark mass matrix;
By ~ 20 x f in QCD

Example: for ¢ ~ (1,2,Y), |7%) = %\Egam, My = 2Bomy,.



Chiral anomaly

Coupling to SM gauge fields through anomaly. For a singlet #:

i
L 1
WZW 2 1672 f

(93AL B B + G AL Wi, W + g3 AL GG )

A}, = 2NpcTr[t,T°T], Al = 2NvcTrlt, 77", AlLpz = 2NpcTr[t,Y?].

(no coupling to gluons for a non-singlet neutral state, e.g. 7°)

Decay widths:

r @y ™
=97 T 6473 wﬁ’
2 3

T _ % g M
=99 = a3 99 2

Fitting the diphoton signal
f =~ (70 + 80 GeV) x Nrc

(assuming gg — 1 — 99,77, VV)

T131ev*B(77-=y)) 13 Tev [fb]
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Coupling to SM fermions
Assumption
The 3rd generation of SM fermions couple to the composite

sector through mixing with a suitable set of TC baryons.

Lomix D HQQLBQ 4 IigZLBg

Ly, =gp (a By" By + af By Be) wy
— (gq qrYuqr + ge ZLW&)MN
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B The couplings of vector mesons
to different TC-baryons are not

universal (depend on the flavour
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An explicit example: minimal model — SU(5)

o coupling to quarks & gg anomaly = coloured TC-fermions

o coupling to doublets qr,, £;, = at least a SU(2)-doublet TC-quark

Minimal field content: {Q ~ (3,1,Yy), L~ (1,2,Y7)} ~5+5.

SU(5), x SU(5)r — SU(B)y - 24 pNGB
Flavour structure | Gsyp irrep pNGB Mass m?2
vV (QQ) (8,1,0) 2Bomgq
U (LQ) (3,2,Yo—-Y1) | Bo(mr + mq)
m (LL) (1,3,0) 2Bymp,
n  3(LL)—2(QQ) | (1,1,0) 2Bo(3my +2mq)

Plus gauge corrections Am? ~ 136‘;22 L9208 (1) ~ (0.1 + 0.3m,,)?



An explicit example: minimal model — SU(5)

Ntc = 3: two choices of Y 1, that give baryons with quantum n. of ¢,/
|Be(Br))(1,2,41/2) x |LLL), |Bg)3,2,-1/6) X |QQLY),

for {Yo, Y} = {—§. 5} or {Yo.Y2} = {0, —5}.
No other mixing with SM states possible.

3 1 /3 3
o = =2/ e (02 =13) My =~ [ 2e, g = [

Assuming only decays through anomalies: f = 71(79) Npc GeV.

(YQ’ YL) ‘ RZW Rzz Rww ® — Model I-A
AL g er I . SHE,
B: (077%) 5.0 9.1 34

NS
4743 b NG lo

Experimental bounds:
Rzy $5.6, Rzz <11, Rww < 36.
(see e.g. B, Greljo, Marzocca 1512.04929) 100 150

T3 ey xB(7=yp)i3Tev [b]
w
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Vector resonances

o 1 - ., 1 - 1 -
|P >(1,3,0) = E\LU L>7 |w>(1,1,0) = ﬁlLL% |¢>(1,1,0) = E|QQ>-

(+ coloured states)
Mass of vector mesons: m3, . = cj(4m f)* + ¢t Bo(m; +my). (co1 S 1)
L, = 9p (Cli; Bq"y”Bq + G‘Z) Bg’y’uBg) om Usm

o pand w (LL) couple to both B, and
By, af) , ~ 2a7, ~ O(1).

o ¢ (QQ) can couple via connected B§§%
diagrams only to B, af < 1, \
a?%«ﬂ/?;ag. Yant

» Assuming similar coupling g, for vector mesons and pNGB with the
same flavour composition (e.g. p and 7), g, = g,/V15.

2
Ty~ (3.3 GeV) x 22 |g,ppr2|” = By — th) S 19%.
B



Another example: two doublets — SU(8)

Next-to-minimal field content: {Q ~ (3,2,Yp), L ~ (1,2,Y7)}

SU(8)r x SU(8)r — SU(8)y : 63 pnGB
Flavour structure | Gsy irrep pNGB Mass m?2
V.V, o (QQ) (8,1,0),(8,3,0),(1,3,0) | 2Bomg
uu  (LQ) (3,3,AY),(3,1,AY) Bo(mp, +mgq)
0 (LL) (1,3,0) 2Bomp,
7 3(LL) - (QQ) | (1,1,0) 3 Bo(3my +mq)

Many choices of Y 1, that give baryons with quantum numbers of ¢, ¢,
but only two reproduce the vy signal: {Y, Yz} = {3, ¢}, or {3, —3}.

At [Be)a2,-172) < |[LLL), |Bg)32+1/6) X |QLL),
B: [Be)12,41/2) X |QRQ), [By)@3,2,-1/6) X |QQL).

Rzy Rzz Rww
A, B 0.6 0.09 0 In both cases f = 70 Np¢ GeV.




Interlude: a U(2)° flavour symmetry

An approximate symmetry of the SM quark Yukawa couplings:

muw(--‘) ® -
Vekm~ (o @ -

ma~ (- - @) . @

Under U(2), x U(2), x U(2)4, the 3rd generation quarks
transform as a singlets, while the first two as doublets,

qar UR dr
— s = y d = .
w=(if) () e ()

If extended to the lepton sector, U(2)°.

Weakly broken by the spurions V, ~ 2, and V, ~ 2/, plus light

fermion masses (e.g. Ay, ~ (24, 24)).
Barbieri et al. 1105.2296
Barbieri, B, Sala, Straub 1203.4218



Vector resonances and flavour

|. The interactions between heavy vectors and SM fermions arise only
from mixing between SM fermions and techni-baryons.

Il. The mixing respects an approximate U(2)® flavor symmetry: sizable
mixing only with 3rd generation.

[Il. The leading corrections to the exact U(2)® limit are obtained from
the U(2),, and U(2),, spurion doublets.

Bg — Hle‘ezL ) (‘€ <~ Q)v Xf(Q) = (’sf(q)a‘sg(@a 1) .

In the down-quark mass basis, (¢7ed) = £ (Via, Vis) (€ = 0: exact alignment).
Coupling to vector mesons
—1 j Y4 7 ]
Lo >0 [o w2 X (@r7a]) + ot w3 N (B 6h)]



Example: a colorless triplet p

1p?) = T(LUGL) (1,3,0)
SU(2) p-triplet current:
J& = ggAd (Te.md) + gg)\ij(_iL'yH “3), T =0%/2.
L,op%0s — LY = —2—2J,‘jJ“
ALce = g::zj (VAD) i Ngy (@], ) (EE vt ) + hec,
Alroxe = —gqjjjb N (@ vad]) = (VAT @hved) ] [(@vlh) — @Erh)]

2
g — . . .
ALAF=2 = _87732 [(Agj)z(dlL’yl‘djL)Q + (VAqu)?j (ﬂEWH“]L)Q] )
P

2
g a pc
ALLpy = =S AN (03 (E5 7l s

2
8mp

1 _
ALpry = “omz [ LN + a7 )‘ad)‘ﬁb:| (EGvulh ) (PEvuvt) -
P



Low-energy data fit

¢ Input data — p, and wy,. Parameters: €,.¢ = % Mo AL
Obs. O; Prediction O;(z«) Experimental value
b— cTv Ro €r€q 0.13+£0.03
b — spp ACEH —(7/tem) )\fm(qeq + 6060) e, /1Vis Vis| —0.58 £0.16
B, mix  ARSF=? (€2 + (9)2) AL |2 (1V;3 Vas 2R '°°") 1 —0.10 £ 0.07
b— cly ARgiC 2e0€q\E, <0.01
0y 2, (.02 2
Tl Ree ‘1 + AL+ (D)~<F |\t 2| | e e 1.0040 £ 0.0032
T —3u ATZ (Gp/ﬁ) (2 + (DN M i < 4.1 %1079 GeV—2
D mix A (Gr/V2) (€2 + (€9)2) Vi Vi |12 < 5.6 x 10~ QeV 2
2
A

b — svv Ry, % +1 3|1+ oo (ereqg — EZES)W <26

o Color octet contribution to meson mixing: (e))? — —2¢5,/3

A A j
LD gOAqV qL%T q;

o Leptoquarks — in the extended SU(8) model — can also contribute

see also Barbieri, Isidori, Pattori, Senia 1512.01560



Low-energy fit: results
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o Fit driven by Ro(D*) = ¢4¢q.

o Small values of N/, < Vi,.

o Good fit to b — c¢rv. Somewhat

smaller b — sup due to Bg mixing

and 7 — u/e constraints.

‘Only contribution from p,, and w,




Low-energy fit: results

|Inc|uding QQ and LL mesons| 0.15
o Excellent fit to b — ¢7v and 010
b— spp =
o Size of A}, as expected 0.05
& Somewhat tuned
. .. 0.00
cancellation in B; mixing —02-0.1 00 0.1 02
ﬂ./
w
02 ane 1.0
0.0 - 0.9
-02 208
_04b______ (o
35 04 T o7
< -0.6 $ 0.6
,,,,,,, - el
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LHC phenomenology: p mesons

Due to large coupling, vector mesons decay mainly into 3rd gen. fermions.

2 2
9y
Lposrtr i) = oMo Doostben) = 35 M0

» p is expected to be a broad resonance
Tpr ['mp

mp =1.7 TeV

Decays to pairs of pNGB through TC
interaction can also be sizable:

5.
2 2

< _ Gprn 4msz
% 0 | P T <1 — —m% ;

-5¢

(L= gf’;” Cabeppm’0,um®)
-5 0 5
&q

» Main production channel: bb — p° single production.
For g, =5, m, = 1.7TeV, one finds o,5/0ua ~ 7.



LHC phenomenology: p° — 77
ATLAS search for Z’ decaying into 777, 1502.07177

2 5
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7 Uncertainty N -
& —s— Observed limit
102 I - Observed Z', 1
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For large masses (above ~ 1.5 TeV), basically one bin in total
transverse mass: m{ > 850 GeV.

© 95% C.L. exclusion above 1.5 TeV: o < 4fb (7{b) for a narrow
width (20% width).



LHC phenomenology: p° — 77

. . . T ~ .
Recast the exclusion approximating m;,, ~ M,r:

¥ 77 invariant mass

mp=1'.7TeV ' ' ' pp.;z‘:‘?TeV'
= 1072
>
8
e %
Et 10 4 1l
< &)
106 Ty Ime
= — 001
[ —_ 02
& 10—8 — 0.5

500 1000 1500 2000 2500 3000

mer (GeV)

Cross-section o(pp — p — 77), for m., > 850 GeV

grmrs0Ge) (ﬂf))

pp—oTT

pp @8 TeV

0
1600 1800 2000 2200 2400
m, (Gel)

ATLAS bound: o 2 4 + 7fb. The relevant region above ~ 1.5 TeV still

allowed, but will be probed soon!



LHC phenomenology: p° — bb

Large coupling to ¢, b: p — bb is another relevant channel.

CMS search for heavy resonances pp — X — jj/jb/bb, 1501.4198.

19.7 b (8 TeV)
W

CMS 95% CL upper limits J

RS graviton —&— Observed

(o) o1 o At present, limits not

L 5: | comparable with 77 channel,

7 if g4 ~ ge.

o If g4 2 ge, it could also
become an interesting

channel soon!
o (ATLAS results similar)

6 x Bx A (pb)

T T T IR Y N B T R S Y
1200 1400 1600 1800 2000
RS graviton mass (GeV)
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LHC phenomenology: Leptoquarks

The signal in pp — 77 (and pp — bb) is a rather generic prediction
in this framework, whatever the specific realisation.

’ Flavour anomalies at low pp ‘ = ‘ High pp signatures at LHC

» The exchange of
Leptoquarks in the t-channel
gives a very similar signature
inTT.




Summary

¢ There are several intriguing experimental hints of new
phenomena, both at low and high pr:

© Lepton flavour universality violation in B decays,
¢ Diphoton resonance at LHC.

© They can be described by a single coherent picture, involving
a new strongly interacting sector and vectorlike confinement:

o Singlet pNGB pp — n — vy
o Flavour effects due to exchange of vector resonances p, w, ...

o U(2) flavour symmetry: couplings mostly to 3rd generation, a
specific pattern of flavour violation in light generations.

o A generic prediction: new resonances should be seen soon in
77, bb final states at the LHC!



A few comments

© The models presented here are a sketch: many different
realisations are possible: more states, different symmetry
groups, ...

o Many predictions qualitative, due to strong interactions.

o Many experimental searches not optimized for this scenario.

o Higgs not (yet) included in the picture: if new physics at the
TeV, should be natural.

o Is the embedding in SU(5) of the minimal scenario accidental?



