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Why extending the SM?

Most of the data can be explained (extremely well) by the SM, but
> Flavour
> hierarchy of fermion masses, in particular v
> mixing pattern: small mixing for ¢ versus large mixing for v
» anomalies
= (g= 2)#
> b-physics:
I'(B — D™Wr0)

_ _T(B - KWputum)
p™) = T(F - DMip)

R A C
KC) T DB o K@eter)

(I=-en) , R

= ooo

» Cosmology

» Dark matter
» Baryon asymmetry of the Universe
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Flavour as probe of new physics

Flavour physics is sensitive to virtual effects of heavy new physics.

Flavour-changing neutral current (FCNC) interactions probe scales up to 100 TeV and
above, because in the Standard Model several suppression factors mount up:

» electroweak loop
» small CKM elements, e.g. |Vis| = 0.04, |V;4] = 0.01

» Glashow-lliopoulos-Maiani (GIM) suppression

m2 —m2 m2—m?
s 2 ) 2 )
myy myy
in K and D decays
» helicity suppression
my
mw

in radiative and leptonic B decays.
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Decays governed by b — siT1= (I = e, p): b w S
» B— KIti—
» B— K*ItI~ t
> B— pltl— V4
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@X%Eﬂ'r@ B-physics anomalies Mzle\eIRelalelale VAl 30
Decays governed by b — siT1= (I = e, p): b w S
» B— Kilti~
» B— K*ITl~ t
> B— pltl— V4

» B — K*utpu~— permits the measurement of angular observables, defined in terms of
angles within and between the K* — K7 and p .~ decay planes. One of those,
called P! deviates from the SM prediction by more than 3¢ in the LHCb experiment.
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Decays governed by b — siT1= (I = e, p): b w S
» B— KIti—
» B— K*ItI~ t
> B— pltl— V4

» B — K*utpu~— permits the measurement of angular observables, defined in terms of
angles within and between the K* — K7 and p .~ decay planes. One of those,
called P! deviates from the SM prediction by more than 3¢ in the LHCb experiment.

The LHCb data for ratios
BR(B — Kutpu™) and BR(B — K*utp™)
BR(B — Kete™) BR(B — K*ete™)

v

are too small by 2.3 — 2.6¢ in some bins of the lepton invariant mass ¢

(W. Porod, Uni. Wirzburg) UV completions ... MITP, 28 Aug. 2019 5



Eum\‘)‘érfs“i‘?k‘r : .
WURZBURG B-physics anomalies Jizle)%eigelslelaglel\Al 30

Decays governed by b — siT1= (I = e, p): b w S
» B— KIti—
» B— K*ItI~ t
> B— pltl— V4

» B — K*utpu~— permits the measurement of angular observables, defined in terms of
angles within and between the K* — K7 and p .~ decay planes. One of those,
called P! deviates from the SM prediction by more than 3¢ in the LHCb experiment.

The LHCb data for ratios

v

BR(B — Kutpu™) and BR(B — K*utp™)
BR(B — Kete™) BR(B — K*ete™)

are too small by 2.3 — 2.6¢ in some bins of the lepton invariant mass ¢
BR(B — ¢utp~) measurement about 2.20 below SM prediction

v

(W. Porod, Uni. Wirzburg) UV completions ... MITP, 28 Aug. 2019 5



UNI! T . i
I WURZBURG B-physics anomalies Jizle)%eigelslelaglel\Al 30

Decays governed by b — siT1= (I = e, p): b w S
» B— KIti—
» B— K*ItI~ t
> B — pltl- V4

» B — K*utpu~— permits the measurement of angular observables, defined in terms of
angles within and between the K* — K7 and p .~ decay planes. One of those,
called P! deviates from the SM prediction by more than 3¢ in the LHCb experiment.

The LHCb data for ratios

v

BR(B — Kutpu™) and BR(B — K*utp™)
BR(B — Kete™) BR(B — K*ete™)

are too small by 2.3 — 2.6¢ in some bins of the lepton invariant mass ¢
BR(B — ¢utp~) measurement about 2.20 below SM prediction

G. D’Amico et al., arXiv:1704.05438: include updates Moriond 2019, R by LHCb and
Rk~ by Belle, despite shift in direction of SM, conclusions are unchanged

v

v
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Flavour universality

Effective Hamiltonian
AG Vi Vi
V2

H— — Z {CQO + ol + choyl + ¢4yl o) 11}

l=e,u,r

We need in particular

o = Z*L“/‘ b Iyl and Oy = I*L“/* b, Iyuysl

Wilson coefficients C¥ and ¢} from the Z-penguin diagram and
other diagrams t

In the SM
Cslal,lo = C9e,610 = Cg 10 = C9 10

Flavour universality of the weak interaction!
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Global fits fo all relevant observables (including those which comply with the SM
prediction) point consistently to new physics with

NP 71(7(,,%91\1
9 209

and also potential NP contributions to '} and/or Cf#+

3F S
ot 2}
[IATLAY i ?'"'?A;:\f
ly A0 = o] ~cms
i ) LHCb: LHCb
a3 | ’ 0O Al 2 O Al
< o S
_f -1
) -2
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
NP NP
Coy Coy

B. Capdevila, A. Crivellin, S. Descotes-Genon, J. Matias and J. Virto, arXiv:1704.05340
update by F Straub in Moriond 2019

MITR, 28 Aug. 2019
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» Methodology: In a global fit of the Wilson coefficients fo all data one performs a
likelihood test, comparing the likelihood of the best-fit point o that of the SM
scenario.

» Result: For scenarios in which new physics contributions are assumed to be only in
CH*, (and possibly in the coefficients C , ,##), the statistical significance of the
new-physics hypothesis ranges between 5.00 and 5.7¢. The sign and magnitude of
the deviation is consistent in all observables, and observables insensitive to C4*, are
measured SM-like. '

(B. Capdevila, A. Crivellin, S. Descotes-Genon, J. Matias and J. Virto, arXiv:1704.05340)
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Explanation within the

The predictions for B, — ¢u 1~ and P! involve hadronic physics, one needs
non-perturbative methods

1. to constrain the contributions from (¢, ¢) resonances which convert to p* p~ via a
virtual photon.

2. to calculate the B; — ¢ and B; — K* form factors

= underestimated theory uncertainties can fake new physics in Cél

(W. Porod, Uni. Wirzburg) UV completions ... MITP, 28 Aug. 2019
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Decays governed by b — cli:

» B — Dtv b c
» B — D*tv w
» B— J/YTi Uy
14
BR(B — D7) BR(B — D*1w) BR(B — J/Y D)
Rp = Rp+ = el S

" BR(B — Duv) ’ " BR(B — D*up) ' /Y T BR(B — J/puv)

are all measured to be larger than the SM prediction.
The SM is very robust!
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B-physics anomallies [izlele]Xelalelagle]\VA%

04

035

03

02

(W. Porod, Uni. Wurzburg)

BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118 211801(2017)
= LHCb, PRL120,171802(2018)
B Averie

3. 80 dlscrepancy %

T T
Ay? = 1.0 contours
=== Average of SM predictions

B(B — Dt~ i;)
B(B — D*t~)

R(D) =0299 +0.003
R(D¥) =0258 £ 0.005

R(D) =

B(B — D**1~1,)

R(D*) = —=
(%) B(B — D*Jrf*ﬁg)

03

0‘4

. P where £ = e,

UV completions ...
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LHCb Combination

+ Most precise measurement of & 042

R(D) and R(D*) to date R b s
038 ; — World Comblnatlon 2019 {

« First R(D) measurement 2 E
performed with a semileptonic 0.34) 3
tag H 1

) ) 03 =

* Results compatible with SM . E
expectation within 1.2 026; ‘ ;

« R(D) - R(D*) Belle average is 3 Tl e |
now within 2@ of the SM 0220 o e e ]

o 0.2 025 |03 035 04 045 05
prediction l
Thi It AO)
« R(D) - R(D*) exp. world average sefiesy
tension with SM expectation R(D) =0.307£0.037 £ 0.016
decreases from 3.80 to 3.10 R(D*) =0.283+£0.018 £0.014

(W. Porod, Uni. Wirzburg) UV completions ...
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Models

B-physics anomalies: ‘simplified models’
+ roads to UV completions

QL 7 Ly Q Ly
>va< LQ
Q
L L. Q L
Roads to UV completions

Non-perturbative TeV-scale dynamics

(non-renormalizable models) Perturbative TeV-scale dynamics

(renormalizable models)

(W. Porod, Uni. Wirzburg) UV completions ... MITP 28 Aug. 2019
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Models

B-physics anomalies: ‘simplified models’
+ roads to UV completions

QL 7 Ly Q Ly
>va< LQ
Q
L L. Q L
Roads to UV completions

Non-perturbative TeV-scale dynamics ) ,
(non-renormalizable models) Perturbative TeV-scale dynamics

renormalizable models
» Scalar LQ as PNG: Gripaios, ‘10; ¢ )
Gripaios, Nardecchia, Renner, “14

» \ector LQ (or W’,Z") as
technifermion resonances: Barbieri
et al. '15; Buttazzo et al. "16;
Barbierietal. ‘17 ...

» W', Z' as Kaluza-Klein excitations
(e.g. from warped extra dim.):
Megias, Quiros, Salas “17; Megias,
Panico, Pujolas, Quiros ‘17 ...
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Models

B-physics anomalies: ‘simplified models’
+ roads to UV completions

Q. , L QL Ly
>-wvw< LQ
Q
L L. Q L
Roads to UV completions
Non-perturbative TeV-scale dynamics

(hon-renormalizable models) Perturbative TeV-scale dynamics
o, (renormalizable models)
» Scalar LQ as PNG: Gripaios, ‘10; . .
Gripaios, Nardecchia, Renner, * 14 » Renormalizable models with scalar

mediators (LQ), but also RPV-SUSY):
Hiller, Schmalltz, “14; Becirevic et al.

> Vector LQ (or W’,Z") as - "16; Fajfer et al. “15-"17; Dorsner et
technifermion resonances: Barbieri al. “17; Crivellin, Mdller, Ota “17:

et al. '15; Buttazzo et al. "16;

- Altmannshofer, Dev, Soni, ‘17 ...
Barbierietal. ‘17 ...

) o » Gauge models: Cline, Camalich
> W’, Z' as Kaluza-Klein excitations "17; Calibbi, Criveliin, Li, ‘17; Assad,
(e.g. from warped exfra dim.): Fornal, Grinstein, 17; Di Luzio,
Megias, Quiros, Salas “17; Megias, Greljo, Nardecchia, ‘17 . ..
Panico, Pujolas, Quiros ‘17 ...

(W. Porod, Uni. Wirzburg) UV completions ... MITP 28 Aug. 2019 13
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not all leptoquarks can do the job: G. D’Amico et al.,arXiv:1704.05438

scalar leptoquarks

Lepto-Quark coupling structure potential explanation
S3~(3,3,1/3) yQLS3+y' QQRS]+hc. T

Ry~ (3,2,7/6) yULR>+y QER}+hc. z

Ry ~ (3,2,1/6) yDL Ry +h.c.

51~ (3,1,4/3) yDES: +y UUS] +h.c. z

vector leptoquarks

Lepto-Quark coupling structure potential explanation
Us ~ (3,3,2/3) Qv.LU{ +h.c. z
Vo~ (3,2,5/6) yDy. LV +y QuuEVE +y" QU VI* +he.
U ~ (3,1,2/3) yQvuL U +y2 Dy, EUY +h.c. @

C. W. Murphy, arXiv:1512.06976: U; is very promising
D. Buttazzo, A. Greljo, G. Isidori, D. Marzocca,
arXiv:1706.07808: U; or Sy + S5 very promising

for details on leptoquark phenomenolgy:
|. Dorsner, S. Fajfer, A. Greljo, J. E Kamenik and N. Kosnik, arXiv:1603.04993

(W. Porod, Uni. Wirzburg) UV completions ... MITP 28 Aug. 2019
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U, appears naturally in SU(4), but non-observation of K, — ep implies my, > 10° GeV in
the simplest models.
Some proposals on how to save this

> SU(4) x SU(3) x SUL(2) x U(1), where SU(3)c emerges from the diagonal part of
SU(3) x SU(3)" C SU(4) + extra vector-like fermions
L. Di Luzio, A. Greljo, and M. Nardecchia, arXiv:1708.08450;
C. Cornella, J. Fuentes-Martin and G. Isidori, arXiv:1903.11517.

SU(4) x SUL(2) x SU(2)r x U(1) pg + extra-like fermions + textures
L. Calibbi, A. Crivellin, and T. Li, arXiv:1709.00692.

3-site SU(4) x SUL(2) x SU(2) g + extra-like fermions + link fields
M. Bordone, C. Cornella, J. Fuentes-Martin, and G. Isidori, arXiv:1712.01368.

SU(4) x SUL(2) x SU(2)r + Randall-Sundrum
M. Blanke and A. Crivellin, arXiv:1801.07256.

SU4)L x SU(4)r x SUL(2) x U(1)+ extra-like fermions (automatic)
B. Fornal, S. A. Gadam and B. Grinstein, arXiv:1812.01603

two problems
» contributions of the scalar sector to observables ignored
» usually a rather specific Ansatz for the flavor structure which is not RGE invariant

v

v

v

v

(W. Porod, Uni. Wirzburg) UV completions ... MITP 28 Aug. 2019
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SU(4) x SU(2)r, x U(1)g as an examplet
possible origin*:
SO(10) — SU(4) x SU(2) 1, x U(1)g via 455 + 12651

Particle content: gauge bosons

SU(4) X SU(Z)L X U(l)R SU(3)C X SU(Q)L X U(l)y
G, (8,1,0)
Ay = (UG“ Ul,“) (15,1,0) Unu (3,1,2/3)
Lp  w Bj,  (1,1,0)
W, (1,3,0) (1,3,0)
By, (1,1,0) (1,1,0)

Linear combination of B and B’ gives By, the orthognal one a Z’
after symmetry breaking
my; = mg

T model based on A.D. Smirnov, hep-ph/9503239, P Fileviez Perez, M.B. Wise arXiv:13076213
* S. Bertolini, L. Di Luzio and M. Malinsky, arXiv:1202.0807 breaking without tachyons

(W. Porod, Uni. Wirzburg) UV completions ... MITP 28 Aug. 2019 16
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Ve SU(4) x SU@2)z x U()r R
Scalars
G421 G321 G31
(5 5T (3,1,2/3) (3,1,2/3)
X_(XO) ®L12) | 8 "4,1,0) (L0
HY (1,1)
H (172)1/2) (17271/2) H? (1’0)
RY® (3,5/3)
Ry B2-16 | (3,1/3)
q’:(gf ga) 15,2,1/2) | RPT(3,-2/3)
2 G (8,2,1/2) Gt (8,1)
G° (8,0)
Hy (1,2,1/2) H% (1,1)
HY (1,0)

Gy21 = SUA)XSU2)LxU(1)r , G321 = SU(3)cxSU(2)LxU(1)y , Gz1 = SUB)exU(1)em
_ i 0 1 7o _ L ¥ 0 0
N R N A |

(W. Porod, Uni. Wurzburg)

UV completions ...
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Scalar potential
V= qu\lﬂz oE mi\x\Q -+ mi’l‘r(\@ﬁ) + A\ \H|2\x|2
+ X2 [HPTr(|[?) + As x| Tr(|@[?) + (aH] xT@'x + hoc.)
4+ ASHJTT((I’_;‘I’j)H'j + 2ex®10] x + A7|H|* + Asx|*
+ A0 Te(|@1%) + Ao (Tr|@[)2 + (A H] Tr(e! )]
+ M2 H] Tr(®' &7 1) + Mg H] Tr(d' @f &7) + h.(:.)
+ x93 x + A5 Tr(@] @ ‘P; @)
+ A6 Tr(®] &7) Tr(®] &%) + A17Tr (@] 1) Tr(@? @7)
+ g Tr(@] @1 @° &7) + Ao Tr(0] &f @7 &7)

with |H|2 = =xTx. |®|2 = @] 4,5 ... SU(2) indices.
After SU(4) breokmg one has a sum-rule omong the SU(2), doubets

3
2 2 o2 2 2
mg + 2m7y, sin ,B—E(mRermRz),

After SU(2), breaking

RE/S 2/3

/
, Ry — RLQ

(W. Porod, Uni. Wirzburg) UV completions ... MITP 28 Aug. 2019
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Fermions
SU(4) x SU(2), x U(l)g | SUB)e x SU(2)L x U(1)y
Q  (3,2,1/6)
Fr = ( ) (47 2, 0)
L (1,2,-1/2)
@ — @ @ A _ u® (gv 17 _2/3)
fu - (u v ) (4717 1/2) I/ (171’0)
= e (3,1,1/3)
c __ c c k] )
fd = (d € ) (47171/2) @ (17171)
N (1,1,0) (1,1,0)
1
— Ly = fSYIHFL + fCYa®Fy + fSYaHIF + f5Y4@t Fy 4+ fEYsxN + 5N,u\f +h.c.
Mass matrices:
UMy Vy = fY + 7Y2, U MgV = fY:; + —=
V2 2v/6 V2 2f
0 2y — vy, 0
Ui Uz = | &vT — ayT - 0 e vx v, M= Ply, - 32y
AP Ty = v2 1 26 v N € \/5 2 2\/6 4
0 AL ©

(W. Porod, Uni. Wurzburg)
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WORZBORG WIS SU(4) x SU(2)r, x U(1)r

Numerical input

In the following, if not stated otherwise

Vi = Va(d12, $13, $23)Veps » Ua = Vi, Uu = V!

[ Numerical input values |

Ys diag(10—8,10=7,10?)
Ys diag(10—2,5-10=2,10~1)
$12, 13, P23 w/2, 0, /4
Uy 4-10% GeV
ma, mp 2-10° GeV, 900 GeV
tan 8 50

w calculated from known neutrino masses and Up v s

U, contribution to K, — e = vy > 10°

= finy mixing between R and R; = cannot explain Rp p« /4

(W. Porod, Uni. Wirzburg) UV completions ... MITP 28 Aug. 2019
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Example onftributions of R’ to different processes

» the needed one

(W. Porod, Uni. Wirzburg) UV completions ... MITP 28 Aug. 2019
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WISRER SU(4) x SU(2)L x U(1)g

Example onftributions of R’ to different processes

» the needed one

» but also this exists

(W. Porod, Uni. Wirzburg) UV completions ... MITP 28 Aug. 2019



WORZBORG IS SU(4) x SU(2)r x U(1)Rr

Explanation of Rx and R+

" 11
~ -~
i
0.9
< %X
= _— —_|& o9l
0.8
0.8
o7k © %13 ® P12 " 923 e ® P13 ® P12 " da
0 4 1 3 T 0 4 L 3 ™
" 3™ a7 v 37 vl
Pij Pij

other parameters as in table shown before, in particular

(P12, ¢13, ¢23) = (7/2, 0, 7/4)

T. Faber, M. Hudec, M. Malinsky, P Meinzinger, W.P and F. Staub, arXiv:1808.05511

(W. Porod, Uni. Wirzburg) UV completions ... MITP 28 Aug. 2019
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Models
Explanation of Rx and R+

SU(4) x SU(2) x U(1)r

TOF

o

60

tan 8

50

— Rx— Rj)

800 900 1000 1100 1200
mp; [GeV]
other parameters as in fable shown before, in particular

(P12, P13, ¢23) = (7/2, 0, 7/4)
T. Faber, M. Hudec, M. Malinsky, P Meinzinger, W.P and F. Staub, arXiv:1808.0551 1
(W. Porod, Uni. Wurzburg)
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Constraints: u — ey

107101

10—12 |

Br(p — ev)

10—14 |

107* 1072 107" 10° 10" 10* @ 10°

S

other parameters as in table shown before, in particular

mp, =900 GeV , Yz = diag(1078,1077,107°) — sYs

T. Faber, M. Hudec, M. Malinsky, P Meinzinger, W.P and F. Staub, arXiv:1808.05511

MITP 28 Aug. 2019
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WIS SU(4) x SU2)L x U(1)g

Constraints: u — ey, u — 3e

0.71 1 1.28

> g
,,,,, Q
R o
, . T
. < qp-10
~ 10
% &
d R
” B 10781 -
+ B
N L 3
A o1

Rk
scan over ¢12, ¢12, ¢12 , ofther parameters as in table before

T. Faber, M. Hudec, M. Malinsky, P Meinzinger, W.P and F. Staub, arXiv:1808.05511

(W. Porod, Uni. Wirzburg) UV completions ... MITP 28 Aug. 2019



WORZBORG IS SU(4) x SU(2)r x U(1)Rr

Additional constraints

Once BR(u — ey)and BR(u — 3e) are consistent with data, then the usual suspects do not
give anything further

> 7= ly, T — 3l
» AMp,. AMp,
> Bsg— VT
» B — Xsvv

However
» BR(B — Xsep) close to experimental limit

(W. Porod, Uni. Wirzburg) UV completions ... MITP 28 Aug. 2019 26
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UNI
WURZBURG

Scalar contributions to K — ep

Rk~
| I

1078 |
=
o q0-12[
4
o
:S’ 16
& 1070}

;:' .- ..:’
1070 ¢ o
0.7 0.8 0.9 1. 1.1

Rk

scan over ¢12, ¢12, ¢12 , ofther parameters as in table before

T. Faber, M. Hudec, M. Malinsky, P Meinzinger, W.P and F. Staub, arXiv:1808.05511

MITP 28 Aug. 2019
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WORZBORG WIS SU(4) x SU(2)r, x U(1)r

End of the story?

Of course not, because
» giving up the restriction Uy = V; und Uy, = V;;: tiny regions in parameter space with
an explanation of R(K*> consistent with Ky, decays

I o % RO AL AL R oo i
10 LA S A oo, Lottt SR
. 0'
- -
™ w07 T . . . T S8 o
5 o« S . S : ..
& : H
O gel : :
| e
=
< 10° E!
KQ
1010 -
[f BRyouwa(r™ = e"ntnT) <23- w’“‘]

46x107° 4.8x107° 5.x107° 5.2x107° 5.4x10° 5.6x107° 5.8x107° 6.x107°
BR(r~ = efee)
T. Faber et al.,arXiv:1812.07592

» additional vectorlike SU(2)y, leptons gives consistent explanation for R(;) while
satisfying also the K, decays, need at least two additional generations
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ld:’:‘.‘mznuRGT Models

Scalar gluon production

421-model, Glimpses of collider phenomenology

pp -> G% bb/ tE, G* bt, G* bb, G* ttat Vs=100 TeV

102

o (pb)
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108
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T
G bb
GOttt
Gttt
G bb
G* bt
G* bb

T. Faber et al.,arXiv:1812.07592
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\Y[eleSIHM 421-model, Glimpses of collider phenomenology

scan over ¢i12, ¢12, ¢12 , Other parameters as in table before
in the region where R(K*) can be explained + consistency with other data

BR(G° — bb) ~ 0.7 —0.75,
BR(G® — bd + db) + BR(G® — b5 + sb) ~ 0.15,
BR(GT — tb) ~ 0.65 — 0.73.

UV completions

MITP 28 Aug. 2019




WORZBURG VISPl 421-model, Glimpses of collider phenomenology

Leptoquark decays

scan over ¢12, ¢12, ¢12 , other parameters as in table before
in the region where R%) can be explained + consistency with other data

2
BR(R}?/® = eTb) ~ BR(R}2/% 5 77b) 27"—*’2 (BR(RF*/® > 7+d) + BR(RS /S 5 r+s))
mT

2
BR(R} /% tet) ~ BR(RIS/? tr+) o 2’”—1’2 (BR(RZ®/® sur™) + BR(R™/® — or ™))
mT
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\Y[eleSIM Composite Higgs models

Some examples

S (3,1,1/3) and/or S3 (3,3,1/3)
» B. Gripaios, arXiv:0910.1789: choose global symmetry such that SU(4) € G and

U1

SU@3)c x U(l)p—1 € H = G/H has leptoquarks as PNGB

SO(11)/S0O(10) has just H and S; as PNGB

SU(10)r, x SU(10)gr x U(1)gp/SU(10)p x U(1) g . D. Marzocca, arXiv:1803.10972:
has S1. S35, Re and 1% (3,2,5/6) among the PNGB

proton stability: via F = 3B + L = interesting collider phenomenology
SO(13)/50(6) x SU(2)*, L. Da Rold and F. Lamagna, arXiv:1812.08678:

has S3. Rs and Re among the PNGB

proton stability: need a Z> and set certain Yukawa couplings to zero by hand

SU(4) x SO(5) x U(1)x /SU(4) x SO(4) x U(1)x R. Barbieri, C. W. Murphy and

F. Senia, arXiv:1611.04930 ; R. Barbieri and A. Tesi, arXiv:1712.06844:

approximate U(2)° symmetry for first two SM generations, additional Dirac-fermions,
which partly mix SM-fields

SU(Np)r X SU(Np)r X U(1)y /SU(Np)y x U(1)y D. Buttazzo, A. Greljo, G. Isidori
and D. Marzocca, arXiv:1604.03940:

include also the Us, approximate U(2)2 symmetry for first two SM generations

PNGB leptoquarks do not couple to a pair of SM-fermions
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Wl (VISSE SU(10)1 x SU(10)g U(1) g5 /SU(10)p U(1)u s

—=== 300 fb™'

2000
msg, 5 [GeV]
Present and future expected exclusion limits at 96% CL; vertical lines from pair-production

modes; purple from single production in the b channel; gray from the off-shell 77 tail.
D. Marzocca, arXiv:1803.10972
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Models SU(lO)L X SU(IO)R U(l)HB/SU(IO)D U(l)HB

Scalar gluons

71— g9, 73 > AV (V = Z,WE)

ATLAS gg 13 TeV 37fb*

0.1

0.01

0.001

O 131ev(PP —71)xBr (7, —909) [pb]

NHC=3 SO
10 4F-——- £=0.87 TeV
— f=11TeV
15 20 25 30 35 4o 45 5.0
Mg, [TeV]

D. Marzocca, arXiv:1803.10972
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(VISSE SU(10)1 x SU(10)g U(1) g5 /SU(10)p U(1)u s

Fy symmetry forbids couplings to two fermions
193
V2f
193

MGT

Mo 0
R — dor—93) sin 3 CLVTTJL Ar + h.c.

2V2f 3

i(gl +93) .0 7c T =
————~sin — b v -t + h.c. .
2v2f g LI

t

2
3

0 _
= Lif(g D) sin % tivrr

6 -
sin — bETLtf_iﬁT +
2 3

1 1
7l =n £ — —
NR,T = M1 \/5772 F \/3—0773

n; being gauge singlet PNGB decaying into gg, vv, vZ, ZZ, Wt W~

Psm

A "A Psm
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I'(B — DM i)
I'(B - D)
get confirmed, then clear sign of new physics

Could be explained via leptoquarks, in particular the vector Uy (3,1,2/3) or Sy
(3,1,1/3) + S5 (3,3,1/3)

I'(B— K®utu)
I'(B— K®eter)

Ry = (l=emn) s Rpo) =

» U part of SU(4) but constrained by K, decays
» Mechanisms to get a smaller mass

> extended gauge groups such as SU(4) x SU(3) x SU(2) x U(1)
> extra vectorlike fermions
» combination with Randall-Sundrum
> strong dynamics
Sy (3,1,1/3) + S5 (3,3,1/3) as PNGB

in all cases: significant constraints from low energy data from different sectors and
also from LHC searches
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