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Outline

|. The EFT case for U ~ (3,1,2/3)

2. 4321: A renormalizable UV _completion of U ~ (3,1,2/3)

- model bullding challenges
- gauge & flavour structure

- pheno (low-energy + high-pT)
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c- [ [combined explanations|

e SU(2)L triplet operator as a natural starting point for explaining R(D) + R(K)*

1 , y .
— ﬁ)‘gj)‘aﬁ [C’T (QL 7,0 Q7 )( %”y‘“’OaLg) [Bhattacharya et al 1412.7164
Alonso, Grinstein, Camalich 1505.05164,
Greljo, Isidori, Marzocca 1506.01705,

Calibbi, Crivellin, Ota 1506.02661, ... ]

[*see talks by O. Sumensari and D. Shih for alternative approaches]
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c- [ [combined explanations|

e SU(2)L triplet operator as a natural starting point for explaining R(D) + R(K)

1 % ang \( T« a 1 — — 1 _ —
- ﬁ)‘gj)‘ﬁﬁ [OT (QLyu0" Q) (Liyto Lg) ™ A2 2eL"brTr v + A2 SLY OLB LYl
RD RK

br, TI, br, X ML
EL X ﬁL EL ﬁL

AR, =3.4TeV < AR, =31 TeV

* Perturbative unitarity bound from 2 — 2 fermion scatterings (worse case scenario)

Vsp, <9.2 TeV Vg, <84 TeV

no-loose theorem for HL/HE-LHC ?  [LDL Nardecchia 1706.01868]
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c- [ [combined explanations|

e SU(2)L triplet operator as a natural starting point for explaining R(D) + R(K)

1 % ang \( T« a 1 — — 1 _ —
- ﬁ)‘gj)‘ﬁﬁ [OT (QLyu0" Q) (Liyto L?) ™ A2 2eL"brTr v + A2 SLY OLB LYl
RD RK

* Favour structure:
. large couplings in taus [SM tree level]
2. sizable couplings in muons [SM one loop]

3. negligible couplings In electrons [well tested, not much room]|

A = §;30;5 + corrections U(2), x U(2), approx flavor symmetry

[Barbieri et al 1105.2296, 1512.01560]

ink to SM Yukawa pattern ! [see talk by R. Ziegler]
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c- [ [combined explanations|

e SU(2)L triplet operator as a natural starting point for explaining R(D) + R(K)

1 ~i an \( T« a ) (T
— SN (O (QEruo" @) (L84 0" L) + Cs (Qmu@) (L L))

e Finite list of tree-level mediators [Ziirich's guide for combined explanations, 1706.07808]
Simplified Model | Spin | SM irrep | Cs/Cr | Rpey | Ry 0.06F
7 T | (LLO) | o x | v |
Vv’ 1| (1,3,0) 0 | ov 004
S 0 |(3,1,1/3) | -1 v X 0.0l
O3 0 |(3,3,1/3) 3 v v ol
U, 1 (3,1,2/3) | 1 N A I
Uy 113,323 | -3 | v | v |

~0.02}

~0.04}

3 U1 emerges as an exceptional single mediator |
| consistent with various flavour/EW constraints _0.06l
Z0.06-0.04 002 0.00 002 0.04 0.06

Cr
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UV completion: U ~ (3,1,2/3)

* Massive vectors point to UV dynamics at the TeV scale

composite resonance of gauge boson of an
a new strong dynamics extended gauge sector

L. Di Luzio (Pisa U.) - 4321



UV completion: U ~ (3,1,2/3)

* Massive vectors point to UV dynamics at the TeV scale

| G SUM4)xSO(B)xU(1)x
composite resonance of H  SU(4) x SO(4) x U(1)x
a new strong dynamics

[Barbiert, Isidori, Pattori, Senia 1502.01560

Barbieri, Murphy, Senia 161 1.0493

Buttazzo, Greljo, Isidori, Marzocca 1/706.07808
Barbieri, Tesi | /12.06844]

* pNGB Higgs + U as composite state of G

) conceptual link with the naturalness issue of EW scale

© light LQ lowers the whole resonances’ spectrum (direct searches + EWPT5)

“ intrinsically non-calculable (e.g. Bs-mixing quadratically divergent)

[see also talks by B. Gripaios and D. Marzoccal
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UV completion: U ~ (3,1,2/3)

* Pati-Salam (well-motivated, 44 years old)

GPS = SU(4)pS X SU(Z)L X SU(Q)R
gauge boson of an

Gps/Gsy =Ui + 7'+ Wp extended gauge sector

) hinted by SM chiral structure and neutrino masses + one step from SO(10)
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UV com

dletion: U ~ (3,1,2/3)

* Pati-Salam (well-motivated, 44 years old)

GPS = SU(4)pS X SU(Q)L X SU(2)R

Gps/Gsy =Ur+ 72"+ Wg

gauge boson of an
extended gauge sector

) hinted by SM chiral structure and neutrino masses + one step from SO(10)

©) My, 2100 TeV from K2 ,B° B, — (¢ [L x R couplings both present by unitarity]

@) 7' direct searches [ My, ~ My ~ TeV + O(gs) Z' couplings to valence quarks]

“) neutrino masses also suggest My, > TeV [Ytop ™~ Yus—Dirac |
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UV completion: U ~ (3,1,2/3)

* Pati-Salam (well-motivated, 44 years old)

GPS = SU(4)pS X SU(Q)L X SU(2)R
gauge boson of an

Gps/Gsy =Ui + 7'+ Wp extended gauge sector

) hinted by SM chiral structure and neutrino masses + one step from SO(10)
©) My, 2100 TeV from K2 ,B° B, — (¢ [L x R couplings both present by unitarity]
@) 7' direct searches [ My, ~ My ~ TeV + O(gs) Z' couplings to valence quarks]

“) neutrino masses also suggest My, > TeV [Ytop ™~ Yus—Dirac |

ety LQ of minimal PS cannot explain B-anomalies

[Non-minimal PS options lack the beauty and simplicity of the minimal construction: Calibbi, Crivellin, Li 1 709.00692, Bordone,
Cornella, Fuentes-Martin, Isidori 171201368 + 1805.09328, Blanke, Crivellin 1801.07256, Heeck, Teresi 1808.0/492 ... ]
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UV completion: U ~ (3,1,2/3)

* Pati-Salam (well-motivated, 44 years old)

GPS = SU(4)pS X SU(Q)L X SU(2)R
gauge boson of an

Gps/Gsy =Ui + 7'+ Wp extended gauge sector

) hinted by SM chiral structure and neutrino masses + one step from SO(10)

e

©) My, 2100 TeV from K2 ,B° B, — (¢ [L x R couplings both present by unitarity]

— e —

——

|

H @) 7' direct searches [ My, ~ My ~ TeV + O(gs) Z' couplings to valence quarks]

| “) neutrino masses also suggest My, > TeV [Ytop ™~ Yus—Dirac |

e — A —

S —— — A —— —

-~ step O:does a gauge UV completion of U; addressing these three phenomenological
issues (in order to be a viable solution of B-anomalies) exist 7
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The 4321 model

[LDL, Greljo, Nardecchia 1/708.08450,
See also Diaz, Schmaltz, Zhong 1706.05033]

SU(4) x SU(3) x SU(2), x U(1)
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The 4321 model

U(l)y [LDL, Greljo, Nardecchia 1708.08450,
| | See also Diaz, Schmaltz, Zhong |7/06.05033]

SU(4) X SU(g)/ X SU(Q)L X U(l)/ L GSM = SU(3)C X SU(Q)L X U(l)y

I | (Q13)
SU(3)¢ 91> g3 > ¢
1
SM embedding: SU3)c = (SU(3)a x SU(3))aiag gs = % ~ g3
4 3
Uy = (UL)a x U(1) )aig =

gy = - =01
\/g£+§g%
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The 4321 model

U(l)y [LDL, Greljo, Nardecchia 1708.08450,
| | See also Diaz, Schmaltz, Zhong |7/06.05033]

SU(4) X SU(B)/ X SU(Q)L X U(l)/ L GSM = SU(3)C X SU(Q)L X U(l)y

| | ((h,3)
SUB)e
SM embedding:
Massive gauge bosons: G/Gsm=U+Z+¢ (9,)% Uy
BV =5

= cannot decouple ¢ and Z' from LQ mass scale !

[a theorem (7) that in whatever UV construction U always comes with a Z’ - while the coloron is a
specific consequence of the 432 model]
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The 4321 model

U(l)y [LDL, Greljo, Nardecchia 1708.08450,
| | See also Diaz, Schmaltz, Zhong |7/06.05033]

SU(4) X SU(g)/ X SU(Q)L X U(l)/ L GSM = SU(3)C X SU(Q)L X U(l)y

| | (Q13)
SU(3)c
Matter content
Field | SU(4) [ SUBY [SU2) LU (1)
qr | 1 3 2 1/6
up |1 3 1 | 2/3
i | 1 3 1 |-1/3 Would-be SM fields
0 1 1 2 |=1/2 |
6’1331 1 1 1 —1 mix after SSB
g 4 1 2 0 . . o
ot | 4 : . . Vector-like fermions (Q'+L)
H 1 1 2 1/2
Qs | 4 3 1 1/6 SSB
Q| 14 1 1 |—1/2
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The 4321 model

U(l)y [LDL, Greljo, Nardecchia 1708.08450,
| | See also Diaz, Schmaltz, Zhong |7/06.05033]

SU(4) X SU(B)/ X SU(Q)L X U(l)/ L GSM = SU(3)C X SU(Q)L X U(l)y

| | (Q3)
SUB)e
Matter content: =ty | Q dominantly couples to 3rd generation LH fields:
[matches in first approx. EFT analysis for B-anomalies +
Field | SU(4)|SU3)"|SU(2) |U(1) relaxes flavour bounds from chirality enhanced meson decays]|
qr 1 3 2 1/6
uph 1 3 1 2/3 s
ol 3 1 |[—1/3 Gi ®< |
. 1 1 2 | —1/2
e 1 1 1 1l
L 4 1 2 0
UL | 4 1 2 0
H | 1 1 2 1/2
Qs | 4 3 1 1/6
Q, | 14 1 1 |=1/2
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The 4321 model

U(l)y [LDL, Greljo, Nardecchia 1708.08450,
| | See also Diaz, Schmaltz, Zhong |7/06.05033]

SU(4) X SU(B)/ X SU(Q)L X U(l)/ L GSM = SU(3)C X SU(Q)L X U(l)y

| | (Q.3)
SUB)e
ey LQ dominantly couples to 3rd generation LH fields:
[matches in first approx. EFT analysis for B-anomalies +
relaxes flavour bounds from chirality enhanced meson decays]|
£r=LLQ" L, Uy + b, -y Suppressed Z' and ¢ couplings to light generations

V2
+ 94—~ MTa / g3 _, ,uTa / la
gs | —QY"TQL — =G "1 | 9,
g3 g4

L /3 9ga =/ / 291 —/ / /
+ v/ 2oy ( 2Q Q- SR g, ) Z
6\/;91/ (91 QO 3 g4 4.7 4L | 4,

L /3 ga—1 / 291 i / /
o2y (BT, — 2 e )
2\/;9Y (91 LY Ly 3 01 LV L) 4y
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The 4321 model

U(l)y [LDL, Greljo, Nardecchia 1708.08450,
| See also Diaz, Schmaltz, Zhong |7/06.05033]

|
SU(4) X SU(B)/ X SU(Q)L X U(l)/ L GSM = SU(3)C X SU(Q)L X U(l)y

I I (Q13)
SU(3)c

ey | Q dominantly couples to 3rd generation LH fields:

[matches in first approx. EFT analysis for B-anomalies +
relaxes flavour bounds from chirality enhanced meson decays]|

~-  Suppressed Z’ and g couplings to light generations

[requires pbhenomenological limit gs > g3 =~ gs > g1 =~ gv]

~==» B and L accidental global symmetries

[neutrino massless as in the SM]
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Key phenomenological features

|. Large quark-lepton transitions in 3-2 sector
2. Tree-level FCNC involving down quarks and leptons are absent

3. Tree-level FCNC involving up quarks are U(2) protected

% & () 4% & (1)

[see backup slides for the discussion of the flavour structure]

[LDL, Fuentes-Martin, Greljo, Nardecchia, Renner |1808.00942]
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Key phenomenological features

|. Large quark-lepton transitions in 3-2 sector
2. Tree-level FCNC involving down quarks and leptons are absent
3. Tree-level FCNC involving up quarks are U(2) protected

4. FCNC @ |-loop under control

br Bre  Ef Bia SL

4 — —
Heg = — 1287%;771%] (bry*se) (bryuse) > AarsF (o, 2s)
@, B

= = = )\azﬁbaﬁia xa:mi/M[% &:(1,...,6)
5L B &/ Bus br

Z Mo =0 [ensures cancellation of quadratic divergences]

«

F(zg,x5) X+ zo+ 25+ ... =B dynamical suppression from light lepton partners
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Low-energy / high-p T Interplay

0.8 LL 2 2
Chps” ~ AR M
0.7
0.6
. 0.5
S . .
D 0.4 vector-like leptons are predicted
k= to be the lightest new states !
© 0.3

— M = 600 GeV

0.2 :
----- ML = 750 GeV E
0.1 .
........ My, = 900 GeV
0.0 IR P
1.5 2 2.5 3 3.5 4
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sin 0,
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Low-energy / high-p T Interplay

0.8
0.7
0.6

0.5

— M = 600 GeV

ML = 750 GeV
M; = 900 GeV

3 35 4

CLL ~ ARZ ., M?

Mass [TeV]

D)

Benchmark spectrum

f—U/,

— (\)
D o
T | T T T T T T

[E—
O
T T | T T T

0.5

[ Mg=1.6 TeV, M;=0.85 TeV, sq2=0.30, 5q3=0.79, s;3=0.81. |

0 g’

m— 7/B

N VA

C/S

_U/D

m— N;/E3

N/E>
NIJE;

ga= 3.5, v3= 1.2 TeV, v4= 0.66 TeV, Aq3=/1(3= 2.5,




High-pT highlights

e Coloron searches push the whole spectrum up

q , Jt
g
. Jt
040 .............. s.q3=08: g4=35._
0.35¢ 13TeV 36.1fb""]
) 305 tt @ 3TeV 36. b_15 Benchmark spectrum
e jl @13TeV 37fb 3.0 — g
~" 0.25 -
= s E i m—— 7/B
(20 0.20g 0 e ; 2'5:‘ U,
0.15} ' S 2.0 =7
0.10} = s C/S
1500 2000 2500 3000 3500 4000 = _
1.0+ N,/E; |
L 2 2 |
My [GeV] f NIE;
05_ I\gﬂ4:—f§,TV3\7 1I\I/I2—T(;a\8/é"/F1:V0.66 TZ\;’OAQSZ/Z?;;'S’ =0.81 ]
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High-pT highlights

e Coloron searches push the whole spectrum up

* Exotic multi-lepton & multi-jet signatures

[Dominant decays of new fermions are | — 3]

L. Di Luzio (Pisa U)) - 4321

3.0/
2.5/
= 2.0
=
A 15
© :
=
1.0-
0.5

Benchmark spectrum

X —

0 g’

m— 7/B

N VA

C/S

_U/D

m— N;/E3

Nz/Ez |

e _
NI/E;

- 04=35, v3= 1.2 TeV, vy= 0.66 TeV, 1q3=1/3= 25,
| Mq=1.6 TeV, M;=0.85 TeV, 5qp=0.30, 5q3=0.79, s;3=0.81. |




B-anomalies paradox

* NP expected to be seen yesterday !

2 TeV g4 \ 2 Sp-\2 [ S S
AR = 0.2 (—) in(20 (—3) (ﬂ) (ﬂ)
D) (MU> 35) Sm202) (55) (o5) (03

AF = 2 + direct searches Perturbativity

FD-mix (excl.

I ARpe = 10%

= 600 GeV

— My

0.2 ]
R ML = 750 GeV ]
0.1 .
........ My, = 900 GeV
0.0, ........................ . I ]
1.5 2 2.5 3 3.5 4 3.5 4.0 4 5! 5.0 5.5 6.0
My [TeV] logo(1/GeV)
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Conclusions

|. Early speculations point to TeV-scale vector leptoquark (R(D)+R(K) explanation)

- who ordered that ?

- connection to EW naturalness and SM flavour ?

2. In the meanwhile, lesson from 4321 [UV complete / calculable model]

~ unexpected experimental signatures (coloron, vector-like leptons, ...)
S+ playground to compute correlations

3. Situation is tough, but not impossible [e.g. if deviation in R(D™) gets reduced]
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Backup slides



~lavour structure
e Pick-up a basis exploiting U(3)’ symmetry of kinetic term
Loniotive = —TpYadpg H =T VY, uy H— €, Y. ¢p H
Loix = T AU R Qs — O AU — U Mg

*hat denotes a diagonal matrix

Field [SU(4)[SU(3)'[SU2). [U(1)

qr 1 3 2 1/6

up 1 3 1 2/3
- 1 3 1 |—1/3
z 1 1 2 |—1/2

e 1 1 1 —1
L 4 1 2 | o v (Q’)
S 4 1 2 0 L
H 1 1 2 1/2

Qs | 4 3 1 1/6

Q| 4 1 1 |—1/2
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Flavour structure

o L. .ix — 0

Lonitive = —TVadg H =GV, ug H =0, Y, ey H
* A well-known story:
-Y, = 0: Ul)gxU(1)y, x U(1),

- Yy — 0: U<1>u X U(l)c X U(1>t
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Flavour structure

o L. ix — 0
Lonitive = —TVadg H =GV, ug H =0, Y, ey H
* A well-known story:

_ Yu — 0 U(l)d X U(l)s X U(l)b ] SU(Z)L y
U(Wgrs X U(D)are x U1y 5 U(1)5

- Yy = 00 U(L)u x U(1)e x U(1)

e Collective breaking in the SM ensures:

|.No FCNC in either up or down sector [forbidden by the two U(1)3 in isolation]

2. FCCC from up/down misalisnement [due to CKM # |]

L. Di Luzio (Pisa U)) - 4321



Flavour structure

® | et Us assume: Loix = =G \VR Q3 — Z’LAK\IJR () — WLM\IJR

Lovioive = -G, Yady H—, VY i/, H—7,Y. " H
>‘q — dlag (>‘§27 >‘(1127 Ag)

1 0 0
Ae=diag (M, N) W W= 0 cosfrg sinfrg M o1
0 —sinfrg cosfrg
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Flavour structure

® | et Us assume: Loix = =G \VR Q3 — Z%Ql — @LM\IJR

— ¥ _ ’ T
Loviztie = — G Yagdo H =G, VY, us H—0,Y.en H

)‘q — dlag (A({% A({27 Ag)

1 0 0
A\, = diag ()\ﬁ7 )\g, )\g) W W= 0 cosfrg sinlrg M ox 1
0 —sinfrg cosfrg

Go = U@2)g+w x U(l)g+w, [promoting approximate U (2 )q 0f SM to NP]

|. No tree-level FCNC in the down sector (A, and Y; diagonal in the same basis)

2. CKM-induced tree-level FCNC in the up sector (D-mixing) protected by U(2),

CP o (VpVii)? ~ 1078
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Flavour structure

® | et Us assume: Loix = —5%93 — Z'L)\E\IJR () — WL]\Z/\IIR

Lovioive = -G, Yady H—, VY i/, H—7,Y. " H
Aq — dlag (A?% >‘(1127 Ag)

1 0 0
A\, = diag ()\ﬁ7 )\g, )\g) W W= 0 cosfrg sinlrg M ox 1
0 —sinfrg cosfrg

e )\, —0

|. No tree-level FCNC in the lepton sector ( A\¢and Y, diagonal in the same basis)

2. W is unphysical
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Flavour structure

® | et Us assume: Loix = =G \VR Q3 — Z’L)\K\IJR () — @LM\DR

LsM-_like = —ﬁ/Lf/d dp H — G/LVTYLL Up H— z,L)A/e er H
Aq — dlag (>‘(1]27 >‘(1]27 Ag)
1 0 0 A
A\, = diag ()\ﬁ7 )\g, )\g) W W= 0 cosfrg sinlrg M x1
0 —sinfrg cosfrg

e Collective breaking (Q and L locked by SU(4) gauge symmetry)

SU(4)+W
gQ norL ’ U(l)qi+£’1+\111 X U(l)q’+€’+\lf

|.no FV involving down and electrons

2. only LQ feels W matrix

9

V2
L. Di Luzio (Pisa U)) - 4321
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A suggestive analogy™

321 4321
Oc 0ro
V W
WH U+
ur, QL
o= () v ()
Y., Yy Ags A
SU(2). SU(4)
U(1)y x U(L)e x U(1), U(2)g+w X U(1)gtw,
U(1)a x U(L). x U(L); Uy e XUy, XU,
U(1)s U(l)q’1+€’1+\111 X U(1)g+o4w
u — d tree level () — L tree level
u; — u; loop level Q; — Q; loop level
d; — d; loop level L; — L; loop level

* symmetries in 32| accidental, in 4321 imposed (still, helpful for understanding pheno)
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Fermion mass basis

0 MQ MQ
\ V1 YA t ol
My = O)‘{x/li M, = Ye\/i)‘gmf V2 |
0 M; |’ 0 M;
AP NEG -
MLz: | |2 : MI2/’ MQz: 2 : MC%’

)\q V3
sin 0, :
\/ N2 03 + 2 M3
pVA
sin 0y, = i1

VIN2 o2 + 202
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| Q Interactions

|. Large quark-lepton transitions in 3-2 sector

g4 — '
Ly D Eﬁw QLVWJLUM

0 0 0

8 = diag(sqy,, Sq105 Sq3) W diag(0, sg,, s¢5) = | 0 COroSq12502

0 T50L05q35l2 COroSq3543

2,2

giv Vi
st~ B 1 (@)
U ts

Bsr > Vig ~ 0.04 allows to raise the LQ mass scale

we need: O ~7/4 Oy ~7/2 Op~m/2 O, ~O(1)
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/' | g Interactions

Ly D gs %gf {m” g AYHT G + /4’] ) y“TauR + lid de“Tadj }

Ly PNy [gw G+ €9 Tyl + € Ay dly — 367 Tt — 3€0 Ehyte)

26 g1
2
So 0O O 5 5
Kqg = 0 832 0 —§1, /iu%'%d%_ggla
0 0 s2, ! !
2
St 0 O 5 2 5
g 29
gq% 0 832 0 _3—9517 guNgd%_ﬁla
0 0 s2, ! !
2
Sy, 0O O 5 5
29 29
e~ | 0 8%2 0 —3—9;1, §ez—3—g§1
0 0 s7, ! !
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HIgh-pT searches

e | Q pair production via QCD

- 3rd generation final states (fixed by anomaly and SU(2)( invariance)

b
- T U - brt, BR=50%
U —t7, BR =50%
.

[CMS search for spin-0, 1 703.03995
recast for spin-1 1706.01868 (see also 1706.05033) + Moriond EW update]

my 2 1.5 TeV B | Q mass sets the overall scale: M, ~V2My My ~ - My

L. Di Luzio (Pisa U.) - 4321



HIgh-pT searches

e |LQ pair production via QCD

e /' Drell-Yan production naturally suppressed

3 .
sin @y = §‘Z—Y ~ (.09 *‘"""’b requires ga 23
4

* o' resonant di-jet searches [ATLAS, 1703.09127]

sin 6, = ? ~ (.3 2 TeV coloron naively excluded
4
q / 9
g J
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Coloron
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