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Recap: B-physics anomalies

Combined EFT fit of the anomalies

Simplified models & direct searches of the mediators

UV construction:
- oNGB scalar leptoguarks = composite Higgs
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Introduction

The hierarchy problem of the EW scale suggests a new physics scale /A < TeV.

Most of model-building effort has been focussed on solutions of this problem:
SUSY, compositeness, extra dimensions, twin Higgs, NNaturalness, relaxion, etc...

The strong bounds from flavour physics require instead /A > TeV™*:
flavour was a “problem” to be avoided — postponed to high scales.

* for arbitrary flavour structure
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Introduction

The hierarchy problem of the EW scale suggests a new physics scale /A < TeV.

Most of model-building effort has been focussed on solutions of this problem:
SUSY, compositeness, extra dimensions, twin Higgs, NNaturalness, relaxion, etc...

The strong bounds from flavour physics require instead /A > TeV™*:
flavour was a “problem” to be avoided — postponed to high scales.

* for arbitrary flavour structure

Predictions for the LHC era;

Abundance of new (s)particles at the LHC!!!

Flavour-blind New Physics (maybe something in FCNC, LFV) ...
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Introduction

The hierarchy problem of the EW scale suggests a new physics scale /A < TeV.

Most of model-building effort has been focussed on solutions of this problem:
SUSY, compositeness, extra dimensions, twin Higgs, NNaturalness, relaxion, etc...

The strong bounds from flavour physics require instead A > TeV™*:
flavour was a “problem” to be avoided — postponed to high scales.

* for arbitrary flavour structure

Predictions for the LHC era;

Abundance of new (s)particles at the LHC!!!

—>

Flavour-blind New Physics (maybe something in FCNC, LFV) ...

Instead we ended up with:

No direct signal of new particles...

Exciting anomalies in flavour physics!!!



The Flavour “puzzle”
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This peculiar pattern does not seem accidental

What is the origin of the SM Yukawas"?
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The Flavour “Problem"”
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The Flavour “Problem"

%16 4@7 i,\ hy :f’nf gK Silvestrini, La Thuile ‘18
NP 210“%— Fn’eC’;
C — - [ § ImcC,
e (V¥ V) 3 Eme
| S
) ] "
ym ( For the hierarchy problem -
A s TeV ]
9,

<
= e
/
-
)
NS,

Meson — anti-Meson mixing

For generic NP flavour-violation (c=1) A = 10° TeV
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Meson — anti-Meson mixing

For generic NP flavour-violation (c=1) A = 10° TeV
For MFV-like (c ~ CKM)NP A = 102 TeV

~or U(2)-like (Brd genc ~ CKM)NP A = 10 TeV
~or U(2)-

ke and loop-generated A =1 TeV

NP scale A (TeV)

NP scale A (TeV)

The Flavour “Problem"
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Beyond Flavour-Universality

To reconcile a low NP scale in flavour physics with present bounds
its flavour structure should have some protection.

Structures like U(2) flavour symmetry or partial compositeness are very motivated

Violation of flavour-universality!

'

Expect largest coupling to 3rd generation

NP scale A3rd < Aznd < Alst
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It doesn't matter how beautiful your theory is,
it doesn't matter how smart you are.

If it doesn't agree with experiment, it's wrong.
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Charged-current anomalies
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Robust SM prediction

While p/e universality tested at O(1%) level.
Straub, Jung, et al. 2018



Neutral-current anomalies (1)
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All are below the SM prediction



Neutral-current anomalies (2)
| WW g b— sutu

., INnB— K(—Kn) ut u

Angular coefficient P’s as function of g2.
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SM prediction is challenging

due to possibly large non-perturbative
“long distance” effects (in cc loops)

First attempts to extract these from
data confirm a large significance of
the deviation.
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Neutral-current anomalies (3)
| mwg b—sutu vs. b—sete

C D’Amico et al. 2017; Ge_;ng et al. 2017,
0.4 by, uy, Altmannshofer et al. 2017, ...
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Clean SM prediction
11



Neutral-current anomalies (3)

b > s
W + 44- + o
s b—sutu vs. b—sete
Z,
4
Lepton Flavour Universality ratios Perfectly compatible with the

- observed deviations in

- Differential distributions in B — K™ u*u-

- Branching ratios of b — s " u-transitions

0.8 When R(K0) is included, all fitting groups agree.

/

L6~ 4 - 5 o deviation in global fits
14- ¢ ‘ ot o .
: e ~ 20% below the small SM amplitude
1.2 //(;bBlegg i
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Clean SM prediction from Van Dyke’s talk at CKM 2018

11



Belle Il

LHCb

Belle I

LHCb

LHCb

FUture PrOSpeCtS Albrecht et al 1709.10308

Experimental Timeline

Start of Data taking period |

| Run 2

~ 5 ab

| Wilestone | |
2017 2018 2019 2020 2021
Q1EQ25035Q4 Q1EQ25035Q4 Q1IQ2EQSIQ4 Q1EQ2EQSEQ4 Q1 02503:04
* *

Q1EQ2EQSEQ4

01502503504

~ 50 ab-!| End of Data taking period

Run 3

*
~ 22 fbr|

Milestone llI

-----------------

01502503504

2029

----------------------------------------------

01502503504 Q1502503§Q4 Q1EQZEQSEQ4

Run 4

~ 50 fb-1]

+ Very precise measurements on
many other related observables.

In just a few years we will know if
these are genuine NP signals or not.

Charged-current
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+ LHCb will also measure R(D)

Neutral-current

Assuming present central value,
LHCb will measure R(K) and
R(K*)

at >50 by Milestone | (2020),
~150 at Milestone Il (2030).

Also Belle-Il will reach 7-8c by
Milestone Il (2025).
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Who ordered THAT??

New Physics effects in rare decays was expected,
NOT in tree-level decays...

13



Who ordered THAT??

New Physics effects in rare decays was expected,
NOT in tree-level decays...

History shows that often discoveries come
as unexpected surprises

Michelson Morley (1887): @ FEinstein’s Special Relativity

Black-body, photoelectric effect s

(end 1800s - 1920s) QM. Einstein: “God doesn'’t play dice

Universe expansion (1929): g The Universe was thought as static [Einstein 1917]
Muon discovery (1936): ——1PFp Rabi: "Who ordered that?"

Galaxy rotation curves (1933);  ====—Pp Dark Matter

Accelerated expansion b
of the Universe (1998) Dark Energy
Beyond the SM physics (?) —Pp 777

13



Difficult to rely only on statistical fluctuations, given the large significance.

To avoid new physics in any of these observables one needs:

- an unknown experimental systematic entering in R(D) and R(D”),

- an unknown experimental systematic in R(K) and R(K*),

- non-perturbative QCD effects to explain the deviations in Ps' and Br,
- the size of QCD and systematic effects should exactly coincide.

14



Difficult to rely only on statistical fluctuations, given the large significance.

To avoid new physics in any of these observables one needs:

- an unknown experimental systematic entering in R(D) and R(D”),

- an unknown experimental systematic in R(K) and R(K*),

- non-perturbative QCD effects to explain the deviations in Ps' and Br,
- the size of QCD and systematic effects should exactly coincide.

ks Or wait patiently for a couple of years...

CIZ(EEIBI More data will help in solving these issues, for example measuring a
e differential LFU ratio in R(75")(g?), measuring LFU ratios in

AND  charged-currents in other systems (A, — Ac T (1) v, ecc..),

SEE angular observables in B — DM1v. .
14



... but what 1f 1t’s genuine?

A physicist’'s job is to explain experimental results with some model,
keeping into account all present constraints,
and derive predictions for other observables which can test it.

15



Bottom-up approach to model building

e oo UV completions
Co g€ € . -

!

Simplified Models

!

EFT

!

Data
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Best BSM low-energy interpretation

Neutral-current b —> S Ut u-
il ci=1 — A ~32TeV
C;

LD —(ELWQbL)(ﬂL"ya,LLL) + h.c. where ¢;i=Vi — A~6TeV

....and so on

1.6
1.4~
1.2-

< 1.0°

S

0.8

0'6: D’Amico et al. 2017; Géng et al. 2017,
0.4 b1, 1, Altmannshofer et al. 2017, ...
L2 o e O e B

04 06 08 1.0 1.2 14 1.6
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Best BSM low-energy interpretation

Neutral-current

L5 p(sm br)(BLYatL) + h.c.

Charged-current

Freytsis et al. 2015, Angelescu et al. 1808. 0817/

1) LH currents

2c
LBSM = A2 (CLVMbL)(TL"yMVT) + h.c.

ftci=1 — A~3.7TeV
=V — A~0.7TeV

b—sutp

where

ci=1 — A~32TeV
:Vts —> AN6TeV

...and so on

b — ¢ T + (missing E)

(gg)(ll) Freytsis et al. 2015
10:“‘”\:\ “““““““!v““

10! =

100

ial. 1808.08179

0.1
-25 -20-15 -1.0 =05 0.0 05 1.0
gi(mp) 17




Best BSM low-energy interpretation

Neutral-current b —> S Ut u-
il ci=1 — A ~32TeV

,CDE(SL’)/ br)(ArYapr) + h.c. where  ¢;=Vi  — A~6TeV
....and so on

Charged-current b —> CTT (miSSing E)

Freytsis et al. 2015, Angelescu et al. 1808.0817/

1) LH currents

2c
LBSM = A2 (CLVMbL)(TL"yMVT) + h.c.

ftci=1 — A~3.7TeV
=V — A~0.7TeV

2) Tensor + Scalar solution
A good fit can also be obtained with this setup:

Leg = —QﬂGFVud[gSL (1) (@rdyr)(Cryr) + gr(p) (WrowdL) (Cro” ”VL)}

gSL — 4gT
Angelescu, Becirevic, et al. 1808.08179
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Best BSM low-energy interpretation

Neutral-current b —> S Ut u-
il ci=1 — A ~32TeV

LDE(SL’)/ br)(ArYapr) + h.c. where  ¢;=Vi  — A~6TeV
...and so on

Charged-current b —> CTT (miSSing E)

Freytsis et al. 2015, Angelescu et al. 1808. 0817/ \

1) LH currents , _
3) RH currents & New RH sterile neutrino

2c
LBsM = 2 (eryubr) (T vy ) + hec. mass below ~ 100 MeV
CTV CR —
fei=1 — A~37TeV Lsit = 3 (Crbr) (TrY" Nr) + h.c.

Vo — A~0.7TeV fe=1 — A~13TeV

2) Tensor + Scalar solution Asadi et al. 1804.04135, Greljo et al. 1804.04642,
A good fit can also be obtained with this setup: Eggtigioga%it;i?gégé,?gém., Ubaldi 1807.10745
Lo = ~2V2CVia | g, (1) (@ds) Crve) + g1 (1) () e )|
gs, =4gr

Angelescu, Becirevic, et al. 1808.08179

17



Why a combined explanation?

. Vis = N
R(K®)) ——p» ~ Tt (bryasL) By L)

A2

ANg, ~ 6 TeV
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Why a combined explanation?

} Vis ;7 .
R(K®)) —» -~ gﬁ;\; (brYasL) (LY pr)

AN g,~6TeV SM gauge invariance SU(2)L

Cr (Q4,0°Qi ) (L8 0 L)) + Cs (Q4, Q%) (LEA*LY)

Usually UV physics generates both.

A Z" model can generate only the singlet, but such a
solution is already in strong tension with Bs-mixing
(tree-level).

18



Why a combined explanation?

} Vis ;7 .
R(K®)) —» -~ gﬁ;\; (brYasL) (LY pr)

AN g,~6TeV SM gauge invariance SU(2)L

| Cr (QiL%ﬂaQ‘i

)(L§r*o° L))

g ‘/cb T U« '
~ ’j\z (bryacL)(Pry*1r)  Charged-current in muons

+ Cs (Qum@p)(LEA" L)

18



Why a combined explanation?

* Vis + 4
R(K®)) —» -~ %X(bLVaSL)(MLV ir)
AN g,~6TeV SM gauge invariance SU(2)L
/ UQR)  )Cr (@no@

v

g ‘/cb T U« '
~ ’j\z (bryacL)(Pry*1r)  Charged-current in muons

)(L§r*o° L))

+ Cs (Qum@p)(LEA" L)
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Why a combined explanation?

; Vis + .
R(K®) —» ~ %X(bLVaSL)(MLV pr)
AN g,~6TeV SM gauge invariance SU(2)L

)(LEy* o LW Cs (Q4~, Q0 )(LEAHLY)

Uy O @e'e]

/

v

g ‘/cb T U« '
~ ’j\z (bryacL)(Pry*1r)  Charged-current in muons

\Genera's'ng lepton flavour

v

gT‘/Cb
A2

(bryacr)(PIYYTL)

Y

18



Why a combined explanation?

* Vis + 4
R(K®)) —» -~ %X(bLVaSL)(MLV ir)
AN g,~6TeV SM gauge invariance SU(2)L
/ UQR)  )Or (Qune"Q] + Cs (Qpmu@))(LEA" L)

v

g ‘/cb T U« '
~ ’j\z (bryacL)(Pry*1r)  Charged-current in muons

)(L§r*o° L))

Generalising lepton flavour

v

gT‘/Cb
A2

g, ~102 g, eg UQ2)"

(bryacr)(PIYYTL)

R(D®) €— ~
ANg: ~ 0.7 TeV

The LH solutions is natural for a combined explanation.

18



|s there a successful candidate?

B — K*vv
b — cuv

Flavour observables  Bsmixing
TLFV

LFV B decays
New TeV-scale
Combined mediator(s) . - Z couplings
) ' Indirect precision tests O
R(K®)
R(D®)

pair-production

;\
| HC direct searches single-production
off-shell exchange

Cosmology VR cosmology

A realistic New Physics interpretation must be compatible with all present limits
from both low-energy and high-energy observables.
Crucial to consider both at the same time.

19



SM EFT
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Simplified Models
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Combined Fit of B anomalies (LH)

Buttazzo, Greljo, Isidori, DM 1706.07808

Adding SM SU(2)L gauge invariance:

“Lﬁ

NG [Cr @it @U(ER 0 L)) + Cs (@@L (57" L])
!L triplet operator smglet operator
Observable Experimental bound Linearised expression
Anomalies R7L. 1.237 + 0.053 1+2Cp(1 — N,V /VE)Y (1 — N, /2)
ACH = —ACH | —0.61+0.12 [36] ~ et AN (Cr + Cs)
R —1 0.00 £ 0.02 207 (1 = AL Vi / Vi) Xy
Flavour | o 0.0 2.6 Lt 2o (Cr — Cs)A% (14 M)
| 592 —0.0002 + 0.0006 0.033Cr — 0.043C’
Z couplings 592 —0.0040 + 0.0021 —0.033Cr — 0.043C
T LFU W /gl | 1.00097 + 0.00098 1 —0.084Cr
TLFV B(r — 34) (0.04+0.6) x 1078 2.5 x 1074(Cs — Cr)*(XL,)?
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Combined Fit of B anomalies (LH)

Buttazzo, Greljo, Isidori, DM 1706.07808

Adding SM SU(2)L gauge invariance:

| WA?JA Cr Qo QL) (LE"o" L)) + Cs (QLru@))(LE

.L triplet operator smglet operator
/
Very good flt o —
Y- < 2.
Flavour Structure: These values are -02
compatible with a E _oabu
3 L. bl<2Ven
o o ' minimally-broken |'|
q 36\ -0.6
_ X
>\ © }“ MS l:,; ~0(\/fs) SU(Z)q SU(Z)E ) -0.8] NAl< SV
Mvﬁ A 1 | NO(X;) flavour symmetry ok
{ CTN CSN 002 RD()/RLS%
J o o O
Nelo Ak, by <000 | |
1

\




Simplified Models

« S /L Cr (Qruo QLYo L) + Cs Q@) (LE" L)

/Q\&\
[ L

0.06 F

Cr ~ g%

0.04
0.02
0.00
~0.02

~0.04}

—0.06k
—0.06 —0.04 —0.02 0.00 0.02 0.04 0.06

Cr
Buttazzo, Greljo, Isidori, D.M. 1706.07808

(V)

2

M

Let us assume the operators are generated at the tree-level by
some TeV-scale mediator.

Cr~0.02

—> | Mx ~ 1.7 TeV (for gy~ 1)

Colorless vectors
W' = (1 ,
—= (1,1, 0),

Vector Leptoquarks

Ui =(3, 1, 2/3),
U = ) ) )

Scalar Leptoquarks

St = (C:’», 1, 1/3),
Ss=(3, 3, 1/3),

|
- }i

22



Simplified Models

/ L Oy (inﬂaaQ‘z)(Z%WMUaLg) + Cs (QEVMQ‘Q)(E%VML%)

\\\\\\ Let us assume the operators are generated at the tree-level by

some TeV-scale mediator.

Cr ~ g%

0.06 F
0.04
0.02
0.00
~0.02

~0.04}

—0.06k
—0.06 —0.04 —0.02 0.00 0.02 0.04 0.06

Cr
Buttazzo, Greljo, Isidori, D.M. 1706.07808

(V)

2

Colorless vectors

W' = (1 ,
—= (1,1, 0),
Vector Leptoquarks
Ui =(3, 1, 2/3),
U = ) ) )

Scalar Leptoquarks

S1=(3,1, 1/3),
Sz =(3, 3, 1/3),

' Scalar Leptoquarks

S1=(3,1, 1/3),
S3=(3,3, 1/3),

%

o
)
]
OS’J
!
(

Cr~0.02 [T/ — _
M2 | | Mx~1.7TTeV (forgx~1) |
M & :

22



S:=(3,1, 1/3),

Scalar Leptoquarks < 535 s

LD 9161 ia(@%ielf%)sl T 93537504(6_2?60&1)%)5% + h.c.

SILQ

The desired operator structure is reproduced, but: 02 'No B mixing

— Some residual tension at the ~1.50 level 5
remains between Ztt and R(D0) |

23



1 =(3,1, 1/3),

Scalar Leptoquarks -G 3 s

LD 9161 ia(Q%iEL%)Sl T gs%m(@?GOQL%)Sg’ + h.c.

Sclli LQ

No Bs mixing

The desired operator structure is reproduced, but:

— Some residual tension at the ~1.50 level
remains between Ztt and R(D0)

— Bs-mixing is calculable but in tension with R(DO):
D.M. 1803.10972

e.g.

- (AMp, )51t
| (AMg,)

—

At face values, allows only ARp ~ 10% instead of ~23%.

To completely fit the anomaly requires a tuning with some
extra contributions at the ~10% level.

100 105 1.10 1.15 120 1.25 130
RD()



Scalar Leptoquarks 253

N [gm@l)axéﬁau@  gaBa (@0 SA + e,

—

All these tensions can be completely removed simply by allowing
a coupling of S7to RH currents: S7 cr Tr .

This generates a further contribution to R(D()) via scalar + tensor operators,
uncorrelated with electroweak precision tests or Bs-mixing.

O;L = (EL,-}/,LLbL)(%LfyMVT) : O% = (EROM,/I)L)(%RO"LWVT) : OEL = (ERbL)(T'RVT)

S1+ 83 S cs.=-4cr S

D.M. Iin progress

24



- 1.20f

1 =(3,1, 1/3),

Scalar Leptoquarks -G 3 s

_glﬁl,ia(_czdl/)sl ﬂql (61 )az(é%auqfi) 9353 za(quEUAl%)Séq + h.c.

—

All these tensions can be completely removed simply by allowing
a coupling of S7to RH currents: S7 cr Tr .

This generates a further contribution to R(D()) via scalar + tensor operators,
uncorrelated with electroweak precision tests or Bs-mixing.

O;L = (EL,-}/,LLbL)(%LfyMVT) : O% = (EROM,/I)L)(%RO"LWVT) : OEL = (ERbL)(T'RVT)

S1+ 8553

140 —————

135 With Bs mixing
1.30;

125}

115)

110}

105

1000

S csL=-4cr S1

The fit to R(D™) is now greatly improved,
being able to reproduce with no problem
the best-fit value of R(D) = R(D*) D.M. in progress

0.20 ; ; ; : L e :
5.x 1078+
O sl
4.x 1078
- -
5 0.10} z 3.x1078
& 3 :
: -8
Q  2.x107%
ﬁ 005+ m
1.x1078¢
0.00+ IRt
. . . . . 1) P U R
100 105 1.0 115 120 125 130 100 105 1.0 1.5 120 125 130

" R(D™) “R(D(%) 24



QCD pair production

Direct Searches o6

51(;/ 1
B A

25
2.0
813 15
1.0

0.5

t, b,
< $s3,-4
..... I
y Br&] -

] -
’ -
-
] -

|
|
|
|
|
] .
T No Bs mixing
K (assumes it is
¥ cancelled)
..... s
~=== 300 fb™"
------ 3000 fb‘
500 1000 1500 2000 oresent
mg, , [GeV] e 300 fbo-t
........... 3000 fb-
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Extrapolating from B-anomalies

The starting point is given by the two observed deviations b — S 1U+ )2
and the collection set of low- and high-energy constraints b —>CTYV

!

Preferred mediators (simplified models)
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Extrapolating from B-anomalies

The starting point is given by the two observed deviations b — S /,l+ )2
and the collection set of low- and high-energy constraints b —>CTYV

!

Preferred mediators (simplified models)

!

UV completion
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Extrapolating from B-anomalies

The starting point is given by the two observed deviations b — S ILL+ )2
and the collection set of low- and high-energy constraints b —>CTYV

!

Preferred mediators (simplified models)

!

UV completion

In the absence of other experimental hints (high-pr),
one needs other criteria to build a UV model:
connection to other problems of the SM

ol IS
4
Hierarchy | Flavour h Unificationl h Dark Matterl k Renorm. I

(of course, not a SM problem,
just a requirement for UV)

27



Connection with the Higgs

iw MLq ~ TeV & Mgsm-Higgs hierarchy problem ~ TeV

| Is it an accident or is there a connection?

_

—
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Connection with the Higgs

i‘ ML ~ TeV & Mgsm-Higgs hierarchy problem ~ TeV

| Is it an accident or is there a connection?

_

Two broad possibilities to build a Natural model

Elementary: 4/ \A

SUSY Compositeness:

These mediators do not arise in the MSSM. Composite Higgs
Need much more complicated setups.



Connection with the Higgs

1; M'—Q ~ TeV & MBSM-nggs hierarchy problem ~ TeV

HL Is it an accident or is there a connection?
\_ _

== = : = - —

Two broad possibilities to build a Natural model

Elementary: / \

SUSY | Compositeness:

These mediators do not arise in the MSSM. Composite Higgs
Need much more complicated setups.

- Scalar LQ as Goldstone bosons

I D.M. 2018

* Composite Vector LQ

m Buttazzo, Greljo, Isidori, D.M. 2017; Barbieri, Tesi 2017

- » Composite W', Z’ resonances

Buttazzo, Greljo, Isidori, D.M. 2016, Megias, Quiros, Salas,
Panico [|n 5D] 2017

\

Gripaios, Nardecchia, Renner 2014; Buttazzo, Greljo, Isidori, D.M. 2017;

Barbieri, Isidori, Pattori, Senia 2015; Barbieri, Murphy, Senia 2016;




Connection with the Higgs

 Mw~TeV &

HL IS it an accident or is there a connection?
\ = -

- = —

MBSM-nggs hierarchy problem ~ TeV

Two broad possibilities to build a *Natural” model

Elementary:
SUSY

These mediators do not arise in the MSSM.
Need much more complicated setups.

If we forget about naturalness:

* Elementary scalar LQ

Becirevic et al 2016,2018; Dorsner et al 2017; Crivellin, Muller, Ota 2017; ...

Elementary LQ gauge boson

Di Luzio, Greljo, Nardecchia 2017; Calibbi, Crivellin, Li 2017;
Bordone, Cornella, Fuentes-Martin, Isidori 2017

* Elementary W', Z' gauge bosons
Cline, Camalich 2017

| Compositeness:
Composite Higgs

- Scalar LQ as Goldstone bosons

Gripaios, Nardecchia, Renner 2014; Buttazzo, Greljo, Isidori, D.M. 2017;
b D.M. 2018

* Composite Vector LQ
Barbieri, Isidori, Pattori, Senia 2015; Barbieri, Murphy, Senia 2016;
Hl Buttazzo, Greljo, Isidori, D.M. 2017; Barbieri, Tesi 2017

- » Composite W', Z’ resonances

Buttazzo, Greljo, Isidori, D.M. 2016, Megias, Quiros, Salas,
Panico [|n 5D] 2017

=

\

28



Scalar LQ as pseudo-Goldstones



Scalar LQ as pseudo-Goldstones

(/ - e —— — ————— = geap—— 7?

7) J': Mo ~ TeV & IVIBSM-Higgs hierarchy problem ~ TeV
!

[L Is it an accident or is there a connection?

— - - — S

In Composite Higgs models (Higgs as pseudo-Goldstone) coloured
resonances are also expected since SU(3)c is (at least) a global symmetry.
[Gripaios 0910.1789, Gripaios, Nardecchia, Renner 1412.1791]
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Scalar LQ as pseudo-Goldstones

(, . e — — ——— *?

7) Mo ~ TeV & IVIBSM-Higgs hierarchy problem ~ TeV
|
LL IS it an accident or is there a connection?

= = —_—— =

In Composite Higgs models (Higgs as pseudo-Goldstone) coloured
resonances are also expected since SU(3)c is (at least) a global symmetry.
M [Gripaios 0910.1789, Gripaios, Nardecchia, Renner 1412.1791]

A

[ A~Qef~10TeV 2) If the strong sector undergoes a spontaneous symmetry
other resonances breaking, composite scalar pseudo-Goldstone bosons

I Gap are expected to be the lightest states.
) monas ~ O(1) TeV vS. vector LQ, where
Flpavor-mediators mS LQ << A mvLQ ~ A

| f

- Higgs

29



M

A

Scalar LQ as pseudo-Goldstones

(, . e — — ——— *?

7) Mo ~ TeV & IVIBSM-Higgs hierarchy problem ~ TeV
|
LL Is it an accident or is there a connection?

In Composite Higgs models (Higgs as pseudo-Goldstone) coloured
resonances are also expected since SU(3)c is (at least) a global symmetry.
[Gripaios 0910.1789, Gripaios, Nardecchia, Renner 1412.1791]

[ A~Qef~10TeV 2) If the strong sector undergoes a spontaneous symmetry

other resonances breaking, composite scalar pseudo-Goldstone bosons
I Gap are expected to be the lightest states.
| monas ~ O(1) TeV vs. vector LQ, where
Flpavor-mediators mS LQ << A mvLQ ~ A
L f
3) Scalar LQ could be pseudo-Goldstone partners of the Higgs!
| Higgs — Connection with SM flavour!
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IN a
Composite Higgs Model



Scalar LQ as pseudo-Goldstones
IN a
Composite Higgs Model

D.M. 1803.10972

Requirements for this model-building attempt:

*

* S+, S3, Higgs e pseudo-Goldstones of the same dynamics

Fundamental description of the strong-sector:
vectorlike confinement

* Custodial symmetry to protect the EW T-parameter

* Look for the “minimal® solution (in Nf of the strong sector)

30



Fundamental Composite Higgs

Gauge group:

Extra
HC Dirac
fermions:

Buttazzo, Greljo, Isidori, D.M. 1706.07808; D.M. 1803.10972

SU(Nge) x SU(3). x SU(2), x U(1)y

'‘HyperColor"
SU(Ngc)
Uy Nuc
5 Nuc
Vg Nuc
U Nuc

SU(Nuc) confines at Auc ~ 10 TeV

For similar constructions see:
Shmaltz et al 1006.1356,

Vecchi 1506.00623,

Ma, Cacciapaglia 1508.07014

| GUT canadd a

complete ‘copy’ of
the SM generations.
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Fundamental Composite Higgs

Gauge group:

Extra
HC Dirac
fermions:

oh

Buttazzo, Greljo, Isidori, D.M. 1706.07808; D.M. 1803.10972

SU(Nge) x SU(3). x SU(2), x U(1)y

'‘HyperColor"
SU(Ngc
53 Nuc
Uy Nuc
Vg Nuc
U Nuc

SU(Nuc) confines at Auc ~ 10 TeV

(W Wy)

— By f20;

H = SU(10)y x U(1)y

For similar constructions see:
Shmaltz et al 1006.1356,

| Vecchi 1506.00623,

Ma, Cacciapaglia 1508.07014

- GUT: can add a
. complete ‘copy’ of

the SM generations.

In absence of SM gauging, the strong sector has a global chiral symmetry

G = SU(10). x SU(10)r x U(1)v

f ~1TeV

31



Goldstone Bosons

D.M. 1803.10972

(0;9;) = —Bo f*0;;
G =SU(10)L x SU(10)r x U(l)y ————» H=SU(10)y x U(1l)v

Like QCD pions, the pNGB are composite states of HC-fermion bilinears: \If \If

32



Goldstone Bosons

D.M. 1803.10972
(W, W) = —Bo f;;
G =SU(10). x SU(10)r x U(l)y ——— H=SU(10)v x U(1)v
Like QCD pions, the pNGB are composite states of HC-fermion bilinears: \If \If

In terms of SM representations

Two Higgs doublets: Hiz~ (1,2)12
Singlet and Triplet LQ: St ~(3,1)13 + S3~(3,3)-13

Three singlets: ni23 ~ (1,1)o
Other electroweak states: o~(1,1)1 + Ilo~(1,3)
Other coloured states: Ro~(3,2)16 + T2~(3,2)-56

T ~(81)y + 7m~(83)

T e ———— I — N——
1

[

. Forenergies E « Arc the theory is described by a weakly coupled
|

| effective chiral Lagrangian.
[{ Structure driven by the symmetries and spurions.

= S e —
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Goldstone Bosons

D.M. 1803.10972
(W, W) = —Bo f;;
G =SU(10)L x SU(10)r x U(l)y ————» H=SU(10)y x U(1l)v

Like QCD pions, the pNGB are composite states of HC-fermion bilinears: \If \If

In terms of SM representations

- P ——

| Hand LQ are close partners!! |

Two Higgs doublets: Hiz ~(1.,2)12 _
99 12~ (1,2) Hi ~io?(WpUy)
Singlet and Triplet LQ: Si~@3, )5 + S3~(3,3)-13 Hy ~ (Uply)
Three singlets: ni23 ~ (1,1)o Si~ (PoW¥r)
' S3 ~ (UgoWyr)
Other electroweak states: o~(1,1)1 + IIro~(1,3)0 L B

Other coloured states: Ry~ (3,2)16 + T2~(3,2)-50
T ~(81) + 7~(83)

_ e

o

[

. Forenergies E « Arc the theory is described by a weakly coupled
.14

effective chiral Lagrangian.
[{ Structure driven by the symmetries and spurions.
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Yukawas & LQ couplings

Coupling with SM fermions from 4-Fermi operators

CyT — _ E<A _
L4 Fermi ~ — hanithsn U W =Y~ Yy YsMUsm @+ - -

A7
At 2 Arc

SM Yukawas + LQ couplings arise from the same UV dynamics
A new sector responsible for these operators is necessary (as Extended Technicolor)
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Yukawas & LQ couplings

Coupling with SM fermions from 4-Fermi operators

CyT — _ E<A _
L4 Fermi ~ — hanithsn U W =Y~ Yy YsMUsm @+ - -

A7
At 2 Arc

SM Yukawas + LQ couplings arise from the same UV dynamics
A new sector responsible for these operators is necessary (as Extended Technicolor)

Scalar operators allowed by gauge-invariance

Higgses Yukawas St1and Sz couplings

(Grur + drqr + €rlr) (YN¥L) (G7lL + eRur) (PoUy)

(grur + drar + €rlr) (YL YE) (q70%L) (Yoo Uy)
S+ coupling to diquark w coupling to dilepton R2 coupling
(Giqr + uRdr) (YL YQ) (Izl) (YE¥N) (drlL) (TE¥q)
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Yukawas & LQ couplings

Coupling with SM fermions from 4-Fermi operators

E<A _
L4 Fermi ~ F¢SM¢SM@\D =Y~ Yy YsMUsm @+ - -
At 2 Apc

SM Yukawas + LQ couplings arise from the same UV dynamics
A new sector responsible for these operators is necessary (as Extended Technicolor)

Scalar operators allowed by gauge-invariance

Higgses Yukawas St1and Sz couplings
(Grur + drqr + €rlr) (YN¥L) (G7lL + eRur) (PoUy)
(grur + drqr + €rlr) (YL VE) (q70°lL) (Pgo¥y)

81 Coupllng to diquark w coupling to dilepton R2 coupling

\W

Assuming conservation of this symmetry 'y = 3B 4+ L so that Yukawas and LQ coupl. allowed
all other couplings are forbidden. Fy(Vp)=Fy(YN)=F(YE)=Fr,  Fy(Yg)=FL+2
33



Flavour Structure

C _ _
L4 Fermi O %%M%M%M%M — Dangerous since At ~ (tens) TeV
t
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Flavour Structure

C _ _
L4 Fermi O %%M%M%M%M — Dangerous since At ~ (tens) TeV
t

- G =1SU(2), x SU(2), x SU(2)q x SU(2); x SU(2)

minimally broken by these spurions:

AYU - (2’27 1’ 1’ 1) ) AYd - (27 1727 17 1) ) AY; — (17 ]-7 17272)
‘/(1:(271717171>7 Vz:(l,l,l,Z,l)
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Flavour Structure

C _ _
L4 Fermi O %%M%M%M%M — Dangerous since At ~ (tens) TeV
t

‘/ o - . ) . 77 i . |
- An approximate SU(2)? flavor symmetry protects from unwanted flavor violation |
|

- G =1SU(2), x SU(2), x SU(2)q x SU(2); x SU(2)

minimally broken by these spurions:

AY, =(2,2,1,1,1), AY,;=(2,1,2,1,1), AY.=(1,1,1,2,2)

V,=(2,1,1,1,1), V;=(1,1,1,2,1)
\ = _
AY, V, AYy 'V, AY, V, Vo v
Yu Yt 0 1 s Yd Yo 0 1 s Ye Yr 0 1 y = Qg ‘/{;
/81,3 ~ -i- 3 61 Y T
Vi 1 viay, 1

Good structure to fit the flavour anomalies, related to the SM Yukawas!
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Scalar Potential: NDA + symmetry

The pNGB potential arises at 1-loop from all the explicit breaking terms

Yo

Wl A
p——t 4 f"@'%

NDA + spurion analysis

N_A?
HC’Hl L H2|2

2
Gl
3 A\ Vi = 1672

1672

m?@%) - Bo(mz -+ mj) VQ — CXTI [Q)L(UQQUT}

(Clg%—'_c%g%Q)A%IC S 2 C3g§A%{C S 2
872 5] 872 %]

Vig = —
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Scalar Potential: NDA + symmetry

The pNGB potential arises at 1-loop from all the explicit breaking terms

" A u
PR ff—ii;?~f ¢ ¢

M

NDA + spurion analysis

cry? N A?

‘/;: = QHC’Hl H2|2

2 3f* N LyroRyrt

X U U
Voo — _(0191 + 01912>A%{C’S 2 - 6393-/\%10’5 k
LQ = 872 ! 87?2 i

The gauge contribution is positive and is larger for colored states.
EW charges give subleading corrections.

Amg = (0.05Am0)* ,  Amg,, = (0.08Agc)”, Amf, , ~ (0.13Axc)* , ~ 1 of SU(3).
Amgl (O 17AH0) ] Am?qg ~ (021/\[{0)2 . AmRQ T (019AH0)2 . ~3of SU(3)C
Amz =~ (0.26Apc)”, Ami, =~ (0.28Ayc)”, ~ 8 of SU(3).

Anc ~4nt=z 10 TeV
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Scalar Potential

The pNGB potential arises at 1-loop from all the explicit breaking terms

" A i
PR ff—ii;}f~f ¢ ¢

M

NDA + spurion analysis

2 2

CtythAHC 2
_ H, — H
1672 [, 2

3f2A2 V; —
m%@%) = Bo(mz -+ mj) VQ = — HC CxTI' [Q)L(UQQUT}
X

1672
U U2

(191 + i 9i”) Ao G2 _ c3g3Nic G, |2
872 51 82 155

Vig = —

Tuning to get EWSB as in usual Composite Higgs models:

mf-{m ~ 2By(mp +mg) + Amgauge + Amiy <0 £ = — = 2sin
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Scalar Potential

The pNGB potential arises at 1-loop from all the explicit breaking terms

" A i
PR ff—ii;?~f ¢ ¢

M

NDA + spurion analysis
cty2N A2

2 3f2A e L1rAR Vi = 167 QHC’Hl H[*
Mg, = Bo(m; +m,) Vg = — 6m2 2 cxTr [GRUGRUT]
‘I’ U U2 A2 A2
i = 8 Wy o e
Tuning to get EWSB as in usual Composite Higgs models:
2 v,
2 2 2 2
My, , & 2Bo(mp + mg) + Amg, .. + Amyy, <0 = F = 2sin NGT, < 10%

From the structure of the potential and the expressions for the various terms | get

m; = (Cy — Cy) f2€ ~ Neeymi; — 3c,miy,

The deviations in Higgs couplings and the EWPT are similar to most Composite Higgs models.
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valence valence

irrep. irrep.
Hy ~ 1'92(%‘1’1\7) (}, 2)1y2 | Hy ~ (VpVp) (}, 2)1/2
Sy~ (\IiQ\I!L) (3,1)1/3 | S ~ (\IiQa“\IfL) (3,3)1/3

Spectrum
Ry~ (VW)  (3,2)156 | T2~ (YqUn) (3,2)s5/6

T~ (UTWg)  (8,1)0 |73~ (UT"0"Wg) (8,3)0

HQ ~ (quaa\I}Q) (17 3)0 ni ~ 3 X C?(\Ifa\Ila) (17 1)0

Using the structure of the potential from the explicit breaking terms and the NDA estimates | get

(just an example, since NDA gives only O(1) estimates)

S
S
C():t HL T2 ﬁ-] ,0;
h 4 Ni2 N3 H>llp R 73 Anc A £
I [] ['] ['] ['] ['] ['] ['] [] I [] ['] ['] ['] ['] [] I ['] >
| ' —— ' ——
0.1 1 10 [TeV]
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valence irrep. valence irrep.
Hy ~ic®(WpWy) (1,2)12 | Hy ~ (Pp¥p) (1,2)1)2
Si~ (VoVp) (3, 1)1z | S3~ (Vqoo¥y) (3,3)1/3
S p e Ct ru m e (Ung) (L) | I~ (Fyo™0y)  (L3),
Ry~ (Yp¥q) (3:2)16 | T2 ~ (YoVn) (3,2)s5/6
T~ (UT4Wg)  (8,1) |73~ (BT W) (8,3)0
HQ ~ (‘DQaaqu) (17 3)0 ni ~ 3 X C?(\paqja) (17 1)0

Using the structure of the potential from the explicit breaking terms and the NDA estimates | get

(just an example, since NDA gives only O(1) estimates)

S
S
C():t HL T2 ﬁ-] ,0;
h 4 Ni2 13 H>llp R 73 Anc A £
I [] ['] ['] ['] ['] ['] ['] [] I [] ['] ['] ['] ['] ['] ['] [] I ['] >
| ' ' 1 ' ' 1 '
0.1 1 10 [TeV]

The lightest pNGBs are the singlets. Some pNGB have anomalous couplings to gauge bosons:

e . B AP 2 2 2
Lwzw D — fgi’; %QNHCA%F@FW” o f/; 902 903 91092 91093 92093
|~ Ve 0 0 0 0
- : UE; % —% —\/% 0 0 0
Can be produced in gg-fusionl ===y ARGy ) TS0
T3 | O 0 0 0 0 L
I, | 0 0 0 e 0 0
My | 0 0 0 B (v, - 1) 0 0

37



valence irrep. valence irrep.
Hy ~ic®(WpWy) (1,2)12 | Hy ~ (Pp¥p) (1,2)1)2
Si~ (VoVp) (3, 1)1z | S3~ (Vqoo¥y) (3,3)1/3

S p e Ct ru m S (Talp) (L1 | T~ (o) (18),
Ry~ (Yp¥q) (3:2)16 | T2 ~ (YoVn) (3,2)s5/6

ﬁl ~ (\I/_QTA\I/Q) (8, 1)0 ﬁ3 ~ (‘DQTAganQ) (8, 3)0

g ~ (Voo"VUq) (1,3)0 |1 ~3xc (Y, ¥,) (1,1)

Using the structure of the potential from the explicit breaking terms and the NDA estimates | get

(just an example, since NDA gives only O(1) estimates)

S
S
C():t HL T2 ﬁ-] ,0;
h 4 Hi21s Hxllp R: 73 Anc A £
I [] ['] ['] ['] ['] ['] ['] [] I [] ['] ['] ['] ['] ['] ['] [] I ['] >
0.1 1 10 [TeV]

The lightest pNGBs are the singlets. Some pNGB have anomalous couplings to gauge bosons:

e . B AP 2 2 2
Lwzw D — fgi’; %QNHCA%F@FW” o f/; 902 903 91092 91093 92093
|~ Ve 0 0 0 0
. . UE; % —% —\/% 0 0 0
Can be produced in gg-fusionl ===y ARGy ) TS0
T3 | 0 0 0 0 0 L5
I, | 0 0 0 e 0 0
Mg | 0 0 0 B (v, - 1) 0 0

The other singlets n12 and the triplets /11,0 do not couple to gluons.

The SU(2) -triplet and color-octet 7113 only couples to gluon+EW gauge boson.

— Too small production XS at the LHC and heavy mass. .



valence irrep. valence irrep.
Hy ~ igz(‘IfL‘I’N) (1, 2)1y2 | Hy ~ (VpVp) (}, 2)1/2
S1 ~ (\I{Q\I/L) (3,1)1/3 | S ~ (\IiQa“\IfL) (3,3)1/3
S p e Ct rum S (TeV) (L) Ty~ (B0, (13)
Ry~ (Yp¥q) (3:2)16 | T2 ~ (YoVn) (3,2)s5/6
ﬁl ~ (@_QTA\I/Q) (8, ].)0 77'3 ~ (‘DQTAga\I/Q) (8, 3)0
g ~ (Voo"VUq) (1,3)0 |1 ~3xc (Y, ¥,) (1,1)

Using the structure of the potential from the explicit breaking terms and the NDA estimates | get

(just an example, since NDA gives only O(1) estimates)

S
S
w=* HL T2 7~7,'1 P, ...
h 4 Ni2 13 H>llp R 73 Anc A £
I [] ['] ['] ['] ['] ['] ['] [] I [] ['] ['] ['] ['] ['] ['] [] I ['] >
| ' ' 1 ' ' 1 '
0.1 1 10 [TeV]

n3 Couples to gluons and EW gauge bosons.
Possible signal in diphoton, ZZ,Zy searches.

¢ Y,

013,37 ww

- ATLAS yy 13 TeV 36.7fb™ ! Y

§ 7 Excluded region from

3Mf71'1TeV’N”C:3 o e present searches and

500 1000 1500 2000 2500  prospects from yy
my, [GeV]
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Spectrum

valence irrep. valence irrep.
Hy ~ iQ'Q(\IJL\IJN) (1, 2)1y2 | Hy ~ (VpVp) (}, 2)1/2
Si~ (VoVp) (3, 1)1z | S3~ (Vqoo¥y) (3,3)1/3
W~ (UnUp) (L) [Hp~ (Uro®¥r)  (1,3)o
Ry ~ (Vp¥yg) (3,2)16 | To ~ (VW) (3,2)5/6
T~ (UT4Wg)  (8,1) |73~ (BT W) (8,3)0
HQ ~ (‘DQaaqu) (17 3)0 ni ~ 3 X C?(\paqja) (17 1)0

Using the structure of the potential from the explicit breaking terms and the NDA estimates | get

(just an example, since NDA gives only O(1) estimates)

S
S
C():t HL T2 ﬁ-] ,0;
h 4 Ni2 N3 H>llp R 73 Anc A £
I [] ['] ['] ['] ['] ['] ['] [] I [] ['] ['] ['] ['] [] I ['] >
| ' —— ' —— '
0.1 1 10 [TeV]

0.1 ATLAS gg 13 TeV 37fb~!

0.01

NHC:3

107% ——-- £=0.87 TeV
— =1.1TeV

1.5 2.0 25 3.0 3.5 4.0 45 5.0
mﬁI[TeV]

o 13Tev(pp —71)xBr(711—>gg) [pb]

The color-octet 77; can be searched in dijet
but in this model it is too heavy for the LHC.
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valence irrep. valence irrep.
Hy ~ 1'92(%‘1’1\7) (}, 2)1y2 | Hy ~ (VpVp) (}, 2)1/2
Si~ (Uq¥p) (3,1)13 | S5~ (Voo*¥yp) (3,3)1/3

S p e Ct rum Sty (L)) T () (18)
Ry~ (Yp¥q) (3:2)1/6 | To ~ (YoWn) (3,2)s5/6

T~ (UTWg)  (8,1)0 |73~ (UT"0"Wg) (8,3)0

HQ ~ (quaa\I}Q) (17 3)0 ;i ~ 3 X C?(\Ifa\Ila) (17 1)0

Using the structure of the potential from the explicit breaking terms and the NDA estimates | get

(just an example, since NDA gives only O(1) estimates)

S
S
a)i HL T2 ﬁ-] ,0;
h 4 Ni2 N3 H>llp R 73 Anc A £
I [] ['] ['] ['] ['] ['] ['] [] I [] ['] ['] ['] ['] [] I ['] >
| ' —— ' ——
0.1 1 10 [TeV]

The other pNGBs can be pair-produced but do not decay directly to SM particles.
They can decay via higher-order terms such as:

QOsm

L gOSM
Dy .-
memmmmmeees "T Wsu or  --meeeeeee- .

None of them is expected to be observable at the LHC (too heavy or only EW couplings).

The other resonances have masses atthe A ~ 4wt > 10 TeV scale
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Summary - bottom-up

B-physics anomalies are the most compelling experimental hints for New Physics at

the TeV scale.
Experimental measurements in the next few years by LHCb, Belle-Il, CMS, and ATLAS

will settle the question of their nature (new physics or systematics).

Combined solutions of both sets of anomalies — in charged AND neutral current —
can be obtained.

The favourite mediators are scalar or vector leptoquarks, which offer a rich program
for direct searches at the LHC and future colliders.
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Summary - UV picture

Scalar leptoquarks can arise as composite resonances in composite models.
If they are pseudo-Goldstones, they are naturally lighter than other resonances:

mSLQ Y A

It embedded in composite Higgs models, also the Hierarchy problem is addressed.

The flavour structure of LQ and Higgs couplings are closely related, however a
complete UV theory of flavour in composite models is still missing.

Even with such a rich spectrum (99 NGB d.o.f.), searches at LHC are challenging
due to heavy masses and/or only EW charges.

Thank you!
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Challenge: to fit R(D®™) o i

High-pT
| 2
| , . 2 U

. With a tree-level mediator Cp ~ Ix 31z
| X
| Mx ~ 700 GeV for gx ~1.

Problems with direct searches at LHC
in bb—T1T for all mediators.

Greljo, Isidori, DM 2015; Faroughy, Greljo, Kamenik 2016

. —

—

RGE effects and EWPT

[,
2

‘l ht Syt2 T T oa,; T3 W@
| , ~ log X ~L(H'6% D, H)(L}y"0"L

Problems in well measured (per-mille) Ztt couplings
at LEP-1 and LFU in T decays.

ht Ferruglio, Paradisi, Pattori 2016-2017
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Challenge: to fit R(D™) o e o

O6F T T T ]
(CT — OS))\bs(bLV/LSL)(ﬂTfYMVT) 0'04;- @
0.02} /
This can generate too large corrections O(1) to | ’
B — K*vv S 0.00f
: : : ~0.02} /
Requires the singlet operator with Cr~ Cs | ,
—0.04} 72
700 —0.06:- IIIIIIIIIIIIIIIIIIIIIIIII i
600:- —0.06 —0.04 —-0.02 0.00 0.02 0.04 0.0
s | Cr
& 500} . .
=" (Cr + Cs)Mos(bryus)(TLy 7L )
& 400}
= Huge corrections O(>102) in B — K* 1t
~ 300¢
T [
xq 200}
X :
100} Also, depending on the UV model, there might
05 be problems with Bs mixing (see later).
0

B(B - K(*)VV)/BSM



U(2) flavour symmetry

Keeping only the third-generation Yukawa couplings, the SM enjoys an approximate
SU(2)° flavor symmetry

Gr =SU(2), x SU(2), x SU(2)4 x SU(2); x SU(2),

b = @L @)

One can assume this is AY,=(2,2,1,1,1), AY;=(2,1,2,1,1), AY,=(1,1,1,2,2)
minimally broken by the spurions: V,=(2,1,1,11), V,=(11,1,21)

The Yukawa matrices yNy<AYu Vq> deyb(AYd Vq> v~y (AYe Vz)
get this structure: L0 ) o 1) 7 0 1

The doublet spurions regulate the mixing of the third generation with the lighter ones:

* 0
Ve () ux ()

CKM unknowns
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Higgs Yukawas

1 _ _
Lr DP (I_LRCJ{,UQL +qrciadr e+ lpcieer 6) (VrysUnN) +
UV effective Lagrangian: [ T

+P (ﬂRCQ,quE -+ q_LCZ,ddR —+ l_LCQ,eeR) (\IJEM)/5\IJL) + h.C.
t

At low energy:

'“ e f — o~ o ~Q jou o
J‘ »CYflflk —— (uRyLqueﬁ + QLyl,ddR T lLyl,eeR) TT[AHl(U - UT)H_

2
4 (Ao + 20 + T cen) THIAG, (U — UN] + he
k —— —— — S
. . . . i o T 2\/§ o 2
The spurion gives the Higgses as leading terms:  Tr[Ay, (U - U")] = 27H12 + O(¢°/ f
o —
;’ . . N . v, .
~ Fermion masses: my = fsin0(y1s — §2.5) = ﬁ(yl,f — Gof) = —=Ys

kt o

The Yukawa matrices of the two Higgses need to be identical to avoid
flavour-violating couplings and custodial symmetry-breaking eftects
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LQ couplings

UV effective Lagrangian:

1 ~C —C T —C T,
Lr D A2 [(qLcl,qlelL + e%c1entir) (Yo V) + (qch),qleaAlL) (\IJQ%JA\IJL)] + h.c.
t _ _
U, 1V r — —Bof*U(9);i U, gV — —Bof*UT ()
At low energy it becomes: spurions
£§f=f£@M?%ﬁh+g%%ﬂm% r[AL (U — U] + hec.
—|—z£ (9345 Bsea ™y Tr[Agl?’)a(U — UM+ hec =

— —9151,z‘a(672i€l%)51 — 9?(5?)51(563&10%)51 — 9353,ia(q_zi€UAl%)S§4 + h.c. + O(¢2)

vl *
Vol Ve |

t T
1 W~< 0 (%An)>

Flavour structure: iﬁl,g ~ ( VIAY, 1
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LQ couplings
UV effective Lagrangian:

1 _ _
»CF D) P [(qchqlElL -+ é%cl,euuR) (\IJQ”)/5\IJL) -+ (CjZC;Cg,qlEO'AlL) (\IJQ”)%O'A\I/L)} —+ h.c.
t

U, 1V — —Bof?U(9)ji U, gV — —Bof*UT(¢);
At low energy it becomes: spurions
Lﬁf:@ﬁ@mgwﬁh+gh%mm% r[AL (U — U] + hec.
—|—i£ (9345 Bsea ™y Tr[Agl?’)a(U — UM+ hec =

— —9151,z'a(672i€l%)51 — g%(ﬁ%)gi(é%auzé)& — 9353,ia(q_zi€UAl%)S§4 + h.c. + O(¢2)

)

* T *
A7
vl

t T
WN( 0 (%A%))

Flavour structure: 151,3 ~ ( VIAY, 1

-
| The coupling of S1to RH fermions induces an mi-enhanced contribution to T—> LY.
.“ Introducing an extra approximate U(1)e symmetry

for the RH leptons to protect the T Yukawa would give:

g /g1 ~ yr/yr ~ 1077

—— - - —

Requires g% < 1072¢,

7
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Uy & (9-2)u

The 51 LQ in general couples to both LH and RH fermions:
Ls, Dt [Qlﬁl,baPL -+ 9?5?,7:@})3} Sy + h.c.

This induces an mt-enhanced contribution to T—=py and (g-2),,

B(r - ) ~ (70 x 10219 app (1Bl IORDN ) s
' 0.01"1 0.12 0.12 '
Cu2 < 106 | g

Requires g% < 10~2g, Introducing an extra approximate U(1)e symmetry

gt /g ~ yr/yr ~ 1077

Efib €1 61,1)# 6ﬁtu

1030.1 0.1 0.1

da, ~ (7.9 x 1071 x

for the RH leptons to protect the T Yukawa would give:

too small to fit the anomaly  (dau)esp = (2.8 £0.9) x 107°
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B and L conservation

| assign a combination of Band L, F+ = 3B + L, to the HC fermions
such that the Higgs Yukawas and LQ couplings are allowed:

(Grur + drqr + erlp)(UnTyp) , (Grur + drqr + erlr) (VL ¥E)
(qple +erur)(YoWyr) ,  (qrolL)(Yoo'Vyr) ,
Fo(Vp) =F (Uy) =F (Vp)=Fr,  Fi(¥q)=Fr+2

v

These operators are then automatically forbidden

(@Tar +uRdR) (YL Ve) ,  (drln)(Wp¥e),  (I51)(VeVUy)



EWSB and Higgs mass

| iH, + H, —iH, + H,
Better to change basis in the two Higgs doublets:  H1 = /2 ) Hy = NG
so that only one Higgs takes a vev
- 0\ T ~ : T
H1—<G+,Uh+h+ZG> | HQ—<H+,h2+ZAO)
V2 V2
‘eaten NQB’ and light H.|ggs Heavy Higgs
couples linearly to fermions no linear couplings to SM
and SM gauge bosons
Effective potential for the light Higgs vev:
V(d) =— mf4COS(9—C’gf400829—20tf4sin20 0 = vy /V2f
2B 3A? 3 1 N.y?ci A3
Cr = f—QO(mE"i_mL) ) Cg - 167'('[2{;2 (chgzzu + ZCYQ%/> ) Cy = 1é7T;fQHC
v? .9 0737, 2 _ 2 2 2
— =& =28in“H, =2 — mj, = (Cy — Cy) f7€ ~ Necymy — 3cymyy

f2 8 (Ct o Og)2
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