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Some general introductory remarks

The potential of precision at LHC

More than one (motivated) scalar  (if time permits)



The SM Lagrangian
(since 1973 In 1ts full content)

1 .
Ly sy=" ZFS}FW +igd" (1 1975-2000)
+ \Duh\zl V (h) (! 1990-2012-now)
+ 1" ij! jh+ h.C. (! 2000- now)

In () the approximate dates of the experimental conPrmation
of the various lines (at different levels)

The synthetic nature of PP exhibited



All of Particle Physics in 1 page

1. Symmetry group L ! C

L = Lorentz (space-time)
G=S5UE)! SU@)! U(1) (local)

2. Particle content (rep.sof L) C

h Q L u d e
Lorentz 0 /2, | Y2, | U2x| U2Rx | 12k
SU3) 1 3 1 3 3 1
SU(2) 2 2 2 1 1 1
U@) |'v2 | ve |!y2 | 23 |1U3|11

3. All OoperatorsO (products of ! ,1,)in L
of dimension ! 4



Problems of (questions for) the SM

0. Which rationale for matter quantum numbers?
Qp + Qe| < 10 “e

1. Phenomena unaccounted for

neutrino masses matter-antimatter asymmetry
Dark matter iInf3ation?
2.Why !'! 107" |G G
Axions
3. O; Zd(Oi) bn@/'?
neutrino masses Are the protons forever?
Gravity

4. Lack of calculability (a euphemism)

y the hierarchy problem none of the 15 masses
the [3avour puzzle redicted in the SM




The hierarchy problem, once again

Can we compute the Higgs masshev In terms
of some fundamental dynamics?

NOT In the SM

{:} Qi?wz
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The standard reaction

Look for top OpartnersO, J=0 or 12,
coloured or uncoloured,
with a mass not far from a TeV,
capable to cutoff the divergence



Single production deserves attention
(although NOT generically present)

Branching Ratios
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The RBavour paradox ! ! ;!

CMS Preliminary 35.9fb"' (13 TeV)
b ' LR | ! LR | ! ot

LAY | tl
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As opposed to the hard time In trying to explain
the spectrum and the mixing of quarks and leptons

Not easy to improve without observing deviations from the SM
(See below)



The many different directions in BSM

(for an audience of philosophers, sic)

1. Explore the space of theories

- Address a specibc problem, theoretical or experimental
E.g.: Supersymmetry, DM axions, Baryogenesis, E

- Expand the set of consistent and potentially OtrueO theories
E.g.: Supersymmetry, conformal beld theory, string theory, E

2. Explore the space of observables

- Test aOtrueO theory
E.g.: Precision tests of the SM

- Extend the explorable territory
E.g.: Where can one look for ODMO? Are there new light particles?

The emphasis on the specibc direction is time dependent
To concentrate now on a single direction Is very dangerous



The potential of precision at LHC

- Higgs couplings
L=11kH*+ g kiH® + gykyV,H" " H

- ElectroWeak observables

Pole observables: My, SIN! Lff
Drell-Yan |*|* & high my , My
DiBosons Wh,Zh,WZ, WW

- Flavour observables

Testing the FCNC loops

_epton Flavour Violation

The role of Ravour in BSM
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Can one measure It directly?

CMS-PAS-FTR-16-002
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expected uncertainty

As difbcult as important
large deviations concevable in BSM



Higgs couplings
L=11kH*"+ gkiH® + gykyV,H" " H
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Direct versus Indirect searches
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The potential of precision at LHC

- Higgs couplings
L=11kH*+ g kiH® + gykyV,H" " H
- ElectroWeak observables

Pole observables: Myy , SIn! leff
Drell-Yan |*|* & high mn,mﬁ
DiBosons Wh,Zh, WZ, WW

- Flavour observables

Testing the FCNC loops

_epton Flavour Violation

The role of Ravour in BSM



Comparing direct measurements with virtual effects
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Constraints from pole observables

Standard parameters: @,ﬁ 13,11
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On some observables (W,Y) LEP beaten by LHC
(if suitable precision pursued)



DiBoson differential cross section
with suitable angular analyses
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The potential of precision at LHC

- Higgs couplings
L=11kH*+ g kiH® + gykyV,H" " H
- ElectroWeak observables

Pole observables: Myy , SIn! leff
Drell-Yan |*|* & high mn,mﬁ
DiBosons Wh,Zh, WZ, WW

- Flavour observables

Testing the FCNC loops

_epton Flavour Violation

The role of Ravour in BSM



FCNC versus EWPT: a signibPcant comparisor

e =5.21410 %, M =5.28410 ° | | 4 Straub 2016"
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measures EW loops measures FCNC loops
at about 20% level at about 20% level
A future facility (FCCee, ...) An OaggressiveO Ravour program

could go to 2% level could go to 2% level




Several totally clean observables
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and many others controllable by multiple channel measurements
(especially in the charm case)
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Lepton Flavour Violation
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A perfect example of complementarity
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Which attitude towards Ravour in BSM?

1. Flavour physics conbned to high energy

(the prevailing lore)

L = I—SI\/I T Z| AI (prf)l

| = 1,....5 = different Lorentz structures
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2. New physics at the TeV scale hidden by

a surable

If SO, a s
specia
tS sma

(approximate) RBavour symmetry

pecial role played by the third generation,
because of its masses and (in the quarks)

| mixing with the brst two generations 10 (?03)



An “Extreme Flavour” experiment?
Vagnoni - SNS, 7-10 Dec 2014

* Currently planned experiments at the HL-LHC will only
exploit a small fraction of the huge rate of heavy-
flavoured hadrons produced

— ATLAS/CMS: full LHC integrated luminosity of 3000 fb%, but
limited efficiency due to lepton high p; requirements

— LHCb: high efficiency, also on charm events and hadronic final
states, but limited in luminosity, 50 fb™* vs 3000 fb

'« Would an experiment capable of exploiting the full HL-
_ LHC luminosity for flavour physics be conceivable? )

— Aiming at collecting O(100) times the LHCb upgrade luminosity
= 10 b and 10> ¢ hadrons in acceptance at L=103°> cm2s

Motivation: test CKM (FCNC loops)
from " 20% to # 1%




More than one (motivated) scalar
(MSSM, NMSSM,etc)

-OlnertO doublet Dark Matter:  Hiy, H>
H> : <H,>=0, Hzfﬁp forbidden

The lightest member of Hif neutral, is a DM candidate
- OSinglet-CatalysedO EW phase transition: H, S

V=1 MH"H)S+ !,(H*"H)S?
Can indice a brst order phase transition, crucial to Baryogenesis

-OTwinO Higgs: H,H

HO = doublet of a OtwinO SU(2)
V(HH) ! V(H), [H[®=[H|"+ [H|7
h is a pseudo-Goldstone



-OlnertO doublet Dark Matter:

o(fb)

h1 = Dark Matter
g g
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- OSinglet-CatalysedO EW phase transition: H,S

100 TeV, 30/ab =
100 TeV, 3/ab =
14 TeV, 3/ab

400 500 600 700 800
m, (GeV)

pp' h2| hlhll ozl R/ D

Kotwal et al 2016



-OTwinO Higgs: H,H

L (pp !

h')" "' (pp! hsy (M= my)) viaatop loop

- L

Neglecting phase space 1]
b+ by
f ZZ | WW | hh |WWz'z
(R f) 1 2 1 2 1

f/TeV

_—y
~—-~ -
H ~—---~

Buttazzo, Sala, Tesi 2018



Summary
1.To turn the SM Into a ST still premature

2. BSM more relevant then ever, though in more
diversibed directions than 10 years ago, rightly so

3. A signibcant discovery potential in precision at LHC
- Higgs couplings
- Extended EW precision tests
- Flavour observables

highly complementary between themselves and with
direct searches

4. A pending question: why a single scalar?



Backup on B-anomalies



general caveats

BR(B! D)) BR(B! K®pup)

R w) —
D (%) BR(B ! D(!)|",| — u,e) BR(B ! K(!)ee)

Difbcult and/or statistically limited experiments

Lepton Flavour Violation never seen before
in charged leptons BR(K_ ! pe) < 47410 **

No OmediatorO seen in LHC searches

In case one wants to see them correlated:
b! cl! treelevel, Db! sldiop level



The need of aOmediatorO
Rp )
RSM

= 1.237+ 0.052 Is a deviation from the SM
PY at about 20% level in b! cl"

b | AV
Need to interfere with / = J Veb

b |
Vep Vi
From need ! I 500GeV( ki )2
: C Veb

F need | : ( Vb )12
rom ' m TeV VgV




Can one make sense of a vector leptoquark?
b |

Vy =(3,1)y3 VA )= VAR L+ @1 el)
: C

Pati-Salam SU(4): L as a fourth colour

b &@u coupled to B-L

B, Isidori, Pattori, Senia 2015

B, Murphy, Senia 2016

B, Tesi 2017



Backto K. ! pe

NG VE@ N all) = V@R @ e) SN
| Vi

’ C BR(K_ | pe)< 47410 2 4\ 8

(s®, 1) and (d%, €) cannot live in the same SU(4) quartet

Way out:

Consider heavy (Q% L)pirac  with V(&P !uLL)
and mix them appropriately with standard o, L

(not trivial If SU(4) Is a standard gauge group)



Observed anomalies
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Low energy observables

Sq2Si2 Eps
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- global

gaussian errors
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Direct searches of the heavy vectors

99! N
) v, !t
Y, exchanged in the t-channel: B! !k

Leptoquarks @upair produced:

Single 9 production  gb! !

All other vectors but ~ &* G, B, 582, B3, %,
couple to the light fermions by F Imixing (mostly ) f3

and, [3avour universally, by vector mixing

2 4
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coupling gg
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