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The real world:
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What s our job?

o Models can be ruled oul, but cannck
be proven right!

X @ Ruled out!




What s our job?

o Models can be ruled oul, but cannck
be proven right!

Class A:

Parameter space
connhnected bto bhe

MSSM, SM prede,c&om
Cc:rmpc:rsi,&e
(PNGB) Higgs,

Cannot be ruled
oul!




What is ocur job?

o Models can be ruled oul, but cannck
be proven right!

X Class RB:

Parameter space
disconnected from
UEDs, SM Predw&ov\
Technicolor,
Composite DM,

Can be ruled
ouk!




What s our job?

o Models can be ruled oul, but cannck
be proven right!

Gretj zZone:
Fihne tuning?
Personal bkaske?

How close to
the decoupling Limit?




What s our job?

o Models can be ruled oul, but cannck

be proven right!

RSM dream:

The SM ikself can
be excluded!

Are we there v@.&?
No...



Class B: UEDs

o Model of Dark Matter based own exkra
dimensions’

1 XD fields -> tower of KK stabes

{réqu@.&\mes -> KK masses
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Class B: UEDs

o Model of Dark Makter based own exbra

dimensions'

@ Sabine Hossenfelder

Mass spti&&img
t:rwci,ai.tj c:'\epemds
on the “cub-off”
of the theory.

FIG. 1. Loop
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Class B: UEDs

o Model of Dark Makter based own exbra
dimensions’
1762.00410 On the verge of exclusion!

MUED model, 13 TeV searches

atlas_1605_03814
atlas_1605_04285
atlas_conf 2016_054
atlas_conf 2016 076
atlas_conf 2016 _078
Best

In this letter, we restrict ourselves to the strong pro-
duction of colored KK modes such as KK gluons and KK
quarks,
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Class A: MSSM

o Moriond bounds on EW-inos

~/0 A7+
PP — %Xy Moriond 2017 Moriond 2017

CMS Preliminary 35.9 fb (13 TeV) CMS Preliminary 35.9 fb (13 TeV)

—SUS-16-039, 21 SS + =3I (WH) .-Expected SUS-16-039, 3l (zgge;vg x=0.5)

—SUS-16-043, 11 (WH) —Observed —SUS-16-039, 3 (X5—>Tvl, x=0.05)
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Class A: MSSM

o Moriond bounds on EW-itnos

The bounds are impressive,
pp — %3 X Moriond 2017

CMS preiiminary 35.9 fb1 (13 TeV)

Ky o meion N

— -16-039, 3l (X;X;—>7vll, x=0.05 2 o : )

—SUS-16-039, 3l (X% —%vil, x=0.95) —Observed those are «fc;'r SLMPLL&LQ(& Models!

—SUS-16-039, 3| (X:X3—Il, BF(I)=0.5, x=0.5)

—SUS-16-039, 21 SS + 3| ((X;—Il, BF(I1)=0.5, x=0.05)

—SUS-16-039, 21 SS + 3l (:X3—Wl, BF(Il)=0.5, x=0.95)
SUS-16-039, 3| (X:X3—TvTT, x=0.5)

however...

o Production sensitive to the details of
the model;

800 1000 1200
My, = My, [GeV]

o "De«mvs assumed @ 100%!



Beware of Simpwfi@.d Models!

o Simplified models are designed for
simplifying exp. analyses!

o Bound oh S.M.s cannot be used to
give general conclusions on models!



The case of VLQs,
alea TQF? Far%mers

o VLQs are nown-chiral quarks Ehat mix ko bhe
SM ones via Higqgs couptiv\gs!

T(2/3) V4 V4 V4
B(-1/3) i Y Y Y
X(5/3) 4



The case of VLQs,
alea TQF? va*%hers

o BRs depemi on Ehe model.
o QCD pair“p'rodwc&om LS modetminciepehd@m&!

o Single Pradu«c&mm ts nok:

Single production: pp — ¢’ + {q, V,H}




The case of VLQs,
alea ‘TQF? Fm*%mers

g
2 cos Oy

9 +
RT W TL /U5 I8
e
Couplings can be expressed in terms of the BRs,
plus an overall coupling strength’
BRs and Single Productions are correlated!

—k7 H TRUL | KT Z,u TL”}/’LLUL |

Single production: pp — ¢’ + {q, V,H}




The case of VLQs,
alea ‘TQF? Fm*%mers

RBRs depemi on Ehe model.
QCD pairﬂproduaﬁiosa LS mod.etmiwiepemd@m&!
Single pradu«c&mn s hok:

EW pair prodwz:&om Moy be imForEaM&!



The case of VLQs,
alea TQF? F'm*%v\ers

IQTE Qhq + h.c.
UsSM

600 800 1000 1200 1400 1600 1800 2000
Mr [GeV]



The case of VLQs,
alea Tca»p Pm*%mers

CMS-PAS-BRG-12-016

CMS Preliminary 19.7 b7 (8 TeV)
BF1(qW)

900
850
combination ! 800
750
700
650
600
550
500
450

pair only

Full coverage of BR combinations,

[A@D] nwi ssepy D pajoadx3

Rounds are very sensikive to
the BRs, ranging from less then
400 Crey to ¥00 CreV.




The case of VLQs,
alea Tc:»p Pm*%mers

CMS-PAS-BRG-12-016

CMS Preliminary 19.7 fb' (8 TeV)
BF1(qW)

CMS Preliminary 19.7 b7 (8 TeV)
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The case of VLQs,
alea TQF? va*%hers

CMS-PAS-BRG-12-016
SEra&egj allows fill coveraqe.

Small improvements needed (fix overall
coupling instead of kappa W)

QCDE@NLY, other single channels, EW pair
con be éasu.j included.,

Are we really complete and «foatmyroaf?



The case of VLQs,
alea TQF? va*%hers

o Exobic deaogg channels may be present:

£.9., hoh-minimal composite Higgs models.

o Long-lived (Le. MET)

o Decay to pair of gauge
bosons (WZW anomaly)

o Decay ko c&h&op



Theorv: what have we
learnt so far?

o There is a Higgs: what do we reatbj
kinow aboub tE?

o Do we still need BSM physics?

o How can we rule out our favourite

model(s)?



D

What do we khnow aboubk H?

The mass has been precisely

measured!

125.0%:=

ATLAS and CMS
LHC Run 1

= O.21(stat) 5

= O.ll(SySt)

— Hoyy

—_— H2Z2Z -4l
Combined yy+4l
Stat. only uncert.

125.5 126
m,, [GeV]




What do we know about H?

The mass has been precisely o The couplings follow the
measured! SM expectations:

ATLAS and CMS
LHC Run 1 -~ ATLAS+CMS

1 1.5 2
Parameter value




What do we know about H?

The mass has been precisely

measured; ATLAS and CMS
LHC Run 1

The couplings follow the

SM expectations: being

propor&iouai. ko wass,

¢ ATLAS+CMS
SM Higgs boson
— [M, €] fit
[ 168%CL
[ ]95% CL

10 10°
Particle mass [GeV]




What do we know about H?

Ruin I
The mass has been precisely

measured! Decay channel | ATLAS+CMS | ATLAS

The couplings follow the

SM expectations: being
propor&iouai. ko mwass.

The uncertainties are skill
large!

Coupling measurements are

atwajs subject to model

assump&iov\s! A




What do we khnow aboubk H?

o Theoretical Modelling, ie. the Standard Model Higqs

LHiggs =3 (DM¢)T(DM¢) 75 :u2 ¢T¢ Sl (¢T¢)2
“wrong sigh”

It well describes 5

the symmetry breaking, 7_@' Sa O_ Paull
but no dynamical ) makrices
insight!
s s
v=—— ~ 246 GeV

V2



What do we khow aboubk H?
Liiges = (D, @)1 (DH @) + 1 ¢'p — A (¢70)°

o Custodial s;;mme?:rjj as a Lu,r;:wj accidenk:

3 X Both transform
= < ZZ"; ) = (i02) S == ( Spd* > as doublets of SU(2)

[pseudo-real i,rre[o]

o We cai rewrite the Lagrangian as:

G (q@ gb) = < _igz ZZZ > Liiges = %Tr (D,®) (D"®)] + %Tr [®f®] + ...

uncovers a “hidden” hvariaince
QRS PR U}; under a global SU(RIL x SU(RIKR
broken to SUR)D by the VEV




What do we khnow aboubk H?

& Nown-lLinear desaripﬁmv\:

5 R ( ) ) Lnr = f(h) (D,X){(DS) — V(h)

(V)

o Goldstones transform as a briplet of SU(2)D.

o The coupling of h to gauge bosons ARE proportional to
the mass (but not determined).

o However: trilinear h coupling is not determined.



Do we skill need BSM?

We have a pretty
good idea of

the mwechanism




Do we skill need BSM?

Fack:

we have been working on the same
ideas for the last 30-40 j@.&rs!

f CF e o %
@\ =T A «f)

- - . | S
supersymmetry




Do we skill need BSM?

No judgement: I'm F?i.oqjing devils advocate!
Recenk New Ideas:

Scale Uawvariance: omtj true oab classical level.

Relaxion: classical field evolution imposed
(tautologic faulk!)

Warped extra dimensions: exponentiation of
large scale hierarchies.

Asymptotic Sofe theories: still under study (see
1701,01483) - no realistic example!




Do we skill need BSM?

o Asymplotic Safe theories: still under study (see
1701.01453)

Interacting UV fixed
point.

Claim that scalar
masses can be natural,
L.e. qu&h&um corrections
pragor&iemat to the mass

ikself!

RGE scale, (47)"%In u/



How can we rule oubt our
favourite model(s)?

“Nakural” SUSY

10000 S spé_t&rum

= Squarks
so0o GeV 4+  Gluino
o Higgs decoupling Limit: SM-
10006 GreV ' Like Light Higqs
| Stop(s)

g o Light-ish stops
soo GeV + Other Higgses

o Other sparticles above TeV

100 ey ": HLSSS scale



How can we rule oub our
favourite model(s)?

Resonanees: Cmm[aosiﬁev\ess

10000 CreV |
4
1 Z ; [ 3 W )

§000 GeV 4

Top partners
PP o Higgs close to SM-like

1000 CreV
| - comp. scale
ghvv i 2
soo GeV + Exkra scalars? Sn. Heosvindls o sin” 0
T Ihvv
100 GeV + Hiqqs , v
99 sin @ ~ ? a

(EW preﬁasmn)



The hot potato: fLavour!

1501,03%1%, ...
100,000 Tey §  Aavour Light flavours
near-conformal
dyhamics
10 Tey 1y T Vectors + top mixing
Condensation scale
1 TeV f b prost) + top partners
100 Grey | Usm ~ [fsind EWSB




The hot potato: fLlavour!

1501,03%1%, ...

100,000 TevV § A

'\

o scale
(extredvions)

oA

1 TeV F:op pom&mers

100 GreV ‘ vsM ~ fsin@ E WS



A fermionic theory of top

parthners
Orc : rep K rep R’ 1312.8330, 160406467
Q X T"=QQx or Qxx
SM EW colour + hypercharge

global : (QQ) # 0 a) (xx)#0

$ coloured PNGBS
di-boson
pPNGB Higgs
DM? b) (xx) =0

Light top partners
from t Hooft anomaly
conditions?



Crlobal symmelries

More precisely, the global symmetries are:

SU(Ng) x SU(N, ) X (1)Q UL )

WZW terw:

2,%_

r 9i Fi a €“V°ﬁGLuGizBa

- 3272 f,

Anomalous U(1) -> heavv 77/

Coefficients depend
on the underlying dynamics! 01”&‘4090&\0& U(l) -7 F?NGB a

- = A W Z A | | .
G =AW Z g Decays and Fraduc%mm

1812 .04850% ombj via WZLW o\v\omatv‘



Model z.o-oi.ogv

-

Restrictions | —¢y /gy | Yy |Non Conformal Model Name

SU(5)/SO(5) x SU(6)/SO(6)
SO(Nuc) | | | 1604 06467

SO(Nuc)
‘ M1, M2
{S()(Nuc) 6 xF Nuyc = 2,82 : A M3, M4
Pseudo-Real

Sp(2Nuc) 6xF 2Ny 2 12 M'\-"_{'H)

r

Sp(2Nyuc) 6xF 2Nyc > 4 M"\'";;'_]‘)

SO ( Nuc )
Complex

SU'(AN'H(_‘) o x Az

-

SO(Nuc) 5xF 3 x (Spin, Spin) 5 2 ¢ Nuc =10

Pseudo-Real Real

S’)(2.‘\r“(j) 4xF 6 x A-g 24’\;;{0 < 36 3[‘\.“1(__” X 2.‘\""(‘, = 4

SO(Nuc)| 4 x Spin 6xF Nuc =11,13| %, %8 ‘ Nuc =11

SO(]VHC) 4 x (Spin,m)
SU(Nuc) 4 x (F,F)
Complex SU(4)%/SU(4) x SU(3)?/SU(3)

SU(Nuc) 4 x (F,F) 3(.\',:~ 2)

-

SU(Nuc) 4 x (F, F) 3(.\‘,24'2)

_SU(NH(.‘) 4% (Ag,Ay)




Model z.o-oi.ogv

Defines tan( Theory confines!

gl

Note: there is enough bm'voms to give mass to
the top (and boktom) only’



Example of Predw&ov\sz
di-boson resonances

1610,06891

Pseudo-Real Real SU(4)/Sp(4) x SU(6)/SO(6)

The EFT is the same!
Numerical value of couplings:

(2,00 ££(0,2)
~1.2(-2.5)  0.40(0.40)
1.9(2.0)  0.20(0.096) 2.9(2.8) | 0.20(0.0.96) 0.40(0.40)
7.1 0 1.3 0 0.40

~4.3(-2.7) —0.55(—2.4) 2.1(0.26)| —0.068(—0.30) 0.18(0.18)

1.3(3.6) 5.8(1.3) 8.5(4.0)| 0.73(0.16) 0.18(0.18)
16. 0 1.3 0 0.18

B == —



Model M¥

1610,06891

=) 20

My
“a” boo light for the LHC!

fy constraint (singlet) 4 Jfy constraint (singlet)
Model 8, (ny21,)=(2.0) | ; Model 8, (ny,)=(0.2)

ol | | .
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
my;[GeV] my[GeV]

For Light masses: Larger top couplings:
bounds competitive reduced diboson rates

with EW pr&a&smh! due ko bt BR.



L ORI 1610,065691

>
L
&)
i
g
£

1000 1200 1400

1000 1200 1400
m, |GeV]

m, [GeV]

Above red line, bound driven by “a”

Bounds stronger than EW precision
in most of the parameter space!



Lebs bek:
which model will be ruled
oult first?

Campasi&e

Supersvmme%rj? (F"M &B) Higqs?

(pi.ease, add
your model)







The hot potato: fLavour!

Scale of

100,000 T&\l ‘ Aﬂavour {:QTW\&OV\ WSS

generation

How can Ehis
hierarchy be

generated?
16 TeV A ~ 4 f Vector resownances,
= : A )°
1 TeV f L.anie.nsahic}v\ scale Mhteg i~ ( 5 ) i
(extra va\s) Ag
st sin'@ Too swall!
100 GreV vgm ~ f sin EWSR




The hot potato: fLavour!

Scale of

100,000 T&\l ‘ Aﬂavour {:QTW\&OV\ WSS

generation

Inkermediate
conformal
req Lo

16 TeV A ~ 4 f Vector resownances,
Condensation scale
17T
i / (extra Piov\s)
100 GreV vsm ~ f sinf EWSR

(W) — On

dlm[OH] A dH

effective Yukawa:

1
AG

Onqiqr

d—1
Miop ~ () 47 f sin 6



A Wo-q0 theorem?

Bounds on the dimensions of scalar operators
can be extracted using bootstrap techniques!

Rattazzi, Rychkov, Tonni, Vichi 0g07.0004

f(d)’ f=f6 ¢ = O

.' T .' Camyosi&a Higqgs
3 I  J dreamland d[¢2}min 3 f(d)
30 |
o Higqs wass aperaEcrf
2.5 / . . |
v 2 ﬁ i 2
2 0= d=[¢] i (Aﬂ. ) /

1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35




A nho-qo theorem?
Q: does the bound atppbj to the Higqs?

(V') = ¢V

The scalar apero&or has
flavour indices:

many bj-tmear ops appear’

The bound &Ppuﬁ.s o the owne
wikh lowest dimension!



A ho-qo theorem? No...

Q: does the bound a[apbj to the Higqs?

Antipin, Mglgaard, Sannine 14066166

Grauge-Yukawa Eheorv
wikh wa&kiy@ougi&d

Stinglet channel fixed [voiv\&.
(Higgs) 7

Dimensions are calculable
(but swall...)

5.52 5.54 5.56 5.58 5.60 5.62

X




The hot potato: fLavour!

Aﬂavour

160,000 Tey |} Light fermions

Conformal
region

Veckor resonances,

10 TeV
Condensakion scale
1 T
= / (extra va\s)
100 GreV vsm ~ fsind EWSR

Mulki-scale
model

d—1

4

Me ™~ (7Tf> 47 f sin 6
Ag,

!

200l =d~ 15

Still, for the top, one
would need:

Atop o 47Tf



The tmrﬁmt «:‘omposi&emess
Paradigm

Kaplan Nucl.Phys. B365 (1991) 259

: O qs : AN

Ad—1 HYLYR Ami ~ (—) f Both irrelevant if
. Aq.

we assume; dr 2l dgz > 4

Let’s postulate the existence of fermionic operators:

Jt This dimension

L g (gL QL]:L -t ?jR QRJTR) is ok related
Ag® & to Ehe Hi '
fl. ; & & LSSS.

/

dg—5/2
47 f
flyr ¢.Qr + yr qrQR) wikh Yl R E 47 f




The tmrﬁmt «:‘omposi&emess
Paradigm

Higqs
i

fyr q.Qr + yr qrQR)

Mg ~ | = yr,yr ~ 1 Mg ~4nf = yr,yr ~ 4m

Top can cancel Eop LOOF,
PUVC



