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Two modes of exploration at LHC:

| This falk: g — VY (V"

2) 0ff SM resonance E>>mz my, |
» Less precise (small statistics) ]

i > Relies on large signals! [
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why nobody cares

1] Smallness

These parameters <> EFT coefficients:

>\fy < din"'G eachS VWBPWC P ’
hos H'D,H D,B-B*
5 dim-$ S

4
W,

In popular models (e.g. SUSY, CH), Vr elementary, these are tiny:

fé& gAy ~ g~ miy
T 1672 M2

SILH: Giudice,Grojean,Pomarol,Rattazzi’'2007
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Inconsistent

These couplings are tested in high-energy processes:

LEP2: E = 130 — 209 GeV -
Ay € [-0.059,0.017] ~ LW — Af > 30 GeV

2 2
95%C.L. (LEP EW: 1302.3415) 9x M

(see Contino's talk)

LHC: F > 1TeV
A, € [-0.019, +0.019]
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Inconsistent

These couplings are tested in high-energy processes:

LEP2: E = 130 — 209 GeV -
Ay € [-0.059,0.017] ~ LW — Af > 30 GeV

2 N2
95%C.L. (LEP EW: 1302.3415) 9; M

(see Contino's talk)

LHC: F > 1TeV
A, € [-0.019, +0.019]

» Thereisin fact a fundamental obstruction to measure weakly coupled
theories consistently with hypothesis of scale separation...
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For £ > myy states have well defined helicity h
Awplitudes for 2—2 with different h:,: don't interfere
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13| Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR 16

For £ > myy states have well defined helicity h
Awplitudes for 2—2 with different h:,: don't interfere

Theorewm:

Massless Ilwu’r * ’rree Ievel * a’r Ieas’r one ’rransverse vec’ror
-, » SM and BSMs contribute to different helicity ampll’rudes
.’ N° m’rerference ]
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How?| i) Helicity sums:  h(An) = h(Am) + h(Am)

n=m+m’-2 legs
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13| Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR 16

How?| i) Helicity sums:  h(4n) = h(Am) + h(Am)

n=m+m’-2 legs

p € C o that on-shell  SM or BSMe (*)
condition p*> =0
satisfied also for As

(*)=In a basis where all effects proportional to the Equations od Motion have been eliminated
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Row?| i) Helicity of 3-point<scoupling dimension:
|h(A3)| =1 — [g]
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How?| i) Helicity of 3-point<«>coupling dimension:
h(As)| =1~ [g

pinor Helicity Formalism: v () = (|pla,0) € (p; q) = 217!

Va2(ep) (2
v-(p) = (0, |p)*) irreps of °7%, 7 201

— ¥ = |p)[p| + |p|(p| (familiar in SUSY)
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Row?| i) Helicity of 3-point<scoupling dimension:
|h(As)[ =1 — [g]

pinor Helicity Formalism: v () = (|pla,0) € (p; q) = 217!
v2(qp)
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3| Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR 16

How?| i) Helicity of 3-point<«scoupling dimension:
[h(As)| =1 — [g]

pinor Helicity Formalism: v () = (|pla,0) € (p; q) = 217!
v2(qp)

v_(p) = (0, |p)*) irreps of °
— ¥ = |p)[p| +|p){P|

U(2) x SU(2)
~ SO(3,1)

Little Group scaling (Poinearré) |p;) — t;|lp;) |pi) =t ' pi] — pé‘ invariant — A ~ tz,_zhi

Dimensional Analysis [|p)] ~ [|p]] ~ GeV'/? |Aspoint] ~ GeV

3-point kinematies (pypo)[pipa] = 2p1.p2 = (p1 + p2)? = (=p3)? =0 — {A (p1p2) -
3 e
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3| Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR 16

How?| i) Helicity of 3-point<«scoupling dimension:
[h(As)| =1 — [g]

pinor Helicity Formalism: v () = (|pla,0) € (p; q) = 217!
v2(qp)

v_(p) = (0, |p)%) irreps of °
— ¥ = |p)lp| + 2] (o]

U(2) x SU(2)
~ SO(3,1)

Little Group scaling (Poinearré) |p;) — t;|lp;) |pi) =t ' pi] — pé‘ invariant — A ~ tz__zhi

Dimensional Analysis [|p)] ~ [|p]] ~ GeV1/2 [Agpomt] ~ GeV

3-point kinematies (pypo)[pipa] = 2p1.p2 = (p1 + p2)? = (=p3)? =0 — {A (p1p2) -
3 e

b Az(1M2723%) = g(12)" MR (13)he i Ths (23) M R yiquely fixed

M BSMs

g$|h5M\:1 Nl . hBSM‘ZS
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13| Non-Interference for BSM; amplitudes

Azatov,Contino,Machado,FR 16

How?| iii) SUSY* Ward ldentities: |h(A7™)] <2 lexcept i)

*in the limit of either y,=0 or ys=y=0:
upliftable to SUSY+E-parity (with 1 Higgs doublet1)

Grisaru,Pendleton,vanNieuwenhuizen77

~ @.0. 0= (0][Q, ¥TVFVHVH]|o) = quﬁ Q. VF]..VT|0) o< (O|VTVFTVTVT0)

wav Q,V] ~ L¢+¢+...:




why nobody cares

13| Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR 16

How?| iii) SUSY* Ward ldentities: |h(A7™)] <2 lexcept i)

*in the limit of either y,=0 or ys=y=0:
upliftable to SUSY+E-parity (with 1 Higgs doublet1)

Grisaru,Pendleton,vanNieuwenhuizen77

~ @.0. 0= (0][Q, ¥TVFVHVH]|o) = quﬁ Q. VF]..VT|0) o< (O|VTVFTVTVT0)

wav Q,V] ~ L¢+¢+...:0

QM - AVIVIVIVT) = A(VIVTYTYT) = A(VTVT¢9) = A(VTyTyTe) =

BSM : Operators with transverse V not supersymwmetrizable

Elias-Miro,Espinosa,Pomarol‘14
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[3]|Non-Interference for BSM; amplitudes

Azatov,Contino,Machado,FR16
How?

) Helicity sums  n(A,) = h(Am) + h(Am)

i) Helicity of 2-point<>coupling dimension |n(43)|=1-[g]
iii) SUSY” Ward ldentities |h(AS™M)| < 2
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3] Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR'16
How?

) Helicity sums  n(A,) = h(Am) + h(Am)
i) Helicity of 3-point<coupling dimension |n(43)| =1 - [g]
iii) SUSY" Ward ldentities |h(A7M)| < 2

>9_M_+ _35“< plot =121=0
>S—M-+ B’s% ' =1+3=2/4
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13| Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR'16

How?

) Helicity sums  n(A,) = h(Am) + h(Am)
i) Helicity of 3-point<>coupling dimension |n(45)| =1 - [g]
iii) SUSY" Ward ldentities |h(A7M)| < 2

>~ —< Rt —=121=0

No Interference
(dim-6, 4-point)

>—- —< htot =143 =24
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Azatov,Contino,Machado,FR 16

Implications? & e Wi W, W
| \
gq — V.V’
d.
Vm:Wi,}Z,V ‘% 9x

avyrsb cpu
€Cabc W,u WVPW

(3-point vertex has dimension of coupling = weight with g* for illustration)
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3| Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR 16

Implications? = Eape WV WE TEPH
| \
qq — ‘;V/
v — Wi, 7~ ,
WaYWh e

(3-point vertex has dimension of coupling = weight with g* for illustration)

Non-interference:
0(BSMs2)=0(BSM3s)

gsmf

At

BSMg x SM BSM32
4
9sm

2 4
g« My g2 E
o ~ —2 1+ 2 + 5 —4

9. E* ]

+

— 4...
gSMA4
W

BSMg x SM




why nobody cares?

Because there is no structured scenario
where these searches are self-consistent
(need strong coupling)



Part 2

why caring

(Rewedios)



Strongly Coupled BSM?

How can SM be light and weakly coupled at E<my and
strongly coupled at E>>my?

: quantum effects oenerally propagate
- new couplings to the whole SM !
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Strongly Coupled BSM?

How can SM be light and weakly coupled at E<my and

strongly coupled at E>>my?

: quantum effects oenerally propagate
- new couplings to the whole SM !

- Need shielding:

Approximate Symwetries broken in SM

SM lagrangian
(dim-4)

Higher-dim
operators
(dim-0, sim-$...)

2
gsm




Strongly Coupled BSM and Approximate Symmetries

Scalars: Composite Higgs

ngqs is a Pseudo Goldstone boson from new strong sector (symm=50(%)/50(4))

Georgi,Kaplan'84: Agashe,Contino,Nomura,Pomarol'04; GiudiceGrojeap Pomarol,Rattazzi'07...

g Shitt Symw:
L\/. \éy"/ Y H— H tc *6@4{11' ﬂlijmm

small

9*
71 0u|H|*)” large

oo e 2 112
» Large effects ViVi—>V\Vi at high-E: @ 4 ~ N L
g x’\ fl A\ (1 e
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Scalars: Composite Higgs

nggs is a Pseudo Goldstone boson from new strong sector (symm=50(%)/50(4))

Georgi,Kaplan'84: Agashe,Contino,Nomura,Pomarol'04; GiudiceGrojeap Pomarol,Rattazzi'07...

m ShiftSymm: H — H te g0V eHX

-; ,'; \@/ —+n.l. L symimetry

9*
71 0u|H|*)” large

ool 2 112
» Large effects ViVi—=>ViVi atf high-E: @& 4 ~ e E
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small

Fermions: (partially) Composite fermions
Symwetry: Chiral (or Non-linear SUSY)

Eichten lane Peskin'83 BardeenVisnjic'82, Bellazzini FR'soon

» large effects in, e.g. dijets at LHC



Strongly Coupled BSM and Approximate Symmetries

Scalars: Composite Higgs

nggs is a Pseudo Goldstone boson from new strong sector (symm=50(%)/50(4))

Georgi,Kaplan'84: Agashe,Contino,Nomura,Pomarol'04; GiudiceGrojeap Pomarol,Rattazzi'07...

J Shitt Symwm:
= \g/ ymm: 7 — [ tc *%EL ﬁ{{}m
9*

Mz( IulH|*)” large

ool 2 112
» Large effects ViVi—=>ViVi atf high-E: @& 4 ~ e E
g x’\ fl A (1 OTE

small

Fermions: (partially) Composite fermions
Symwetry: Chiral (or Non-linear SUSY)

Eichten lane Peskin'83 BardeenVisnjic'82, Bellazzini FR'soon

» large effects in, e.g. dijets at LHC

Vectors: ?



Strong transverse vectors at high-E

Problem: Gauge bosons associated with weak SM coupling (9, +ig4,)
how cowmpatible with g*>>g 7

47

(Even if composite, g = i it would never appear strong)

Liu,Pomarol Rattazzi FR'16



Strong transverse vectors at high-E

Problem: Gauge bosons associated with weak SM coupling (9, +ig4,)
how cowmpatible with g*>>g 7

47

(Even if composite, g = i it would never appear strong)

However:

Two ways a particle can couple to gauge boson:
g A,y ) - monopole/ipole 9*%?W‘€fw/\%

new new

Liu,Pomarol Rattazzi FR'16



Strong transverse vectors at high-E

g=790
» A, composite, g*

» No light charged d.o.f
MY (0, ~Fu
L= LQM]\; ’(I)) .

(Euler-H isenberg)

> Strong irrelevant interactions
(multipole)

Liu,Pomarol Rattazzi FR'16



Strong transverse vectors at high-E

=0 970
A, composite, g* : : g
No liaht charged d.of Light d.o.f. with small charge <
,'/'/L‘.‘ “
M4 a F y _ 8 + @4M ,ul/
a) LQMAZLQ’(D) * (0 )
(Euler-Heisenberg) | . a=-" " Weak marginal interactions
Strong irrelevant interactions ™ (monopole)
(multipole)

Liu,Pomarol Rattazzi FR'16



Strong transverse vectors at high-E
g=20 970

A, composite, g* . :
No light charaed d.of P Light d.o.f. with swall charqeg%

A 0% ° a a
M (9 Ej, MO+ {9A  Fw

(Euler-feisenberg) . a=-" " Weak marginal interactions
Strong irrelevant interactions (monopole)
(multipole)

Non-abelian

Inonu-Wigner Contraction ('53)
#generators invariant

(Like Poincare->Galilei)

Liu,Pomarol Rattazzi FR'16



Strong transverse vectors: lmplications

1 :
2
4 —(D WV a’y) m?
~ W -3
M2 WY = -5 S10 - MZ2TeV
Barbieri,Pomarol Rattazzi, Strumia'04




Strong transverse vectors: lmplications

1 a,v\2 '
¥ (Do) >«A‘/»< W,Y:mﬁ%,il()_g - M2 2TeV

Barbieri,Pomarol Rattazzi, Strumia'04




Strong transverse vectors: Implications

CMS WW Vs =8 TeV










(NDA: 4-point vertex= coupling?)



(NDA: 4-point vertex= coupling?)

. 0ABSM

< 1 dimension-6 analysis ok

Asm
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< 1 imension—-G analysis ok

fransverse vectors: lmphca’nons







5ABS V 4

2 & = 1) dim-6 not ok! dim-8 dominate!
Asm

(EFT E/M expansion still valid: dimension-10 small)



VTVT — VTVT

My &
4rf ‘
LO: SM
8o
NLO: BSMg+BSMg>
SM Srormsw, T
' Non-interference:
0 my v even at low-E V8>06
E
T ——

dim-8 always large for WW scattering
(EFT E/M expansion still valid: dimension-10 small)



Strong transverse vectors: UV?

Through Partial Compositeness?
L = EAANJ“ —+ GFFMVO/W

Marginal dim[J] =3
Relevant if dim|O] < 2
Unitarity dim[O] > 2

Either free or irrelevant

No CFT or Warped Extra-V wmodel exists



Sfrong ’rransverse vectors: UV7

S’rrong fransverse vec’rors Kemedlos

Rewedy to motivate (some) LHC searches

No warped UV wmodel

(Remedios the Beauty was not a creature of this world-
Gabriel Garcia Marquez )




Conclusions

LHC/LEP: many €€resources€€ to test fransverse vectors

Not BSM wmotivated (non-interference, smallness in ordinary models)

Need structurally robust scenario for strong coupling

- large wmultipoles/small monopoles

Rewedios:
- deformed symmetry

Approximate symwmetries can lead to dim-8 domination in 2—>2 processes

Motivation for some QGC searches

Motivation for dim-8 operator classification

Henning,Lu,Melia,Murayama’l5; Lehman,Martin'15



Conclusions

Precision Tests at LHC




