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Collider EinoraEuom
(so fa¥)

Focus: Search for new Lic l«& particles
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Collider Ex fiora&cwm

(from Kow)

Focus: S%&Mc&m"d Model P ?’remsmm “T’és%s
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Collider Ex fiora%mm

(from Kow)

Focus: %&Mc&m’d Model P ?’remsmm “T’és%s
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Collider Ex fiora%mm

(from Kow)

Focus: Standard Model 7 ?remsmm T‘es%s
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Collider Explorakion
(from Kow)
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Collider Ex fioraﬁmm

(from Kow)

Focus: S%amd&rd Moc:le{ ‘Premsmm Té.s%s
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Transverse Vectors => High Energy
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Transverse Vectors and Non-Interference

E2
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Transverse Vectors and Non-Interference
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Leading for Srall effects
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o o< |[Amp|® ~ SM=*(1+ 6



MC} Mﬁlh&érnferQMﬂ@- Azatov,Contino,Machado,FR 16
(2->2,high-E tree-level)
For E > my states have well defined heliciby (!—,>
Amplitudes for 2-2 with different total h dont interfere
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N 0 Mm IM%@J”%QI"QM&@- Azatov,Contino,Machado,FR16

(2->2,high-E tree-level)

For E > my states have well defined heum&j ®
Amplitudes for 22 with different total h dont m&er%er«?.

ij BSM

My f div-& operator
a4 17 A:M)I Ih( AE;SM)l D:,ﬂ:eren& h@iiﬂi&v

N ‘ ‘ | N\ /
2l - No-Interference
o% ; | i 4‘ I
o . w s
e e A \ 1/7
S ww¢¢ 2,0 2,0

Db 0 0 Poor Measurement

alnloliy 0 0




M C} Mm IM&QrﬂFQrQM€Q Azatov,Contino,Machado,FR16

(2->2,high-E tree-level)

For E > my states have well defined heum&j ®
Amplitudes for 2-2 with different total h dont m&erfera
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M C} Mm IM%QrﬂFerﬁmaﬁ Azatov,Contino,Machado,FR16

(2->2,high-E tree-level)

For E > my states have well defined hetum&j ®
Amplitudes for 2-2 with different total h dont m&erfera
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(See Wulzer’s kalk)



W, WZ, WY and their resurrection




Interference Resurrection

Focus on , with these Qp@.ra&ors Ehat
do not interfere with the SM
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Differential measurements Wi, WZ

Panico,FR,Wulzer‘17,
T A Hagiwara,Peccei,Zeppenfeld,Hikasa’'86
Duncap, a%e,Repko'Sé

¥1

Vl\l

Vi Heliciby t3/1 in SM/BSM
> Quantum mechanically different, no inkerference



Differential measurements Wi, WZ

Panico,FR,Wulzer‘17,
T A Hagiwara,Peccei,Zeppenfeld,Hikasa’'86
Duncap, a%e,Repko'Sé

¥1

Vi Heliciby t3/1 in SM/BSM
> Quantum mechanically different, no inkerference

F,2) Fiz,a0r Heliciby +1/2 =1/2 in SM and ia BSM

> @M some, interference possible



Differential measurements Wi, WZ

Panico,FR Wulzer 17,
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Differential measurements Wi, WZ

Panico,FR Wulzer 17,
T A Hagiwara,Peccei,Zeppenfeld,Hikasa’'86
Duncap, a%e,Repko'Sé

¥1

Vl\l

—(h1 =AY, ha — hy)

BSM
Int* « AMALTT cos[Ah - ]
(+1, 1 & A (41,41) A (9017 902)

Int9" AMALY T sin[Ah- )

» Cancels when integrated over ¢ ¢ —, 7]



Differential measurements WY

Panico,FR,Wulzer‘17,
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Differentiol measurements WY

Panico,FR,Wulzer‘17,
T A Hagiwara,Peccei,Zeppenfeld,Hikasa’'86
Duncap, ar;e,Repko'Sé

L1

No (L@.F&onm)
Branching Rabio|

Int“" = 2g¢%sin® AT [AM+ AT |cos 2¢ .
Int" = 27,g sin HABSM_[ _+—A§|_M_]Sin 2

Differential azimuthal disktributions = SM-BSM interference



Azimuthal Angle... reod;iﬁj

Neubrino: from missing energy + reconstruct W mass

Panico,FR,Wulzer17
See also Azatoy, Elias-Miro, Reyimuaji, Venturini‘l7
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Azimuthal Angle... reoii;%v

Neubrino: from missing energy + reconstruct W mass
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Sptrue

Panico,FR,Wulzer17
See also Azatoy, Elias-Miro, Reyimuaji, Venturini‘l7



Azimuthal Angle... reod;iﬁj

Neubrino: from missing energy + reconstruct W mass

Spfreco
JT'
A
~
T . .
2 2
Spt'r*ue

o

2

Panico,FR,Wulzer17
See also Azatoy, Elias-Miro, Reyimuaji, Venturini‘l7



Azimuthal Angle... reod.i;ﬁj

Neubrino: from missing energy + reconstruct W mass
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Azimuthal Angle... reod;i;%j

Neubrino: from missing energy + reconstruct W mass
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Azimuthal Angle... reod;iﬁj

Neubrino: from missing energy + reconstruct W mass

2) Some evenks: m2 >m?,
(off-shell, experror)

reconstructed as m?2 =m?,

1nv

=m/2 or = —1r/2.
L / Y / Panico,FR,Wulzer17
See also Azatoy, Elias-Miro, Reyimuaji, Venturini‘l7



Azimuthal Angle... reali&v

Neubrino: from missing energy + reconstruct W mass

2) Some evenks: m2 >m?,
(off-shell, experror)

reconstructed as m?2 =m?,

1nv

CP-odd unaccessible!

» o=m/2 or = —1r/2.
L / Y / Panico,FR,Wulzer17
See also Azatoy, Elias-Miro, Reyimuaji, Venturini‘l7



Azimuthal Angle... i realiby

Neubrino: from missing energy + reconstruct W mass

BSM ~ cos2p SM ~ const.
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Resulks

pp > Wy (LO), 3ab '@14 TeV

100

_____

10—2:| Cur Analysis, d

: e . &

1073} : >
A &
C /’ =<

_1073 7 —_ 2
| @)

‘ ‘ L ‘ ‘ ‘ | ‘ ‘ ‘ | ‘ ‘ ‘ | ‘ ‘ ‘ -100
200 400 600 800 1000 1200

Panico,FR,Wulzer17
See also Azatovy, Elias-Miro, Reyimuaji, Venturini‘l7



Resulks

pp > Wy (LO), 3ab '@14 TeV

g 14109
e N 3
- “ee..... No-interference
TSl I Our Analysis,
: B _3:9% Svs& matbics 10
| E |
| I . <
10'3?\ | S
> =
~1073 7 B ———— =
—I | @)

1200

Panico,FR,Wulzer17
See also Azatovy, Elias-Miro, Reyimuaji, Venturini‘l7



Resulks

pp > Wy (LO), 3ab '@14 TeV

e . i100
Tt T ) -
N i .. No-inberference
10-2':|_: _____ Cur Analysis,
: _J10% Systématics & "o
| . i
| :
i |-——————-- ! - —
1038 _— L
o o
-1073 7 _—— <
f—— T ) S
200 4‘00 600 800 | 1000 | | 1200
Py

Panico,FR,Wulzer17
See also Azatovy, Elias-Miro, Reyimuaji, Venturini‘l7



Resulks
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Resulks
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Explicit Model (Rewedios)

MQ(D Wal/)

Liu,Pomarol,Rattazzi,FR'16

g*
(o))

Interference Resurrection makes the difference.



Explicit Model (Rewedios)

1 Liu,Pomarol,Rattazzi,FR'16
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Interference Resurrection makes the difference.



Messaqge

SM precision tests will define the new distance fronkier
107 M 1o

Precision: qualitative change in BSM searches

» New search strategies become possible

P Precise measuremenkts nspire new model building



Beyond the SM EFTe: 2Z, ZY

No dimension-& E-qrowing effects in pp-> 44, ZY!



What is being Llooked for so far: NTGC

Anomalous Cou,pi.ihgs EFT
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What is being Llooked for so far: NTGC

Anomalous Cou,pi.mas EFT
Lup = sz[ FO.F) 4 F2(0,27) 2,0 Zo) + [ (07 Fry) + F207 20|27,
— [WJ(O°F,) + W2 (07 Z,,)| ZsFHP — [h}(0,F7P) + hZ (0, 2°F)| 2 Fpe, <~
- {—%ZaaﬁaFw %aaﬁm+mz)2]}zawﬁ L]—]TD#HDVBVPBMP
{ i (067 F* (O +m%)o° zr ]} Zgﬁ,m} : | (3) — P A4

Gounarls,Laysacc,Renard'99

P Dimension-% effect: Why shall we Llook at dim>67 ()



What is being Llooked for so far: nTGC

Anomalous Coupi.&hgs EFT

Lur = S| = 1OP) 4 FEO) 2,0 25) + R0 Fo) + 0 20y)| 22,
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Gounaris,Laysacc,Renard’99

» Dimension- @f{@.&&:Whv shall we Look at dim»&? @

(Longitudinal+Transverse)
» Modifies omtv the * amyti&ud&:
At high-Energy, every amplitude with odd number of L
is suppressed bv mZ/E " not maximally growing @



What is being Llooked for so far: nTGC

Anomalous Coupi.ihgs EFT

Lur = S| = 1OP) 4 FEO) 2,0 25) + R0 Fo) + 0 20y)| 22,
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Gounaris,Laysacc,Renard’99

» Dimension- @f{@.&&:Whv shall we Look at dim»&? @

(Longitudinal+Transverse)
» Modifies omi.v the * amyti&ud&:
At high-Energy, every amplitude with odd number of L
is suppressed bv mZ/E " not maximally growing @

P Conkbribukes to helicity, while SM mainly in
MTGEC dont mc}diﬁj the mojority of the process @



When do dimension-¥ mwale sense?

Symmelries or selection rules can give Cec<Cs

Massive spin-2 (KK graviton)
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2 Mp g--p |

|
dim-%!
But only for weak coupling: Loops generate dim-&!

Giudice, Strumia, ‘03
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(Nown-Linear) Symmetries (at strong COMPL£M§})
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When do dimension-¥ malkee sense?

Symmelries or selection rules can give Cec<Cs

Massive spin-2 (KK graviton)
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Eg — —TQ}LM P,uypo-hp - ﬁh'u T,ul/ i ﬁg o zmgﬂg [(T gTMV) (T ] +

p

dim-%"
But only for weak coupling: Loops generate dim-&!

Giudice, Strumia, ‘03

(Non-Linear) Symmetries (at strong f::c.:mpi.i,b»\g) AAim-¥
O 4
» U(1) pseudo Goldstone-Boson: L = (9¢)°+ 1" A c( /é) |
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Dimension-¥ and ZZ, 2Y

Non-Linear) Symmetries (ot strong «z:c::—upl.ma)
P Fermions aspscucogoldstini: ¢ —77’“’+2F2 (ix7y"0" x + ixy" "X + h.c.)+

: |

Mgl W, oWye D
T e AF?

Bardeen,Visnjic'81,
Liu,Pomaral,Rattazzi,FR16,
Bellazzini,Serra,Sgarlata,FR'17

T WepWox7"0%x



Dimension-¥ and ZZ, 2Y

‘Now-Linear) Sjmme&m@;s (at strowng coupuv\g)

P Fermions aspscudogoldstini: f = 11"+ s (X707 X + X7 0" X + e+
174 o 1 74 o
g,u g,O W,LLpWI/J 9 WW W pr(?

Bardeen,Visnjic'81,
Liu,Pomaral,Rattazzi,FR'16,
Bellazzini,Serra,Sgarlata,FR17

What is the EFT? .surprise...
1 /.- 1 _
T (im{ﬂav}w + h.c.) D,H'D,H _4—/\43 ,B*, (zm{f)a”}w + h.c.) .
ﬁ (iQU%{MaV}QJFh.Q) D, H'o*D, H —WWG we s (z@h{pav}w -+ h.c.) .
—TLBMVWQPM (1Qo1 01 Q + hie.) .

lb — QauRadR

very different from nTGC parametrization!



Emergy&row%k
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Energy-Growth

1
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4N

1

Wi, W (iby oty 4 hie. )

! Bu,We (i@a“v{pﬁ’/}Q—l—h.C.) .

2A4

final states (22 m\i.j)
» No LT (ho mZ/E su,ppressmm)
» Both

\

TT final stakes (ZZ,2Y,YY)

as E4/N\4 ampti&ud@.



Heii&i%

L /.- 5 1 L 5
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1 _
T W W (P r Y
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1 _
_WB,LWVV@/O’u (iQO’a’y{pﬁy}Q + hC) .
w — Q7 UR, dR
ole —
5000 Wyo2V (V=2.y) 5=(300 GeV)* : > wikh LO\T’S@.S&
o SM conkbribution
T 1000

S@Mséﬁviﬁj enhanced!



?’os&iv%j Cownskraints
Fundamental principles from unitarity/analyticity imply
&OV\SE‘“QE‘M&S oW &O@f{iﬂi@.m& E«M %TOV\&! unique O‘f these dimension-%

_ 1 - )
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1 _
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?’os&&v&%v Conskrainks

Fundamental principles from unitarity/analyticity imply

COMS&\‘&EM&S oW COQ{{E«&E«QV\& EM, ‘frOV\&! unique of these dimension-%
Adams,Arkani-Hamed,Dubovsky,Nicolis,Rattazzi’hep-th/0602178

Bellazzini’'1605.06111

1

(wy{“a’/}w + h.c.) D, H'D,H

1

4A4

4AN4

B, B", (i%{f)avw + h.c.) |

W Wk (im{f)a”}w + h.c.) |
B W24 (iQa o llakE C




Positivity Constraints
Fundamental principles from unitarity/analyticity imply
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Comyarisoms

high-E is unique, but it compares at lower-£ with different effects:
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Why Interference?

When SM and BSM conbribute ko Fhe same avau&ud@.:

Amp = SM + BSM = SM (1 + 6gsur)



Why Interference?

When SM and BSM conbribute ko Fhe same QmptiEud@.:

Amp = SM + BSM = SM (1 + 6gsur)

o o< |[Ampl® ~ SM?(1 +0psm)+ 0Bgas)

For BSM effecks 1> oo,

SBsm > 0Bgay



Nown-Interference?

1 SM and BSM conbribute to different amplitudes:

interference
(_ vanishes




Nown-Interference?

1 SM and BSM conbribute to different amplitudes:

interference
(_ vanishes

/

1
The leading effects BSM are O (p)

Swiall effects, even smaller!



Azimuthal Angle... more in reau&v

Neubrino: from missing energy + reconstruct W mass
With (DELPHES) detector simulakion

BSM ~ cos2p

With Detector

SM ~ const.
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Neubrino: from missing energy + reconstruct W mass
With (DELPHES) detector simulakion
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Neubrino: from missing energy + reconstruct W mass
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Azimuthal Angle... more in r@.&u&v

Neubrino: from missing energy + reconstruct W mass
With (DELPHES) detector simulakion
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