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LHC Exploration
(so far 2009-2015)

Focus: Search {or new Lic l«& particles
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LHC Eixptoraﬁom

(how —» 2030's)

Focus: S%&Mc&m"d Model P ?’remsmm “T’és%s
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LHC Exr:ztora&om

(Low —> 2030's)

Focus: %&Mc&m’d Moc&ei. ?’remsmm “T’és%s
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LHC Exptora&am
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P Experimentally: Already very difficulk...

and comes with a fundamental challenge: non-interference



Oubtline

1- Why SM/BSM Interference?
2- No Inkerference
3- Interference



Why Interference?

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

Amp = SM + BSM = SM(1 + dpsu)



Why Interference?

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

Amp = SM + BSM = SM(1 + dpsu)

g X \Amp\z ~ SM2(1 +0Bsnri+ 5QBSM)

For BSM effects 1> 54y ,

6Bsym > 0Bauy



Nown-Interference?

1f SM and BSM conbribute to different amplitudes:

interference
(_ vanishes




Nown-Interference?

1f SM and BSM conbribute to different amplitudes:

interference
f_ vanishes

1
The leading effects BSM are O (p)

(the same order as dimension-¥ that do interfere)

Swiall effects, even smaller!



Interference is important... can we always count on it?



Non-Interference for BSM, &mpt&udes
Azatov,Contino,Machado,FR16

EXELOLE ~

For E>my stakes have well defined helicity & 7
Amplitudes for 2-2 with different total h dont interfere



Non-Interference for BSM, &mpt&%ud@s

Azatov,Contino,Machado,FR 16

EXELOL%: -

For E>my states have well defined helicity & 7
Amplitudes for 2-2 with different tobal i dont inkerfere

Theorem:

{ Massless Limit + tree level + ot least one transverse vector !

> SM and BSMe contribute to different hei.i,t:i,&:j ampti&u&es |
{ » No interference ;



proot



Non-Interference for BSM, amplitudes
Azatov,Contino,Machado,FR'16

]How?

L) Helicity sums for amplitudes on-shell:

h(An) = h(Am) + h(Am’)

L n=m+m’-2 legs

Am A

+ F

I
SM or BSMe



Non-Interference for BSM, a\m?t&udes
Azatov,Contino,Machado,FR16

iﬂmw?

i) For massless theories 3-point ampt&%ucﬁx@. determined:

Poincaré } Helicity of 3-point > coupling dimension,

Dim, Anabjsis
h(As3)[ =1—[g]

% = [hSM] =1 Bsﬁ‘<~A12:>hBSM\—3

B—POEME kinematics



Non-Interference for BSM, ampi&uc&es
Azatov,Contino,Machado,FR'16

How?

L) SUSY™ Ward Identities: |n(4A3M)] <2 (except viytytyt)

(maximal he.i.:,t‘:&v violation)

“For Yu=0 or Yyd=y=0: u,pi.i,f?:abi.e to SUSY+R-parity (1 Higgs doublett)

Grisaru,Pendleton,vanNieuwenhuizen'77



Non-Interference for BSM, &mpi&uc&es
Azatov,Contino,Machado,FR'16

How?

L) SUSY™ Ward Identities: |n(4A3M)] <2 (except vrutyty™)

(maximal ke“:i.:,a&j violation)

FOT Yu=0 OF Yd=y=0: upliftable to SUSY+R-parity (1 Higgs doublett)

Grisaru,Pendleton,vanNieuwenhuizen'77

€9 0= (0/[Q,TTVIVIVH0) =) (0U"..[Q VT]..VH0) oc (O[VTVTVTVTI0)

[Q,¢]Nvi<-J \[Q,V]Nw\wﬂw...:o

BAVTVIVIVT) = AVTVTYT YT ) = A(VTVT¢8) = A(VTY 9T ¢) =



Non-Interference for BSM, amplitudes

Azatov,Contino,Machado,FR 16

How?

L) SUSY™ Ward Identities: |n(4A3M)] <2 (except vrutyty™)

(maximal kaina%lj violation)

FOT Yu=0 OF Yd=y=0: upliftable to SUSY+R-parity (1 Higgs doublett)

Grisaru,Pendleton,vanNieuwenhuizen'77

€9 0= (0/[Q,TTVIVIVH0) =) (0U"..[Q VT]..VH0) oc (O[VTVTVTVTI0)

[Q,¢]Nvi<J k[Q,V]Nw\MwN---:O

pAVTVIVIVT) = AVTVTYTYT) = A(VTVTeg) = A(VTyTyte) =

not supersymmetrizable in general



Non-Inkerference for BSM, amgti&ud&s
Azatov,Contino,Machado,FR16

How?

L) Heliciby sums  h(A,) = h(Am) + h(Am)

it) Helicity of 3-point <3 coupling dimension |h(43)| =1 — [g]

L) SUSY* Ward Identities |h(A3M)] <2



Nown-Interference for BSM, a\m[pi&udes
Azatov,Contino,Machado,FR16

How?

L) Heliciby sums  h(Ap) = h(Am) + h(Am)

it) Helicity of 3-point <3 coupling dimension |h(43)| =1 — [g]

L) SUSY* Ward Identities |h(A3M)] <2

>Sﬂﬂﬂ< o 11—
E«S QQ%W;WE
>§E+ BS—M< ptot =143 =24




Non-Interference for BSM, ampi&uc&es
Azatov,Contino,Machado,FR'16

How?

L) Heliciby sums  h(Ap) = h(Am) + h(Am’)

it) Helicity of 3-point <3 coupling dimension |h(43)| =1 — [g]

L) SUSY* Ward Identities |h(A3M)] <2

>— ——< hor=1-1=0
e.q qq— WiWs No Ihterference
>— (db &, 4-"‘?0;&\&)

M‘ it =14+3=214




Non-Interference for BSM, &mpt&uci@.s

Azatov,Contino,Machado,FR 16

How?

h(An) = h(Am) + h(Am/)
it) Helicity of 3-point <3 coupling dimension |h(43)| =1 — [g]

L) SUSY* Ward Identities |h(A3M)] <2

>—- 4-< ' =1-1=0
e.q qq— WiWs No I Eeraferemc:e
>—— (cit., &, 4-*;?0&%«&)

M‘ h'' =1+3=2,4

Massi.ess Lum;& + &re@. L@.vet + o& Leas& one &mnsverse vec&ar

»SM and BSMs o inkerference



proot



Non-Interference for BSM, &mpi&uc&es
Azatov,Contino,Machado,FR'16




Whal ko do ko kest Eransverse vectkors?

1) BSM with large effects can be tested consistently
2) Vectors in interfering amptiﬁ:ud&s
3) NLO effects thak do interfere

4 Interference Resurrection



2. Vectors in interfering ampti&ud&s

Effects in transverse 2-point function affect interfering
4-point amplitude

1 See Wulzer balle
(D Wa,l/)Z
M2 PT7

Liu,Pomarol Rattazzi,FR16 l

LA



2. Vectors in interfering ampti&ud&s

Effects in transverse 2-point function affect interfering
4-point amplitude

1 a.rv
W(DpWM’ )°

Liu,Pomarol,Rattazzi FR'16 l

.t LHC@% TeV
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Non-interference only for massless/tree-level/2->2 processes!



. NLO

Non-interference only for massless/tree-level /2-72 processesf

W

2
EW finite mass effects ~ ”];—‘gf ww

02 W



Non-interference only for massless/tree-level /2-72 Processesf

m%v (0 Wr

EW finite mass effects ~ —- M
(2
Loop effects | Qsem
4 . ,




Non-interference only for massless/tree-level /2-72 processesf

m%v WY Wr
EW finite mass effects ~ —- M
¥ W Only
stghal
" W suwressed

Loop @f“féﬁ&S _ Gs.em M
47
w p
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Non-interference only for massless/tree-level/2->2 processes!

2 |44
EW finite mass effects ~ ”;—VQV ww )

02

Wr Only
sighal
" W suppressec
Loop effects | Qs.em
47 " :
W
000 ........... = gy ¥ ¥ % Iy
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» VYT e No Jet ¥ I ey )
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Azatov,Elias-Miro,Reyimuaji,Venturini’'l7
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Non-interference only for massless/tree-level/2->2 processes!
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W
EW finite mass effects ~ ”;_‘g/ M T
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4 Imﬁerfferemi‘e Resurrection




4. Interference Resurrection

AR

W avrv C
f>wti L VW, CPeeven
_ eabc W "W, WP cPmndd
f (W7 Za V)T




4 Imﬁerfferemi‘e Resurrection

W avr C
f>w€i L VW, CPeeven
_ €ape WEYWE WEPE  cpmndd
/ (W, Z,~ g g




...resurrecting ideas from 19%¢&

PROBING THE WEAK BOSON SECTOR

- >
INete - W*W- e
MEASURING THE WW Z COUPLING AT THE TEVATRON

K. HAGIWARA', R.D. PECCEI and D. ZEPPENFELD?
DESY, Theory Group, D-2000 Hamburg 52, Fed. Rep. Germany K. HAGIWARA,! J. WooDSIDE,? AND D. ZEPPENFELD®

K. HIKASA? ! Physics Department, University of Durham, Durham, England

Physics Department, University of Wisconsin, Madison, Wisconsin 53706, USA 2 Department of Physics, Oklahoma State University,

Received 23 June 1986 Stillwater, OK 74078, USA
7 4. Angular correlations for final state letmlons

- ln this section we prml the most general angular dlsmbuuons o[ the decay 1

1: products in the process

3 Physies Departfnent; University of Wisconsin Madison, WI 53706, USA

e (k,o)+e*(k,a) =W (g, A)+W~(g,A),
W (g.A) = f(py.0,) +13(py0,),

!

I

i

w (4~ A) = f)( P1~°3) + fl( Pas04),

L ———— B - L e -
titatively at Tevatron energies, Although the cross sections are expected to be

ABSTRACT

VOLUME 55, NUMBER 8 PHYSICAL RE’

e — T

New Standard-Model Test for Future Colliders

M. J. Duncan and G. L. Kane
Randall Physics Laboratory, University of Michigan, Ann Arbor, Michigan 48109

and

Wayne W. Repko

Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824
(Received 28 May 1985)

We point out that for W-pair production from e * ¢~ or ¢4 beams, the correlation between the de-

cay planes of the W's is numerically neghgible (at tree level) in the standard model. 1S OCCurs
for the production ol WW via intermediate fermions or gauge bosons and independently for WW

produced via Higgs-boson exchange, and is not restricted to two-body diagrams. In general, the
correlation need not vanish, and so a nonzero correlation would be a clear signal of physics beyond
the standard model. Definition of the W-decay plane should be iairly straighti'o:ward from the de-

cay W — ff and, hence, the correlation measurement is experimentally feasible.



Differential measurements Wi, WZ

7’2

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



Differential measurements Wi, WZ

7’2

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

> QM same, interference possible



Differential measurements Wi, WZ

,’C‘.

- (h1 = hi, ha — h)

- [
Int“Y « AYALT cos[Ah - )
LD B A (41,41) - (p1, p2)

Int?® AiMAE?M‘ sin [Ah - (]



Differential measurements Wi, WZ

7’2

- (hl — hll, h2 o h,2)

It o« ARMALTT cos [AV{] X4
(+1,-1) 4 (+1,+1) 4 (p1,02)

It o ASMAPSM- gin [Ah- o]

» Cancels when integrated over ¢ ¢ —, 7]



Differential measurements Wy

.,’;

No (LQF»’&OMLC)
Branching Q&me

/'

Int" = 2g%in? AL [AM+ASM | cos 2¢ .
Int9" = 229 sSin HABSM_[ _+—AiM_]Sin2g0



Differential measurements Wy

‘f.
| -
, -
No (L@.F&omm) : Y- 0, 1
Branching fZaF:m\\ \/ﬁ \ Vi ]
) . ,
\
T S o P
Yy

Int" = 2¢%sin® AT [AM+ AT |cos 2¢ .
Int9" = ng sSin H.ABSM [ _+—A§3£] sin 2

Differential azimuthal disktributions = SM-BSM interference



Azimuthal Angle... reoii;%v

Neubrino: from missing energy + reconstruct W mass

Panico,FR Wulzer’'17



Azimuthal Angle... reoi&%v

Neubrino: from missing energy + reconstruct W mass

Panico,FR Wulzer’'17



Azimuthal Angle... reat&%v

Neubrino: from missing energy + reconstruct W mass

Panico,FR Wulzer’'17



Azimuthal Angle... reat&%v

Neubrino: from missing energy + reconstruct W mass

@T@CO

Sptrue

Panico,FR Wulzer’'17



Azimuthal Angle... reoii;%v

Neubrino: from missing energy + reconstruct W mass

SO’I"GCO
JT'

N |y

N Y
NERTS

JT
Sptrue

Panico,FR Wulzer’'17



Azimuthal Angle... reod.i;ﬁj

Neubrino: from missing energy + reconstruct W mass

@T@CO
JT'

N |y

JT
Sptrue

N |

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

reconstructed as m2 =m?,

p=m/2 or @=-—m/2.

Panico,FR Wulzer’'17



Azimuthal Angle... reod.i;ﬁj

Neubrino: from missing energy + reconstruct W mass

@T@CO
JT'

N |y

JT
Sptrue

N |

2) Some events: m2 >m2,
(off-shell, experror)

g 2 2
reconstructed as m2 =m?,

p=m/2 or @=-—m/2.

Panico,FR Wulzer’'17



Azimuthal Angle... reod;iﬁj

Neubrino: from missing energy + reconstruct W mass

2) Some evenks: mi > m3y
(off-shell, experror)

reconstructed as m2 =m?,

p=7/2 or @=-—m/2.

Panico,FR Wulzer’'17



Arbitrary Units

Azimuthal Angle... i realiby

Neubrino: from missing energy + reconstruct W mass

BSM ~ cos2¢p
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©
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No Detector

SM ~ const.
/

v

/

N |5

Panico,FR Wulzer’'17



Azimuthal Angle... more in reau&v

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

BSM ~ cos2¢p

With Detector

SM ~ const.
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Azimuthal Angle... more in real&&v

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

BSM ~ cos2¢p

With Detector

SM ~ const.
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Azimuthal Angle... more in r@.&u&v

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

BSM Teos 290 SM ~ const. oS . : ﬁﬁfo - 'f‘?‘
3T O LR R ey,
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Azimuthal Angle... more in r@.&u&v

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

BSM ~ cos2¢p

SM ~ const.

With Detector /
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» Resurrection is real

NP

re evenks with m? > m3,

Panico,FR Wulzer’'17
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Resulks

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

Resulks
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Resulks
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Resulks

pp > Wy (LO), 3ab™'@14 TeV
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Resulks

pp > Wy (LO), 3ab™'@14 TeV
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Important improvement, though not yet there for wealkly
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Resulks
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At small energy, interference has impact already now. |
(improving low-energy measurement, important for validity)
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Explicit Model (Remwmedios)

see Pomarols btallk
Liu,Pomarol,Rattazzi,FR16
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Interference Resurrection makes the difference.



Messaqge

SM precision tests will define the new distance fronkier
1W\ Om?

P LHC good in High-E 2>2 processes

Challenge:
non-interference Limits precision i learning about transverse vectors

p Azimubhal diskributions erucial

» Realistic in other processes? WZ? VBF?



