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LHC Exploration
(so far 2009-2015)

Focus: Search {or new Lic l«& particles
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LHC Exploration
(so far 2009-2015)

Focus: Search %or new Lic k& particles
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P Experimentally:First accessible signal/Easy to study



Focus: Search %or new Lic
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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 Eixr:ztoraﬁom

(Low —> 2030's)

Focus: 5&&&»\&&1'& Model P ?remsmm T‘es%s
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LHC Expiara&&om
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LHC Exptora&am

(Low —> 2030's)

Focus: S&am&ard Model P ?retnsnom Tes%s
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LHC Ex[pmraﬁom

(Low —> 2030's)

Focus: S&&M,ciamci Model ?remsmm Tes%s

== P ————

10'3 — Al T . T . |

Ik |

(Ro38: 3000 {b-l)

2,

\
10° | / \
.‘ 102 ; 2\
intensity | 10 | P
. y 1
frontier o
102
107
10% =8 100 200 300 400 1000\ 2000f ""TTTTotonmomemmesmsnessesses
(2016 40 £H1) e [GeV] | 10-100 TeV
E2 —CC L
Effective Vs
— Field




LHC Ex[pmra&om

(Low —> 2030's)

Focus: S&&M,ciamci Model ?remsmm, Tes%s

106 - ' 77 :,ﬁ VA*A*—-? -

10° I 1‘

5
{
|

10°
10°
10°
10

1
10"
102

-3 “f N ‘,\' ‘h
10°F|
1
| 1 L

-4 [ 1 N 1 e
107776, 100 200 300 400 71000 \ 2000}
_m(eg) [GeV] §

(2035: 3000 fph1)

\

Events / Gei/ |

intensity |
frontier |

10-100 TeV

(2016: 40 £b1)

Amp = SM (1 Fe—= | — Fleld

e.q. Drell-Yann, VK, VV',...







1. LOMSE&MdiMOLLS ww — ViV 2. TTQV\SVQT’SQ ¢¢ — VoV



Longitudinal dibosons



Simplicity ot High-E

dimension-& operanrs

N\

AN kLgkaf N

N\ N\
\ N\

A& high“‘; C}Mtj one Q‘f‘f&ﬂ& SMT‘VEVQS for given i, { states)

JackobWick’59, Franceschini,Panico,Pomarol FR,Wulzer

NE)

< _
Y iH 0D, HQo"vQ

e.q.



Di=Rosons

Franceschini,Panico,Pomarol,FR, Wulzer’l7

Which channel has the best reach?

P Estiniale (o syst Lo Challenge:
Channel | Bound without bkg. Bound with bkg.
Wh —0.0024, 0.0024] [(—0.0089, 0.0078] Boosted higqgs {01"
Zh —0.0074, 0.0070] - } %oyzh*?bb {QM‘&S?
WWw —0.0029,0.0028]  [—0.011,0.0093]

W2z

—0.0032,0.0031]  [—0.0057,0.0052] | } Large Vr bgnd

|
o l

(WW pTr1000GeV 3/ab: 7 LL evenks, 70 TT evenks)



Di=Rosons

Franceschini,Panico,Pomarol,FR, Wulzer’l7

Which channel has the best reach?

»Estinale (o syst Lo, Challenge:
Channel | Bound without bkg. Bound with bkg.
Wh —0.0024,0.0024]  [—0.0089, 0.0078] Boosted higgs for
Zh —0.0074, 0.0070 - } top:h->bb fakes?
 WW_ | [-0.0029,0.0028]  [—0.011,0.0093
j} W Z —0.0032,0.0031]  [—0.0057, 0.0052] } Large Vr bgnd

|

PR 7 7 o w%
(WW pTr1000GeV 3/ab: 7 LL evenks, 70 TT evenks)

» WZ mwost prmmising

tan HW
3  Baur,Han,Ohnemus'95

TT has cenkral zero ok LO
(not ab NLO)

AT (du — WZ) o cosf —

X da!d@




Fully leptonic WZ

F?“T‘ cult on exkra radiakiown: Cosf cut close ko cenkral
(kinemakics close to LO) (exploit radiation-zero)
0020 o — 0.025,

o pry = 100 GeV o '
& 2 0.020
& 0015 &
> >
3 pry = 200 GeV S 0015,
S 00103\ _________-------------";&;;;;j 8
E '\ ~--;“.wamou\mln\vcntmi‘%a ---- ;5.. 0.010
S Pry= v ~——— e 3 '
g 0005- LHC 14TeV L =3/ab § : - B Pry = 600 GeV
. : : 0005. LHC14TeV L =3/ab
g LO matched with extra jet S 1 LO matched with extra jet |
|cos ©) 0.5 * pry <100 GeV i
00000 o5 10 TIs 20 25 a0 0000 "4 o6 08 10

|Ap7|(max)/pr,, (min) |cos ©| (Max)



Resulks = NLO - LHC

2 - 6SySt=50%

0.05-
-

Scale variation 5% —
0.02

0.01 S..

4
/
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O [T TTTT
N

0.5 1. 2. 5.

is this a gqood resulk?



RSM ?msg&t&ve:
What are we after?

SM: >€AN\€: ~ g°

- <<l
Fully 7 E£2
aomgosiﬁe : ~ 9]2\[ ~3 > 92
BSM: N

) k News ?hvsws toupung can be »»1



BSM ?&rspea‘:ﬁvet

What are we after?

| g g,
SM: o~ 92
— <<l
~ U‘.Ltj , / g /£2

f:om[posiﬁe : NQ%VP(@ 292

BSM MR |
) 4\ News ‘kasws toupting can be »»1

(o) Testable also with inaccurate measurements



SM:

= u.i.i.j
fzampc}si&e
BSM:

BSM ‘Perspe@ﬁvez

What are we after?

g g, 5
. Y
;7 E2
2 2
. NQNPF b,

() Testable also with inaccurate measurements

@ Not very interesting

(composite light quarks well constrained in dijets)



BSM Perspective:

What are we after?

e

5, \;@.T’fj LV\&QI‘QSEM&S

do

2)To test it we heed accurate measurements ——— <1



Resulks - NLO - LHC

0.05
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Scale variation 5% —
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LHC will be able to test also . " Tvg
weakly Caupted theories

-
-
- -



Transverse dibosowns

..are easy ko sEu,c’uj since dominake bEhe x-sec...



Transverse dibosowns

..are easy ko sEu,civ since dominake the x-sec...

or nok?



Challenge: Non-Interference for BSM, amyti&uc&es

Azatov,Contino,Machado,FR 16

Exploit:
For E>my stakes have well defined helicity 4_, P
Amplitudes for 2-2 with different total  dont interfere



Challenge: Non-Interference for BSM, amrii&ucles

Azatov,Contino,Machado,FR 16

Expta&: -
For E>my states have well defined hetici&v - '

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 _



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
vanishes

1
The leading effecks BSM are O (p)

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

Swiall effects, even smaller!

Interference hecessary i a precision program



Interference Resurrection

W Qv c
I A A CU e
— Eabcwg VWSIOWC P C?"‘“O&d
(W, Z, )

f




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



v * 0
o 5 .
0 -

i i !

N ‘ N L UV

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
Hard radiaktion 2->3 Y e B T
» VYT e No Jet ¥ I ey )
S 47T Ozs)em w \b"_':‘ —006” 31~ $ e i : I
= ~ - % 1 5 o.08| * Jet with p,">100GeV . { :
V S s T e Jetwith pT>me/10 i
~0.10} -5
for gluons see Dixon,Shadmi’93; -0.12} © ATt R
500 1000 1500
my. [GeV]

Azatov,Elias-Miro,Reyimuaji,Venturini’'l7
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Non-interference only for massless/tree-level/2->2 processes!

7 Y

W
EW finite mass effects ~ ”;_‘g/ M T

Wr Only
sighal
" W suwressed
Loop effects | Qs.em
oy " :
W
000 ........... = 3y ¥ I %
Hard rodiation 2->3 ¥ I R :
6%—0'04: * No Jet t | ! ; ! s '
S 4T Qg .em Wb % -0.06} g== ' . -5 1
—B ~Y o X 4 () 0 08; * Jet with p;">100GeV : } :
v S T A Jet with p;">m,,./10 I
-0.10; E-+
for gluons see Dixon,Shadmi'93; 0,12 S-S SMACtNE . ... it
500 1000 1500
my. [GeV]

(d [ d o '
..but small statistics for EW processes! rzatoyElias-MiroReyimuaji Venturini17



Differential measurements Wi, WZ

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

¥1

VN

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

> QM same, interference possible



Differential measurements Wi, WZ

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

¥1

VN

(h1 — hi, ha — hj)

ens [
Int“t o« AYMAL T cos[Ah - ]
HL-D B A (41, 41) 4 (p1,$2)



Differential measurements Wi, WZ

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

¥1

VN

~(h1 — Ry, ha — ho)

Int®Y o« AAMALTT cos [A'gl - Q|
(+1,-1) A (+1,41) o (9017902)

Int?" o< ASMAPM- gin[Ah - @)

» Cancels when integrated over ¢ ¢ —, 7]



Differential measurements WY

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

W

No (Lep&mhit) .
Branching Ratio|

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



Differentiol measurements WY

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

No (LQF’&OMLC) : LRE

Branching Rak Lof\\\/ﬂ \ Vi

/oy

Int" = 2¢%sin® AT [AM+ AT |cos 2¢ .
Int?" = 27,g sin HABSM [ _+—Aihﬂ]sin2g0

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
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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



Azimuthal Angle... real&%v

Neubrino: from missing energy + reconstruct W mass

2) Some evenls: m3 > miy
(off-shell, experror)

reconstructed as m2 =m?,

1nv

CP-odd unaccessible!

» op=m/2 or @=—7m/2.
Panico,FR Wulzerl7



Arbitrary Units

Azimuthal Angle... i realiby

Neubrino: from missing energy + reconstruct W mass

BSM ~ cos2¢p

0.20f
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©
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o

0.05

0.00 -

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,

7y
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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,
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Resulks

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

Resulks

——- T 10
i "o No-interference
10—2:| . Our Analysts, ~
| _J10% Systématics & o
:I. I ___________ : :
l ] i v
10_3\\\  E——————
-0, e ————
=I 7

1200

CswlTeV™]

Panico,FR Wulzer’'17



Resulks

pp > Wy (LO), 3ab™'@14 TeV
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Important improvement, though not yet there for wealkly

Resulks

pp > Wy (LO), 3ab™'@14 TeV

coupled/loop-generated new physics
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Explicit Mad&d (Rewedios)

a,v
M2 (D W ) Liu,Pomarol,Rattazzi,FR'16

Liu,Pomarol,Rattazzi,FR'16 l

Interference Resurrection makes the difference.



Explicit Mad@i (Rewedios)

Liu,Pomarol,Rattazzi,FR'16
D Iva U
M M2 ( )

Liu,Pomarol,Rattazzi,FR'16 l

P

...... l LHC@14Tey, »-?»asb.“l

TGC

g*
(o)}

Interference Resurrection makes the difference.



Messaqge

SM precision tests will define the new distance fronkier
lyw

P LHC good in High-E 2>2 processes

Challenges:
- Non-interference Limits precision in learning about tramsverse vectors
- longitudinals hidden in transverse background

p Azimubhal distributions crucial (Realistic in other
processes? WZ? VBF? )

P SM prec:i;saom program LHC tomyte&es LET



1072

Resulks

pp - Wy (LO), 100fb™" @14 TeV

No Interference

No Detector

sensibive ]

High-ener
small stal
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1100
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At small energy, interference has impact already now. |
(improving low-energy measurement, important for validity)
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What are we after?
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@ Interesting-ish

(for me. paper has 20 citations...)

(o) Testable also with inaccurate measurements
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Accuracy targel: U(SS—UM«l also at high-enerqgy



Higqs closest cousin

_I_
In the SM, all scalars belong to Higqs doublet f 0 \
h —+ Zh Y,

Their interactions are relaked also i BSM:

| N 2 U WL
FHTDMH\TWN\IJ >Q + >‘ T

Higqgs Physics —p EW Physics



Higqs closest cousin

In the SM, all scalars belong to Higqgs o\oub&&( b ho‘g
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Their interactions are relaked also i BSM:
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1. Longitudinals yy - ViV 2. Transverse iy — ViV



Comyarisoms

high-E is unique, but it compares at lower-£ with different effects:
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Non-Interference for BSM, &mpi&uc&es
Azatov,Contino,Machado,FR'16




