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LHC Exploration
(so foar 2009-2017)

Focus: Search for new Lic k& particles
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LHC Exptara&ov\

(Low —> 2030's)

Focus: %&Mcim‘d Model P ?remsmm “f“es%s
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(Low —> 2030's)
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LHC Expiara&&om

(Mow - 2030’5)

Focus: S%&Mc&m"d Model P ?’remsmm “T’és%s
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LHC Eixr:ztoraﬁom

(Low —> 2030's)

Focus: Standard Model 7 ?remsmm T‘es%s

\10’3 "l

(ro3s: 3000 {b-l)

intensity |
frontier |

10 =5 : 0 300 1000 2000}
(2016: 40 £b-1) T o m(ea)[Gev1

E{%m‘:& Lve
Fleld

”'?”Mzc:srlj




LHC Exploration
(how —» 2030's)
foc Effective Field Theories
A way to capture the most relevant effects that survive
ab E<<M and characterise BSM hypotheses F/M < 1|
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(Low —> 2030's)

Focus: %&Mc&m’d Model P ?’remsmm “T’és%s
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(Low —> 2030's)
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Qutline
Inkro
*A challenge ot high-£: non-interference

Transverse Dibosons: Interference resurrection
Longitudinal Dibosons: Interference revitalization

22, 2qomma: what ko search for?
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Precision at high-&

Difficult measurement with many challenges:

E J/‘szat:ise SM theoretical pradw%mms
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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 +0Bsnsi+ 5QBSM)

For BSM effects 1> 54y ,

6Bsym > 0Bauy
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Nown-Interference?

1 SM and BSM conbribute to different amplitudes:

interference
(_ vanishes

/

1
The leading effects BSM are O (p)

Swiall effects, even smaller!
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(2->2,high-E tree-level)
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(2->2,high-E tree-level)

For E > my states have well defined heum&j ®
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l>"*ﬂ Resurrect Inkerference

I will discuss:

Revitalize Inkerference
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Interference Resurrection
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Differential measurements Wi, WZ
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» Quantum mechanically different, no inkerference
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¥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 same, interference possible
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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

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, 7]



Differential measurements WY
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Differentiol measurements WY

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

£l

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

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

Differential azimuthal disktributions = SM-BSM interference
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Neubrino: from missing energy + reconstruct W mass
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Neubrino: from missing energy + reconstruct W mass
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Azimuthal Angle... reod.i;ﬁj

Neubrino: from missing energy + reconstruct W mass
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2) Some evenks: m? > m?,
(off-shell, experror)

reconstructed as m2 =m?,

p=m/2 or @=-—m/2.
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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.
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Azimuthal Angle... reod;iﬁj

Neubrino: from missing energy + reconstruct W mass

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

reconstructed as m2 =m?,

1nv

CP-odd unaccessible!

p=m/2 or ¢=—7/2.
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Arbitrary Units

Azimuthal Angle... i realiby

Neubrino: from missing energy + reconstruct W mass

BSM ~ cos2¢p
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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
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SM ~ const.

/

020

o
RN
(@)}

0.10

Arbitrary Units

0.05 -

0.00-

/

JT
L -5 0

q)reco

T
5 It

Spreac& under conkrol

BV o °
®, et

Y

(preCO
.R'::'.,

- s.:l...' :. ®e ° .' :‘W
AL ...‘ ',o.' . . . . ° R iy o
° \:};.6:“.'.:;.. e . o "‘:v'é.’*'-

oo SPes, o s . q; .

. '. www‘&.&e

b -e.'...gﬂ ... ‘
iR RO L .,'S e
“

'\/" ‘.".

NS o
N

Panico,FR Wulzer’'17



Azimuthal Angle... more in r@.&u&v

Neubrino: from missing energy + reconstruct W mass
With (DELPHES) detector simulakion
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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.
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Explicit Model (Rewedios)

M2(D Wal/)

Liu,Pomarol,Rattazzi,FR'16
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Interference Resurrection makes the difference.
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a.v Liu,Pomarol,Rattazzi,FR'16
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Interference Resurrection makes the difference.
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Transverse Dibosons: Interference resurrection
= Longitudinal Dibosons: Interference revitalization

22, 2qomma: what ko search for?



LQMQEEudEMQL gqauge bosowns
w> .
(0 Wr,

“

_|_
In the SM, all scalars belong to Higqs doublet h
h + ik’

Do

di-boson experiments aompi&men&arfj to Higgs Physics
(—>combination)

Their inbterackions are relaked*:

H'D, HUy"¥ =

* This relation is valid at leading order in the EFT See 1405.01%1 for spaci{i&: relations



Simplicity ot High-E

dimension-& operanrs
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Di=Rosons

Franceschini,Panico,Pomarol,FR, Wulzer’l7

Which channel has the best reach?

P Estinole (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]
“wre || i q Large Vr bgnd
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(WW pTr1000GeV 3/ab: 7 LL evenks, 70 TT evenks)



Di=Rosons

Franceschini,Panico,Pomarol,FR, Wulzer’l7

Which channel has the best reach?

P Eskinale 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] — } E:op:kwrbb foles?

~WW_| [-0.0029,0.0028]  [—0.011,0.0093
| WZz —0.0032,0.0031]  [—0.0057, 0.0052 } Large Vr bgnd

|

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

» WZ mwost promising

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

pT cult on exbra radiation: Cosf cubk close bto cenkral
(kinemakics close to LO) (exploit radiation-zero)
0020 0.025_ ' )
o o !
s £ 0020 :
= 0015 N pry = 100 GeV |
S g 0015}, |
P e . \\
3 SO0 } Nemmmm =TT pry = 400 GeV 'if OOIOi. s prvf_299_§g\_/_‘
F . —.‘n.m.“w;n‘mln\f{ﬂ%?-'--:--.-7:-_-:--.-‘l - .\.. ~‘~- ----------------
C N o N Y
L = . =
§ 0005 tgc i ReV L =35/2b 5 oo0s. LHC14TeV L =3/ab o
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Resulks = NLO - LHC
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is this a gqood resulk?
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Resullts from experiments
of this kind can be applied
to broader BSM scenarios



Resulks - NLO - LHC
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Qutline
Inkro
A challenge ot high-£: nhon-interference

Transverse Dibosons: Interference resurrection

Longitudinal Dibosons: Interference revitalization

* i, Zgamma: what to search nfor?



NWTGC so far

Anomalous Couptihgs cET
Lyp = anZ [ (18, F"°) + FE(8,21°)| Zo(0°Zg) + [£2(07 Fyp) + [2(0° Zo)) 210 Z
(0 w>+hz<0" cw)]ZﬁF”ﬁ (W0, ) + hZ (0, 277)| 2° Fp

- { s 10,0,0°F, aaﬁ<m+mZ>ZJ}zaFﬂﬁ ZHTD HDYEB, B“p
)8”2”1} z ﬁJ | 3) A4

+ { Sz 007 ) 4

Gounarns,Laysacc,Renard'99



NWTGC so far

Anomalous Coupi.&hgs EFT

Lyp = 2[ 1 (0uF"0) + f2(8, 2" Zo(0° Z5) + [ f2(07 i) + F2(0° Z0)) 2" Z5

Z
— W F, >+hZ<a“ wﬂzﬁw (W30, ") + 15 (0, 27)) 2% F e

<
- {Eaoer, aaﬁ<m+mZ>ZJ}zaFﬂﬁ LHTDMHD’/BWBW
i, 007271} ZuF | 3 A4

Gounarls,Laysacc,Renard'99

- Lo

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



NWTGC so far

Anomalous Caupi.ihgs EFT
twr = nf% |~ O) + F2(0,2)20(0°25) + L5307 o) + 10 20|22
— W9 F,,) + hE(0° z D ZsF" — [h](0,F7°) + hZ(0,27°)| Z°F . —
- { ~210,030°F,] +—a 8ﬁD+mZ)Z]}Z‘”‘F“5 ZHTDMHDVBVPBMP
{ i [D0° F7 2)0° 7" ]}Z ﬁpa} , (3) A4

p Dimension- eﬁ@.&E:Whj shall we look at dim>&? @

(Longitudinal+Transverse)
» Modifies omi.j the * ampti&uc&e:
At high-Energy, every amplitude with odd number of L
is suppressed b:? mZ/E " not maximally growing @



NWTGC so far

Ahomai.ous L_Oupi.cngs ErT
Lyp = i[ (0,29 2ol 0 Z5) + [0 Fo) + 20" 2| 22
— (W07 F,,) + 287 Zyw)| Zs " — [h)(0,F°°) 4+ hZ (0,2°°)| Z°F g . —
{:L—a 050" F ] aaﬁm+mz)2]}zawﬂ ZHTDMHDVBypB'up
{ 0o e +— (O + m2)o° 27 ]}Z ﬁpa] , (3) A4

» Dimension-7 effect: Why shall we look at dim»6? ()

(Longitudinal+Transverse)
» Modifies ombj the * ampti&uc&e:
At high-Energy, every amplitude with odd number of L
is suppressed b:? mZ/E " not maximally growing @

P Contributes to heiici&v, while SM ma\w\iv LA
MTGEC dont mc;d:,fv the mojority of the process @



Dimension-¥ and ZZ, 2Y
Is there o symmetry/theory such that first effects in Z22/2Y?
YES'

What is the EFT? ...surpri;sa..,


http://lanl.arxiv.org/abs/1706.03070

Dimension-¥ and 22, 2Y

Is there a symmetry/theory such that first effects in Z2Z/2Y7?
YES'

What is the EFT? ...surpri;se...

§ 1 -
ﬁ (im{“a’/}w + h.c.) D,H'D,H _WB ,B", (mpy{pav}w + h.c.) ,
———— W Wk haiP Y} )
ﬁ (1Qo*+#9"1Q + hc.) D, H'o"D, H 4 A4 Wi W (WV 0"y +he ).
1 .
A —— B, W (ZQO“W{%”}Q + h.c.) .
¢ — Q7 UR, dR

very different from nTGC parametrization!


http://lanl.arxiv.org/abs/1706.03070

Energy-Growth

_ 1 - )
% (z‘m{“a”}w+h.c.) DuH'D,H =g BB, (zm{f?a }¢+h.c.) |
——— W, Wk hair vt )
i1 (1Q0"11"9Q + he) D, 0" D, H 4A4W W (10 +he.)
411\4 B,W* (zQJav{p(‘?”}Q + h.c. ) .
w — Q? UR, dR

/ \

final stabes (22 ov\i.j) TT final skates (ZZ,2Y,YY)



Energy-Growth

1 _ 1
= A s htrar} ) __B B“
i (zm R0 +h.c.) D, H'D,H ] A4
W@ au
ﬁ (i@a“*y{“ﬁ”}Q + h.c.) D,H'0"D,H 4A4 Wi W
1
T
w — Q? UR, dR

(u@y{p({?”}w + h.c.) .

(zzﬁv{pﬁ’/}w + h.c.) .

—— B, W (zQaa*y{pE?”}Q + h.c. ) :

/

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

» Rokh as E4/N4 ampti&ud@.

\

states (22,2Y,YY)




Heii&i%

1 . 1% 1 . T U
w (Z’QD"}/{’UJ(() }w + hC) D’LLHTD,/H _WB/“/BMP (Z@D’Y{p({? }’(p — hC) .
1 _
W WA (i~ tP oY )
ﬁ (iQUGW{“(‘?”}QnLh.c.) DMHTO'GD,/H AN4 WWW P (MpV 0”7 +h.c.||.
1 M)~ v
_WB“”WGPM (zQa 19 }Q+h.c.) .
w — Q? UR, dR
ole —
5000° wy-2ZV (V=Z,y) s=(300 GeV)* | P wikh LQ?S@.S&
_ SM conbribution
o 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 - )
2/1\4 (way{'uay}w + hC) DMHTD,/H _WB/J“VBMP (wa{pﬁ }w -+ hC) .
1 _
T W W (P or Y
ﬁ <iQ0“7{“0”}Q 1 h.c.) D, H'c*D,H AN W W (W’Y 0" ) + h-C-) :

1

—WBWWGPM (i@aa’y{pﬁy}Q -t h.c.) :

¢ — Q?uRadR




?’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

2A4

(#0710 ¢ + he.) D,H D, H

1

4A4

4A4

a a . { I/}
Wlu,yW p’u (’[,pr)/ pa ¢—|—hc) |

B, B", (i@y{p(‘?”}w + h.c.) .




?’os&%év&%v Conskrainks

Fundamental principles from unitarity/analyticity imply
&0&’\5&7‘&&4&5 oW CQQ‘{{E«&E«QM& EM, {?0"\&! unique of these dimension-%

Adams,Arkani-Hamed,Dubovsky,Nicolis,Rattazzi’hep-th/0602178
Bellazzini'1605.06111

]. — 1 . I v
A (im{ﬂa’/}w + h.c.) DyH'D,H =5 Bu B, (zm{f’ﬁ b+ h.c.) .
1 a a S 1%
— Wi (ot + he.)
1 : g—
Y =Q,ur,dr —
=0 >0 (always Pos&%iva!)
Xt
Smwialler viable
30 4c
parame&er space . \ /
lo \\2 //
| ‘—(‘).4‘ | ‘—0‘.2‘ — T 012 - 0.‘4 o C/TeV4




Message

SM precision tests will define the new distance fronkier
v 10w

Precision s a collective qgoal:

1 ' ' A l
1000 2000}
m(ee) [GeV

P Precision SM bkesks more similar ko BSM searches now
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Messaqge

SM precision tests will define the new distance fronkier
1m

} Precision SM...
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P Precision SM bkesks more similar ko BSM searches now



Messaqge

SM precision tests will define the new distance fronkier
1m

-.-3—

sl } Precision SM...

BSM Grroup ...as a tool for BSM
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P Precision SM bkesks more similar ko BSM searches now



Messaqge

» LHC good in High-E 2>2 processes

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

» Azinuthal distributions crucial (Realistic in other
pro&esses? Wz? Ver? )

P Sm precision program LHC tomPL@.&es LEP



Comyarisoms

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