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Outline

=» Anomalous triple and quartic gauge boson couplings in VBS and tri-boson processes
for a high luminosity LHC (HL-LHC): pp collider at 14 TeV

 Reminder of EFT’s

e Survey of HL-LHC studies
e Chiral Lagrangian variables
* Dim-6 operators
* Dim-8 operators

* Channels
« WW
e same-sign (ss)WW
« WZ
e 77
« WWW
* Zyy



VBS and Tri-boson Production

Relevant diagrams include:

Vector Boson Scattering:

with@::b<+:3::+:}v~<+:i+}-<
\_'_} L " ] | y ]

Quartic Triple Higgs

——

Tri-boson Processes:
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EFT

EFT to look for aQGC’s and aTGC's:

S ) 7‘
Lorr = Lsa + S So+ Y JOS]+ Z ior,+ Y, Mo,
i:WWW,W,B,(‘bW,@B j=0,1 §=0,...,7
L J
| . ) ,
Dimension-6 Dimension-8

 Dimension-6 operators affect triple and quartic gauge vertices
 Dimension-8 operators affect only quartic vertices

[1] Snowmass EWK
arXiv:1310.6708
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EFT Dim-6

Dimension-6
Owww = Tr[W, WP W]
Ow = (D,®)'W"(D,®)
Op = (D,®)'B*(D,®),
Opq = 0, (®T®) 0" (0T®)
Opw = (®7®) Te[WH'W,,,]
Osp = (®7®) B* B,

Ovwww = TT[WWWVPW# ]
Oy = (Du@)TW/W(Dv(I))

Opq = 0, (&7®) 0" (2T®)
Opw = (OT®) Tr[WH'W,,,]
Osp = (®'®) B*'B,,

October 30, 2014
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™ CP conserving

CP violating
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@ = Higgs doublet field
W = SU(2)
B =U(1)

[1] Snowmass EWK
arXiv:1310.6708
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EFT Dim-6

Dimension-6:

=WWW W ,B,W ,®B

2

&

A2

()

X = evaluated

o = not evaluated
- = does not apply

Vector

Boson Tri-Boson

Scattering: Processes:
Coupling ssWW WW WW W<Z Y4 WWW WWW Zyy
Parameter: Itviltv lviv lvjj Ivil 1] Iviviv lvlvjj llyy
CWWW 0 o] o] o] X 0 -
CW o] o] o] o] 0 0 0 -
CB 0 0 0 - 0 0 0] -
Cdd 0 0 0 -ﬁ 0 0 -
CoOwW 0 0 o - 0 0 -
CoOB - - - - 0 - - -
CWWW 0 0 0 0 - 0 0 -
CW o) 0 0 - 0 0 0 -
CWwW 0 0 0 - 0 0 0 -
CBB - - - - 0 - - -
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EFT Dim-8

Effective Field Theory Dimension-8 Operators: >

O = [( O
o

D
Og1 = {(DM )TD*@] x [(D@)TDV@]

OTO - TI'[ 1324 WMV] X TI' [Waﬁwaﬁ]
Or1 = Tr [Wa, WH] x Tr [W,s W]
Orz = Tr [Wa,WHP] x Tr [Ws, W**]
Or5 = Tr [W,,W"] x BagB*” |
Org = Tr [Wa, WH?] x B,sB* |
Ory = Tr [Wo, W*| x Bg, B"* ,
Ors = B, B" B,sB*’

Or.9 = BauB"P Bg, BY™ |

Higgs and Gauge Boson Fields Ours

[1] Snowmass EWK
arXiv:1310.6708
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)t DVCD} x [(D#cp)T D”CI)}

—

Higgs Field

Gauge Boson Fields
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,=(
,=(

= [,
= [,

OM,Z - [BWBW] X [(Dﬁq))T DB(I)] )

)Wg,,D“(I)} x B
) WBVDV }XBB'“,
@) Wy, W Dho|
)

WBVWBMDV ] )

— Onro = Tr [W, WH] x [(DB@)TD%]

Oniy = Tr W, W] x |(D@) D0

5= [BuB""] x [(DBCD)TD“@} ,



EFT Dim-8

Coupling
Parameter:

VBS:

Tri-boson:

ssWW

WW

WW

ZZ

WWW WWW

Zyy

|+vitv

FSO

Iviv

lvjj

FS1

FTO

FT1

FT2

O |0 |0 |O

O |0 |0 (O

Iviviv IvIvjj

llyy

FT6

FT7

FT8

FT9

FMO

O O |0 |O |0 (O

FM1

FM2

FM3

FM4

O |0 |0 |0 |O

FM5

FM6

FM7

0)
O)
0)
0)
0)
0)
0)

O O |0 |0 |0 |0 |0 |O

O O |O |O |0 |O |0 |O

O |0 |0 |O
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EFT Chiral Lagrangian

Dimension-8 Chiral Lagrangian formulation:

ay [Tr (V, V)]
as [Tr (V, V)]

where a, and a; are a function of f., and f¢, for a given VV process
* 0, and a.are the lowest dimension operators that affect aQGC

mResonance

is determined by the values a, and o

[1] Snowmass EWK
arXiv:1310.6708
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Vector
Boson Tri-Boson
Scattering: Processes:

Coupling ssWW WW WWwW WZ Y4 WWW WWW Zyy
Parameter: l+vitv lvjj Ivil 1 lviviv Ivivijj llyy
a4 0] 0] 0 o 0 -
o5 o] o] 0 0 0 -
m-resonance o] 0 0 0




Unitarity Bounds

Unitarity Violation: WW
pp—»WW @ LHC 14 TeV with Cywww/A*=6.25 TeV >
100 :
— SM
. — SM+0WWW
> Uni. bound
9 4L i
.;8; 3
Z
£
=2
5 001
[1] Snowmass EWK
10-4 arXiv:1310.6708
500 1000 1500 2000
Mow

mWW
 EFTis valid below the new physics scale A and no unitarity violation occurs
 Dim-8 generally has a lower threshold in the invariant mass where UV violation occurs than dim-6

due to 1/A*
* Different methods were employed in different studies to cope with the UV boundary including UV

cut-off, UV form-factor, and K-matrix,
* Most studies presented here are without UV treatment for consistent comparison and model

independence
October 30, 2014 Jessica Metcalfe 10



VBS @ HL-LHC
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Channels
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VBS @ HL-LHC

[2] Snowmass VBS [3] ATLAS 2013
arXiv:1309.7452v1 ATLAS-PHYS-PUB-2013-006
*MadGaph *MadGaph
+Pythia8 +Pythia8
+Delphes: generic HL- ¢TruthToReco from
LHC detector European Strategy
*14 TeV, *”high pileup” (80)
*0PU *no unitarization

*\W*W+*: 0,50,140 PU
*no unitarization (UV
cut-off from VBFNLO)

Wz->vll WZ->Ivll
ZZ->1ll ZZ->1ll|
WEWE->|vlv WEW2->|vlv
Zyy->llyy Zyy->llyy
WWW->|vivlv

[4] ATLAS 2012
ATL-UPGRADE-PUB-2012-006

*MadGaph, Whizard
+Pythia8
*TruthToReco from
European Strategy

¢ 14 TeV

+”high pileup” (80)
*K-matrix
unitarization

WW->|vlv
WW->|vjj
ZZ->1

October 30, 2014 Jessica Metcalfe

[5] Beijing CMS 2014
arXiv:1407.4922v1

*MadGaph
+Pythia8
*Delphes: CMS
detector

+14 TeV

+ No pileup

*no unitarization
*BDT optimization

WWW->|vivlv
WWW->|vlvijj
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Coupling Parameters

ssWW

Dimension-8 parameters for ssWW:

operator | cross section ratio
Lso 1.1
Ls1 1.0
Lo 1.3
L1 1.1
L7 33
L, 150 4
L2 17

e Scan variables and compare to the SM cross-section (9 fb) for Vs = 14 TeV and
coupling parameter tuned to f, /A* =10 TeV*

f; ; shows the largest increase in cross-section
« Select as focus for detailed studies [2] Snowmass VBS
arXiv:1309.7452v1
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SSWW

Events/bin

FT1

FT1/A*=0.1 [TeV*4]

WEW=E->|vlv

[2] Snowmass VBS
arXiv:1309.7452v1

2400 IIIIIII

2200
2000
1800
1600
1400
1200
1000
800
600
400
200

Is =1

JLdt =3ab’

L B |
4 TeV

fr;=0.1Tev*

IIISSWNV(SM)
|:| SM background

0 0.1

02 03 04 05
log, , My, [log, , (TeV)]

Significance = 4.20

0.6

T 7

Events/bin

IIIIIIIlIIIlIIIlIIIlIlI

140 pileup
No UV cutoff
applied

E

0.7

| FT1/A% = 0.2 [Tev] |

2000 |‘7| T I L T ] UL I T T T | T 1 1T I UL T | T 1T T T

1800 \s =14 TeV I:IfT1= 0.2Tev*
.

1600 ILdt =3ab .ssWW (SM)

1400 —a—

1200
1000
800
600
400
200

I:l SM background

III|III|III|III|III|III|T

0.4 0.5 0.6

log,, M [log,,

0.1

0.2 0.3

Significance =170

* Asthe coupling parameter FT1 is increased the new physics signature begins to emerge
* The new physics manifests in the high invariant mass bins of the two forward jets and
two leptons

October 30,

2014

Jessica Metcalfe
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Events/bin

SSWW

FT1 WEW=->|viv

2200F

2000
1800
1600

FT1/A*=0.001 [TeV#] | 263 PU

FTl//\4=O.1 [Tev-4] 140 PU -%70000 ||||||||||||j4l|||||||||||||||||||||||
g fr,=0.001 TeV 5 < 100 TeV
2400 g 960000
oo fri= 01TV % " 50000 .SSWW (W _[Ldt=33b'1
Ldt=3ab" Z
.[ t a .ssWW (SM) |:|SM background

1400
1200
1000
800
600
400
200

0

mmam =

0
|:|SM background \IS: 14 '> 100 Tev

A= A=A~ A~

20000

|IIII|IIII|IIII|IIII|IIII|IIII|

I|IIIIIIIIIII|lII|I\IIIIIlIHIIIIlII\lIIIl

10000

0.1 0.2 0.3 0.4 0.5 0.6 0.7

log, , My, [log, ; (TeV)]

> - 01 02 03 04 05 06 07
log, , My, [log, , (TeV)]

Orrr

Significance = 4.2¢0 -
Significance = 4.00

Higher pp center-of-mass energy enhances high m;, spectrum in SM and new physics
Significance remains about the same ~4c (no UV cutoff applied)
* Different .plleup 'sce.nar.|05 (2] Snowmass VBS
* No selection optimization arXiv:1309.7452v1

October 30, 2014 Jessica Metcalfe 15



SSWW

Significance [o]

[2] Snowmass VBS

FT1 WEW=->|vlv arXiv:1309.7452v1

30 : T T T T I T T T T T T T /l‘l' @ T T T T A '6‘ 30 O T T T T I T T T T I T T T T I ]

- e 0pu, with UV oo 1 o C . — ]

C — _ 1 9 - @ Opu withUV \s =100 TeV -

25 o 0pu,noUV S 5_14-]-9\/ m § 25— /7f

- — P 1 8 - m 40 pu, with UV J' 1 /7

N i . Ldt =3 ab 1 = C Ldt=3ab /]

o0l m 50 pu, with UV NO/UV ] ] g) oob- . //,/_

- O 50pu,noUV — 1 o A4 263 pu, with UV u

- X/ . C ]

15— 4 140 pu, with UV /'8/ 9/)/\/ 7 {5 © OpunoUV ]

E 4 140pu, no UY/ /// E C O 40pu,noUV 7

10 — ! — 10 __ ]

: 7 C A 263 pu,no UV .

5¢ - : : :

O : 77{‘;,77 L L . . L : L . | L : L . | : L L L | : L 1 I 1 1 1 1 :
0 0.1 0.2 0.3 0.4 0.5 _ 0.0015 0.002

4 -4
fri/A* [TeV ™ fry/A* [TeV ™

The results shown here are fairly independent of pileup
At Vs = 14 TeV the UV cutoff makes a larger impact on the 50 significance value by
approximately a factor of 2
 No UV and UV cutoff are extremes in the significance
A Vs =100 TeV machine may increase the reach by a factor of 100

October 30, 2014 Jessica Metcalfe 16



SSWW

FSO

WEW=E->|vlv

[3] ATLAS 2013
ATLAS-PHYS-PUB-2013-006

o
()]
° _ : : - 2
2 - ATLAS Simulation Prefiminary [ vBS ssww sm) S
£ 3500F 1 = =
L - _[ L = 3000 fb SM VBS ssWW + 4 C
3000F- T fg=10Tev* 3 2
- . @
25005 . SMssWWQCD 3
20003_ SM WZ + mis-ID _f
1500 =
1000F- =
500 —

October 30, 2014

3 4 5
My [TeV]

50 discovery potential:

—

= DN W & OO0 O N 00 © o

T Il|I|IIII|IIII|IIII!IIII|IIII|I||

- ATLAS
—Simulation
- Preliminary

— 3000 b

— 300 fb™

IIII|IIII|IIII|IIIllllll‘ll

AN N TN NN TN T N N N TN T AN MY Y NN TN SO S A
0 2 4 6 8 10
fo/A* (VBS W*W*SEVEY) [TV

model 300 fb~! 3 ab~!
fso/A* 10TeV™ 4.5TeV™ No UV
Jessica Metcalfe 17



WW -> |vjj

[4] ATLAS 2012
ATL-UPGRADE-PUB-2012-006

= L T L L L rrrrrr T T T T
5 3500 mson —
% E ----------- gigna: (go Resb)OG y E
g 3000 = e 22323 fcﬂti goo G:v; =
o — signal (ChLv 1150 GeV) -
— 2500 \VS=14TeVv L=3000fb" —
; - ATLAS Preliminary =
5 2000 — (simulation) —
= — _l
Z 1500 —
© — _]
1000— —
500 J . =
0 = D — ]1"‘“’|L_I—f"””1 .M:::;'"'? ------ R I | Lo J_I T ’_‘ [ 000 -
0 500 1000 1500 2000 2500 3000 3500 4000
o significance: Myw [GeV]
model baseline 500 GeV scalar 800 GeV vector 1150 GeVvector
(as, as) (0,0) (0.01,0.009) (0.009,-0.007) (0.004,-0.004) Discovery
S/B 3.3+0.3)% 0.7+0.1)% 4.9+0.3)% (5.8 +0.3)% potential
S/ VB (L = 300fb~1) 23+0.3 0.6 +0.1 33+04 30+04
S/ VB (L =3000tb~1) 72 +0.1 1.6 £0.1 10.4 + 0.7 12.4 + 0.7

October 30, 2014
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WW -> Ivlv [4] ATLAS 2012

3,000 fb1: ATL-UPGRADE-PUB-2012-006

5.

IIII|'|T|] IIIII|T|] IIII|'|T|] TTTIT

2

'ATLAS Preliminary
(Simulation)

Itf

IIIII_I,I,ll IIII[I,I,I] | IIIII,I,Il

—Diboson

Process o BR (1b)
fuw tf 43.0 x 10°
—a, =001 as =0 2.21

as = 0.003 3.33
as = 0.01 7.11 >
as = 0.03 18.7

54 56 58 6 62 64 6.6 6.8
log, ,(m,)) [log, (MeV)]

95% confidence limits:

model 300fb~! 1ab-! 3ab’!
ay 0.066 0.025 0.016

October 30, 2014 Jessica Metcalfe 19



W/

[2] Snowmass VBS

WZ -> |Vl arXiv:1309.7452v1
'_g 1800 T T T T E 1600 T T T
2 1600 det =3ab’ []smMwzacb 2 - [Ldt _3ab"
£ /s =14 TeV » 1400 == [ ]smwzacp
S 1400 = = - (s =14 TeV
o Il vBs wz (sm) c -
S T 1200 [l vBs wz (swm)
W 1200 SMVBS WZ i - SM VBS WZ +

1000 Coa =25 TV 1000 T fy=1Tev?
800

\||IIIIII\|I|I|II||II\|III|II\|I\I

II|I\I|III‘III[III|III|III|II1|

— 600}
_ 400}
B 200f
82 03 04 0506 1 : . e
8.2 0.3 04 05 0.6 1
Mg, [TeV]
rnSIv [TeV]
Parameter Luminosity 14 TeV 33 TeV
[fbh~1] - ba | 95%CL | Az | 95% CL
5 5 3000  €15.2 (15.2) ) 9.1 (9.1) (12.6 (12.7)) 7.7 (7.7)
Coaf A” [TV 300 RETI8T) | 17.1 (17.0) | 231103, 3) 141 (14.2)
_ 3000 ¢ 0.6 (0.9) >o4( 5 ¢ 0.3(0.6) ) 0.2(0.3)
A* [Tev— N [ o~
o/ 500 Ty | 07 (10) |00y | 03 (06)

October 30, 2014
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//

Events / bin

[2] Snowmass VBS
ZZ -> |l arXiv:1309.7452v1
© 10 ARN T
3 9

g | : -§ 8_ —33TeV 3000 b ]
S0F ILdt _3ab [ ]smzzaco E T »1 E
50~  (s=14TeV VBSZZ(SM) B e E
C SM VBS ZZ + ] E 3

- Coy=15TeV? 5k =

z 3

E 2 1

10 Wiy, i E
8.2 03 04 05 0607 1 02 46810121416 18 20 22
m,, [TeV] Con/A? (VBS ZZ-ITIT) [TeV?]

Parammeter Luminosity 14 TeV 33 TeV
[fh~1] 2o 95% CL 50 95% CL
_ 3000 € 16.2 (16.2D| 9.7 (9.7) (13.2 (13.2]] 8.2 (8.2)
2 2 o

Cow [A7 [TeVT] 300 | 3T3(315) | 182 (18.3) | D38(239) | 14.7 (14.7)

October 30, 2014 Jessica Metcalfe 21




//

Events / bin

ZZ -> |l
FT8 FT9
60 -4 5 e -
_[Ldt _3ab" [Jswzzaco 3§ 3 S I Ldt = 3 ab” [Jswzzaco -
50 /s = 14 TeV vBSZZ(SM) | & : /s = 14 TeV VBS ZZ (SM) 1
SM VBS 7Z + 4 W 400 SMVBSZZ+ A
T fe=15TeV* T fe=3TeV* .
82 03 04 05 0607 1 82 03 04 05 0607 1
m,, [TeV] m,, [TeV]
Parameter Luminosity 14 TeV 33 TeV
[fb~1] 50 95% CL 50 95% CL
_ 3000 2.9 (4.7 1.7 (2.4) 1.6 (1.7D | 1.0 (1.3)
4 4 o

frs /A7 [TeV] 300 55184) | 32 (53) | 28123) | 1.8(1.8)
ng/A4 [TeV“‘] 3000 5.7 (@ 3.9 (4.6) 3.8 (6.6!) 2.5 (3.5) [2] Shnowmass VBS
300 8.7 (9.0 6.2 (6.7) 6.3 (10.1) 4.2 (8.2) arXiv:1309.7452v1

October 30, 2014
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//

77 -> |||| [4] ATLAS 2012
mResonance ATL-UPGRADE-PUB-2012-006
é g:g; ik ATLgij;il(lJnr:mary .SM W E _§ 5 ATI(_éi\S Iircflim';néry sMwW ]
S F 3 c imulation N
N ?ggi j Ldt=3000fb" | jent N J Ldt=3000f" | Nerw 3

c SMW+ 40 ]
160 — 1.0 TeV Res _1SSATX\\//F+ae 7
140F =179 3 =175 ]
120F- = 30 E
100 - ]

80 = 20 .
605 = ]
40F- = 10 -
20 E .
0 05 T 15 2 25 3 35 4 45 5 0.2 04 0506 1|
m(jj) [TeV] m(4l) [TeV]
model 300 b~ 3000 fb]"
Mresonance = 1 TeV, g = 2.5 9.40
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WWW -> |viviv

T T T

20
18
16
14
12
10

Events / bin

—SM WWW

IllllllllllllllllllIlllllllllllllll

onN B O®

Illll

T T T T T T

Vs=33TeV

et /A= 0.05 TeV*WWW [ Ldt=3ab”

I|III|III|I

I ] I | ]

Iogm( M(AIl Leptons)) [Iogm(GeV)]

(plots for Vs =33 TeV, no UV)

c - | T ]
5 ?g_ — SMWWW §=33TeV -
% 16%— - Cyn/AZ = 2.0 TeVZ WWW det:sab_1—§
2 14- A T E
12- e
10 E
6 | ’ E
4 1
2" g
- ‘ | ! ' -

0 25 3

Iogw( M(AIll Leptons)) [Iogm(GeV)]

50 discovery potential:

Parameter dim. | Luminosity [fb=!] | 14 TeV | 33 TeV | 100 TeV
300 4.8 (8) - -
cwww /A% [TeV—2] 6 1000 - - 1.3 (1.5)
3000 2.3 (2.5) | 1.7 (2.0) | 0.9 (1.0)
300 1.2 - -
2] Snowmass VBS | \uipey-g | g 1000 i § 0.004
arXiv:1309.7452v1 3000 06 0,05 0.000

October 30, 2014

Jessica Metcalfe

24



WWW -> |vivlv WWW -> |vlvjj
leading lepton PT £ 3
r ’% i — No Pileup
— standard model T [ I [ Pileup 50
10 2'5: Pileu}I: 140
L ol
b B / FTO :
N S i W _~ FsO “F
e L 4 Fs1 1;—
' — sM o5
10-25_‘ TN S T S S R 0:| " el R R RO |':-l\ A :-“ :;:
0 200 400 PTe/%oeV 800 1000 1200 0 50 100 150 200 o \2/;50
WWW -> |vivlv WWW -> |vlvjj
95% CL with 100 fb~* 95% CL with 100 fb~*
lower limit upper limit lower limit upper limit
Lsp | —18x 10710 [ 1.8 x 107" | —4.6 x 1077 | 4.6 x 1077
s | —27x107"° [ 28 %1071 | —9.5x 107" [ 9.9 x 107 "°
o | —58%x 107" | 59x 107" | —28 x 107" | 2.7 x 10~ '
Signif = \/2In(Q), Q = (1 + Ny/Ny)Nebseap(—N). [5] Beijing CMS 2014
October 30, 2014 Jessica Metcalfe arXiv:1407.4922v1 25




WWW

[5] Beijing CMS 2014 WWW . FTO [2] Snowmass VBS

arXiv:1407.4922v1 arXiv:1309.7452v1
e T e | ] B
S, i = A,=06TeV,n=2inff 8 :
8 6 + """"""""""""""" Q=== Ay=1TeV,n=2inff [T ,’: """""" % 5 j- -------------------------------
& v i | = -
B = -
g [ i S A |
O 5—_ ....... " “ ............. l R .............. ............................. m : —— 14 TeV, 0.3ab.
Y | : 3L —— 14 TeV, 3ab!
I ) - B —— 33 TeV, 3ab’"
AT ||| """""""""""""" A B —=— 100 TeV, lab’"
i < ﬂl y 2 100 TeV, 3ab’
- || as B
S B e s B s -
- 0 “# o B
% L1l | | J\ Ll i“ | "" L1 1 | L1 1 i L 11 i 1 1| O 1 |||||“| |||| | | ||||||I| | |||||||| 1 |||||||| | |||I|II|
10 -8 -6 -4 -2 0 2 4 6 8 10 . - - -
t. /A [10° GeV? 10* 10° 102 10" 1 10 10 10°
4 4
f /A" [TeVT]
Limit FTO/A% = 0.59 TeV+# Limit FTO/A% = 1.2 TeV#

@100 fb? @300 fb?
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N
2

FT8 Zyy -> llyy FT8

5 45:‘ 1T | TTTT | TTTT | TTTT I TTTT | TTTT | TTTT I TTTT I TTTT I 1T I: —_— ||||||||||||||||||I| - I e I S I S I S I ——
— 1 H 1 1 — ()] —
a - ATLAS Simulation Preliminary 4 L3 S 60 ATLAS Simulation Preliminary :

D C - /A"=0.4TeV 7 N .
=  40F — —o-f/A*=04TeV*
= - -e—SM 3 % 50 -o- SM -
W 35k —o-2ZyJ 3 = :
E 3 a -0 ZyJ ]
- zJJ 3 = -
30 — w40 ZJJ —
C 7 () ]
25 J - k= = 17
i L dt = 3000 o - J-Ldt=3000 ek
155_ Vs= 14 TeV _é Se 14 TeV ]
= ] 20 —e—
10 = ’
51 —= 10 E

9.4 25 26 27 28 29 3 3.1 3.2 3.3 3.4

log10 M(I'Tyy)

50 discovery potential:

[GeV]

0

200 250 300 350 400 450 500 550 600
leading vy PT [GeV/c]

[3] ATLAS 2013
ATLAS-PHYS-PUB-2013-006

300 fb~!
frs/A* 0.9 TeV~™
fro/A* 2.0TeV™ 0.

October 30, 2014
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60

50

40

30

20

10

24

Zyy -> llyy

[2] Showmass VBS
arXiv:1309.7452v1

1 —@— f,,,/A*= 200 TeV™*
L dt = 3000 fb —@— f,,,/A*= 100 TeV™
—o— f,,,/A*= 1000 Te\r:
— —o— f, /A% 1000 TeV’
\s= 14 TeV —e— SM
-0 ZyJ
zJJ

%

1
1

25 26 27 28 29 3 3.1 32 33 3.4
log10 M(ITyy) [GeV]
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% = _ TVl g [2] Snowmass VBS
§ = *Qgﬂei’f’ai-‘ arXiv:1309.7452v1
Zyy ->llyy | 2 © zumies, g
S R A A |
- | FMO E
(with UV cutoff) fug/A* (Z vy =ITyy) [TeV]
p . Vs 14 TeV 14 TeV 33 TeV [ 100 TeV
AFATIEREr Lum. | 300 fb~! 3000 fb! x5 gain @
Furo/AY [TeV—1 50 7300 (830) €3600 (31013 1900 (190)d_750 (1201> | 100 TeV.
MO 95% CL | 4200 (360) | 1200 (160) | 660 (120) | 71 (59)
furn S [TV 50 | 7600 (1600) | 3600 (680) | 2100 (340) | 1000 (220)
M1 ¢ 95% CL | 4500 (800) | 1200 (290) | 770 (160) | 240 (126 EM2 lowest
_ 5o 3300 (130) | 510 (48) | 310 (26) €120 (16 o
4 4
Paaa AT TV e oL 670 (36) | 160 (21) | 110 (13) | 25 (10)  Locnsitvity
fua /A [TeV—4 50 2400 (250) | 720 (120) | 320 (66) | 180 (34)
M3 95% CL | 820 (133) | 210 (52) | 130 (23) 38 (15)
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VBS @ HL-LHC

Comparison of sensitivities:

Coupling
Parameter
Channel Parameter (#) for 50
ssWW FT1 (1) 0.1
Zyy FT8 (2) 0.4
Wz FT1 (3) 0.6
WWW FTO (4) 0.6
Zyy FT9 (5) 0.7
Www CWWW (1) 2.3
7 FT8 (6) 2.9
77 FT9 (7) 5.7
Wz cdd (2) 15.2
77 COW (3) 16.2
Zyy FM?2 (8) 510
Zyy FM3 (9) 720
Zyy FMO (10) 3600
Zvy FM1 (11) 3600
WWwW m_Resonance (1) 0.6
ZZ m_Resonance (2) 1

@ 14 TeV & 3,000 fb?
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VBS @ HL-LHC

Summary:
* Many VBS and tri-boson channels
* Many coupling parameters
* Only a small portion of overall new physics production has been studied for HL-LHC
prospects
* So far, Dimension-8 FT1 for ssWW is most sensitive to new physics
* 50 discovery potential at FT1/A*=0.1 TeV+*
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VBS @ HL-LHC

Backup
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VBS @ HL-LHC

[1] Snowmass EWK
“Studies of Electroweak Interactions at the Energy Frontier”, M. Baak, et al., arXiv:1310.6708,
October 2013.

[2] Snowmass VBS
“Studies of Vector Boson Scattering and Triboson Production with DELPHES Parameterized Fast
Simulation for Snowmass 2013”, C. Degrande, et al., arXiv:1309.7452v1, September 2013.

[3] ATLAS 2012
“Studies of Vector Boson Scattering with an Upgraded ATLAS Detector at a High-Luminosity LHC”,
P. Anger, et al., ATL-UPGRADE-PUB-2012-006, December 2012.

[4] ATLAS 2013
“Studies of Vector Boson Scattering and Triboson Production with an Upgraded ATLAS Detector
at a High-Luminosity LHC”, The ATLAS Collaboration, ATLAS-PHYS-PUB-2013-006, June 2013.

[5] Beijing CMS 2014
“Probing Triple-W Production and Anomalous WWWW Coupling at the CERN LHC and future
O(100) TeV proton-proton collider”, Yiwen Wen, et al., arXiv:1407.4922v1, July 2014.

[6] “Study of vector boson scattering and search for new physics in events with two same-sign
leptons and two jets”, CMS Collaboration, arXiv:1410.6315, October 2014.




VBS @ HL-LHC

o for the WWWW-Vertex:

Dimension-8 conversions: ag= 130
At 8
4

o for the WWZZ-Vertex:

Lot
A 16

o faatt
A 16

e for the ZZ7Z7Z-Vertex:

fso + fs,1) v?

“4+"‘5=(F AT ) 16

W, = 5971(8MW13 — 8, W, + geisWW))

v
B, = 59’(8MB,, - 0,B,) .
()

_ g . i L
D,=0,+ ZEBM + ZQWNE

[1] Snowmass EWK
arXiv:1310.6708
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(gen) [TeV]

ww

Unitarity Violation Cutoff, M

WEW+=- >Iv|v

[2] arXiv:1309.7452v1

g T T g A
o - e 0pu,with UV K ]
5 255 opunovy s ) (s=14Tev -
%, 205_ = 50 pu, with UV J‘Ldt=3ab'1 _E
2 - 0 50pu,noUV .
15__ A 140 pu, with UV /,’é( 1
E A 140 pu, noUV///// E
10— g =
5 5 .
0 6 I 5 o ""_ e o: ’i;i/,: . T .
10 10 10 10° 102 10" . 0 0.1 0.2 0.3 0.4 0.5
fr /A7 TTeV ] fr,/A* [TeV ]
Parameter | /s | Luminosity | pileup S50 95% CL
(TeV] [fb~1] (TeV =] (TeV—4]
fri/A* 14 300 50 o 2 (0.4) 0.1 (0.2)
fri/A? 14 3000 140 1 (0.2) 0.06 (0.1)
fri/A? 14 3000 0 ( 2) 0.06 (0.1)
fri/A? 100 1000 40 0. 001 (0.001) | 0.0004 (0.0004)
fri/A? 100 3000 263 | 0.001 (0.001) | 0.0008 (0.0008)
fri/A* | 100 3000 0 | 0.001 (0.001) | 0.0008 (0.0008) (UV)
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WWW -> Iviviv

MET

WWW -> [vlvjj

5450}
2 L
L c C — WWW,SM
™M 2400~
105 1 w0 e WWW, £/ A‘=6x10"'GeV
E L 350
r - 300;
1 E N C
2 F 250
§ C : ______________________________
= 200
107 F
F 5 LT 150 |
I 100i_ _____________
10'2; C
: 50/
O v b b b by Ly r N
0 200 400 600 800 1000 1200 GWJH\\|H\\\H\\HlJ\H\|JH\\HH\HH\HH\HH
MET /GeV 0 100 200 300 400 500 600 700 800 900 1000
My (GeV)
Events
cut-based BDT
P C tion|[fb
FoCesses ross section[fb] Pileup 0 Pileup 50 Pileup 140 | Pileup 0 Events
sl s2 sl s2 sl s2 sl Processes || Cross section|fb] Pileup 0 Pileup 50 Pileup 140
Www 2.17 21.0 | 6.29 | 20.0 | 5.82 | 17.9 5.18 20.2 cut-based | BDT | cut-based | BDT | cut-based | BDT
Wz 412 421 | 6.86 | 429 | 6.72 | 398 6.59 337 WWw 3.586 22.1 21.9 22 20.7 21.2 39.7
tHw 9.88 334 103 ] 38.2 [ 11.5 | 388 | 11.9 | 56.0 W 480.2 14.4 197 | 532 36.5 | 112.6 | 140.2
7z 273 404 [1.09 | 988 [1.64] 107 | 273 | 327 WWjj 49.15 133 | 155 | 244 | 279 | 467 |I218
ttz 6.35 108 | 2.78 | 12.6 | 3.46 | 133 | 3.60 | 185 WZjj 627.9 1067 | 829 | 2127 |1388| 3795 | 680
WWZ 0.849 3.73 1.04 3.73 1.01 3.54 0949 3.23 Signiﬁcance 1.86 1.96 1.28 1.43 0.91 1.28
significance 0.922 | 1.28 | 0.822 | 1.14 | 0.751 | 0.989 0.946

Signif = /2In(Q),Q = (1 + Ns/Ny)Nebsexp(—Ny).
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WWW

Use tri-boson production to probe quartic couplings

operator WWW \WWZ |\ WZZ | ZZZ

SM cross section [ab] | 603 124 | 9.63 | 0.972 operator WWW \ WWZ |\ WzZ | ZZZ
,Cg,o/Sl\f’I 10 10 10 10 SM cross sectiop [ab] 603 124 9.63 | 0.972
Ls./SM 1.0 10 | 10 | L0 ‘VZW7S/1\SI“'I -
Laro/SM 146 | 1.09 | 1.05 | 1.02 Z, /S0 o 1o T 1o T 1o
L1r2/SM 1.0 1.05 1.0 | 1.02
Lr,3/SM 1.0 1.01 [ 1.00 | 1.01
Lr/SM 1831 | 396 | 338 | 2.90
Lp1/SM 1515 | 210 | 2.83 | 2.90
Lps/SM 4.48 132 | 1.35 | 1.54
Lrg/SM 1.0 1.0 1.0 | 1.31
Lro/SM 1.0 1.0 1.0 | 1.08

[2] arXiv:1309.7452v1
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