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Anatomy of Vector Boson Scattering (VBS) S

pp — WWi37 — llvrjg Smallest accessible SM cross sections
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Fiducial phase space volume: =
* llj tag
* m; > 500 GeV (“jet recoil”) 2R ' _
“ . Je . ) w4 Zy Wwiwz ZZ'E\%EXV Wqé’:’m% fazt qurz MNYZWWW
* |Ay;j| >24  (“rapidity distance”) " SRR
 Cutson E;, pr
* No / little central jet activity How to encode deviations

from the SM?
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The Rationale of Effective Field Theories H

* SM contains all dim 2- and dim 4-operators “relevant” for low-energy physics:

: 1 1
(no fermions or QCD here) . _ —Str W W] = 2B, B + (D,2)/(D ) + p*@le - A(279)?

* Add all higher-dimensional operators consisting of SM fields/consistent with SM symmetries

EZESM—l—Z

1

:| S.Weinberg, 1979

. d . . . .
o v < A: new physics scale; ¢\”: dimensionless Wilson coefficient

* Odd operators involve fermions, all dim-5 & dim-7 violate B and/or L No unique basis exists

 Validity of EFT assumes E < A

» “HISZ” basis: no fermionic operators Hagiwara/lshihara/Szalapski/Zeppenfeld, 1993
» “GIMR” basis: first minimal complete basis Grzadkowski/lskrzynski/Misiak/Rosiek, 2010

» “SILH” basis: complete basis Giudice/Grojean/Pomarol/Ratazzi, 2007; Elias-Miro et al, 2013
» Dim.8 operators: Eboli et al., 2006; Kilian/JRR/Ohl/Sekulla, 2014+2015; Hays et al.
» “EChL” basis: Dobado/Espriu/Pich et al.; Buchalla/Cata; Kilian/JRR et al.

Dim-6 operators for Multiboson physics

" -~ T % i
Owww = Te[W,, W"PWE] Ose = Oy (<I> <I>) 0 (<I> q))
Ow = (DM(I))TW,UJV(DV(I)) OF Srivaes = ((I)T(p) TI'[W'UVWM,/]
R T DY
EEle = DB (D, ) Ot (qﬂ@) BB,
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The Rationale of Effective Field Theories H

* SM contains all dim 2- and dim 4-operators “relevant” for low-energy physics:

* Add all higher-dimensional operators consisting of SM fields/consistent with SM symmetries

ﬁZESM—l—Z

1

:| S.Weinberg, 1979

. d . . . .
o v < A: new physics scale; ¢\”: dimensionless Wilson coefficient

* Odd operators involve fermions, all dim-5 & dim-7 violate B and/or L No unique basis exists

 Validity of EFT assumes E < A

» “HISZ” basis: no fermionic operators Hagiwara/lshihara/Szalapski/Zeppenfeld, 1993
» “GIMR” basis: first minimal complete basis Grzadkowski/lskrzynski/Misiak/Rosiek, 2010
» “SILH” basis: complete basis Giudice/Grojean/Pomarol/Ratazzi, 2007; Elias-Miro et al, 2013

» Dim. 8 operators: Eboli et al., 2006; Kilian/JRR/Ohl/Sekulla, 2014+2015; Hays et al.
» “EChL’ basis: Dobado/Espriu/Pich et al.; Buchalla/Cata; Kilian/JRR et al.
Dim-6 operators for Multiboson physics e Only at loop-level from (weakly coupled) models
' & f uo @t
Owww = TeW W*PWH] Oov = 0u(2'2)0" (o'2)
@) o)D), D) Ohsr e (cb’f <1>) Te[WH W 0]
Ol o = (DHCID)TBMV(DV(I)) Ot ((DT@) BMB,,
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Dim-8 operators in MBI physics e

Dim-8 operators Longitudinal operators
for MBI physics

:(DMCD)T D,/I)} x [(Dﬂcp)‘f D”<I>:

(D,®)" Dﬂcb} x [(D,,cb)* D'®
Mixed operators : :

Transversal operators
Tr (W W] - [(Ds2) DP o] P

Tr [WW,W”B] . [(DB@)T D“cb]

B B*] - [(Dp2)' DP o]

:BWB”B] - [(Dﬁcb)’f D“@]

[ty s o B

[eeitu: o o s

(D, @)t W5, WP” D" o]

(D, ®)t W5, WP" D" 3
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Dim-8 operators in MBI physics e

Dim-8 operators Longitudinal operators

(D, )} D,/I)} x [(Dﬂcp)‘f DY
for MBI physics i '

(D,®)" Dﬂcb} x [(D,,cp)* D'®
Mixed operators : :

Transversal operators
Tr (W W] - [(Ds2) DP o] P

Tr [WW,W”B] . [(DB<I>)T D“cb]

B B*] - [(Dp2)' DP o]

:BWB”B] - [(Dﬁcb)’f D“@]

[ty s o B

[eeitu: o o s

(D, @)t W5, WP D" @]

(D, ®)t W5, WP" D" 3

WWWW | WWZZ | ZZZ7 | WWAZ | WWAA | ZZ7ZA | ZZAA | ZAAA | AAAA
T % % %
T 7 7 % % % 7 %
O v 7 7 % % %
Ol 7 % % % 7 % % 7 %
Ok % % % % 7 % 7 7
Ol % % % 7 7
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Dim-8 operators in MBI physics

Dim-8 operators Longitudinal operators

for MBI physics

Mixed operators

4 /20

:(DMCD)T D,/I)} x [(Dﬂcp)‘f D”<I>:

:(DMCI))T Dﬂcb} « [(D,,cb)* D”CI):

Transversal operators

Omo = Tr[WWH]. |(Ds2) DPa]
Rl i prl o af
Ora = T [Waw?] . [(Dp) D40 Oro = Tr[Wu W] Tr[Waaw®?|
5 [ nBl %
| OM,Q =i :B/WB“V] i [(DBCI))T DB(I’] OT’l = Ei -WOWW . 5 [WMBW -
& o i nwB | Vo
Ont s ia BM,,BVB] : [(DBCI))T D“CID] - Or,2 ==l afl _WOCMW Tr [WgyW |
. : . ‘ - — /| /| 'L“/] BaﬁBaﬁ
Ma = |{(e Dim.8 generate aQGCs independently u8] . B, 4B
s v
Om,s = |(Je Energy dependence: rise of cross sections M
: By B
Omes = | [possibility to construct full dim-8 = backup slides] =
1 - oaBBa
A, T B v
Omy = [(Du®) Wa, WD OT’Q — B,,B"PBs, B
WWWW | WWZZ | 2277 | WWAZ | WWAA | ZZ7ZA | ZZAA | ZAAA | AAAA
Os.0/1 v v v
Dr e 7 7 % % % 7 %
O v % 7 7 % %
O 7 % % 7 7 7 % 7 %
Oriial ¥ % 7 % 7 7 7 7
Or.8/9 v v vé v v

Transversal Vs & Pol.in WHIZARD
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SEE2Y

Unitarity in vector boson scattering

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = IM [Mii(t = 0)] /S t = —3(1 —cosfl)/2

Partial wave amplitudes:
M(s,t,u) =32 ) ,(2¢ + 1)A¢(s)Pe(cosf) (“Power spectrum”)
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Unitarity in vector boson scattering N
Optical Theorem  (Unitarity of the S(cattering) Matrix):
Otot = IM [Mz‘i(t = 0)] /S t = —3s(1 —cos@
Partial wave amplitudes:
M(s,t,u) =32m > (20 + 1)As(s)Ps(cosf) (“Power spectr Re[A]
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SEE2Y

Unitarity in vector boson scattering

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = IM [Mii(t = O)] /S t = —3s(1 —cos@

Partial wave amplitudes:
M(s,t,u) =32m > (20 + 1)As(s)Ps(cosf) (“Power spectr

Re[A]
>

Assuming only elastic scattering:
s ' s
ot = 3y 22ECEL 4,12 = 57, 32D M [4,] = | A2 = Im [A4,]
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SEE2Y

Unitarity in vector boson scattering

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = IM [Mii(t = O)] /S t = —3s(1 —cos@

Partial wave amplitudes:
M(s,t,u) =32m > (20 + 1)As(s)Ps(cosf) (“Power spectr

Re[A]
>

Assuming only elastic scattering:
s ' s
ot = 3y 22ECEL 4,12 = 57, 32D M [4,] = | A2 = Im [A4,]

SM longitudinal isospin eigenamplitudes (A; spin=.):

8 t—u 3 8
AI:0=2EP0(S) AI:1 — ’U2 = U—2P1(3) AI:2 :—1'}—2P0(8)
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SEE2Y

Unitarity in vector boson scattering

Tel = 7v

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = Im [Mii(t — O)] /S t = —3s(1 —cos@

Partial wave amplitudes:
M(s,t,u) =32m > (20 + 1)As(s)Ps(cosf) (“Power spectr

Re[A]

Assuming only elastic scattering:
s ' s
Trot = Ze 32w (2641) |.A£|2 R Ze 32 (if+l) Im [AE] - |A£|2 — Im [AE]

8

SM longitudinal isospin eigenamplitudes (A; spin=.):

S

= S Pi(s) Ap_p= ~—5Po(s)

t—u

s
Ar—o = 2—2P0(3) Ar=1 = 2 — 9
v v v Lee/Quigg/Thacker, 1973

exceeds unitarity bound |A;;| < 1 at:

Higgs exchange: L o

I=0: E~ v8rv=12TeV 2 H
1 S

I=1: E ~ +/48mv =3.5TeV Als,tyu) = =5 s — M2,

I= 2: E ~ V16mv =1.7TeV Unitarity: My < V8mv~ 1.2TeV
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Procedures to treat unitarity violations i

1.0

Cut-off (a.k.a. “Event clipping”)  #(AZ — s)

[A(S)l
(=)

unitarity bound (Oth partial wave) at A¢
no continuous transition beyond

Effect on BDT training not clear

0.0

2
J5 /(4 f v)
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Procedures to treat unitarity violations e

Cut-off (a.k.a. “Event clipping”) (A% — s)

unitarity bound (Oth partial wave) at A¢
no continuous transition beyond

Effect on BDT training not clear

1

Form factor (HA;F )”

Applicable for arbitrary operators, tuning in 2

parameters: n damps unitarity violation, /\f
highest value to satisfy Oth partial wave
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1.0

[A(S)l
(=)

0.0

LOF |— o

[A(s)]
=)
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Procedures to treat unitarity violations i

1.0

Cut-off (a.k.a. “Event clipping”)  #(AZ — s)

[A(S)l
(=)

unitarity bound (Oth partial wave) at A¢
no continuous transition beyond

Effect on BDT training not clear

0.0

2
J5 /(4 f v)

1 1LOp [—

Form factor (HA;F )”

[A(s)]
=)

Applicable for arbitrary operators, tuning in 2

parameters: n damps unitarity violation, /\f
highest value to satisfy Oth partial wave

1 =
K-/T-matrix saturation = Re( L) i -

ao
T — e ——

saturates amplitude [projection to unitarity circle],
also for complex ampl., no additional parameters | o5

AG)]
5

0.0

Alboteanu/Kilian/JRR, 0806.4 145 Kilian/Ohl/JRR/Sekulla, 1408.6207 ’ i \/;/(42\/;” : )

@ J.R.Reuter Transversal Vs & Pol. in WHIZARD VBScan Meeting, LLR Palaiseau, 12.10.18



Different unitarity projections &

K-matrix: Cayley transform of S-matrix Heitler, 194 ; Schwinger, 1949; Gupta, 1950

Stereographic projection to Argand circle y

i

142K /2 a(s
= 1—z'K§2 ar(s) = 1—i(a,28)

\
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Different unitarity projections &

K-matrix: Cayley transform of S-matrix

Stereographic projection to Argand circle

1+2K/2 a(s
= 1—@'K§2 ar(s) = 1—i(a,23)

Stereographic projection to Argand circle

Heitler, 194 1; Schwinger, 1949; Gupta, 1950

A

i

NCT=s
1
T

\/

Formalism does a partial resummation of perturbative series

need to construct (orig.) K-matrix as self-adjoint intermediate operator
Problems, if S-matrix non-diagonal, presence of non-perturbative contrib.

@ J.R.Reuter Transversal Vs & Pol.in WHIZARD

VBScan Meeting, LLR Palaiseau, 12.10.18



Different unitarity projections &

K-matrix: Cayley transform of S-matrix

Stereographic projection to Argand circle

142K /2 a(s
= 1—@'K§2 ar(s) = 1_1(0,28)

Stereographic projection to Argand circle

Heitler, 194 1; Schwinger, 1949; Gupta, 1950

A

i

NCT=s
1
T

\/

Formalism does a partial resummation of perturbative series

need to construct (orig.) K-matrix as self-adjoint intermediate operator
Problems, if S-matrix non-diagonal, presence of non-perturbative contrib.

T-matrix: Thales circle construction

Defined via |a — 2| =2 = a:Re(;)_i

0
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Kilian/Ohl/JRR/Sekulla, 1408.6207
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T
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Different unitarity projections &

K-matrix: Cayley transform of S-matrix Heitler, 194 ; Schwinger, 1949; Gupta, 1950

Stereographic projection to Argand circle )

i

1+2K/2 a(s
= 1—@'K§2 ar(s) = 1—i(a,23)

NCT=s
1
T

\/

Stereographic projection to Argand circle al
Formalism does a partial resummation of perturbative series

need to construct (orig.) K-matrix as self-adjoint intermediate operator
Problems, if S-matrix non-diagonal, presence of non-perturbative contrib.

T-matrix: Thales circle construction Kilian/Ohl/JRR/Sekulla, 1408.6207

Defined via |a — 2| =2 = g= Re(ai>_i )

0 1

©

|dentical to K matrix for real amplitudes

DO —
1
T

©

Points on Argand circle left invariant

©

Does not rely on perturbation theory

©

Applicable for amplitudes with imaginary parts (models with resonances)
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Different unitarity projections &

K-matrix: Cayley transform of S-matrix

Stereographic projection to Argand circle

1+2K/2 a(s
= 1—@'K§2 ar(s) = 1—i(a,23)

Stereographic projection to Argand circle

Heitler, 194 1; Schwinger, 1949; Gupta, 1950

A

i

NCT=s
1
T

\/

Formalism does a partial resummation of perturbative series

need to construct (orig.) K-matrix as self-adjoint intermediate operator
Problems, if S-matrix non-diagonal, presence of non-perturbative contrib.

T-matrix: Thales circle construction

Defined via |a — 2| =2 = a:Re(;)_i

0

©

|dentical to K matrix for real amplitudes

©

Points on Argand circle left invariant

©

Does not rely on perturbation theory

©
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Kilian/Ohl/JRR/Sekulla, 1408.6207

A

i

DO
1
T

Applicable for amplitudes with imaginary parts (models with resonances)
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1 1 - 8 /20
Unitarization of transverse operators
Use spin-isospin eigenamplitudes exclusive in helicities: Ao(s, t,u; A)
Can be obtained by using Wigner’s d-functions  [Wigner, 1931] A= (A1, A2, A3, \g)
0
dt s
Ary(s; ) :/ — Al s o aahiy [arccos <1+2—>] A=X— A N =MX3— )\
ok ! S
Extract all partial waves: ; y 0 1 0 A\
: AL D M D0 =0 0 0 T -
Aij(50)/(g7s%) = Tl e i o s - -
(coFr, + ciFr, + coFr) 0 0 0 | 0 0 0| =2 &
e -2 % Blo o o|-f & F+ & - -
0 0 O ORI R R 0 0 + + + +
BraB3/Fleper/Kilian/JRR/Sekulla, 1 0 0 0 Do @0 : —= 0 S e
1807.02512 0 0 0.7 |05 0= ORI 2 0 e P
0 0 O S e 0 0 L R S
DD D sen s [ G R 0 0 + + + +
2 0 0 Ot O T R —% —% —% + - + -
0 0 0 10 000 =5 =5 ol
—3 —3 =3 [0 0 0 g o e e
Co C1 Co Co C1 Co Co C1 Co
¢ Evaluate modified Feynman rules off-shell
$ Scale that is used for the diboson system in s-channel setups: v Svv
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9720

VBS diboson spectra

101 | o W+W+]J
— 5 IET e, SR S
o= 1072k e U S, e T g
Pl F : : : : Se., : : !*******‘k** E
r ‘ ‘ ‘ ‘0..:.... ! \\ **‘k;
[ e Re=soTevt] o Tl
1073; A Fg =480 TeV [ o o o “
. FHD =30 T€V72 ‘ ‘ ‘ ‘ ‘ 1
r SM ‘ ‘ ‘ ‘ ‘
10*4 i i i i i i i i
200 400 600 800 1000 1200 1400 1600 1800 2000
MWW [GeV]

General cuts: M,; > 500 GeV; An;; > 2.4; pgp > 20GeV; [Agls i
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9720

VBS diboson spectra

e
10 pp—!> W W jj | |
W
?lll-.lli ......+Illlll.;..
ST I 1Y amecacc:. WA SRR NN SN N
() o **t* : : ‘IAAAA : : :
£ COD [ -o...*f* ey I—.. AAAAAA
= e, *** . : ‘ ‘ :
|_|‘_( ....3 * **;* l,. ::A " AA
e, * oy . ] Ao
Cg‘% 1072 *"' *****.....I.=AA=:E
: : - : : .. *****’j‘*u*
L] FS,0:480 TeV‘4 0-....;.. *aey ]
-3 : : : : Ptteel,,
10 F| a4 Fs1 =480 TeV™4[ P e SR R H
7 Fyp = 30 TeV 2 ‘ ‘ ‘ ‘ ‘ 1
SM
].0*4 1 | | ‘ i i i ‘
200 400 600 800 1000 1200 1400 1600 1800 2000
M(WFWH)[GeV]

General cuts: M,; > 500 GeV; An;; > 2.4; pgp > 20GeV; [Agls i
@ J.R.Reuter Transversal Vs & Pol. in WHIZARD VBScan Meeting, LLR Palaiseau, 12.10.18



9720

VBS diboson spectra

— WTW™44 7 T+
F : ; — Px‘l’-j 5l
| ] —_— Iy, 10
: ] 3 3 3 3 3 3 1 —_— -2
oL O S L S SO _ 0 _| oo
S0 T i A R 1075 — s
s 3 3 : 1
Tl I A v SR RN S SR N = 107"
& g T N B YW | | ] =Y
a2 T, PHapatisia, g
S . .. ******** L A — 2
T‘E 10 2 3 : : .-.':'-. *f****** ‘ o .l.::.‘AAAA = 10 3
A s R RTE LETRRPRRRRPN Lt S il SRR peee.....H L Py W S|=
e e =
. . j_4 ......... *&******* ] ]() _
s Fgg =480 TeV ; : : STt *
0H L Ry mag0 ey [ T -
[ Fap =0TV 107*
| SM . . . . . 4 T T T T
10-4 ‘ \ \ i i i i i 1000 2000 3000 4000 5000
200 400 600 800 1000 1200 1400 1600 1800 2000 ,1I(H+“+) [G e\,']
M(WHIW+)[GeV]

General cuts: M,; > 500 GeV; An;; > 2.4; pgp > 20GeV; [Agls i
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9720

VBS diboson spectra

1+ 5
101 ¢ pp —\> W W JJ pp — 1‘1’;+‘:,[’_,+].7.
1 Jo
E : 1[) E F al
: 7 — 1\ — DU
L : : : : : : : : | 1 — 10
: : : : : : : : | —_— -2
L e e e e e A 105 —
— o1 Etagaanaansssadasaiey | | | | > 10714
= 107 R O B e TV R e A E -l E
£ (;5 i | ' ********w* ‘ ..:=:A AAA;AA | ] = \g) 4
= . *"‘**** g . ‘
D el M, o= .: o l—'\‘ 10 2 .
: : . e, . Ky, m, . S E
éSEi 1072 e o S A !l"fl;;;;'ﬁi**&;;;;i; """ !--T":==:§i A§|;§ ]
| | : i-.-.__.":.. ****’;‘***** ] ]() I_’n_:
m  Fso =480 Tev* : : : P e i
1073, p g0 Tey | e
E S1 = eV : : : : 1 E 1
[+ Fap=30TeV o 10744
| SM . . . . . 1 T T T T
10-4 ‘ ‘ \ i i i i i 1000 2000 3000 4000 5000
200 400 600 800 1000 1200 1400 1600 1800 2000 AI(‘"“!-’-"""!—F) [Ge\f]
M(W+WH)[GeV]
) — W5
105 PI jJ
10°
= 10 14
2
— 10 2+
o= -
SIZ

1073 E

10 4?

! | | 1
1000 2000 3000 4000 5000
M(W' W) [GeV]

General cuts: M,; > 500 GeV; An;; > 2.4; p‘gp > 20GeV; [Agls i
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VBS diboson spectra

+ + 54
10 b D ‘ o pp = WV
E . . ; — Pl\;.: 5l
L ] — 10
: : : : : : : : | —_— Iy, -2
O O S R . [ B 0 _| oo
S0 T i A R 1075 — s
il....l ..;.IIII..;
L ggmmmmE g ‘ § —_—
T B - WU S N B B Tz 107
B e T A 2
§ -t******n,, : ::AA A;A |_|g 2
R , : | | -._.!.- ***,}(***** : .. ..:AA AAAA . _ 10 <
- : : : Lotesg T o T e Ll 7 Ve =
‘%E 10 E o o T 3*******;* "=::; Q|¢3
1 1 - | T e, 10 3
J| 7 Memmsomv e
107 L gy =80 Tyt [ T ]
(|« Frp=30TeV™ | % % % ] 107% 5
| SM : : : : : 4 T T T T
10-4 ‘ ‘ ‘ i i i i i 1000 2000 3000 4000 5000
200 400 600 800 1000 1200 1400 1600 1800 2000 A«'I(Iri-»"ﬂl”) [G ev]
MWW H)[GeV]
— WHW*jj g
10" 5 a - 10-1 - _ pp— HHJj
] 3 — —_— Py, =50
] ] - —_— Fyp=10
10° - ] — P, =2
: 10724 oede—eao — M
— | ; ] a ‘-_‘__"‘--__
= 10 I3 T =
ag &
= “E 10774
— 10 2 > A ]
s - S i
~D - 1 ‘-‘_‘1.
. ] Q‘Q V-4
10-% 104+
4] |
10 4+ | | | | 10-54
1000 2000 3000 4000 5000 : T

! | I
1000 2000 3000 4000 5000

MW W GeV
(W W 1) GeV] M(HH)[GeV]

General cuts: M,; > 500 GeV; An;; > 2.4; p‘gp > 20GeV; [Agls i
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VBS diboson sp

10/ 20

ectra

— Z7Zj) ¥
10! - pp JJ 10! - pp = Z2jj
] — Pp=2 E — Pp=2
— SM 1 — SM
1003
% % 10773
=2 g e ((_DD ]
= S
| I L — 1072_E
S5 S
10*3?
10_4?
I I I | I I I |
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
M(22)[GeV] M(Z2)[GeV]
. — WHTW 44
) pp = W*Zjj 10" 5 bp J]
10" 3 3 — Fp=2
E i — SM
100?
. = 104
S S ]
S R 10—2_:
= S ]
S i 1
10—3_§ I T —
10_4?
3 T T T T [ =
T T T T 1000 2000 3000 4000 5000
1000 2000 3000 4000 5000 A{(M/+M/7)K}eyq

MW+ 7N (GeV]

General cuts: M;; > 500 GeV; An,; > 2.4;
% J.R.Reuter Transversal Vs & Pol.in WHIZARD

ph > 20GeV; |An;| < 4.5
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VBS diboson spectra

pp — L2735

10!

Much more leeway for new physics in

transversal gauge bosons and di-Higgs

! ! ! I
1000 2000 3000 4000

5000
M(Z2)[GeV]
100+ pp — W*Zjj
10°~
% 1071_
@)
E
— 1072
=
<)
10—3_
10—4_

I I I
2000 3000 4000 5000

MW+ 7N (GeV]

I
1000

10/ 20

pp — 42435]

10 5

! ! ! !
1000 2000 3000 4000

5000
M(ZZ)[GeV]
10! pp — WW=jj
: — Fp=2
— SM
10° 4
10—1_
10—2_
1072 3 o
10—4_
T T T T [ =
1000 2000 3000 4000 5000
MWW ) [GeV]

General cuts: M;; > 500 GeV; An,; > 2.4; pjT > 20GeV; |An;| <455

% J.-R.Reuter

Transversal Vs & Pol.in WHIZARD
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Differential spectra in VBS

PRl s=14TeV = L=1ab

K-matrix unitarization in WHIZARD [http://whizard.hepforge.org, Kilian/Ohl/JRR]

A,

@ J.R.Reuter Transversal Vs & Pol. in WHIZARD VBScan Meeting, LLR Palaiseau, 12.10.18
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Differential spectra in VBS
pp — e+,u+ueyujj Vs =14TeV L=1ab™ "
K-matrix unitarization in WHIZARD [http://whizard.hepforge.org, Kilian/Ohl/JRR]
2 ,
Lyp = Fuptr [HTH - %] - tr [(DNH)TDMH] FHD = 30 TeV_2 %
350 I ? ? ? ? ? 10%
O bare| | | | | |
] e e ~
D) |- . 10
AL S O R T .
= 7 107}
R R R R ~ |
100 -
10!
50}
0 0.5 1.0 1.5 2.0 2.5 3.0 10’ 500 1000 15100 2000

A¢e,u Zl:e.u |pT(l)|

(now) exaggerated Wilson coefficients

500 GeV: A > 2.4; > 20GeV; |Ap| < 45: po = 201Ee
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Differential spectra in VBS i

pp— e ptvw,jj  s=14TeV  L=1lab’

K-matrix unitarization in WHIZARD [http://whizard.hepforge.org, Kilian/Ohl/JRR]
vt
Lso :FS’Ol— Tr [V, V.| Tr [V¥VY] L
? Fgo =480 TeV
L :Eq,li’—G Tr [V, V¥ Tr [V, V"]
350 * ! ! ! ! ! 107 i :
3001 T
1031
250 :
2001
z. Zz, 10%}
150 - :
100} o
i 1 bare
S0 Bl unit :
0 109 J_J 1 H |Sl|v[|
0.5 1.0 1.5 2.0 2.5 3.0 500 1000 1500 2000
Aqbe,u ZZZe.u |pT<l)|

(now) exaggerated Wilson coefficients

500 GeV: A > 2.4; > 20GeV; |Ap| < 45: po = 201Ee
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Differential spectra in VBS i

pp — e+,u+ueyujj Vs = 14TeV L=1ab "

K-matrix unitarization in WHIZARD [http://whizard.hepforge.org, Kilian/Ohl/JRR]
4
Lo :FS,O";’—G Tt [V, V] Tr [V*V?] e
16 Fg1 = 480 TeV
Lsa =Fsugg Tr [V VA Tr[V, V"]

350 10°

300 H

103 |
250 - :

200

=z, 10°}
150 '

100 }----

10!

50f--

1 0 1
0.5 1.0 1.5 2.0 2.5 3.0 0 500 1000 1500 2000

Adey 2= IPT(D)]

(now) exaggerated Wilson coefficients

500 GeV: A > 2.4; > 20GeV; |Ap| < 45: po = 201Ee
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Beyond the EFT: simplified models

¢ Rise of amplitude: is Taylor expansion below a resonance
¢ Resonances might be in direct reach of LHC

¢ EFT framework EW-restored regime: SU(2). X SU(2)r, SU(2). X U(l)y gauged

¢ Include EFT operators in addition (more resonances, continuum contribution)

¢ Apply T-matrix unitarization beyond resonance (“UV-incomplete” model)

Spins 0, 2 considered Spin | different physics (mixing w. W/Z) [Delgado et al, 2018]
Kilian/Ohl/JRR/Sekulla, 1511.00022
isoscalar isotensor
dr 1 Pr DL DL D
scalar | o by s 80, 0F
o
Xt__,Xt_,X?,X;L,XtJFJF
tensor 2% Keme XU
e
32T /M3
o 10) f X
Fso 2 2 15 0 Translation into Wilson coefficients
Fs, - -3 -5 -35 below resonance
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Beyond the EFT: simplified models

¢ Rise of amplitude: is Taylor expansion below a resonance
¢ Resonances might be in direct reach of LHC
¢ EFT framework EW-restored regime: SU(2). X SU(2)r, SU(2). X U(l)y gauged

¢ Include EFT operators in addition (more resonances, continuum contribution)

¢ Apply T-matrix unitarization beyond resonance (“UV-incomplete” model)

Spins 0, 2 considered Spin | different physics (mixing w. W/Z) [Delgado et al, 2018]
Kilian/Ohl/JRR/Sekulla, 1511.00022
Tensor resonances
isoscalar isotensor S : /
—— e Symmetric tensor f,.
¢t 7¢t7¢ga¢2—7 2"{_
scalar o b5, P, pF * On-shell conditions: 10 = 5
PY components
R e M
Y I 9 ? ° : — O
i £0 X-. X0 X+ Tracelessness: [
X, * Transversality: 0, f*¥ =0
32n [/ M?® - . .
/ How to deal with off-shell tensor in
- s f X realistic processes?
1
Fso 2 2 o ° Translation into Wilson coefficients
Fs; - 2 -5 -35 below resonance

@ J.R.Reuter Transversal Vs & Pol. in WHIZARD VBScan Meeting, LLR Palaiseau, 12.10.18



13/20

Tensor resonances: Fierz-Pauli vs. Stuickelberg

Start with Fierz-Pauli Lagrangian for symmetric tensor

1 & LUV 1 2 v 1 o LU 1 2 v
Lop =5 0u fun 0% " = S fu [ — -0 U0 f2 + s i f

e 8afoz,uaﬁfﬁ'u 2 f%éa'uayf,uu fuyJ]/:"W
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Tensor resonances: Fierz-Pauli vs. Stuickelberg

Start with Fierz-Pauli Lagrangian for symmetric tensor

1 & LUV 1 2 v 1 o LU 1 2 v
Lrp :§aaf/w8 It o S ¥ —§8afﬁ3(9 fy—|—§m vl

i 8afoc,uaﬁf6'u R f%auayf,uu fuyJ?V

Fierz-Pauli conditions not valid off-shell

Fierz-Pauli propagator has bad high-energy behavior
Use Stuckelberg formalism to make off-shell high-energy behavior explicit
Introduce compensator fields = no propagators with momentum factors

Crucial for MCs

@ J.R.Reuter Transversal Vs & Pol. in WHIZARD VBScan Meeting, LLR Palaiseau, 12.10.18



Tensor resonances: Fierz-Pauli vs. Stuickelberg "'*
Start with Fierz-Pauli Lagrangian for symmetric tensor
Lrp =50u fuu 0 P = 2 fu f* — 20 fh% fY + Sm2 i £
FP—zauy 2m [ 204,11, v 2m pd v
= 0% fapOs f™ = Fo0"0" fu + fu I}
Fierz-Pauli conditions not valid off-shell
Fierz-Pauli propagator has bad high-energy behavior
Use Stuckelberg formalism to make off-shell high-energy behavior explicit
Introduce compensator fields = no propagators with momentum factors
© ' 1 1 1
¢ Crucial for MCs r Z—ff;u/ (=82 — mf) f 4 §fJ/;Lu (_5 (=82 — mf)> i
e fH”. on-shell f* 1
+ A G | AL e (07 —
k gb: 5’M8Vfﬁ“/ f,UJ( 1 f) 2 f( f) i
o AM: Q,fH s <fuv — %UfQW> T5"
O A e
: = < 1 Al @h 5 Al ) — £20f8 0 ) T
Gauge fixing: o= —¢ V2my \/§mf

@ J.R.Reuter Transversal Vs & Pol. in WHIZARD VBScan Meeting, LLR Palaiseau, 12.10.18



Comparison: Simplified Models & EFT e

Kilian/Ohl/JRR/Sekulla: 1511.00022 [longitudinal coupl.] Black dashed line:

saturation of Ay (WTW ™)/ Aw(ZZ)
Brass/Fleper/Kilian/JRR/Sekulla: 1807.02512 [transversal coupl.]

101- | | | ]jlp%ZIZj] | | | E
N [ R —aTev | * EFT fails at resonance
- \\; {1 | — FE=40Tev! |
N | sm j  aQGC describe rise of
é\ - - - limit Of AOO
R U SR DO O SO S -r=— et ] resonance
N Mo, =800GeV |
% | I';=80GevV || * Unitarization applied
22 | z z z z z —
— * Tensor resonances better
SIS 107 N . e
visible than scalars
TR U
4(I)O 6(|)() 8(I)O 1OIOO 12|0() 14|00 1600-.18|00 2000

M(ZZ)[GeV]
M;; > 500 GeV; An;; > 2.4; ph >20GeV; |An;| < 4.5
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Comparison: Simplified Models & EFT e

Kilian/Ohl/JRR/Sekulla: 1511.00022 [longitudinal coupl.] Black dashed line:

saturation of Ay (WTW ™)/ Aw(ZZ)
Brass/Fleper/Kilian/JRR/Sekulla: 1807.02512 [transversal coupl.]

10! —— o WV . . -
P N[ Fye= 192 Tov 'Fs, = 1341 Tev |  EFT fails at resonance
/1 ‘\i\ —— Fy =386 TeV! 3
T s | * aQGC describe rise of
| === limit of Ay
100 foi i S— AR - I ;------------ N . resonance
- f f N Mx =1800GeV |
% | Ix =720GeV * Unitarization applied
j; * Tensor resonances better
3 1071 N N

visible than scalars

i i i i i .
1000 1200 1400 1600 1800 2000

M(W+W+)[GeV]

i i i
400 600 800

M;; > 500 GeV; An;; > 2.4; ph >20GeV; |An;| < 4.5
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Comparison: Simplified Models & EFT

Kilian/Ohl/JRR/Sekulla: 1511.00022 [longitudinal coupl.]

Black dashed line:

saturation of Ay (WTW ™)/ Aw(ZZ)

Brass/Fleper/Kilian/JRR/Sekulla: 1807.02512 [transversal coupl.]

107 - pp — £2jj
: —— Fw=100 * EFT fails at resonance
| _— FUH,J—Q.O . K
10° — sy * aQGC describe rise of
- fy resonance
l} 10_]_g ‘?‘ - ~ =
S : A e * Unitarization applied
— 102+ : e
5[ Ty * Tensor resonances better
10-3 ] T visible than scalars
; —_‘_‘1LL
10-1- L M
- | 1 1 | —=
1000 2000 3000 4000 5000

@ J.-R.Reuter

M(ZZ)[GeV]

M;; > 500 GeV; An;; > 2.4; ph >20GeV; |An;| < 4.5

Transversal Vs & Pol.in WHIZARD
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Complete LHC process at 14 TeV E

+o— =i ~1
250 ————— !Ppﬁelelup!tjljawlabl

1 B [ =174 TeV!

200

150

100

50
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Triple [multiple] Vector Boson Production ? '“'*

Relate to ?

Yes, same Feynman rule as in VBS, but ...
one external W/Z/y always far off-shell

Unitarization: work in progress (needs 2 — 3 unitarizations, inelastic

channels) [Kilian/Kreher/JRR, w.ip.]
Different Wilson coefficients dominate (particularly for resonances)

Important physics (partially) independent from VBS (“different fiducial vol.”)
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/1 WHIZARD: Overview g

WHIZARD v2.6.4 (23.08.2018) http://whizard.hepforge.org <whizard@desy.de>

WHIZARD Team: Wolfgang Kilian, Thorsten Ohl, JRR
Simon Bral3/Vincent Rothe/Christian Schwinn/So Young Shim/Pascal Stienemeier/Zhijie Zhao + 2 Master

o Programming Languanges: Fortran2008 (gfortran 24.8.4), OCaml (23.12.0)
o Large self test suite, unit tests [module tests], regression testing
» Continous integration system (gitlab CI @ Siegen)
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WHIZARD v2.6.4 (23.08.2018) http://whizard.hepforge.org <whizard@desy.de>

WHIZARD Team: Wolfgang Kilian, Thorsten Ohl, JRR
Simon Bral3/Vincent Rothe/Christian Schwinn/So Young Shim/Pascal Stienemeier/Zhijie Zhao + 2 Master

o Programming Languanges: Fortran2008 (gfortran 24.8.4), OCaml (23.12.0)
o Large self test suite, unit tests [module tests], regression testing
» Continous integration system (gitlab CI @ Siegen)

100 |

Universal event generator for ee & pp colliders
o 88—~ Wqq +
gg — Wqqg
-k 1 ss > Wageg
. 5 e ® J1WI
10 % e 35— Wi
R J1—=>Wjgj
9 e 77— WWhbb ]
e ] p=10 -
1 p=0.9

QCD NLO automation close to completeion

Speedup

New: parallelized (MPI) phase space integration

Full spin density matrix of hard process available T
1 10 100

Tasks

SINDARIN scripting language for input
SMEFT (Dim.-6 bosonic), Dim.-8 and Unitarization,

Simplified Models in official version since v2.6.2
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WHIZARD v2.6.4 (23.08.2018) http://whizard.hepforge.org <whizard@desy.de>

WHIZARD Team: Wolfgang Kilian, Thorsten Ohl, JRR
Simon Bral3/Vincent Rothe/Christian Schwinn/So Young Shim/Pascal Stienemeier/Zhijie Zhao + 2 Master

o Programming Languanges: Fortran2008 (gfortran 24.8.4), OCaml (23.12.0)
o Large self test suite, unit tests [module tests], regression testing
» Continous integration system (gitlab CI @ Siegen)

100 |

Universal event generator for ee & pp colliders

4 g8 — Wqq +
o )l 28 2 % qqg
1 M > - l g8 — Wqggg
QCD NLO automation close to completeion e e s
10 - C T oW

9 e 77— WWhbb ]
o ] p=1.0 -—-
1 p=0.9

Speedup

New: parallelized (MPI) phase space integration

Full spin density matrix of hard process available

P S | 1 L |
1 10 100

Tasks

SINDARIN scripting language for input

SMEFT (Dim.-6 bosonic), Dim.-8 and Unitarization,
Simplified Models in official version since v2.6.2

Polarized event simulation

?polarized _events = true
polarized “W+” “W-°

Extensively used for ILC/CLIC
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WHIZARD: Overview g

WHIZARD v2.6.4 (23.08.2018) http://whizard.hepforge.org <whizard@desy.de>

WHIZARD Team: Wolfgang Kilian, Thorsten Ohl, JRR
Simon Bral3/Vincent Rothe/Christian Schwinn/So Young Shim/Pascal Stienemeier/Zhijie Zhao + 2 Master

o Programming Languanges: Fortran2008 (gfortran 24.8.4), OCaml (23.12.0)
o Large self test suite, unit tests [module tests], regression testing
» Continous integration system (gitlab CI @ Siegen)

100 |
Universal event generator for ee & pp colliders
g gg — Wqq +
QCD NLO automation close to completeion g e e oW
j% 10 j' - jjjwjj; O
New: parallelized (MPI) phase space integration ’ A B A
. L 1 p =01
Full spin density matrix of hard process available N
1 10 100
SINDARIN scripting language for input -
SMEFT (Dim.-6 bosonic), Dim.-8 and Unitarization, R ——
Simplified Models in official version since v2.6.2 | £t | |
Polarized event simulation L A
?polarized_events = true On-shell projection ‘551'10" SRE —a— —— —
polarized “W+” “W-° . . : g
with full spin correlations: .. |
I S DO.QO 1 . . :‘ . I . . . I . . . 1 . . . 1
EXtenSIver used for ILC/CLIC ThreShOIdS: t,W (W’P) V 330 340 350 360 370 380 V

V5 [GeV]
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.

————

Beam polarization

beams pol _density =
beams_pol_fraction =

Different density matrices

beams pol _density =

e()

Unpolarized beams

beams_pol density = @(%j)

beams_pol fraction = f Circular polarization

beams _pol _density = @(9)

Longitudinal polarization
beams pol fraction = f

(massive)

beams_pol _density = @(j,
beams pol fraction = f

-J, J:-Jrexp(-I¥*phi))

beams pol _density = @(j:j:1-cos(theta),
j:-j:sin(theta)*exp(-I*phi),
beams pol fraction = f

Polarization along arbitrary axis (0,P)

beams_pol _density @(Jj:J:h, J-1:3-1:h=, ...,

beams _pol _density

J.R.Reuter

a({m:m” : Xm,m"})

p = diag (

~J:-J:hy)

Beam structure: beam polarization

18/ 21

@([<spin entries>]), @([<spin entries>]) 1/2
<degree beam 1>, <degree beam 2>

(along an axis)

-j:-j:1+cos(theta))

Status of the event generator WHILZARD

Diagonal / arbitrary density matrices

Spin j | Particle type possible m values
0 Scalar boson 0
Spinor +1, -1
1 (Massive) Vector boson | +1, (0), -1
3/2 (Massive) Vectorspinor | +2, (+1), (-1), -2
2 (Massive) Tensor +2, (+1), (0), (-1), -2
[ massless
m| =25+ 1 massive
==k 1Ff
L — )
[ I s [0 ) ) 1‘—f>
2 S v S m] e
( 1 R, % e—iqb\
Transversal polarization 0 = O 0
Dl L :
0 0 0
\ga¢ 0 1 )
(1 — fcosf O fsin@e‘i‘b\
0 0 0
Rl
e
0 il 0
Kfsin@e“b o ) 1+fcos@)

ALCW 2018, Fukuoka, 29.05.18




Spin Correlation and Polarization in Cascades "'*

Cascade decay, factorize production and decay P+p— @ +d— 4" +u+é" +e”

#evt /bin

simulate (fullproc)

#evt/bin

simulate (casc)

800 —

600 —

400 —

800 — T ?/L

200 ﬁ
0

0

#evt /bin

I I
200 400 600

Minv (]6)

?diagonal decay = true

800 —

600 —

400 —

il W

= B <.

% J.-R.Reuter

200 A 400 600

Transversal Vs & Pol.in WHIZARD

—aly A

600 — — —

400 —

el

I I
0 200 ‘ 400 600
Minv (J‘g)

?isotropic _decay = true

1000 — — ?/L

800 — .

#evt/bin

600 — —

400 —

200 —

0

0 200 400 600
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Spin Correlation and Polarization in Cascades

Cascade decay, factorize production and decay

simulate (fullproc)

#evt /bin

800 —

600 —

400 —

#evt/bin

800 —

200 ﬁ
0

A

I I
0 200 400

Minv (]6)

?diagonal decay = true

600

#evt/bin

p+rp— @+ —a*+utét e

simulate (casc)

800 —

600 —

400 —

—aly A

#evt/bin

el

I I
0 200 ‘ 400 600
Minv (J‘g)

?isotropic _decay = true

600 —

400 —

2OOJ(
0

e <.

0

[ [
200 A 400 600
Mine (50)

Possibility to select specific helicity in decays:

% J.-R.Reuter

Transversal Vs & Pol.in WHIZARD

1000 — — ?/L

800 — .

600 — —

400 —

200 —

0

0 200 400 600

unstable “W+” { decay helicity =

VBScan Meeting, LLR Palaiseau, 12.10.18
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Spin Correlation and Polarization in Cascades "'*

Cascade decay, factorize production and decay P+p—@"+@ > @ +tu+é" +e

e simulate (fullproc) o simulate (casc)

800 — = — ?/L

600 — ] =i 600 —

i P
1 hh %\g@%@@%@ |

I I I
0 200 400 60 200 400 600

Min,(5) ;§§§§j§§s qggggs Min(50)

spn  fdiagonal_decay @®® ‘%?&%@ Fevt/bmmoo?isotropic_decay = true?/L
P %% @ © s

600 — | % 800 — g

400 *ﬁﬁ @%& S i
Mins (5

400 -
200
W 200 |
0 0

\ \ \ \
0 200 400 600 0 200 , 400 600
) Minv (]6)

Possibility to select specific helicity in decays: . o
unstable "W+” { decay helicity = 0 }
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Conclusions / Summary 20/20

+ Vector boson scattering one of the flagship measurements of Runs Il/ll
+ EFT provides well-defined (and very limited) framework for SM deviations

+ Longitudinal vs. mixed vs. transversal operators

(A5 VEelsg

CONSULTING

+ There is not really a true model-independent parameterization!

+ Unitarization for theoretically sane description

+ T-matrix unitarization: no new parameters, yields maximal (bin-wise) event counts
+ Much more room for new physics in transversal modes than longitudinal ones

+ Simplified models: generic electroweak resonances

+ WHIZARD offers possibility to choose helicity of intermediate on-shell states
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BACKUP SLIDES
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Towards a Complete Dim-8 Basis? 2

Hilbert series techniques use characters of group representations

Groups are SU(3)c x SU(2). x U(l)y and the Lorentz [conformal] group
Conformal group resolves redundancies from integration by parts (IBP)

Using short multiplets of conformal group resolves redundancies from EOM
Delivers # invariants / mass dimension and field content of invariants

Eg. 2. D?(H'H): 2 existing operators with 2 derivatives and 4 Higgs fields
Higher derivatives eliminated in favor of more fields: leads to Warsaw basis

Lorentz invariants automatic extraction DEFT package: Gripaios/Sutherland, 1807.07546
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Towards a Complete Dim-8 Basis? i

Hilbert series techniques use characters of group representations

Groups are SU(3)c x SU(2). x U(l)y and the Lorentz [conformal] group
Conformal group resolves redundancies from integration by parts (IBP)

Using short multiplets of conformal group resolves redundancies from EOM
Delivers # invariants / mass dimension and field content of invariants

Eg. 2. D?(H'H): 2 existing operators with 2 derivatives and 4 Higgs fields
Higher derivatives eliminated in favor of more fields: leads to Warsaw basis

Lorentz invariants automatic extraction DEFT package: Gripaios/Sutherland, 1807.07546 |

I — —————————WWWWW

& SMEFT dim.6: 59 operators (| generation) — 2499 operators (3 generations)
& SMEFT dim.8: 993 operators (| generation) — 44807 operators (3 generations)
Lehman/Martin, 1503.07537; Henning/Lu/Melia/Murayama, 1512.03433
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Towards a Complete Dim-8 Basis? i

Hilbert series techniques use characters of group representations

Groups are SU(3)c x SU(2). x U(l)y and the Lorentz [conformal] group
Conformal group resolves redundancies from integration by parts (IBP)
Using short multiplets of conformal group resolves redundancies from EOM

Delivers # invariants / mass dimension and field content of invariants
Eg. 2. D?(H'H): 2 existing operators with 2 derivatives and 4 Higgs fields
Higher derivatives eliminated in favor of more fields: leads to Warsaw basis

Lorentz invariants automatic extraction DEFT package: Gripaios/Sutherland, 1807.07546

————— e

& SMEFT dim.6: 59 operators (| generation) — 2499 operators (3 generations)
& SMEFT dim.8: 993 operators (| generation) — 44807 operators (3 generations)
Lehman/Martin, 1503.07537; Henning/Lu/Melia/Murayama, 1512.03433

Effects of Dim-8 (and Dim-6) Operators

O New vertices (field combinations, tensor structure, 5-,6-,7-,8-point vertices

O Field redefinitions (shift of Higgs vev [dim. 8 + dim. 6 squared]), redefined gauge fields
= at dim.8 weak mixing angle in mass diagonalization and covariant derivative differ

O Modified relations between couplings and experimental observables
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Example: Classification of Dim. 8 that affect pp = Wh

Towards a Complete Dim-8 Basis?

‘ No derivatives ‘

23500

Hays/Martin/Sanz/Setford, 1808.00442

G O [ (P )
0872 (HTH)2 % e (98,12 €ETJK (HTH) pvs 1 i Z’K
Os.3 (HH)? WNW Os,13 ersx (HH) W’INup e
Os,4 01J (HTH)(HTTIH) pv ] Os.14 OAB (HULI)2 Z‘u g
Os.5 ory (HYH)(H'r'H) uuNW’J Os.15 dap (HTH)? ﬁVNMV’B
Os.6 Spy(HVH)* W, Wi O16 fapc (HIH)GHaCaE e
Os,7 SO 2 ,IWNW,J Os 17 fapc (HTH) W’Apr il
Oss | Srxdop(H'T H)Y(HIr/ HYWE WM
Oso | Srxbsu(HITTH)YHI W H)WEW
Os 10 S o H) B W, W ek
‘4 derivatives ‘ Os,ap1 | (DyH'D, H)(DYH'D*H)
Og 4p2 (DMHTDVH)(D“HTDVH)
Og 4D3 (D“HTDMH)(D’/HTDVH)

% J.-R.Reuter
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Towards a Complete Dim-8 Basis?

Example: Classification of Dim. 8 that affect pp = Wh

‘ 2 derivatives ‘

23500

Hays/Martin/Sanz/Setford, 1808.00442

T (H'H)2(D, H' D*H) Osapia | ersxc (DFHVCIDYEHYW I W + W, WEK)
Oabrsy 51y (HYH)(H ' H)(D*Hr? D, H) Cis it Sty (D*HT 71D, H)B* W
Os.2D3 (D#Ht DH)B,,,B" Os 2016 17 (D*H' 71D, H) PUNZC,
Os,2D4 WSERID P B2 B Osopi7 | 617 (D*H'T' DYH)(B,, W& — B, , Wi
Os.2D5 DIENB) A s Osz2pis | 01y (DEHIT!D"H)(B,,W&7 + B, ,W5J)
O Sap (DHHTDYH)GA (0B Osaprs | S1a (D*HYTIDYH)(BL, W, — BL,W? )
Ol sir 5 (DFIED) daRl Gl Gl Osop2o | 617 (D*HTIDYH)( {{’uNi}ﬁNfu s
Do Sap (DFHTD,H)GPoAC, Ouanm i (HUH)(D,H' D, H)B"

Ol Sry (D*HI DY YW W5 Os 222 i (H'H)(D,H' D,H)B""
G 51y (D*H D, HYWroI WY Grivion i0r; (HYH)(D*HITI DV H)W?,
i 517 (DPHY D, H)WeoITT Gt 1675 (HUH)(D*H 7L DY HYW
oty ersx (DFHITIDY HYW? Wek G s iersx (HiT H)(D*H 7/ DY H)IWE
Os2p13 | ersx (D*HITIDYHY (W W, —Nip BN | O opos iergx (HiT!H)(D*H'7I DY )W,

% J.-R.Reuter
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Example: Classification of Dim. 8 that affect pp = Wh

Towards a Complete Dim-8 Basis?

‘Quark operators ‘

23500

Hays/Martin/Sanz/Setford, 1808.00442

Ogw: | 61 (@5 QDFEYTHYW], | Oa i(Qfe+Q)(H! D*H)(HTH)

Ogi 617 (Q16”Q) D*(HIrTH) W7, Og2 | 1015 (QToH7! Q)((ﬁMHHJH)(HTHH
(‘D =Y H)(Hr7 H))

Oqwa | 161, Q& Q)HTDHrIHY WY, | Ogs | ersx(Qta#r! Q)(HT DHr? H)(H'X H)

Ogirs | 1615 Qe QUET DYV, | Ogs | ers(Qta#r! Q)(H' T H) D, (H X H)

Oows 015 (Q'e¥7! Q) DH(HTH) W, O301 i (QT6*D*Q)(Dy,, HIH)

O g 01y (QTe¥! Q) DH(HTHY W, 0302 1 0p(Qlat T DX Q) DS SEl

Dok | (QTaVTf QUEHIDHH)WY, | Osga i (Qte#D¥Q)(H' D2, H)

Ogwa | 015 QeI QUETDHH) WY, | Osge |  4614(Qle*r DYQ)(HIT D2, H)

Ogws | easc (QTaT+ Q) DH(HITPH)WE,

Oows | €ABC (QTO'V’TA Q) D*(HTrB H) ] E,/

Oqwe | i€anc (QT6*rAQ)(HT DrrBH) WC,

Ooive | i€anc Q1" rAQ)(H! DHrBH)WC,

% J.-R.Reuter
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How to get EFTs from New Physics i

+ Consider effects from heavy states by using (known) low-energy d.o.f.s

In addition to being a great convenience, effective field theory allows
us to ask all the really scientific questions that we want to ask without
committing ourselves to a picture of what happens at arbitrarily high
energy.

H. Georgi, 1993
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How to get EFTs from New Physics i

+ Consider effects from heavy states by using (known) low-energy d.o.f.s

In addition to being a great convenience, effective field theory allows
us to ask all the really scientific questions that we want to ask without
committing ourselves to a picture of what happens at arbitrarily high
energy.

H. Georgi, 1993

+ Integrating out heavy d.o.f.s marginalizes over details of short-distance interactions

+ Toy Example: two interacting scalar fields ¢, ¢

e 1 / D[®] D] exp [z / d:c(%(390)2—%¢(D+M2)<I>—)\902<I>—...+J<I>+j90>]
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How to get EFTs from New Physics i

+ Consider effects from heavy states by using (known) low-energy d.o.f.s

In addition to being a great convenience, effective field theory allows
us to ask all the really scientific questions that we want to ask without
committing ourselves to a picture of what happens at arbitrarily high
energy.

H. Georgi, 1993

+ Integrating out heavy d.o.f.s marginalizes over details of short-distance interactions

+ Toy Example: two interacting scalar fields ¢, ¢

Path integral e /D[(P]D[SO] exp [z/ (%(8@) O(O+M?)D-Ap?®—. . +J<I>+j90>]

Completing the square (Gaussian integration)

A SER T
o = ®+W(1+W> © — =<-—)<
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How to get EFTs from New Physics i

+ Consider effects from heavy states by using (known) low-energy d.o.f.s

In addition to being a great convenience, effective field theory allows
us to ask all the really scientific questions that we want to ask without
committing ourselves to a picture of what happens at arbitrarily high
energy.

H. Georgi, 1993

+ Integrating out heavy d.o.f.s marginalizes over details of short-distance interactions

+ Toy Example: two interacting scalar fields ¢, ¢

Path integral e /D[(P]D[SO] exp [z/ (%(8@) O(O+M?)D-Ap?®—. . +J<I>+j90>]

Completing the square (Gaussian integration)

A SER T
o = ®+W(1+M2—> © — %-—)<

In the Lagrangian remove the high-scale d.o.f.s:

2 a9, 2M2 M?

2 2\
%(3@)2_1]\42(1)2—)\@2(1) = —1®(M2+82)q)’ 4 % (1—1—8—) P

Irrelevant normalization

of the path integral Tower of higher and

higher-dim. operators of
light fields
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Generation of Higher-dimensional Operators *'®

i (- X <X

, i

= . | OWW——F—(<I>T<I>—U2/2)131"[ 7 WH]
O, L ((D®)1®) - (o (D®)) — & |DY|

®,1 — A2 2 OB /32 ;(D (I)) (DV(I))BMV
Ohe = 2(®T® —22/2) (D

e o —%i(qﬂ@ v2/2)B,,, B*

1

Couplings of new states to the longitudinal / transversal diboson system

=1 =14 Ji=2
I =0 o' (Higgs singlet?) Bl T f° (Graviton ?)
g —1 | 7Ti,7'('0 (2HDM ?) [)i,pO (W’/Z’ 7) a,i,a,o
I=2| ¢*F, 9T, ¢¥ (Higgs triplet ?) Ees s
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Generation of Higher-dimensional Operators *'®

e (- X <X

, i

= . | OWW——F—(<I>T<I>—U2/2)131"[ 7 WH]
O, L ((D®)1®) - (o (D®)) — & |DY|

®,1 — A2 2 OB /32 ;(D (I)) (DV(I))BMV
Ohe = 2(®T® —22/2) (D

e o —%i(qﬂ@ v2/2)B,,, B*

L

Couplings of new states to the longitudinal / transversal diboson system

=1 =14 Ji=2
I =0 o' (Higgs singlet?) Bl T f° (Graviton ?)
g —1 | 7Ti,7'('0 (2HDM ?) pi,pO (W’/Z’ 7) a,i,a,o
I=2| ¢*F, 9T, ¢¥ (Higgs triplet ?) —— Ees s

Different power counting for weakly and strongly interacting theories
Ci ) Ciiny
— A —— g — ey =

A e IS
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(In)Validity of (In)Effective Field Theories  *'*

[ Resonances in direct reach (not clear: strongly interacting models [e.g. ¢ resonance]

] Estimate of operatDors coefficients (difficult for strongly coupled models)

9 9
Asm X Adim-6 = | Adim-s| Asm X Adim-8 = | Adim-s| Asm X Adim-6 2 Asm X Adim-s

[J Partial wave unitarity: gives guidance on maximally possible event numbers

Positivity constraints on operator coefficients

0
Size of coefficients: dichotomy between <  Unitarity-forbidden
validity and detectability s
[0 EFT better/best[?] suited in intensity :g //;ﬁ- “EFT trlangle\
O BSM signal /“ -is it
fronti le: HEFT 100 GeV ”Ot de‘e“""b'e/’ t empty, \
rontier [example @ O(100 GeV)] no ??m \'\\
\EFT description falls
[0 EFT borderline in energy frontier physics \\\
/5&\
M. Szteper Operator coefficient
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Vast literature (non-exhaustive) from 2000+

Dimension-6é operators / EWPT / HEFT/ SMEFT Omissions are my faule 1

Han/Skiba, hep-ph/0412 1 66; Giudice/Grojean/Pomarol/Ratazzi, hep-ph/0703 | 64; Grzadkowski/lskrzynski/Misiak/Rosiek,
|008.4884; Corbett/Eboli/Gonzalez-Fraile/Gonzalez-Garcia, 1211.4580 + 1304.1 151; Contino/Ghezzi/Grojean/Muhlleitner/
Spira, 1303.3876; Dumont/Fichet/von Gersdorff. | 304.3359; Buchalla/Cata/Krause, 1307.5017; Pomarol/Riva, 1308.2803;
Alloul/Fuks/Sanz, 1310.5150; Ellis/Sanz/You, 1404.3667; Gupta/Pomarol/Riva, 1405.0181; E. Masso, 1406.6376; Ellis/Sanz/You,
1410.7703; Falkowski/Riva, 1411.0669; Berthier/Trott, 1502.02570; Corbett/Eboli/Goncalves/Gonzalez-Fraile/Plehn/Rauch,
1505.05516; Falkowski/Gonzalez-Alonso/Greljo/Marzocca, 1508.0058 | ; Falkowski/Fuks/Mawatari/Mimasu/Riva/Sanz,

1 508.05895; Buchalla/Cata/Celis/Krause, 1511.00988; Butter/Eboli/Gonzalez-Fraile/Gonzalez-Garcia/Plehn/Rauch,

1604.03 105; Berthier/Bjorn/Trott, 1606.06693; Degrande/Fuks/Mawatari/Mimasu/Sanz, 1609.04833; Falkowski/Gonzalez-
Alonso/Greljo/Marzocca/Son, 1609.06312; Farina/Panico/Pappadopulo/Ruderman/Torre/Wulzer, 1609.08157; Brivio/Trott,

1 701.06424; Falkowski/Gonzalez-Alonso/Mimouni, 1706.03783; Murphy, 1710.02008; Franceschini/Panico/Pomarol/Riva/
Waulzer, 1712.01310;Aebischer, 1712.05298; Ellis/Murphy/Sanz/You, 1803.03252; Banerjee/Englert/Gupta/Spannowsky,
1807.01796; Hays/Martin/Sanz/Setford, 1808.00442

Dimension-8 operators

T——

Beyer/Kilian/Krstonosic/Monig/|RR/Schmidt/Schroder, hep-ph/0604048; Eboli/Gonzalez-Garcia/Mizukoshi, hep-ph/0606 1 18;
Alboteanu/Kilian/|RR, 0806.4145; C. Degrande, |1398.6323; Kilian/JRR/Ohl/Sekulla, 1408.6207 + 1511.00022; Liu/Pomarol/
Ratazzi/Riva, 1603.03064; Fleper/Kilian/JRR/Sekulla, 1607.03030; Delgado/Dobado/Espriu/Garcia-Garcia/Herrero/Marcano/
Sanz-Cillero, 1707.04580; Liu/Wang, 1804.08688; Brass/Fleper/Kilian/JRR/Sekulla, 1807.02512; Perez/Sekulla/Zeppenfeld,
1807.02707; Gripaios/Sutherland, 1807.07546; Kilian/Sun/Yan/Zhao/Zhao, 1808.05534

General formalism / arbitrary dimensions

Adams/Arkani-Hamed/Dubovsky/Nicolis/Ratazzi, hep-th/0602 | 78; Bellazzini/Martucci/Torre, 1405.2960; Lehman/Martin,
1503.07537 + 1510.00372; Henning/Lu/Melia/Murayama, 1507.07240 + 1512.03433
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Scenarios for New Physics in VBS B

Im [ay]

|. SM or weakly coupled physics (e.g. 2HDM):

amplitude remains close to origin

Im [ay]

2. Rising amplitude (at least one dim-8 operator): rise
beyond unitarity circle [unphys.], strongly interacting

regime > feled

DO —
1
t

Im [ag] A

3. Inelastic channel opens (form-factor description): new
channels open out, multi-boson final states

DO —
1
t

.~ Rela]
i >

Im [a]

4. Saturation of amplitude: maximal amplitude, strongly
interacting continuum, K-/T-matrix unitarization

DO —
1
t

_ Relay]
i N

Im [ay] A

5. New resonance: amplitude turns over

L\')L»—l
t

~ Rela]
i N
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Decay processes / auto decays 2

WHIZARD cannot only do scattering processes, but also decays

Example Energy distribution electron in muon decay:

model = SM
process mudec = e2 => el, N1, n2
integrate (mudec)

histogram e el (@, 60 MeV, 1 MeV)
analysis = record e_el (eval E [el])

n_events = 100000
simulate (mudec)

compile_analysis { $out file = “test.dat” }

4000
AN/dE. (1~ — e Uevy,) gl <~/L
3000 - I
2000 .

- Mﬂﬂ‘”m
0

GeV
0 0.02 0.04 0.06
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Decay processes / auto decays 2

WHIZARD cannot only do scattering processes, but also decays

Example Energy distribution electron in muon decay:

model

= SM

process mudec =
integrate (mudec)

e2 => el, N1, n2

Automatic integration of particle decays

histogram e el (@, 60 MeV, 1 MeV)
analysis = record e_el (eval E [el])

n_events = 100000

simulate (mudec)

auto_decays multiplicity = 2
?auto_decays _radiative = false

unstable Wp () { ?7auto_decays = true }

compile_analysis { $out file = “test.dat” }

4000 —

3000 —

2000 —

1000 —

AN/dE (i~ — e ev,) Lt e e

Unstable particle W+: computed branching ratios:
decay_p24_1: 3.333706BE-01 dbar, u
decay_p24_2: 3.3325864E-01 sbar, c¢
decay_p24_3: 1.1112356E-01 e+, nue

decay_p24_5: 1.1112356E-01 tau+, nutau

Total width = 2.0478471E+00 GeV (computed)
= 2.0490000E+00 GeV (preset)

Decay options: helicity treated exactly

I
I
I
I
M | decay_p24_4: 1.1112356E-01 mu+, numu
I
I
I
I

GeV

0.04 0.06
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