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Why [EW] vector boson scattering ?

¢ Discovery of a light Higgs boson leaves still open questions:

Nature of Electroweak Symmetry Breaking
Does the H(125) fulfill the US-fermion/Europe-boson rule?
Is the H(125) the only resonance in the system of EW vector bosons!?

How do EW vector bosons scatter! (true heart of weak interactions)

i A W NN —

Is there something related to Naturalness problem!?
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Why [EW] vector boson scattering ?

¢ Discovery of a light Higgs boson leaves still open questions:

|. Nature of Electroweak Symmetry Breaking

2. Does the H(125) fulfill the US-fermion/Europe-boson rule?

3. Is the H(125) the only resonance in the system of EW vector bosons!?
4. How do EW vector bosons scatter! (true heart of weak interactions)

5. Is there something related to Naturalness problem?

¢ New Physics Searches in Vector Boson Scattering
* Specific models: Compositeness / Little Higgs / Twin Higgs / [(N)MSSM]

e Flavor: small mixing with SM fermions = Drell-Yan might be suppressed

* Higgs interplay in high-energy VV scattering rates very sensitive
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Why [EW] vector boson scattering ?

¢ Discovery of a light Higgs boson leaves still open questions:

. Nature of Electroweak Symmetry Breaking

. Does the H(125) fulfill the US-fermion/Europe-boson rule?

I

2

3. Is the H(125) the only resonance in the system of EW vector bosons!?
4. How do EW vector bosons scatter! (true heart of weak interactions)
5

. Is there something related to Naturalness problem?

¢ New Physics Searches in Vector Boson Scattering
* Specific models: Compositeness / Little Higgs / Twin Higgs / [(N)MSSM]

e Flavor: small mixing with SM fermions = Drell-Yan might be suppressed

* Higgs interplay in high-energy VV scattering rates very sensitive

* Known for a very long time
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3. Is the H(125) the only resonance in the system of EW vector bosons!?
4. How do EW vector bosons scatter! (true heart of weak interactions)

5. Is there something related to Naturalness problem?

¢ New Physics Searches in Vector Boson Scattering
* Specific models: Compositeness / Little Higgs / Twin Higgs / [(N)MSSM]

e Flavor: small mixing with SM fermions = Drell-Yan might be suppressed

* Higgs interplay in high-energy VV scattering rates very sensitive

* Known for a very long time

Appelquist/Bernard, 1 980; Longhitano, | 980; Chanowitz/Gaillard, 1985; Bagger/Schmidt, 1990; Dicus ea., 1990;

Barger ea., |990; Berger/Chanowitz, 1991; Hagiwara ea., 1993; Appelquist, 1993; Bagger ea., 1995; Butterworth ea.,
2002; Eboli ea., 2006; Accomando/Ballestrero, 2006; Distler ea., 2007; Han ea.,2010; Freitas/Gainer, 2012; Espriu/
Jencho, 2012; Doroba ea., 2012; Delgado/Dobado, 2014; Buchalla/Cata/Krause, 2014; Fabbrichesi ea., 2015 .........
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Barger ea., |990; Berger/Chanowitz, 1991; Hagiwara ea., 1993; Appelquist, 1993; Bagger ea., 1995; Butterworth ea.,
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Exploration of E-frontier 2look for heavy objects, including high-mass V|V, scattering: F Gianotti,01/2014
3 requires as much integrated luminosity as possible (cross-section goes like 1/s)

°®

7¢¢/ )R Reuter Searches for New Physics in VBS Seminar, Zewail City, 17.11.2017



3 /22

Anatomy of Vector Boson Scattering (VBS)
pp — WW3j5 — llvvgg
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LHC Run I: First time evidence for VBS T

¢ Evidence for W*W"jj (electroweak production)
ATLAS PRL 113(2014)14, 141803 [1405.6241], 1611.02428 (PRD); CMS PRL 114(2015),051801 [1410.6315]

¢ First limits on New Physics in pure electroweak gauge/Goldstone sector

°®

7¢¢/ )R Reuter Searches for New Physics in VBS Seminar, Zewail City, 17.11.2017



°®

7¢¢/ )R Reuter

¢ Evidence for W*W¥jj

LHC Run I: First time evidence for VBS i

(electroweak production)

ATLAS PRL 113(2014)14, I4I803 [1405.6241], 1611.02428 (PRD); CMS PRL 114(2015),051801 [1410.6315]

¢ First limits on New Physics in pure electroweak gauge/Goldstone sector
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EFTs: Higher-dimensional operators &
+ Must include all dim 6 operators from SM fields Buchmiiller/Wyler, 1986

+ Redundancy of operators = minimal set of operators (in principle)

|. Equations of motion: D,W** = ®'(D"®) — (D"®)'® + ...
2. Gauge symmetry:  [Dy, D)]® oc W, @
3. Integration by parts: (®'®) 0 (®'®) — 9, (®'®) 0" (T®)

+ Further reduction by use of discrete / horizontal symmetries

|. Band L conservation (excludes 5 operators per generation)
2. Flavor symmetries (assumption: Minimal Flavor Violation)
3. CP symmetry

+ Assuming B and L conservation: number of operators (without vr)

°®

7¢¢/ )R Reuter Searches for New Physics in VBS Seminar, Zewail City, 17.11.2017



ST

EFTs: Higher-dimensional operators

+ Must include all dim 6 operators from SM fields Buchmiiller/Wyler, 1986

+ Redundancy of operators = minimal set of operators (in principle)

|. Equations of motion: D,W** = ®'(D"®) — (D"®)'® + ...
2. Gauge symmetry:  [Dy, D)]® oc W, @
3. Integration by parts: (®'®) 0 (®'®) — 9, (®'®) 0" (T®)

+ Further reduction by use of discrete / horizontal symmetries

|. Band L conservation (excludes 5 operators per generation)
2. Flavor symmetries (assumption: Minimal Flavor Violation)
3. CP symmetry

+ Assuming B and L conservation: number of operators (without vr)

e | dim-2 operator + |5 dim-4 operators
e 59 dim-6 operators for | generation
e 2499 dim-6 operators for 3 generations Alonso/Jenkins/Manohar/Trott, 2013
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EFTs: Higher-dimensional operators &
+ Must include all dim 6 operators from SM fields Buchmiiller/Wyler, 1986

+ Redundancy of operators = minimal set of operators (in principle)
|. Equations of motion: D,W** = ®'(D"®) — (D"®)'® + ...
2. Gauge symmetry:  [Dy, D)]® oc W, @
3. Integration by parts: (®'®) 0 (®'®) — 9, (®'®) 0" (T®)
+ Further reduction by use of discrete / horizontal symmetries

|. Band L conservation (excludes 5 operators per generation)
2. Flavor symmetries (assumption: Minimal Flavor Violation)
3. CP symmetry

+ Assuming B and L conservation: number of operators (without vr)

e | dim-2 operator + 15 dim-4 operators
e 59 dim-6 operators for | generation
e 2499 dim-6 operators for 3 generations Alonso/Jenkins/Manohar/Trott, 2013

+ No unique basis exists (more in a second)

+ Well-known in B physics: different experimental measurements constrain different operators
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Effective Field Theories: Operator Bases

No unique basis exists

» “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
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Effective Field Theories: Operator Bases

No unique basis exists

“HISZ” basis:

no fermionic operators
» “GIMR?” basis: first minimal complete basis

“SILH” basis: complete basis
» Dim. 8 operators:
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Hagiwara/lshihara/Szalapski/Zeppenfeld, 1993
Grzadkowski/lskrzynski/Misiak/Rosiek, 2010
Giudice/Grojean/Pomarol/Ratazzi, 2007; Elias-Miro et al, 2013

Eboli et al., 2006; Kilian/|RR/Ohl/Sekulla, 2014+2015

3% and PED?
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+ 25 four-fermion operators
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Effective Field Theories: Operator Bases

No unique basis exists
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“HISZ” basis: no fermionic operators

“GIMR?” basis: first minimal complete basis
“SILH” basis: complete basis

» Dim. 8 operators:

®° and B*D?

O = (@Te)°

)y = Au(PTD)I* (0T d)
r wr .

O = ("D, ®)(@TD*®)
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Hagiwara/lshihara/Szalapski/Zeppenfeld, 1993
Grzadkowski/lskrzynski/Misiak/Rosiek, 2010

Giudice/Grojean/Pomarol/Ratazzi, 2007; Elias-Miro et al, 2013

Eboli et al., 2006; Kilian/|RR/Ohl/Sekulla, 2014+2015
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O = (®TD) G 1" 1d)
O\p = (2T®) QT 1d®)

XS
ry — yADC 1 Av 1o GC
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' — at A AA
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w2 A _
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Giudice et al./ Contino at al.
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+(25-2) feur-fermion operators
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Operators and Multi(EW)-boson Physics (I) '~
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Operators and Multi(EW)-boson Physics (I) '~

Dimension-6 operators for Multiboson physics (CP-conserving)

— T H T
Owww = THW W WH] D 9, (@ <1>) 9 (cb c1>)
Ow = (D.®)'Ww+(D,®) D = (cpT <1>) WHY T 4]
. T ouv
Op = (DM(I)) B* (D, ®) O = ((I)T(I)) W/B;u/
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Operators and Multi(EW)-boson Physics (I) '~

Dimension-6 operators for Multiboson physics (CP-conserving)

— i % T
Owww = THW W WH] D 9, (@ <1>) 9 (cb c1>)
Ow = (D& W (D,d) Oy — (cpT <1>) Te[WHY W 1]
. T ouv
Op = (DM(I)) B (DV(I)) O = ((I)T(I)) B/JJI/B’LLV

Dimension-6 operators for Multiboson physics (CP-violating)

Owyy = STWLWHD O = Te[W. W"PWH

- y — VA%
Oz, = ®'B.B*"® O = (D,®)"W" (D,®)
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Operators and Multi(EW)-boson Physics (I) "'~

Dimension-6 operators for Multiboson physics (CP-conserving)

i f f
Ow = (D& W (D,d) Oy = (qﬂ <I>) Te[WHY W 1]
. T v
Op = (Du®)'B"(D,®) Opp = (CIDTCID) B*Y B,
Dimension-6 operators for Multiboson physics (CP-violating)
On, = TWL,LW*E Owww = TrWu WYPWH]
3 5 NS
Oz, = ©o'B, B"® Om = (Du®)'W (D, ®)

Affect the following electroweak couplings:

ZWW | AWW | HWW | HZZ | HZA | HAA | WWWW | ZZWW | ZAWW | A AWW
Owww v v v v v v
Ow v v v v v v v v
Op v v v v
OFY v v
Oaw v v v v
OsnB v v v
O | ¥ 7 7 7 7 7
O, v v R O
Oy I O e
Oz VN
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Operators and Multi(EW)-boson Physics (I) "'~

Dimension-6 operators for Multiboson physics (CP-conserving)

— T 7 T
Owww = THW W WH] ety = &) (cI> <1>) 9 (cb c1>)
Ow = (D& W (D,d) Oy = (cpT <1>) Te[WHY W 1]
- T puv
Op = (DM(I)) B* (D, ®) O = (CIDTCI)) B/JJI/B'LLV

Dimension-6 operators for Multiboson physics (CP-violating)

Owyy = STWLWHD O = Tr[W ., W"PW¥|

Ogp = ®'B..B"® O= = (D)W (D,®)

Affect the following electroweak couplings:

ZZWW | ZAWW | AAWW
v v v
v v
v v v

connected to Higgs physics
.9
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Operators and Multi(EW)-boson Physics (II) "'~

Dimension-8 operators for Multiboson physics Oso = :(Duq’)TDuq’ {(D )" D q’?
T~ = _(DMCD)TDMCI) [( 2) D’
- el e o Omo = Tr[Wo, WH]. [( c1>)TD'8 ]
T,0 r (W |- Tr [WQBW |

Or: = Tr -WowW“ﬁ_ e [W s W] Oma: = Tr [WW/W”B] : [(DBCID)T DMCID]
Orz = Tr :WWW“B: Y [W g, WP Omz = [BuB*] - [(Ds®)' DPa)
Ors = Tr :-WWW’“‘”]- . Bog B*” Om3 = :BMVBVB] : [(DBCI))T D“<I>]
Ore = Tr|Wa,WH?|.B,sB* Syt e :(DM<I>)TWB,,D“<I>: B
Or; = Tr|Wa,W*?|. B, B" Oms = |[(Du®)We D o] B
Ors = Bu,B*”BagB*" Ome = |(D.®) WgWPDHo
Oupl = BouB""Bj, B Omr = |(Du®) We,WPEDY®
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Operators and Multi(EW)-boson Physics (ll)

8 2

\vee/

Dimension-8 operators for Multiboson physics Os,0 (D )" D } [(D )" D (I)_
el (D o) D”@} [( 2) D’
y t DB
Oro = Tr[WuWH] Tr[Waswe? On,0 Te [Wy WH] - |(Dg@)T D7)
- v t
OT,l . Ty WaVW,uﬁ Ty [WMBWOU/ On 1 Tr [WMVW ] . [(DB(I)) D'U’CI)]
OT,Z o Ty —Wa,uWMB Ty [W,BVWVa Orr o :BMVBFW] i [(DBCI))T DBCI)]
Ors = Tr[Wa W] BogB™ D _BWB”B} - [(DBcb)T D’“”CD}
Ore = Tr|Wa,WH?|.B,sB* o (D, @) Wg,D*®| - B#”
I W o, W2 - B4 BT O, s (D,®) W, DY@ . B
RPN B B.sB>" O (D, @) W, WP DHo)
. B va B _
Ors = BouB""BsuB On 7 _(DM(I))T WBVWBMDV(I)_
WWWW | WWZ7Z | 2277 | WWAZ | WWAA | Z7Z7ZA | Z7ZAA | ZAAA | AAAA
Os.0/1 v v va
T G 7 7 7 7 7
Ot 2/3/4/5 7 7 7 7 7
Oro/1/2 7 7 7 7 7 7 [ 7 7 7
D/ 7 7 7 7 Z L 7 7 7
Or8/9 v v v v v
o
‘e* J.R.Reuter Searches for New Physics in VBS Seminar, Zewail City, 17.11.2017



Operators and Multi(EW)-boson Physics (ll)

8 2

v @/

Dimension-8 operators for Multiboson physics Os.0 (D )" D } {(D ®)' D CI)_
el (D o) D”@} [( 2) D’
oo = ] wawed]  Owa = TV [0y %)
Orp = Tr|Wa, WHP| Tx[W, sWwe On 1 Tr [W/“/WVB] ' [(fo‘I’)T D“’CP]
GRSy :WWW“B Tr [W g, W Onm.2 B B4 - [(Dp@) DP o)
Ors = Tr -WWWW]- BagB*? O s :BMVBVB] - [(DB(I))T D“<I>]
Ore = Tr|Wa,WH?|.B,sB* D s :(DM<I>)TWB,,D“<I>: e
Or7 = Tr|Wa,W*?|.Bg, B"® Oiris (Du@)  Wg, D 0| - B
Ors = Bu,B""B,sB*? D (D, @) W, WP DHo)
Oro = BauB"’Bg,B"® Ot 7 :(DM(I))T WBVWB’J’DWID:
WWWW | WWZZ | 27277 | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA
Os.0/1 v v v
gﬁg;;;ig 4 o/ Dim. 8 g/enerate a/QGC?s in&epgndengly j
07:,0/1/2 7 * generate neutral quartic couplings 7 7 7
Or.5/6/7 v v v v v v v v
Or8/9 v v v v v
(592) - . e
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Unitarity in vector boson scattering

Im [ag] /

>

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

DO —
l
T

Partial wave amplitudes: Re ay
M(s,t,u) =321 ) _,(2¢ + 1)As(s)Py(cosf) (“Power spectrum”)

\
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VA

Unitarity in vector boson scattering

Im [ag] /

>

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

DO —
l
T

Partial wave amplitudes: e od
M (s, t,u) =32m ) ,(20 + 1) A¢(s) Pe(cosf) (“Power spectrum”) 5

\

Assuming only elastic scattering:
T ! T
Tror = Zf 32 (24+41) |A£|2 R Ze’ 32 (if-{—l) Im [AE] - |A£|2 — Im [Aﬁ]

8

°®
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VA

Unitarity in vector boson scattering

Im [ag] /

>

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

DO —
l
T

Partial wave amplitudes: Re ay
M(s,t,u) =321 ) _,(2¢ + 1)As(s)Py(cosf) (“Power spectrum”) "

DOl —1
A

Assuming only elastic scattering:
T ! T
Tror = Zf 32 (24+41) |A£|2 R Ze’ 32 (if-{—l) Im [AE] - |A£|2 — Im [Aﬁ]

8

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

8 t—u 8 s
Ar—0=2—75Po(s) Ar=1=-——F5 = 5Pi(s) Aj=2=——PFo(s)
v v v

v2

°®.
7¢¢/ )R Reuter Searches for New Physics in VBS Seminar, Zewail City, 17.11.2017



VA

Unitarity in vector boson scattering

Im [ag] /

>

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = IM [M,;i(t = O)] /8 t = —3s(1l —cosfl)/2

DO —
l
T

Partial wave amplitudes: ..
M(s,t,u) = 32m 3 ,(2¢ + 1).Ag(s) Py(cos8) (“Power spectrum”) o

Assuming only elastic scattering:
oo = 3, 327 (2£441) |~A£|2 RS 5, 32w(i£+1) Im4] = |A£|2 = Im [A/]

8

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

3 t—u 8 8
AI:() = QEPO(S) AI:1 — v2 = U—2P1(3) AI:2 —_— —EPO(S)

Lee/Quigg/Thacker, 1973

exceeds unitarity bound |A; ;| < 3 at:

Higgs exchange: | _ .
I=0: E~ V8rw=12TeV o, 2
I=1: E ~ /48wy =3.5TeV Als,tyu) = — vfs—ﬂd?{
I=2: E ~ V16mv =1.7TeV Unitarity: My <+/8mv~ 1.2TeV
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Scenarios for New Physics in VBS

Im [A] &

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

amplitude remains close to origin

Re (A]

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

regime ol

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

‘PDIA]

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

i Re [A]

5. New resonance: amplitude turns over

4; Re [A]
°®
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Different unitarity projections

¢ K-matrix: Cayley transform of S-matrix  Heitler, 1941; Schwinger, 1949; Gupta, 1950

¢ Stereographic projection to Argand circle :

i

1K a(s
S = ii_zKég CLK(S) i 1—i(a,gs)

\

°®

7¢¢/ )R Reuter Searches for New Physics in VBS Seminar, Zewail City, 17.11.2017



Different unitarity projections

¢ K-matrix: Cayley transform of S-matrix

¢ Stereographic projection to Argand circle

g —

14+iK /2

a(s)

1K /2 ar(s) = 1—ia(s)

¢ Stereographic projection to Argand circle

|1/ 22

Heitler, 1941; Schwinger, 1949; Gupta, 1950

A

i

\J

¢ 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.

<)
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Different unitarity projections

¢ K-matrix: Cayley transform of S-matrix
¢ Stereographic projection to Argand circle

1K a(s
S = ii_zK;g CLK(S) i 1—i(a,23)

¢ Stereographic projection to Argand circle

¢ Formalism does a partial resummation of perturbative series

A

i

DOl
1
T

|1/ 22

Heitler, 1941; Schwinger, 1949; Gupta, 1950

\J

¢ 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

¢ Definedvia |[a— 2| =% = a= Re(@i>_i

0

°®
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Kilian/Ohl/JRR/Sekulla, 2014

\ 4

Seminar, Zewail City, 17.11.2017



Different unitarity projections

¢ K-matrix: Cayley transform of S-matrix

¢ Stereographic projection to Argand circle

q —

14+iK /2

a(s)

1K /2 ar(s) = 1—ia(s)

¢ Stereographic projection to Argand circle

|1/ 22

Heitler, 1941; Schwinger, 1949; Gupta, 1950

A

i

DOl —-
1l
T

\J

¢ 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

¢ Definedvia |[a— 2| =% = a= Re(@i>_i

0

¢ ldentical to K matrix for real amplitudes

¢ Points on Argand circle left invariant

¢ Does not rely on perturbation theory

Im [a] 1

Kilian/Ohl/JRR/Sekulla, 2014

1

DO|—
1
T

¢ Applicable for amplitudes with imaginary parts (models with resonances)

<)
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Different unitarity projections

¢ K-matrix: Cayley transform of S-matrix  Heitler, 1941; Schwinger, 1949; Gupta, 1950
¢ Stereographic projection to Argand circle \

_ 14+iK/2 __a(s)
S = 1K /2 ar(s) = 1—ia(s) il S
¢ Stereographic projection to Argand circle - >

¢ 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, 201 4
I _ 4K = AK =S 1 A
¢ Definedvia |[a—2K| =2 = g Re(2 )

0

i

¢ ldentical to K matrix for real amplitudes

NI
1l
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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The WHIZARD Event Generator o

WHIZARD v2.4.0 (28 Nov.2016)  http://whizard.hepforge.org ~ <whizard@desy.de>

WHIZARD Team: Wolfgang Kilian, Thorsten Ohl, JRR, Simon Bral3/Bijan Chokoufé/Christian Fleper/Vincent
RotheMarco Sekulla/So Young Shim/Florian Staub/Christian Weiss/Zhijie Zhao + 2 Master
EPJ C71 (2011) 1742

* Universal event generator for lepton and hadron colliders

* Modular package: - Phase space parameterization (resonances, collinear emission, Coulomb etc.)

O’Mega optimized matrix element generator (recursiveness via Directed

VAMP: adaptive multi-channel Monte Carlo integrator

CIRCEI/2: generator/simulation tool for lepton collider beam spectra

- Lepton beam ISR Kuraev/Fadin, 1986; Skrzypek/Jadach, 1991
- Color flow formalism  Stelzer/Willenbrock, 2003; Kilian/Ohl/|RR/Speckner, 201 |
- NLO QCD Chokoufe/Kilian/Lindert/Pozzorini/JRR/Weiss, 1609.03390

°®
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VBS diboson spectra

10! :

T T

e
a2
=
5 _
s Fgo =480 Tev* ; 3 3 RACTI Y ]
-3 . : : : el
10 M A Fg; =480 TeV 4| S S S H
i Fyp =30 TeV ™2 ‘ ‘ ‘ ‘ : 1
I SM
1074 I I T i i i : :
200 400 600 800 1000 1200 1400 1600 1800 2000
M(WTWT)[GeV]

General cuts:  M,; > 500GeV; An;; > 2.4; pgp > 20GeV; |An;| < 4.5
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VBS diboson spectra

101 F f f f ! ! !
)
[ lII"'"lll:""""“"""'--. ‘
— : gf‘QQAAAAAAAAAAAAAAEHI : . : :
= 107 o e Mg
) N : e ***** ‘ ‘==AAA : : : E
= g : ******,, ’III:A“4AA
S ... ******* : ..- AAA N
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— : : : C %, D M gy, . uEm AA
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W78 & Fgy=480Tev [ S S HEEE S E
L * FHD =30 T€V72 ‘ ‘ ‘ ‘ ‘ 7
- SM
10—4 I I I i i i i i
200 400 600 800 1000 1200 1400 1600 1800 2000
MW+ +)[GeV]

General cuts:  M,; > 500GeV; An;; > 2.4; pgp > 20GeV; |An;| < 4.5
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VBS diboson spectra

1 pp = WWTjj 1 pp = WZjj
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General cuts:  M,; > 500GeV; An;; > 2.4; pgp > 20GeV; |An;| < 4.5
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General cuts:
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ij > 500 GeV;
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Anj; > 2.4; pl >20GeV; |An,| < 4.5
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Differential spectra in VBS

pp — e+,u+1/eu“jj Vs =14TeV L=1ab !

Simulations with WHIZARD [http://whizard.hepforge.org, Kilian/Ohl/|RR]

<L

M;; > 500GeV; An;; > 2.4; pl>20GeV; |An;| < 4.5; ph > 20GeV
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Differential spectra in VBS

pp — 6+u+ueyujj Vs =14TeV L=1ab !

Simulations with WHIZARD [http://whizard.hepforge.org, Kilian/Ohl/|RR]

Frp =30 TeV ™~ ?/L

350 I % % T T T 10
b | | | | | ;
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1 1 1 1 1 1 10° b
2l e e e e e T :
S e
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L e e e e S - :
100 |-
10
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Ay 2 i=e [PT(0)]

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

(29
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Differential spectra in VBS

pp — 6+u+ueyujj Vs =14TeV L=1ab !

Simulations with WHIZARD [http://whizard.hepforge.org, Kilian/Ohl/|RR]

Fg = 480 TeV~* ?/L

350 10

300 H

103}
250 - g

200

7, 107}
150 - :

100}
10!

50F-

e

200 1000 1500 2000

Zl:e.u ‘pT(l>|

109

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

(29
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Differential spectra in VBS

pp — 6+u+ueyujj Vs =14TeV L=1ab !

Simulations with WHIZARD [http://whizard.hepforge.org, Kilian/Ohl/|RR]

Fg1 =480 TeV~* ?/L

350 104 ¢ ;
F [ bare
300 Bl unit
| sm
103} B - S
2501 g ‘ T
200
Z. . 107}
150 f-- :
100
10!
501
0 10° i
0.5 1.0 1.5 2.0 2.5 3.0 500 1000 1500 2000

Adey 2= IPT(D)]

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

(29
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Resonances: Quantum numbers & simplified models

¢ Rise of amplitude / anomalous coupling: 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)

°®
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Resonances: Quantum numbers & simplified models

¢ Rise of amplitude / anomalous coupling: 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 | has different physics (mixing with W/Z2)
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Resonances: Quantum numbers & simplified models

¢ Rise of amplitude / anomalous coupling: 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 | has different physics (mixing with W/Z2)

SU(Q)L X SU(Q)R — SU(Q)C
(0,0) > 0
(1,1) —~ 24140
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Resonances: Quantum numbers & simplified models

¢ Rise of amplitude / anomalous coupling: 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 | has different physics (mixing with W/Z2)

SU(Q)L X SU(Q)R — SU(Q)C
(0,0) > 0

(1, 1) — 24140

1soscalar 1sotensor
br Pi DY D7 DF T

scalar o Dy ¢87 o

¢0
Xy X, X9, XL, X

tensor b X, X0, X ¥

G
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Resonances: Quantum numbers & simplified models

¢ Rise of amplitude / anomalous coupling: 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 | has different physics (mixing with W/Z2)

SU(2), xSU2)g — SU(2)¢ Tensor resonances
(0,0) — 0
(1,1) — 24140 » Symmetric tensor f,,
ol T * On-shell conditions: 10 —= 5
N o oy e
scalar o Dy ajzgaqbff * Tracelessness: f,* =
X;_,X;,XE),X;L,ijL * Transversality: 9, f*¥ =0
tensor i X, X0, X ¥ : .
X0 How to deal with off-shell tensor in
realistic processes?
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Tensor resonances: Fierz-Pauli vs. Stuickelberg

¥ Start with Fierz-Pauli Lagrangian for symmetric tensor

1 L] R L, 1 e y
Lrp :§aafpwa i — o S ¥ —55'@]”;5’ fy+§m il

— 0 fap s " — A1 s + Fru I

°®
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Tensor resonances: Fierz-Pauli vs. Stuickelberg

¥ Start with Fierz-Pauli Lagrangian for symmetric tensor

Lip =500 D™ * — s 1 — 2 00 [H0° 4 + S i
— 0 fanDaf O — FLOMO” fr + fru T
¥ Fierz-Pauli conditions not valid off-shell
¥ Fierz-Pauli propagator has bad high-energy behavior
¢ Use Stiickelberg formalism to make off-shell high-energy behavior explicit
¢ Introduce compensator fields = no propagators with momentum factors

¢ Crucial for MCs

°®
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Tensor resonances: Fierz-Pauli vs. Stuickelberg

¥ Start with Fierz-Pauli Lagrangian for symmetric tensor

EFP :%aozf,uvaaf'uy - %me,ul/qu o %&xfﬁiaafyy + %meﬁ;fl;/
— 0 fanDaf O — FLOMO” fr + fru T
¥ Fierz-Pauli conditions not valid off-shell
¢ Fierz-Pauli propagator has bad high-energy behavior
¢ Use Stiickelberg formalism to make off-shell high-energy behavior explicit
¢ Introduce compensator fields = no propagators with momentum factors

i - : 1
¢ Crucial for MCs r :§ffuv (8% —m3) £ +§fjlju <_§ (—82_mf)> Jad
e fH”: on-shell f*¥ 1 1
+ 5 Apu (0% +mi) Af + S0y (0% —my) oy
o ¢: 0,0, f" 1 .
o AH: &/f'uy " (fwj N %O_fgw/> J}W
o oo: fH 1 \/§ o
'.“ = (\/§ (Afual/ N AfVa,u) - wafa“ay> J}L
Gauge fixing: o= —¢ " i
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Comparison: Simplified Models & EFT

Kilian/Ohl/JRR/Sekulla: PRD93(16),3.036004 [I511.00022] Black dashed line:
saturation of Ay, (WHW)/ Aw(ZZ)

10! —— . — pp o 2455 . —
5\\\ | — Fei=123Tev (]
! ‘\§ ?/L — F,=40Tev! |
S * EFT fails at resonance
;b : : : : === 1mit o 00
10 A TN S FUE N e e s
N M, = 800GeV  aQGC describe rise of
53% U T e s M resonance
SE 0L NG e ] * Unitarization applied
* Tensor resonances better
N, visible than scalars
L e A
— i | i | NS - - i : 327" /M3
400 600 800 1000 1200 1400 1600 1800 2000
M(ZZ)[GeV] 5 p f ¥
Fsg ! 2 15 5
M;; > 500GeV; Anj; > 2.4; pl >20GeV; |An;| <45 Fs 2 > -35
|Fso| <480 TeV™  |Fg,| < 480 TeV™* ATLAS PRL |13(2014)14, 141803 [1405.6241]
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Comparison: Simplified Models & EFT

Kilian/Ohl/JRR/Sekulla: PRD93(16),3.036004 [I511.00022] Black dashed line:
saturation of Ay, (WHW)/ Aw(ZZ)

10! . e WIWRG | | _
- \\ —— Fsp =192 TeV 'Fg; = -134.1 TeV " |]
?/L ‘| Fx =386 TeV~! _
) - o EFT fails at resonance
O U S - - - _
— A ]\1{); zézgoGGeeVV * aQGC describe rise of
23 f f f resonance

* Unitarization applied

* Tensor resonances better
visible than scalars

i i i i i i i i ] 327{{\/1\/[5
400 600 800 1000 1200 1400 1600 1800 2000
MWW [GeV] o é f X
Fso ! 2 15 5
Mj; > 500GeV; An;; > 2.4; pl > 20GeV; |An;| <45  Fa ) -35
|Fso| < 480 TeV™ |Fs1| < 480 TeV ATLAS PRL 113(2014)14, 141803 [1405.6241]
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Complete LHC process at 14 TeV

tom gty -1
250 ——————— !p,pﬁelelul!ijljap:%gbl

?/L B ;=174 TeV!
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50
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Vector Boson Scattering at Lepton Colliders

Fleper/Kilian/JRR/Sekulla: 1607.03030 (tbp EPJC)
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Vector Boson Scattering at Lepton Colliders

Fleper/Kilian/JRR/Sekulla: 1607.03030 (tbp EPJC)
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Vector Boson Scattering at Lepton Colliders

Fleper/Kilian/JRR/Sekulla: 1607.03030 (tbp EPJC)
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Vector Boson Scattering at Lepton Colliders

Fleper/Kilian/JRR/Sekulla: 1607.03030 (tbp EPJC)
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Triple [multiple] Vector Boson Production ?

- B
T

Yes, same Feynman rule as in VBS, but ...

one external W/Z/y always far off-shell

Unitarization formalism not available (would need 2 — 3 unitarizations)
Different Wilson coefficients dominate (particularly for resonances)

Important physics (partially) independent from VBS
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Conclusions / Summary

+ VBS (one of) flagship measurements of LHC Runs Il/lll and a 100 TeV machine
+ EFT provides a (!) [not the] consistent framework for SM deviations

+ Very well-defined (and limited) range of applicability

+ Accounts for access to New Physics in VBS and Di-/Triboson channels

+ Unitarization for theoretically sane description (allows to calculate ‘best limit’)

4+ T-matrix unitarization universal scheme for EFT and resonances

+ Unitarization: Not just a theory tool = “composite continuum saturation”

+ Simplified models: generic electroweak resonances

+ Vectors/tensors: high-energy behavior tricky [vectors special: W/Z mixing]

+ Limits from LHC still incredibly puny: M ~ 200-300 GeV

+ Make sure that actual limits are meaningful and comparable

+ Lots of space/work for improvement: V. /Vr separation, backgrounds etc.
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MBI 2017 [5th Multi-Boson Interactions] i
KIT, Karlsruhe, Germany, Aug. 28-30 2017
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MBI 2017 [5th Multi-Boson Interactions]
KIT, Karlsruhe, Germany, Aug. 28-30 2017
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Effective Field Theory (EFT) for Weak Interactions”

* SppS: discovery of W, Z (on-shell)
* SLC/LEP: proof of non-Abelian weak structure, failure to find (very) light Higgs
* Measurement of longitudinal Ws: ee = WW (LEP), t & Wb (Tevatron)

* Using all known d.o.f., parameterizing all possible interactions

Building blocks for EFT: ¢ . = s [—_iWT]
) v’ y v ) —

(%

SM fermions weak bosons hypercharge boson  longitudinal d.o.f.
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Effective Field Theory (EFT) for Weak Interactions”

* SppS: discovery of W, Z (on-shell)
* SLC/LEP: proof of non-Abelian weak structure, failure to find (very) light Higgs
* Measurement of longitudinal Ws: ee = WW (LEP), t & Wb (Tevatron)

* Using all known d.o.f., parameterizing all possible interactions

Building blocks for EFT: ¢ . = s [—_iWT]
) v’ y v ) —

(%

SM fermions weak bosons hypercharge boson  longitudinal d.o.f.

Minimal Lagrangian describing measurements at SLC / LEP [ll] / Tevatron

1 PN
PE tr (B, B* ]+Ztr (D,X)(D*Y)]

Lpre—LHC — Z @(Zﬁ)w_z_;gtr [WMVWMV]_
Y

) 1
597'1” f; + gg/B;ﬂ'g
7

W,, = 5971 (B, W,, — O, W, + gersg Wi W)

with the following useful definitions: Dy =0, +

B,, = %g’(aﬂB,, — 8,B,)7
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Effective Field Theory (EFT) for Weak Interactions”

* SppS: discovery of W, Z (on-shell)
* SLC/LEP: proof of non-Abelian weak structure, failure to find (very) light Higgs
* Measurement of longitudinal Ws: ee = WW (LEP), t & Wb (Tevatron)

* Using all known d.o.f., parameterizing all possible interactions

(%

Building blocks for EFT: ¢ . = s [—_iWT]
) v’ y v ) —

SM fermions weak bosons hypercharge boson  longitudinal d.o.f.

Minimal Lagrangian describing measurements at SLC / LEP [ll] / Tevatron

1 PN
PE tr (B, B* ]+Ztr (D,X)(D*Y)]

Lpre—LHC — Z @(Zﬁ)w_Z_;Qtr [WMVWMV]_
Y

) 1
597'1” f; + 59/Bu73
7

W,, = 5971 (B, W,, — O, W, + gersg Wi W)

with the following useful definitions: Dy =0, +

Electroweak Chiral Lagrangian p
By = 59/ (0uBy - 8,B,)T*
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Effective Field Theory (EFT) for Weak Interactions”

* SppS: discovery of W, Z (on-shell)
* SLC/LEP: proof of non-Abelian weak structure, failure to find (very) light Higgs
* Measurement of longitudinal Ws: ee = WW (LEP), t & Wb (Tevatron)

* Using all known d.o.f., parameterizing all possible interactions

Building blocks for EFT: ¢ . = s [—_iWT]
) v’ y v ) —

(%

SM fermions weak bosons hypercharge boson  longitudinal d.o.f.

Minimal Lagrangian describing measurements at SLC / LEP [ll] / Tevatron

1 PN
2¢'2 tr [B,, B¥ ]"‘Ztr [(D,3) (D#)]

Lpre—LHC — Z @(’LlD)Zp-Q—;QtI’ [W,UVWMV]_
Y

) 1
597'1” ;IL + 59/BMT3
7

W,, = 5971 (B, W,, — O, W, + gersg Wi W)

with the following useful definitions: Dy =0, +

Electroweak Chiral Lagrangian p
B, = 59’(%3,/ — 9,B,)7° T G T :

Ruled out by LHC data (Higgs discovery) fz';%"::"'. ----- o
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Parameterizing SM deviations
* Specific models (SUSY, Compositeness, Little Higgses, 2HDM, Modified Higgses, Xdim, ......)

e Could give strong signals in VBS (presumably Little Higgses, Compositeness, Xdim ....)

Could give faint signals in VBS  (presumably SUSY, 2HDM [Higgs datal], ....)

Up to parametric uncertainties precise predictions from the models (new independent couplings)
Mostly even beyond tree level predictable

Analysis has to be repeated for each and every model, introduces new parameters
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Parameterizing SM deviations
* Specific models (SUSY, Compositeness, Little Higgses, 2HDM, Modified Higgses, Xdim, ......)

e Could give strong signals in VBS (presumably Little Higgses, Compositeness, Xdim ....)

Could give faint signals in VBS  (presumably SUSY, 2HDM [Higgs datal], ....)

Up to parametric uncertainties precise predictions from the models (new independent couplings)
Mostly even beyond tree level predictable

Analysis has to be repeated for each and every model, introduces new parameters

* Anomalous Couplings

e Usually first “model-independent” proposal

e At the moment applied by HXSWG (but under debate)

* Only modifications of SM couplings or introduction of new (Lorentz) structures !
e Allows fits of coupling strengths

e Possible deviations difficult to interpret in terms of quantum field theory, unitarity!!
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Parameterizing SM deviations
* Specific models (SUSY, Compositeness, Little Higgses, 2HDM, Modified Higgses, Xdim, ......)

e Could give strong signals in VBS (presumably Little Higgses, Compositeness, Xdim ....)

Could give faint signals in VBS  (presumably SUSY, 2HDM [Higgs datal], ....)

Up to parametric uncertainties precise predictions from the models (new independent couplings)
Mostly even beyond tree level predictable

Analysis has to be repeated for each and every model, introduces new parameters

* Anomalous Couplings

e Usually first “model-independent” proposal

e At the moment applied by HXSWG (but under debate)

* Only modifications of SM couplings or introduction of new (Lorentz) structures !
e Allows fits of coupling strengths

e Possible deviations difficult to interpret in terms of quantum field theory, unitarity!!

* Form factors

e Similar approach to anomalous couplings, partially resums perturbative series
e (Almost) completely general and model-independent
e Needs parameterizations, violates gauge invariance, unitarity ad-hoc curable (new parameters)
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Parameterizing SM deviations
* Specific models (SUSY, Compositeness, Little Higgses, 2HDM, Modified Higgses, Xdim, ......)

e Could give strong signals in VBS (presumably Little Higgses, Compositeness, Xdim ....)

Could give faint signals in VBS  (presumably SUSY, 2HDM [Higgs datal], ....)

Up to parametric uncertainties precise predictions from the models (new independent couplings)
Mostly even beyond tree level predictable

Analysis has to be repeated for each and every model, introduces new parameters

* Anomalous Couplings

e Usually first “model-independent” proposal

e At the moment applied by HXSWG (but under debate)

* Only modifications of SM couplings or introduction of new (Lorentz) structures !
e Allows fits of coupling strengths

e Possible deviations difficult to interpret in terms of quantum field theory, unitarity!!

* Form factors

e Similar approach to anomalous couplings, partially resums perturbative series
e (Almost) completely general and model-independent
e Needs parameterizations, violates gauge invariance, unitarity ad-hoc curable (new parameters)

* Effective Field Theory

(Almost) model-independent, consistent calculation of perturbative corrections (power counting !?)
Depends on (possibly) many free parameters

Requires decoupling of New Physics

Range of applicability strongly depends on couplings and scales (unitarity issue)
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Procedures to treat unitarity violations

1.0

Cut-off (a.k.a. “Event clipping”)  6(AZ — s)

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

|A(s)]
o
W

0.0
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Procedures to treat unitarity violations

Cut-off (a.k.a. “Event clipping”)  6(AZ — s)

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

1

Form factor (HA;F )”

Applicable for arbitrary operators, tuning in 2

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

1.0

Cut-off (a.k.a. “Event clipping”)  6(AZ — s)

unitarity bound (Oth partial wave) at A

|A(s)]
o
W

no continuous transition beyond
0'00 1 é 3 4
Vs /@ Arv)
f 1 o =~
Form factor I -
(H_ AFPF ) —
Applicable for arbitrary operators, tuningin2 =
parameters: n damps unitarity violation, /\
highest value to satisfy Oth partial wave 1 é ; 4
JCRVRY
2.0r -
K-/T-matrix saturation 1} oo
| o
saturates the amplitude, usable for complex
amplitudes, no additional parameters
0'GO 1 i 3 4
s /AR
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Generation of Higher-dimensional Operators

i (- X< X

11 x
Ol = =55 (B1® — v2/2)tx 17, 114"]

Opy == (DD)'2) - (81(D2)) — %IDII’ 1 i
Op = 15 5 (Du®) (D, @) B
Ohe = = (®T® —22/2) (D
- & OBB = _il ¢T® '1}2/2 o

F24 >y

Couplings of new states to the longitudinal / transversal diboson system

J =0 J =1 =2
I=0 o' (Higgs singlet?) (v /2" 7) 1% (Graviton ?)
I=1 7T:|:,7TO (2HDM ?) (W’/Z’ 7) ai,ao
I=2| ¢tF, 0", ¢° (Higgs triplet ?) — s e
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Generation of Higher-dimensional Operators

i (- X< X

11
b = — = = (BT® — 02 /2)tr [W,,, WH]

Oww A2 2
O, =+ (D)D) - (dF(DD)) — L |DD|? 1
’ Op = 15 5(Du (D, ®) BH
OLe = = (®T® —02/2) (D
> A2 Ok L1 (®Td —v?/2)

_ /WB’“/

F24

, Ll N ) = qclecI)
O@,g_pg(@@—vm) %:< >< » X Ovq A2 >=-=< X

Couplings of new states to the longitudinal / transversal diboson system

J=0 J =1 =y
I=0 oY (Higgs singlet?) W (v /7" 7) 1% (Graviton ?)
I =1 7'(':':,7'('0 (2HDM 7?) pi,po (W’/Z’ 7) ai,ao
I=2| ¢tF, 0", ¢° (Higgs triplet ?) — s e

Different power counting for weakly and strongly interacting theories

C; g &) g
— ~ —— VS, — ~ =

A AwA A A
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