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Introduction: the wonderful SM .\\J(IT
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SM is very efficient in describing observed phenomena
m Mass generation for W and Z

'\ 2 1 (g% +g7)v?
(D“(D)T D,® = la“HauH+ (&) W“+W;+_(g 8 )( ZH 7,

H 2
2 2 2 4 (l+v)

Prediction for HVV coupling as bonus ... agrees with data

m Interactions of gauge bosons to known fermions
i

- . i T
Ly = ;lpflj/“Dull)f Dy = 9y +igs Af (x)T* + ngLE +ig"YB,,

extremely well tested and confirmed experimentally

m Leaves SM with large flavor symmetry
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Representations of SM fermions ﬂ(".

Su(3) Ssu(2) u(l)y

”ja = UR CR tr 3 1 %

d}{ = dR Sp bR 3 1 —%

Li = Vel VuL VrL 1 5 _%
er KL TL

E’TR = ER HR TR 1 1 -1

Vi = VoR ViR VR 1 1 0

6 multiplets of three generations each = U(3)° flavor symmetry
U(3)® symmetry is broken explicitly in nature
SU(3) x SU(3) quark and lepton vector currents unaffected by anomalies
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Yukawa couplings
m Explicit breaking of U(3)® flavor symmetry by Yukawa sector of
Higgs Lagrangian
L"Yukawa — _r;ij(Dd;{j o r;j*d_;{jqﬁQ’Li
1 [ o+H (x)
V2 0

—T/ Q)i ®ouy + hec. D, = io,®* =
—TVLE el — T/ L @.v), + hec.

m Generates fermion masses, CKM and PMNS mixing as a bonus when
mass matrix M = Fff% is diagonalized, e.qg.

m, 0 0 m, 0 0

u\ T u r:i]L d
uH ' Mut=1 0 m 0 (uf) Mug=1| o m o0
0 0 m 0 0 my

and Vcxm = (u}f)T LIf
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The ,,curse® of renormalizability _\\J(IT
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m Lowest dimensional, renormalizable fermionic operators for Lagrangian:
mass — Z Mljlpllp]

Is forbidden by chiral gauge structure of SM
m Kinetic term for fermion fields

ﬁd) = lefl’]/u'Dull)f
f
IS bilinear in fermion fields

—> can be diagonalized and renormalized to unit matrix in flavor space
Gauge generational symmetry? Broken by scalar v.e.v. .....
Flavor symmetry can be broken explicitly by dimension-6 operators, like
z]kl -
Lyf = Z Py Yryuid
i,j,k,l
but these render theory non-renormalizable

UV model with gauge fields and spin ¥z matter fields only is too restrictive
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Strong case for elementary scalars Q(IT

Break flavor symmetry of Lagrangian via renormalizable
Yukawa couplings

Allow for spontaneous symmetry breaking via non-trivial
minimum of scalar potential and

m Generate gauge boson masses
m Generate fermion masses
a Provide CKM and PMNS mixing

SM does entire job with just a single scalar doublet
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BSM Higgs sectors A\‘(IT
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f:
3 e .my
< —17

f

fixed by masses _— A
More complex Higgs sector decouples rapidly ; )
Simplest possibility: 2 Higgs doublets "

e { 18 cong MZ Suv

m Two doublet extension: 5 scalars and modified couplings
extra coupling factors for hVV and HV'V couplings as compared to SM

m SM Higgs couplings completely

hVV ~ sin(f3 — «) HVV ~ cos(f3 — &)
Lyvie = — b5 (o4 HE2E _p 20 i AtanB ) b— i (o+ HOE L p S5 i A cot B ) ¢
v cos f3 cos f3 v sin 3 sin 3

= coupling factors compared to SM hf f coupling —i 14 /v
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Most direct: search for H/A/H* ﬂ(".

m No extra resonances yet... e.g. in H/A>1T

3591 (13 TeV) hMSS

95% CL excluded: Q, EL E IR B 1 v ]
c MS [1Observed WM 68% expected % ATLAS [j ATLAS 2015 — Observed
---- Expected 95% expected - s =13 TeV. 26.1 fb”' -- Expected -
o 07— | hMSSM scenario Mo
S | hMSSM scenario | 6O HiA — T 95% CL limits 120
" 5ol 1 [ 77> 7
5{): ! % g //
I : % = /
401 ] 5 / ;"J //
; hMSSM 407§ %
30} ; -5 ]
: LA 1
[ N% 4
20 . %
: : 2017 —
: : N7
10 - ."v' B
| _ N _
L Ll —— S 2 | 0 o Ly I I 1
500 1000 1500 5 ;DDO 500 1000 1500
m e
CMS PAS HIG-17-020 A ( ) m, [GeV]
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BSM Higgs sectors A\‘(IT
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f:
3 e .my
< —17

f

fixed by masses _— A
More complex Higgs sector decouples rapidly ; )
Simplest possibility: 2 Higgs doublets "

e { 18 cong MZ Suv

m Two doublet extension: 5 scalars and modified couplings
extra coupling factors for hVV and HV'V couplings as compared to SM

m SM Higgs couplings completely

hVV ~ sin(f3 — «) HVV ~ cos(f3 — &)
Lyvie = — b5 (o4 HE2E _p 20 i AtanB ) b— i (o+ HOE L p S5 i A cot B ) ¢
v cos f3 cos f3 v sin 3 sin 3

= coupling factors compared to SM hf f coupling —i 14 /v
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Model-independent analysis of 125 GeV Higgs .._J(IT
couplings: effective Lagrangian

SM relation of Higgs coupling to mass disappears with
dimension-6 operators in effective Lagrangian: add

2
Legg = % (QDT(P — %) L Mass = % (VH +H2/2) L Mass
For example, arbitrary Ak,, is generated by
2
Lot = Ty (bed)— ) (Du)' D*p+ - -

and similar for fermion couplings (with independent f« )
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... measured k values consistent with SM

nv

undet

W ™ o ~

BSM

ATLAS

68% CL:
95% CL:

Vs=13TeV, 245 -79.8b"
my,=125.09 GeV, ly | <2.5

—— e

Bgsu =0 Ky <1

Pgy = 88% Pgy = 96%

——

Kon = KoH

Py, = 95%

KA ROL R A}

—

jl'iii||||l||\\‘\\\\‘\\\\

-15 -1 05 0O 0.5
Parameter value
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VBF and VBS as probes of symmetry breaking sector A\‘(IT

m Vector boson fusion (VBF)

Important Higgs production
mode, e.g. H>tau+tau-

Determine HVV coupling from
production cross section

Relatively low background

m Vector boson scattering (VBS)
Basic process:. VV2>VV
accompanied by 2 quark jets
= tagging jets
Observe decay leptons of weak
bosons or hadronic V decay
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( VBF and VBS signature )

P
+

/N, S
RS U
| p > - [F']J
| ,I JE —————————————————————

n

Characteristics:

e energetic jets in the forward and backward directions (pr > 20 GeV)
e large rapidity separation and large invariant mass of the two tagging jets

— Enhance signal contributions by “VBF cuts”, e.g.

e Higgs/V/VV decay products between tagging jets
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( Tensor structure of the HVV coupling )

Most general HV'V vertex T*Y (g1, q2)

g
j—<—o—<—7F G =m%= 7
‘3'1 V ql
——-H -—-H
qZ V ‘_?2
0o———=—>—0 0 2 0
(a) (b)
'y

a (q1-92 8" —q195) +

Vpo
az eMvP d1p4920

The a; = a;(q1, g2 ) are scalar form factors

15 Vienna CES 2019

Physical interpretation of terms:

SM Higgs Ly ~HV, V¥ — a4
loop induced couplings for neutral scalar
CP even Lepr ~ HV i, VY — a5
CP odd Lo ~ HV i VY — a3

Must distinguish a1, a7, 23 experimentally
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( Connection to effective Lagrangian )

We need model of the underlying UV physics to determine the form factors a;(q1, 42)

Approximate its low-energy effects by an effective Lagrangian

2 (8)

Left = fww(b* wW*‘""mf‘p (qb*cb—) (Dudp)' D*p + - -- Z S

Gives leading terms for form factors, e.g. for hWW coupling

2m? | J
a, = ?:W( f@ )‘|‘2C Ji ‘|‘"'
f (8)
a, = 2) WWU+2C I_
; #(8)
_ B fww @) fi . 2
as = C( )ﬁv‘kgcz /\4 'Uq' —I—...

Describe same physics (for a particular vertex) by taking some minimal set of effective
Lagrangian coefficients f; as form factors
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W W Scuﬁer\'n_g anik unitarity
(.rv\s(icr va\a\'{-v\.ifnul W‘s

5 - + -
WoW > W ow,

Polurisation vector

M
M 4 m
g =£_+0(~E_vx> . A€
L LA m,.,
".*
W,
* ¥ T
vv":
(3
Sz O
—.q 4 Svm
m
ﬁw wJ v
S/ pe e
"w
4 ' for
h w 2
M"\—\_‘
- H /'/ \ - s>>W’|.|
/ ”"“\\ + :H
—nﬁr‘. l -
\\/‘.‘, ,l NN NN W‘—
S B
T
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( Vector boson scattering )

The m;, = 125 GeV Higgs will unitarize V'V —VV scattering provided it has SM hV'V couplings
—> Check this by either

e precise measurements of the 1V'V couplings at the light Higgs resonance

e measurement of VV—VV differential cross sections at high pr and invariant

mass
Full gg—qqV'V with VV leptonic and semileptonic decay is implemented in VBFNLO with
NLO QCD corrections and large set of dimension 6 and 8 terms in the effective Lagrangian
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( Going beyond dimension 6 )

Reason for dimension 8 operators like

Lso = [(D#cD)TD,,,cD}x[(D“cD)TDVq)]
Ly1 = Tr [WWW‘*ﬂ x [(Dﬁcp)fmcp}
Lri = Tr |WayWHP| x Tr [W,g W]

e Dimension 6 operators only do not allow to parameterize VVVV vertex with arbitrary
helicities of the four gauge bosons

For example: Lg  is needed to describe V V) — V| V| scattering

e New physics may appear at 1-loop level for dimension 6 operators but at tree level for some
dimension 8 operators

A ) _ -.gf . iTi ith (I) — O
Building blocks: D®=(0,+ Z§Bu + ng“? P wit = | vrH

N

W,Lw — igTI(a;LWV T apr T QEkaWﬁWf) 3
1
Bﬂ:l’/ — 59,(8#'81/ - 8VB"_1,) .
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Full set of dimension 8 operators (Ebolietal.) =% oo

m Distinguish by dominant set of vector boson helicities
m Longitudinal operators: derivatives of Higgs doublet field

05 = |(D,®)" D,®| x (D’“’CI))TD“(D}

)" D"o| x (D, ®)' D”@}

) D,o| x [(D"®)f D“(I)}

20 Vienna CES 2019 Dieter Zeppenfeld



Field strength €-> transverse polarizations A\‘(IT

Transverse operators Mixed: transverse-longitudinal

Or, = Tr W, W] x Tr [W, ;W] Opr, = Tr [W,, W] x | (D40)" DPa] |
Or, = Tr [Wo, W] Ta [W,,W] Our, = Tr [ W, W] x [ (Ds2)" D'@] |
Or, =Tt Wwwﬂ x Tr [W, W] Oy, = [B,B"] x _(Dﬁcp)TD%} ,

Op, = Tr [W,,W*]  x BB,

- OM = _BPWBVB} X [(Dﬁcb)TD'u(I)} ,
Oy =Tt Wwwﬂ x BB :

Ou, = | (D, @) Wy, D"0| x B,

O, = Tr Waﬂwﬂ x By, B"
7

L T v B
— B,,B" B,;B" ) Wi D2 ] x B,
— Puv af ’

(D, ®
= B,,B"’B,,B"*. Our, = :(D#cD)TWBVWB”D”cb] .
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(

VV—WTW~ with dimension 8 operators

)

f . . ~ -
Effect of ngf = % Tr [mew] x Tr [Wpﬁwav}

with T = fT_l constant on pp—>W+ W—j j—>e+vgp‘"?u jj

22

A4

e Small increase in cross section at high WW invariant mass??

Vienna CES 2019

do/dmyy [fo/GeV]
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(

VV—WTW~ with dimension 8 operators

)

Effect of constant T; = 1;11—41 on pp—WTW ™ jj—eTveu v,jj

0.1

do/dmyyyy [fo/GeV]

1e-06 }

1e-07 |

0.001 }

0.0001 f

1e-05 }

— sM
- T,=50/TeV*
R T1 25."]'19V4

500 1000 1500 2000 2500 SODU 3500 4000

myww [GeV]

e Huge increase in cross section at high myyy is completely unphysical

e Need form factor for analysis or some other unitarization procedure

Vienna CES 2019
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K matrix unitarization )

Im(a) 4

I=—

Comparison with Whizard,

ki
which has this method already implemented:

Re(a)

2
T

:l

|

do/d my, [fb/GeV]
S
wn
[

AC, VBFNLO

AC, K-matrix, WHIZ ——— 1
=1 AC, K-matrix, VBENLO

Ratio

24 Vienna CES 2019

Project amplitude kj, which exceeds (tree-

level) unitarity, back onto Argand circle
— K matrix unitarized amplitude a j
[VBFNLO implementation: Loschner, Perez;

following: Alboteanu, Kilian, Reuter]

Example: VBF-ZZ (e+e-u+u-)
good agreement between both codes
for longitudinal ops. at LO

— can now generate distributions
also at NLO via VBFNLO

Genessis Perez, Marco Sekulla
and Heiko Schafer-Siebert

[Kilian, Ohl, Reuter, Sekulla, et al.]

Extension to mixed and transverse operators via
numerical partial wave unitarization: work with

Dieter Zeppenfeld
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Off-shell VBS amplitude AN

m Assume new physics in VV>VV only Mipsagii = Moptoapsi + Mo

o
m SM part alone has vector boson j } ¢
emission, triple gauge couplings, H etc :
which interfere destructively j
- SM piece is unitary and small o _ _ ¢

ve J

(a) Vector boson emission (b) Quartic gauge interaction.

BSM v 1% V.
M =J, -V Jz—mfg D,uclx(%) Dyfa(qg)

pp—4fjj P p

®m > unitarize BSM piece only MEB7E D‘ “(gs) D DYi(a)
X VI V2_>V 1.’ ; Q3 6& q‘i

0
< Ty i Tissr

m V-propagators decompose into DI¥(g) = — (gw _ @‘”g“)
. . qg —my +imy 'y q
polarization sums ,
1 3 € (a0 Vel )

=73 2, -
¢ —my +imy 'y 5

: Vv BS a3vyo * *
m Defines -M A4iA1 Ao (Q1; q2; 43, Q4) = €M cx((h: )\1)6,1\/1,,3(@2; /\2) va%%%vi EM;Y(Q.%: A:a)“—M,é(‘ha /\4)

Dieter Zeppenfeld
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Partial wave decomposition and unitarity relation A\‘(IT
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®  S-matrix unitarity S =1+iT, T, = (27)*0(P; — P) Ty,
MmT = —i (T _ TT) — T'T = 7T

m Implication for

helicity amplitudes
M)«:%)\fﬁ—).l)\z = 7}5 1/2(S’q”*3’q’2‘*’1)d§2

85(2:{)‘

Z diq NI
T*_l f 0 S 27]— 4(5 Pi_ n,3 ~ Un Sn’?::fn
' oy yamy 2, o) O = s = ) Sn Ty

—_

"

» Projection onto j<=2 partial waves

de.x

iAzq
M/\:%/\rﬁ—)\ﬂz (6 '50) - Sﬂ-Nf'i Z (23 + 1) Az M )\zd)\lg/\34_ (@) e

j=max(| A2 A4l )

m Partial wave unitarity relation

. N2(s,q2 5,00 4) - :
j ru nf n,3: Yn.4 2 : j* J
21111(./4)\3}‘4(_).1)\2 E Nf s Sﬂ -/4 )\;)\!2{—)\3)‘-{1.'4)‘{1 )‘.fg‘x—)\l)\g
T, L3

! !
" A1,A2
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Partial wave decomposition and unitarity relation

®  S-matrix unitarity S =1+iT, T, = (2n)'6(P; — P) T},

27

MmT = —i (T _ TT) — T'T = 7T

Implication for
helicity amplitudes

271— Qeri 271— 2q”4

. 3d’°qp,
T}_lZf A3 Ao (27)*0(P; — g3

SKIT
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- Qn.:l) Sn 7::}7:11'

—_

"

M — T A2 (5,02 5.2 )
A:})\df—AIAQ - f‘!. .3 .4 dQ2

85(2:{)‘

Projection onto |<=2 partial waves

de.x

iAzq
M/\:%/\rﬁ—)\ﬂz (6 '50) - Sﬂ-Nf'i Z (23 + 1) Az M )\zd)\lg/\34_ (@) e

j=max(| A2 A4l )

Partial wave unitarity relation

j =3 Y /
21111(/4)\3}‘4,\;)‘1}‘2) — A l;)\rz'i—A:a)‘f1“4A’i)\’2<—A1>\g

1 ! !
ALA

Vienna CES 2019
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Unitarization of tree level amplitude: T, 2> T, SKIT
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K-matrix (also called T-matrix) procedure for on-shell hermitian T,

) —1 —1 :
1 1 1
T, = (]1 — %T(T]) 5 (T[J + T(T]) = (]1 T ZTOTO) (TO + §T0T0)

General virtualities = T, not normal for off-shell VV>VV

Must distinguish A, .= M,‘\gz)\,l;,xl,)\g(Q:aa q4;G15q2)

A, = Mﬁ\g;)\,i;,kl,)\z(k:a: ky; Ky, kz)
Ay = MJ\g:Ad;Al,)\Q(Q’:—;a q4; ko, k?)

uni 1 - 1
Use t{—; — (]l + ZA‘t{—SAS{—f) (At-:—s T EAH—LAu—s)
Alignment problems avoided by using largest eigenvalue of denominator
unit 1 . - 1
u—; = (]l + ialzna.x) (A‘f<—s + EAtet,Ates)

Defines T, model

Vienna CES 2019 Dieter Zeppenfeld



Example: same sign WW production in VBS

a Definition of fiducial phase space region

mee > 20GeV, m;; > 500 GeV,

Pl >20GeV, ph>30GeV, pS > 30GeV
‘774?‘ < 2.5, ‘773" < ), Anjj > 2.5.

m Jets defined with anti-kT clustering and R=0.4

29 Vienna CES 2019
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Comparison to K-matrix

1071

do/dM [fb/GeV]

—_
o
|
|

10—2?”.._”””””;””””“””””“f””““”

pp— WWT55 — vl tygg

Fg =218 TeV™* EFT
Fs,= 60.0 TeV~*, T-matrix :
—— Fg=60.0 TeV~*, T, model E
—— SM _

107" ﬂ
10—? _ i I | ,-_".rt-..n [
00 1000 1500 2000
M(0+6)[GeV]
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Excellent agree-
ment between
different unitari-
zation methods

Fs, = fs, /A
coefficients
adjusted for
unitarized
models to
reproduce pure
EFT cross
section €<
CMS limits on F
from ssWW
analysis
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Mixed and transverse operators

do /dM [fb/GeV]

f—
i
E

31

- = WA = ol
i : Far= 5.9 TeV—", EFT
— Fy,=14.5 TeV™, T, model
107} — SM E

—
T
[=r}

1077

IUiOU 15i00
M(£+)[GeV]

107"
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pp — WIWti5 — 0tudtygg

Fr,=0.65 TeV™*, EFT
—— Fr,=1.60 TeV~*, T,, model |

; ; ; Hﬁn’kﬂ '
500 1000 1500 2000 2500
M(£+0H)[GeV]

Unitarity bound depends on whether j=0,1, or 2 partial waves dominate

Larger deviations allowed for transverse than for longitudinal operators

Vienna CES 2019
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Incident W polarization: pT(j,max)

pp — WIWT57 — (Tudltygg

10_2 3 ! !

: : : « Enhancement at small

_ 5 pT(j,max) is sign for
07k 3 predominant longitudinal

= .
© scatterin
@ i g
—~ X : : :
2 104 : : : : . i
% L L e Ly A 9  Typical off-shell behavior
S r 5 5 - : P
" = : |
2 - J_E r""_r_ M ~[s? + (q,° + 0,° — G3° — q,%) SJ/A?
ﬁf - | s
) _ Fr,= 0.65 TeV™, '  Unitarization suppresses
IS | — Fr,= 1.60 Tev*, T, model | | 5 ; | large incident virtualities
W07H . F=218 TV, EFT |~ i T 14 > pT(,max) shapes
| —— Fs,=60.0 TeV™, T, model | - : ! ' depend on polarization
i | —— SM . . : | On'y
10~ - _t ! — — - -
0 200 400 600 800 1000 1200 1400

PT,ma.X (.]) [GE‘V}
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comments = ittt o Tcholgie

Unitarization changes shapes of distributions

m Our T, model supresses high VV invariant mass and large
Incident virtualities: similar to what one expects from loop
functions

m Unitarization is not unigue - additional model dependence

m Some form of unitarization (or form factors which avoid tree level
unitarity violation) should be included in experimental anlysis of
EFT coefficients
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Unitarization changes shapes of distributions

m Our T, model supresses high VV invariant mass and large
Incident virtualities: similar to what one expects from loop
functions

m Unitarization is not unigue - additional model dependence

m Some form of unitarization (or form factors which avoid tree level
unitarity violation) should be included in experimental anlysis of
EFT coefficients

m BSM deviations near unitarity limit are extreme models!!! More
reasonable to expect modest deviations in distributions at lower
VV invariant mass =»need for precision comparisons of data
with SM predictions (talks by Denner, Mistlberger)

34 Vienna CES 2019 Dieter Zeppenfeld



Conclusions IT
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m SMis still doing extremely well

m Strong motivation to go beyond SM: dark matter, CP
violation and baryon asymmetry, naturalness...

m Search for extra scalars extremely important
m Measurement of Higgs couplings is entering precision era

Progress on both extremely impressive and exceeding
expectations!!!

m Great progress on EW and QCD corrections
m Vector boson scattering Is starting to enter the game

Great times ahead of us
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Backup
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Decoupling in MSSM ﬂ(".

Higgs potential in the MSSM produces distinct mass relations at tree level

1 2
mi,mi; = 5 {mi +m5 + \/('mi +m%)" — 4m%m?% cos? 24
m = \/m2 +m2, >m
H=* A W W

Mixing angle « is also fixed by masses and tan 3

2 (11:2 yi
cos(p—) = 1 A=)
A\VTTH h
Behaviour for ma > my:
mE o~ ma~my,
cos(p—a) = m%‘::;z 16 — 0 for my—o0 (decoupling limit)
A
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( Decoupling limit for fermions )

Consider limit sin(3 —a)—1, cos(ff — a)—0
e hbb, htT:

sin &
— = si —a) —t — 1
cos B sin(f —a) —tan B cos(ff — a) —
o hit
cosa . cos(p — &)
sinf3 sin(p — ) + tan 3 !
e Hbb, HtT:
cos & .
cosB cos(f —a)+tan B sin( — ) — tan 3
o Hitt:
S?I‘HX _ cos(f—a) — sin(f3 — «) - —1
sin f3 tan 3 tan 3
38 Vienna CES 2019

In the large m 4 regime

e light h couplings to
fermions approach SM

values

e Hbb (and Abb, H/ATT) cou-
plings are enhanced ~ tan 3

— potentially large cross

sections at LHC

Dieter Zeppenfeld



elementary-composite mixing? A\‘(IT

m UV theory as pure gauge theory without elementary scalars

—> conserved fermion number, represented by continuous fermion line
m Example: QCD case of pn scattering by pion exchange

5
\’ 4*
T
1l
|
’,
= Y s /
?—1
|
v

m  mixing of elementary fermion with composite fermion???

4 i
| Ye,?.uw> S é % { '/\l/c_OMyvbi’te,>
L 0 o

m  Fill in the box: Would like to understand mixing in terms of elementary fermions
of UV complete gauge theory model without scalars....

2 4
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