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LEP vs LHC

m Measuring Higgs properties is the most concrete
particle physics goal of our times.

m Indirect deviations can constrain scale much higher
than direct searches.

m Eg.:The 5,T parameters at LEP constrain certain
kinds of new Physics to scales higher than a few TeV.
Much higher than LEP energies.



LEP vs LHC |I

m Can LHC compete with LEP ? Can LHC searches give
us new information that LEP does not provide ?

m EFT techniques show that many anomalous Higgs
interactions were already probed by LEP.

m Only way to compete with LEP precision is by going
to higher energies.



+ Anomalous Higgs interactions at
dimension-6 level

LEmeY = g h [WHRW L + Z'Z,| + gsn b + g (hfLfr + h.c)
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+ Anomalous Higgs interactions at
dimension-6 level

LEY = gy h |[WHEW S + — > Z'Z,| + gsn b + g (hfLfr + h.c)
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| Higgs interactions to be directly measured for the
first time at LHC.
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 EFT techniques imply many of these
Higgs deformations not independent
from electroweak precision/TGC

deformations already constrained by
LEP.

* Same operators give both Higgs and
EW deformations



+ Anomalous Higgs interactions not
constrained by LEP
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+ Anomalous Higgs interactions
already constrained by LEP

LEmeY = g h [WHRW L + 2 Z'Z,| + gsn b + g (hfLfr + h.c)
1%
+ Kao hGA’wG y T Ky ﬁA VA#,, + h,Z,ytgw hA VZ#,,,

h h
AL, = g%y, 20 hZFZy, + g — 5o (ZuTiy +he) + g — (Wi JE + hec.)
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 EFT techniques imply many of these
Higgs deformations not independent
from electroweak precision/TGC

deformations already constrained by
LEP.

* Same operators give both Higgs and
EW deformations



EW and Higgs Pseudo-observables

(1) Higgs observables (20):
AW+ W 1'24'4“,,,44‘“", h,AW,Z"“ hG,, G* h2f f hZz,, Z"
Qv

hWHW -, hff, h? hZ,fr.rv" fLr

These contain the physical Higgs probed for the first time at LHC
in Higgs Production/decay
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EW and Higgs Pseudo-observables

(1) Higgs observables (20):
AW+ W 1'24'4“,,,44‘“", h,AW,Z"“ hG,, G* h2f f hZz,, Z"
Qv

hWHW -, hff, h? hZ,fr.rv" fLr

These contain the physical Higgs probed for the first time at LHC
in Higgs Production/decay

(2) Electorweak precision observables (9):

Z,fLrY" fLr WHHa~,d;

These were measured very precisely at the W/Z-pole in W/Z decays.



(1) Higgs observables (20):
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EW and Higgs Pseudo-observables |I

These contain the physical Higgs probed for the first time at LHC
in Higgs Production/decay

(2) Electorweak precision observables (9):

_ | p—
Zqu.R?‘“fL.R W ”UL’Yde
These were measured very precisely at the W/Z-pole in W/Z decays.

(2) Triple and Quartic Gauge couplings (3+4):
ooy 20 (WH Wy — W) ZZWW
A WH*W™W, W,
K~ Sg,, A*Y W: W,\ L
AySow AW PW These were measured in
ee->WW process at LEP.
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Organizing principle: Effective Field Theory

(EFT)

m Only 18 independent operators generate above vertices:

On = 4(0#|H]>)?

Opp = ¢*|H|*B,,,B"™
Occ = g:|H|*G, G

2
Op = % (Hfﬁuy) BVB,”,

Opp =ig (D*H)'(D"H)B,,
Oaw = %geach:VW,prmp”

OH‘V = Zg(DMH)TO'a(DVH)W;:V

Oy, = 'yU|H|2QL FIUR

Oyd = yd|H|2QLHdR O = y€|H|2ZLHeR

O — (iH'D, H
O] = (ZHJ'D H)(Quy"Qv)
0" = (iH'0" D, H)(Qro"v* Q1)

)(2rY ur)
)(

O — (iH' D, H)(dry*dg) | 0% = (iH! D, H)(e

nl‘eR)
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Correlations between observables

Many Vertices

180 t
perators /pseudo-observables

— 1 P 212 _» 9 | / / YL Q5
On 12( Ifi' ) 9 C)BB _g"’|H|”BuVBIAV 1144;[1/x4w/. h;’llulzwl h‘Gm/Gml h
Or=3 (H D#H) Occ = g3|H|* G}, G hWHW= h )L—f h3 f
O = A H|® Opw = ig(D*H)to®(D" H)W, poroee hZqu,R”T R
Ow =12 (HfaaﬁﬂH) D*Ws, Opp = ig(D*H) (D" H)B,,
Op = % (H fﬁ" H ) 9" By Osw = %geach; v‘,V:Ppycpu
0,. = yu|H|*QrHug Oy, = ya|H*QrHdr O, = ye|H|?LLHer
O% = (iH' D, H) (i ur) 0% — (iH'D,H)(dpy*dr) |04 = (iH' D, H)(erv"ex)

0% — (iH' D, H)(Q17"Qr)
oY1 = (iH"a“E,.H)(QLU'J’T“QL)

ey 7P (W*”Wu‘v _ w-VW;V)
Ry Sty AWW; Wu_
Moy AP

# of contributing operators << # of vertices/pseudo-observables
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18 EW and Higgs Operators

On = 5(0"|HP)?

“ 2
Or =4 (H'D,H)
O = A HI®

0,. = yu|H|*QrHug

O = (iH' D, H) (ary*ur)
o _
08 = (iH'D,H)(Q11" Q1)
o = (iH"a"BpH)(QL”a'T"Q")

|

18 Operators Many Vertices/pseudo-observables

At any given order
Number of contributing operators
<< Number of vertices/pseudo-
observables

Correlations between different
vertices/observables

hZ,frry fup

WﬂﬂL’yudL



==
More observables than operators !

When expanded one operator gives rise TGCs
to many T
deformations/vertices/observables. r A \

T

(H'o®H)W2,BW ——> I’ [W,;"*u B* + 2igeq, Wy Wi (AMY —tq,, Z‘”’)]

h=v+h
¥
Hi
- 1 Operator but 7 observables

!

S-parameter



+ Anomalous Higgs interactions
already constrained by LEP
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+ Anomalous Higgs interactions
already constrained by LEP

h h , .
Rt pyyr— -
+ KWW —H H y T hZZ Z Z#V
c h Z 2 e? v
097z =091 €" — Oky5—,
Ow
gl = 209% — 2567 (9% a0,y + Q520 ) + 26k, Y 20 z Ahvsp = 2094 — 20989 3.
W

1
Rz7 = ﬁ((sh,y + H“Z’YC29W + 2K77C§W) 3 KWW = (sh',,y + ﬁZ’y + 2}'{,,),,7 ,

ow

RSG, A. Pomarol and F. Riva (arxiv: 1405.0181)



If these predictions are not confirmed, one
of our assumptions must have been wrong:

(1)h not part of a doublet.

(2) Scale of new physics not very high and
dimension 8 operators cannot be ignored




If these predictions are not confirmed, one
of our assumptions must have been wrong:

(1)h not part of a doublet.

(2) Scale ¢ ohysics not very high and

dimension 8 operatory cannot be ignored

Dim-6 correlation violations can be
mapped to dim-8 Wilson coefficients

Bertuzzo, RSG and C. Grojean (in progress)
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+ Anomalous Higgs interactions
not constrained by LEP

A

D]

Alwpsy = cyvgh'(W?+2Z%/2¢,) + cgh® + % [eww W, WH® + cppg” B, B
+ Cyfyf(iISfoR_*-h'c)r T h=v+h
PG G
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H HOgy >‘ - W“"W_, g Ys(h)
8 operators ’ HI*|D,H Redefining 8

parameters in

‘ |H|° the vacuum

‘|H|2 foH fr + he.
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+ Anomalous Higgs interactions
not constrained by LEP
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Anomalous Higgs interactions
not constrained by LEP

s 8 Higgs Primaries

8 operators

WA AP h 4/,,,7’”’ /161,,,("’
hWWHW. hff, b’

These operators could never have been probed at
LEP as they only redefine 8 parameters in dim-4
Lagrangian in the vacuum.

|

Constrained for the first time by LHC!



+ Anomalous Higgs interactions
already constrained by LEP
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+ Anomalous Higgs interactions
already constrained by LEP
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Example: h ->Z1f
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* Only way to compete with
LEP 1s to go to high energies.

* Rest of the talk: ZH production
at high energies



==
ZH production at LHC

m The following vertices in the unitary
gauge contribute:

W/Z
AL D ) 897 Z,fr"f + 0gu(Wiurydy + h.c.) .
! q < H
1 VA
+ gyvh [W+“W,,_ +=5—2"Zu| + 0957 h—" q Wiz
2cy.. 2c;.., Wi
h
+ Yoy =B f Gl (Wit he) .
f q N\ H
h h h
+ Kgy— A" Zyy + kww =W W + kg7 — 2" 7, 9 W/Z
v v 2v
q SO H

Banerjee, Englert, RSG and Spannowsky
(work in progress)



==
ZH production at LHC

m The following vertices in the unitary
gauge contribute:

ALs D Z5gszyf’Y”f + g0y (Wihay"dy, + h.c.)
f q W/Z




+
ZH production at LHC

m The following vertices in the unitary
gauge contribute:

ALs D Z5gszyf’7“f + g0y (Wihay"dy, + h.c.)
f q W/Z

Leading effect from contact interaction at high energies.
Energy growth as there is no propagator.
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ZH production at LHC

m The following vertices in the unitary

gauge contribute:

AL 0
6 - Zf: SILH Basis Warsaw Basis W/Z
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+ gyv ! .
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O% = (ary*ur)(iH' D, H) ~ H

2
@ Orw = ig(D*H)'o* (D" H)W;
OHB = ZgI(D”H) (DVH)

F
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RZ~— a
T Rzy L Ow = _2(D#W;w)2

1
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ZH production: High energy primaries

m At high energies four directions in EFT space are isolated
by high energy ZH production.

h . 1 3
gZuLuL - _(CL _ CL)
cg,, A2
0“" q W/Z
2
h . g v, 4 3
9zd,d;, = T F(CL"'CL)
W
h g v u q \\
9Zuufr = s A2CR ~ H
w
2
h _ 9 U_Cd
9Zdpdy = co. N2
W

WARSAW BASIS



ZH production: High energy primaries

m At high energies four directions in EFT space are isolated
by high energy ZH production.

Gy, = 200700, — 2097 (97 cooy, +€Qsopy, ) + 205,9'Yy Cg: q W/Z
gg‘dm = 259ZdeL - 28g7 (g7 7 Cayy + €QS20y, )+ 20k,9'Y3, c:z::
Ghowes = Webuges = W gfems + Qo)+ BigVig™ g S
G2andn = 209704, — 2007 (97 ooy + €Q520,,) + 20,9V, ::

CORRELATIONS (BSM PRIMARIES) RSG, A. Pomarol and

F.Riva (arxiv: 1405.0181)



ZH production: High energy primaries

m At high energies four directions in EFT space are isolated
by high energy ZH production.

2 t2

m ..
g%uLuL = —i—;v(cw + CHw — Cow — ﬂ(CB +cup — C))
Coy A 3 q W/Z
h g m%v tgw
9zd,4, = _@F(CW +Ccaw — Cow T ?(CB +ciB — 2B))
g}ZLuRuR = 303 . A_‘;,(CB + CHB — CZB) q h ~ H
w
2982 m?
ggdndn = ‘FO“A—EV(CB +Cp — CoB)
W

SILH BASIS (UNIVERSAL MODELS)



ZH production: High energy primaries

m At high energies four directions in EFT space are isolated
by high energy ZH production.

52 2
g Sp b /&
Dpugu, = o ((Cow + %)591 +W - ?(5 — 0Ky — Y)) q W/Z
o2 9
. — (c5 — Sty —W5gZ + W + fay W8 — bk —Y)
97d4,d, — Con bw 3 9 3 v ) .
h 4gsgw ’ S
W
2982 .
honse = ~ 33 (8 =05, ), b7 =)
w

CORRELATIONS (UNIVERSAL MODELS)



ZH production: High energy primaries

m At high energies four directions in EFT spakte are isolated

by high energy ZH production.

h _ g sgw 5 tgw S' B
gZ“L“L _ —C'T (COW+T) gl _?( - K")’_
0 [, 8 ;
oo, = 2 (6, - 0t 4+ 2(E - 0w, )
4955,
Ghuren = 3" (8 =852+l 87 =)
293?,
ggd{{dﬂ = 363 — (S 5'9 -l_cou ng Y)
W

CORRELATIONS (UNIVERSAL MODELS)

)

q W/Z

Franceschini,
Panico,Pomarol, Riva &
Wulzer
arxiv:1712.01310



==
ZH production: LHC vs LEP

m These vertices can be thus measured in this
process. For eg. At high energies:

() S

- Jr 2m AT
M(ff = Zih) = 74 A2 [1+ 277 2]

m LEP constraint: 5-10 % level, 0.2% level.

m To be as sensitive as LEP, LHC needs to measure this
process at 30 % level because of energy enhancement
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ZH production: LHC vs LEP

m These vertices can be thus measured in this

process. For eg. At high energies: Factor of 30
h X

q-Js2mg 9z &

M(ff = Zgh) = g#+—-L= [1+ JJ ]
v S 95 ,

m To be as sensitiyeas LEP, LHC needs to measure this
process at level because of energy
enhancement
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ZH production: LHC vs LEP

m These vertices can be thus measured in this
process. For eg. At high energies: Factor of 30

1

- Jr2m gh e 3
sz = I |1 ]
f

2 2
_ 9 (2 4+ Sy e = ow g —Y)
2 (@, + *ysgf + W - B(8 - 8, - ¥)

v

1 % level constraint possible ?

m LEP constraivel

m To be as sensitive as LEP, LHC needs to measure this
process atélevel because of energy
enhancement
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ZH production at LHC ‘l

W/Z
q “VH
m Can 30 % accuracy be achieved in high
energy bins for this process ? q Wiz
W/Z
m Use of subjet techniques for boosted h->bb N
required to remove 100 times larger Zbb g N
background.
q W/Z
Banerjee, Englert, RSG and Spannowsky q N H

(work in progress)
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ZH production at LHC

W/Z

m Can 30 % accuracy be achieved in high

anarmr hine far thice nrnrace ? q - W/Z

See Shankha’s talk for details of this study.

N
q/\-@“\

Banerjee, Englert, RSG and Spannowsky
(work in progress)



Four channels:

Diboson production at LHC |I

m ZH—GOH m These different final states are
connected by more than nomenclature.

m WH—G'H

m At high energies longitudinal W/Z

m WWV—G* G production dominates.

m WZ—G*GO m Using goldstone boson equivalence
theorem one can compute amplitudes
for various components of Higgs

- doublet in the unbroken phase.
® = ( (v+ H) +iG° ) m Full SU(2) symmetry manifest
V2

Franceschini, Panico,Pomarol, Riva & Wulzer
arxiv:1712.01310
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Diboson production at LHC |'

m ZH—GOH m These different final states are
connected by more than nomenclature.

m WH—G'H

m At high energies longitudinal W/Z

m WWV—G* G production dominates.

m WZ—G*GO m Using goldstone boson equivalence
theorem one can compute amplitudes
for various components of Higgs

o+ doublet in the unbroken phase.
¢ = H '\;EGO m Full SU(2) symmetry manifest
2

Franceschini, Panico,Pomarol, Riva & Wulzer
arxiv:1712.01310



Diboson production at LHC

Four channels: Amplitude High-energy primaries
ﬂ'LdL — WLZ L WLh \/iagg')
m ZH—G°H
urup - W W QG
H—-G" 7 aq ' +a
=W f deL —> ZLh * 4
s WW—G*+ G- JLdL — WirWr, a,(l) B a(3)
Urur —> ZLh e 7
n WZ—G+GO

V and V'V processes
amplitude connected b
symmetry. They constrai
the same set of

observables at high

Franceschini, Panico,Pomarol, Riva & Wulzer
arxiv:1712.01310



Diboson production at LHC

Four channels: Amplitude ngh—:ner gy I:Lrlmarles
’l_l,LdL —y WLZL, WLh 9zdrd;, — 9Zupuy
m ZH—G°H V2
N upur — W Wy, X
m WH—G'H (ZLdL — ZLh gZdeL
n WV—G* G drdr, — WrWy N
— gZuLuL
Urur — ZLh
m WZ —>G+GO
fRfR — WLWL, Zrh gngfR

V and V'V processes
amplitude connected b
symmetry. They constrai
the same set of

observables at high

Franceschini, Panico,Pomarol, Riva & Wulzer
arxiv:1712.01310



Diboson production at LHC

< \ W2
Franceschini \
Four channels: 0.10/ \ LEP
et al : \
‘\
\
m ZH—G°H _ \
0.05 \
I A
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m WW—G* G é 0.00- \‘ .
\
\
m WZ—G*G° ‘\‘
~0.05} \
- \
‘\
V and VV processes [ This work )
amplitude connected b -0.101 \ -
symmetry. They constrai e B o
the same set of -0.04 -0.02 0.00 0.02 0.04
69-1Z

observables at high

Banerjee, Englert, RSG and Spannowsky

(work in progress)



Diboson production at LHC
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Diboson production at LHC .

\ Wz
Four channels: 0.101 ‘\‘ LEP 1
“ \‘ “
m ZH—G°H : \‘
0.05 \
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m WH—G™H » 71 \\
, \ _
s WW—GCG+ G- d:'; 0.00 - \\ 1
Re) \ .
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: v

V an See Shankha’s talk for details of this study and final plot . _

amplitude connected b -U-W{ / - v 1
\

o0, N NN . ]

symmetry. They constrai
-0.04 -0.02 0.00 0.02 0.04
oaZ
g1

the same set of
servables at high

Banerjee, Englert, RSG and Spannowsky

(work in progress)




Conclusions |I

m Can LHC compete with LEP ? Can LHC searches give us new
information that LEP does not provide ?

m EFT techniques show that many anomalous Higgs
interactions were already probed by LEP.

m Only way to compete with LEP precision is by going to
higher energies.

m ZH production promising example channel. We perform
collider analysis for Z(1l)H(bb) final state using subjet
techniques.

m ZH,WH, WZ, WW intimately related by symmetry. Probe
same plane in EFT space at high energies.



