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Aim of this talk: Discuss LHC inspired effects for linear collider:

10000 | g9 — H — 22 — tivgig, Myy=125GeV 12
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> 1. Off-shell contributions in H — V'V g — e | B
[1206.4803; Kauer Passarino: 5; 0.01 o ] X
. . . S ©
Inadequacy of zero-width approximation = o000t | ]
for a light H boson signal] < e L | =
Further elaboration: [1305.2092, 1310.7011; Kauer] 108 LI e i
[1307.4935; Caola Melnikov: Constraining the Higgs B S

. . . 100 2‘00 3‘00 ri‘ﬂﬂ 500 600
boson width with Z Z production at the LHC] My [GeV]

Further elaboration: [1311.3589, 1312.1628; Campbell Ellis Williams]

Application: CMS [CMS-PAS-HIG-14-002, 1405.3455], ATLAS [ATLAS-CONF-2014-042]
— Obtained bound Ty < (5 — 7)T'5M

Further comments: [1310.1397, 1405.0285, 1405.1925, 1406.1757, 1406.6338]

> 2. Interferometry with background in H — ~~
[1208.1533, 1303.3342; Martin: Shiftinthe H — ~~ mass peak from interference with background]

Further elaboration: [1303.1397; de Florian et al., 1305.3854; Dixon Li]

— Can also be investigated at a LC!
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Production mechanisms ita
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Main production mechanisms of the SM Higgs at a LC:
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Off-shell contributions in H — V'V (*)

Theoretical background using H — Z Z(*)

Discussion of off-shell contributions mzz > 2mz in H — ZZ™)
Breit-Wigner improved ZWA

do‘lz/\l;/viz VDO H 2mzz mnrllazz(*)(m”)
=0 (mH) 2 22 2
dmzz (m%z —m%)* + (mul's) m
<dO'OfoVZZ> :JUDH(mZZ) 2mzz ’fnzzFHA)ZZ(*)(TnZZ)
dmzz (M%7 —m¥)? + (muln)? ™

Second equation describes ete™ — vzZZ™ at LO!

Consequences:
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Off-shell contributions in H — V'V (*)

H — 27)

Quantification for H — ZZ*) as function of \/s:
|5|gnal|2 (black, red - average over ZZ pairs), |signal + background|2 (blue)
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Off-shell contributions in H — V'V (*)

H — ww ™)

Quantification for H — WW ) as function of /s:
|5|gnal|2 (black, red - with - channel Higgs), |signal + bacquound|2 (blue)
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Off-shell contributions in H — V'V (*)

Relative contributions

Relative contribution to the total signal cross section: Pol(e

*e7) = (0.3, -0.8)

u
myv d
H d Ox .
With ox(myy,myy) = / dmyv [ —— we define
md dmyv
vv
zZvv vovv
zvv _ Ooff (130GeV f* mz) and A,,,jvv _ Ooff (13OGeV \/g)
off = oZVV off - oVPVV
og’ (0,15 —mz) oui "V (0,1/s)
ZZZ ZZZ vZZ zZZz
Vs Tt Aot oo agd
250 GeV 3.12(3.12)fb 0.03(0.03) % 0.490fo 0.12%
350 GeV 1.71(1.82)fo 1.82(7.77) % 1.911b 0.88%
500GeV || 0.802(0.981)fb | 7.20(24.1)% 4.78fb 2.96%
1TeV 0.242(0.341)fb | 30.9(50.9) % 15.01b 13.0%
NS o ZWW AZWW LW W AYFWW
250 GeV 76.31b 0.03% 3.98(3.99) fb 0. 13(0 12)%
350 GeV 41.4fb 0.92% 15.5(15.5) fb 0.49(0.43) %
500 GeV 18.61b 2.61% 38.1(38.1)fb 1.21(0.96) %
1TeV 4.581b 11.0% 110.8(108.9)fo | 4.45(2.78)%
Comments:

> Ao independent of the polarisation.
> For H — ZZ — 4l off-shell contributions accessible by m.;.

+ For H — WW — 2[2v not directly accessible! ++ Coupling extraction!
> Important: On-shell XS strongly dependent on Higgs mass, off-shell not!



Off-shell contributions in H — V'V (*)

Relative contributions

Comment on the background:
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102k 1TeV 1.71fb 4.40(10.2) % 16.71b 11.6%
10 F v vo
) } Vs Jﬁww ASZBWW ol ww ASBWW
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Usage of off-shell contributions ita
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What can be done with the (basically m independent) off-shell contributions?
> They are needed for and allow to test unitarity in WW — WWw!
> They allow to test the influence of higher dimensional operators and thus
can probe composite Higgs scenarios!
see e.g. [hep-ph/0301097, Barger Han et al.]
Current study with e.g. ete™ — v 4 4jets: [1309.7038, Contino Grojean et al.]
> They can test anomalous > In the pure SM (without NLO effects) they
HV'V couplings and allow to set a bound on ' !

extended Higgs sectors! Note: Precise Higgs width determination
from Z recoil method is safe from off-shell

effects for low /s!
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Testing extended Higgs sectors ita
‘e i

In SUSY/2HDM with tan 8 = v2/v1 two Higgs doublets H; and H, form:
> light and heavy Higgs h and H (with Higgs mixing angle «)

> pseudoscalar A.

It yields: gnvv =sin(f — a) o girvy = cos(8 — )
Forsin(8—a) < 1on-shell H interferes = WE j
with the off-shell contributions of A. % o | | | | |

Y ete™ = urZZ, 5 = 1 TeV

£ g [| ZHDM. 5 = 1, 550 = 1/0.99/0.95)
For large my combinationof hand = Pol(c*,e”) = (0.3, —0.8)

=

guarantees unitarity.

Example: 2HDM
with my, = 125 GeV, my = 600 GeV




How can the width be determined from off-shell contributions?

da'gz _o'ZH(TfL ) 2mZZ mZZFH%ZZ(TnZZ)
dmzz M2, = mE)2 + (muln)? ™
zZz ZH FH%ZZ(mH) QEIS\}%/
Mzz=my: [ dngz: o5” =" (mu) o
FH FH
dng ZH QmZZZFHA)ZZ(mZZ) 4
Mzz > My : Ay = (mzz) ﬂ_(mgzz — m%,)Q X gva(mZZ)

If g°° and g(m ) are related ) you can extract the width I';!
If you get an upper bound on g, you get an upper bound on I' ;!

There is one more thing:

Experiments measure the “signal strength”.
dUZZ dO_ZZ

zzZ __ zZZ S — SM
0s = MOsm, dmian ‘u(mzz)dmzz

It yields:



Off-shell contributions in H — V'V (*)

Bounding the Higgs width

Application of the method by ATLAS and CMS (only H — ZZ — 41/212v):

Bound on p(mzz) = pofi-shell g Bound on 7 = 'y /T5M
< 14 T T T T ™7 < 14— T T T T T

12F ATLAS Preliminary

A " 12F ATLAS Ppreliminary
[ 212v+4l combined .

[ 212v+41+4l,,.,,, combined

10f- 5 =8Tev: JLdt=203 0% 10f-V5=8Tev: JLdt=203b*

[ --- expected with syst. - expected with syst.
=+ expected no syst.

[ — observed

[ -+ expected no syst.
[ — observed

[ATLAS-CONF-2014-042]

5710 12 14 8710 12 14
Hot.shel e
Bound ATLAS: pift-shet < 5.6 — 9.0 Bound ATLAS: r < 4.8 — 7.7
Bound CMS: r < 5.4
[CMS-PAS-HIG-14-002, 1405.3455]



Off-shell contributions in H — V'V (*)

Bounding the Higgs width

Application of the method by ATLAS and CMS (only H — ZZ — 41/212v):

(%) SM

Bound on p(mzz) = pofi-shell — Boundonr =Ty /T% -
E T T T T ;g T T é T T T T T T ] 3
o 12F ATLAS Preliminary o 12F ATLAS Preliminary A ,v_
212v+41 combined [ 2l2v+41+dl,, ,,, combined ] 8
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Events N

Off-shell contributions in H — V'V (*)

Bounding the Higgs width

Bounding the Higgs width using e.g. eTe™ — v + 4jets:
MadGraph with AR,J‘ > 0.4, |yj| < b, pr,; > 20 GeV, PT,45 > 75 GeV

L ete”™ — v+ '1je‘t>
10 /5 = 500 GeV
Pol(c*,e) = (0.3, -0.8)
10?

[Ldt = 5001

400 5})0
my; [GeV]

100 200 300

100 F

Events N

107 ¢

10'E

10 H

ol

eTe s up+ djets
VE=1TeV
Pol(c*,¢7) = (0.3,-08)

200

800 1 [;00
my; [GeV]

400 600

ete” — v+ 4jets

Vs =1TeV
&Pol(e*, e) = (0.3,-0.8)

N(r)/N(1)

Rescaling couplings and the width (assuming pure SM!!!):
N(r) = No(1 + Riv/r + Rar) + Ng with =Ty /T3

NG 350GeV | 500GeV 1TeV
No (fLdt = 500fb~ 1) 263 1775 8420
Ry —0.017 | —0.010 | —0.098
Ry 0.026 0.019 0.048
Limiton r (fLdt = 500fb— 1) 4.1 2.5 2.3
Limiton r (fLdt = 1ab™1) 3.2 2.1 2.0

Main limitation:
Negative interference
(same@LHCQC)!

In contrast to LHC:
Pure tree-level processes!



Signal-background interference in H — vy

Interferometry with background

2

etem Z‘qw
V5 = 350 GeV
Pol(et,e”) = (0.3, -0.8) 4
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. Interferometry with the background in H — ~~y

e

/5 = 350GeV
Pol(ct,e7) = (0.3, -0.8)

124.97

Applied cuts: E, > 20GeV, |ny| < 2

125.00 125.03

m., [GeV]

o ——— Y

7 et ——a—s A
5
5
= T e 3z '
< 120 Y
) V3 = 350 GeV
= 10 Pol(e,e7) = (0.3, -0.8)
£ W
=
£ 60
4
20
0
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m,,, [GeV]




<) Signal-background interference in H — vy
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Interferometry with the background in H — ~

sig .
do _ S Lot
2 232 2 12
dmyy  (m2, —m%)2 +m3{Ty
; 2 2
do'™t _ (m’y’y - mH)R +mulul int
- 2 2 )2 2 12
i (m3y —mi)* +my Ty

s
Zm%{FH
o nl
" 2mn

Relevant part: R induces shift of the peak without changing the incl. XS!

=
Smearing due to detector resolution: %
Gaussian G with e.g. 6¢ = 1GeV T
do® i .a\ do ?
pr— = /0 dmﬁWG(mW — mfw, o )7dm’w O§
S}
=
— Visible shift Amy of the mass peak!
Depending on 6, E.,, 1, 1/5, 6, (Pol).

20FLTe Y 7 <N
V5 =350 GeV/!
Pol(e™,e7)= !
(0.3,-0.8)

0.5

007 -

122 123 124 125 126 127 128
m,, [GeV]



<) Signal-background interference in H — vy
BE.S{ Interferometry with background m

Mimic the method of peak extraction:

1 mp+48 dO')G(
<m’v’v>5,X = N dm’wm’wﬁ = Am,, = <m'v—y>5»y,s+1 - <m’w>5—y75
mp—3§ vy

Obtain (m-)s.,,s from different cuts or other final states.
6% = 1GeV (solid), 1.5 GeV (dashed)
T T 0.0 T

2 T T
g : efe” j ?W‘r ) ', E
g Lok Pol(et,e”) = (0.3, —-0.8) /,’ 1 g—O.l b
/§ 0.8 5] -020TITENS
061 =031 B
0.47 —0.4
etem — vy
0ok _osl Pol(et,e7) = (0.3,-0.8)
0.0 - - - - -0.6
0 1 2 4 5 0 1 2 3 4 5
5, [GeV) 5, Gev]
Vs =250GeV, 350 GeV, 500 GeV Vs = 350GeV, 500GeV, 1 TeV
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Interferometry with background e
L) ifi

Higgs width dependence?
Perform similar rescaling of the couplings grnzz, guww, graa
and the width Ty to keep ozwa constant.

6% =1GeV (solid), 1.5 GeV (dashed)

T'y =1MeV, 4.07MeV, 15 MeV

0.6 i i i 0.0
= ete” = Zyy =
3 05 V5 =500GeV &
. 77 Pol(et,en) = (0.3,-0.8) To-027
g S
< <

ete” — viyy
V5 = 500 GeV
-08[ Pol(et,e™) = (0.3, -0.8)

Further studies: Perform analysis with detector simulation?!
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Interferometry with background it
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Conclusions:
> Off-shell contributions in H — V'V *) are naturally large at a linear collider
(except /s is below 300 GeV). Dependent on the assumptions, they can
be used to test unitarity, higher dimensional operators, extended Higgs
sectors or to set a bound on T'y.

> Lepton collider offers unique possibility to measure Higgs width through
Z recoil method in eTe™ — ZH at 250 GeV, which is safe from off-shell
contributions.

> Signal-background interference in H — ~+ shifts the mass peak by a few
100 MeV! The shift also allows to access I'y.

> For all purposes a well determined Higgs mass is necessary.

Thank you for your attention!




Appendix

Breit-Wigner peak

How to obtain information about the total Higgs width T'?
— Measure the Breit-Wigner peak e.g. in H — ~~?

z
dUz\xX _ O'ZH( ) 2m, mHI‘H*}WV(mH)
N " 2 2 72
Ay (mgw —m%)? +mi% T
Z Iy
Problem: mpy = 125GeV <> I'y = 4.07TMeV ~ — o70x = Uz;zriW
10° & By > 20GeV, [ny| <2 | H
; : efe” — Zyy % 120F ete™ = Zyy
5 i 5 = o V5 = 350 GeV
Q 7 e 2 o} Pol(e*,e7) = (0.3,-0.8) ]
£ 10 Pol(c*,e”) = (0.3,-0.8)y =
£t ~80f
SHL: S 60\
~ £
< r 40
0
T 20
I 0
107 ‘ ‘ ‘
g 12497 125.00 125.03
I m., [GeV]
1072 = : . | -

100 200 300 460 ;00 — Detector resolution smeares
m., [GeV] out the Breit-Wigner peak!




@ Appendix UH
DESY

Z recoil measurement ifi
O = A

— LC unique method: Higgs width 'z through the Z recoil at /s = 250 GeV

0150 F———r——— Higgsstrahlung

T [a) 5 I e z
o I ZH—u uX .

L

Signal+Background

100 - —_— Fi‘tted signal+background +
—— Signal €
--------- Fitted background Observe: Z — M+/L7
Reconstruct:

50}
| op = O’(€+6_ — HZ) X g?—IZZ
(needs defined initial state)

(1) - ! i 2 Obtain absolute BR:
15 120 125 130 135 140 BR(H — X) = (0»BRx)/op

[ILC TDR] Myecon /GEV

250 b~ @250 GeV Reconstruct (example):

Aop/op = 2.5% Ty xT(H — ZZ)/BR(H — ZZ)
Ampg = 30 MeV  ghizz/BR(H — Z)

Details: [1311.7155: Han, Liu, Sayre]



Appendix

Off-shell contributions and the Z recoil method

Off-shell contributions in the Z recoil method:

— 10 — 10° — 10°
2 2 2
Ul()“’l 3 Um‘*l E T 10*E | 3
= T T T = T T T = T T T
=k cte" »ZH - Z+X ] Sk cte »ZH—Z+X | gk cte »ZH - Z+X
g /5 = 250 GeV & /5 = 350 GeV & /5 = 500 GeV/
= Pol(e*,e”) = (0.3, -0.8) = Pol(e*,e”) = (0.3, -0.8) s Pol(e*,e”) = (0.3, -0.8)
s) ) )
= = =
102 E E 102 E
107 E E 107 E
104 b . . s . = 107 s
100 200 300 400 500 400 500 100 200 300 400 500
my [GeV] my [GeV] my [GeV]

Recoil mass:

m2 =s+ 1y —2E,\/s

Vs 250GeV | 300GeV | 350GeV | 500GeV 1TeV
Aot 0.02% 0.12% 0.30% 0.91% 1.84%
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