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Off-shell Higgs production in SM
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» Z bosons are on-shell and the process
at high energies is dominated by the
final state with longitudinal Z bosons.

do/dm,[tb/GeV]

» Loop function increases near the two

) ) top threshold
Figure: gg — 4/ in SM from 1311.3589 by

Campbell, Ellis and Williams

» Off-shell ZZ production is important at energies which are higher
than my, m;

» How can we use it to constrain new physics?



Off-Shell Higgs production

» One can use off-shell Higgs measurements to constrain the total
width of the Higgs boson (Caola, Melnikov)

on-shell:
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»> There is a flat direction along
[ gﬁ,odggecay which can be probed by
off-shell Higgs measurements



Off-Shell Higgs production

» One can use off-shell Higgs measurements to constrain the total
width of the Higgs boson (Caola, Melnikov)

» There is an invisible Higgs decay,
so the total width and the

on-shell: couplings are independent
2 2
N 8prod.8decay parameters.
7 r » Variations of all the Higgs
off-shell: couplings are universal in order
o~ g;rod.géecays 1 Gorod Syt to keep the ratios of the on-shell

branching ratios SM like.
» There is a flat direction along

[ gﬁ,odggecay which can be probed by
off-shell Higgs measurements

» There are no higher dimensional
operators effecting the Higgs
production or decay.

<54 xTlgsy



Constraining EFT: operators modifying the Higgs decay

L= mTéﬁthuZ“ +rz10 Zw 2" + kz2y0,2" Z, + ko0 Z, 2"

» hZ,Z" is constrained by the on-shell measurements

> QZM,Z’“’, gaﬂzwz,, contribute only to the transverse Z
polarizations — growth with /s is SM-like, going off-shell does not
help

» OhZ,Z" grows as 5 in the off-shell production, however if the Higgs

. . . 2 f
is a doublet can appear only as a dimension 8 operator (D“H)A#

= weak constraints on A.



EFT interpretation: operators moidying the Higgs
production
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> New physics contribution grows with s - high energy bins become
very important.



Combination with on-shell constraints

> L=—cDtth+ ;5 cg”G2

» on-shell production is proportional to
e + cg*.

> The degenereacy in ¢, ¢, is broken
only by the tth production o c¢? and

and the Higgs decay into two photons
F(h— v7) o |1.26 — 0.26¢:|?

ATLAS +CMS 68%,95%
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Combination with on-shell constraints

> L=—cTth+ 487r2cg"G2

» on-shell production is proportional to 2.0 A‘TLASTCMS‘GS%"QS%‘
et + cg |2 S

> The degenreacy in ¢, ¢g is broken
only by the tth production o c¢? and
and the Higgs decay into two photons 0.5(
F(h— yv) o [1.26 — 0.26¢|?
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» If the new Higgs interactions are _os
generated by the " top-like” fields
i.e. fundamentals of SU(3) and —LOPS
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Figure: For top partners c¢; — ¢; degeneracy
only tth can break the ¢; — ¢, becomes much stronger.

degeneracy



Combination with on-shell constraints HL-LHC

ATLAS Preliminary (Simulation)

Vs =14 TeV: [Ldi=300 ib”" ; [Ldt=3000 fb"
JLdt=300 fo" extrapolated from 7+8 TeV LHC 14 TeV 3ab™*
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The constraints will be dominated by the tth measurement,
inclusion/omission of w%jrcgevfw interaction almost does not change the
fit. The rest of the results are presented in the presence of the
photonic operator.



High Luminosity 3 ab™! 14 TeV LHC prospects

» We simulate the signal and the
background with the MCFM 6.8 code,
and bin the events in six categories
V3 = (250, 400, 600, 800, 1100, 1500)
GeV

» K- factors: we assume the same
K-factor for the signal and the
interfering background and calculate _1sbe SR

-10 -05 00 05 10 15 20

them using the ggHiggs code. o

The resulting bound looks weaker then the prospects of the tth
measurements: ~ 25% against ~ 10% in tth. However studies of the
distributions will definitely improve the bounds. For 8 TeV analysis
F<20fspy =T SbBMsy ...



High Luminosity 3 ab~! 100 TeV FCC prospects

0.2

» We simulate the signal and the oal bbb
background with the MCFM 6.8 code, P
and bin the events in six categories
v/3=(250, 400, 600, 800, 1100,
1500,2000,3000,4000,5000 ) GeV

> K- factors: we assume the same gl
K-factor for the signal and the g0 e e
interfering background and calculate 0,012
them using the ggHiggs code. 0.010

> Assuming |c¢; + ¢g| = 1 we find at o 322
95% c; € [0.96,1.07] gg‘z‘

0.000




Validity of the EFT analysis

> Effective couplings c;, cg can appear as a result of the dimension six
operator.
dim- AL 8l 2
£dim-6 — w5 QuHtr +hoc. + L8225 [HI* G G
¢ =1— Re(c,)




Validity of the EFT analysis

> Effective couplings c;, cg can appear as a result of the dimension six
operator.

. HI2 - ~ C
rdim-6 _ Cuytl/72|QLHtR +he. + 48g§s . |H|2GWG#V

¢ =1— Re(cy)

Our analysis is valid only in the range

where the effects of the dimension-8
operators can be ignored

Os = 1255 G, G (DyH)! DM
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Validity of the EFT analysis

> Effective couplings c;, cg can appear as a result of the dimension six
operator.

_ HI2 - ~ c g’
dim-6 _ cuytl%QLHtR Fhet 128 IH2G,, G

¢ =1— Re(cy)

Our analysis is valid only in the range

Square of the dimension 6 operators

where the effects of the dimension-8 ; 8 ;
act effectively as the dimension-8

operators can be ignored

operators. So we can keep O(cZ) in
1 Te2 1 G G (DyH)' DH the analysis only if

1672 v4
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Linear vs nonlinear analysis

0.2

ot ””” » nonlinear analysis

95% c; € [0.96, 1.07]
» linear analysis 95% c; € [0.93,1.07]
> keeping /s < 1.5 TeV

95% c, € [0.92,1.13]

Linear and nonlinear analysis lead to very
similar results = we are probing the
Wilson coefficients which can be described
by perturbation theory, and the effects of
dimension-8 operators can be subleading.




The other channels breaking the ¢;, c; degeneracy

T
> Q000 top pair production with the Higgs boson
w //h
t /
> b single top production with the Higgs boson

CMS-PAS-HIG-14-001,1211.0499, 1211.3736 ...



The other channels breaking the ¢;, c; degeneracy

OO0

> oo ——— top pair production with the Higgs boson

> single top production with the Higgs boson
CMS-PAS-HIG-14-001,1211.0499, 1211.3736 ...
OOTOTI00 -

> 005000 ooson  Boosted Higgs production (Higgs + hard QCD

jet)1308.4771 ,1309.5273 , 1312.3317 ,1405.7651

“0C00000) -

> TTOOETT --- Higgs pair production 1502.00539 ,1507.02245 ,1410.3471 ,
1405.4295



Comparison to other channels

Figure: orange- Higgs pair production (bb v~
final state), red- off-shell Higgs pair production

» another channel that can break this
degeneracy is the Higgs pair
production (talk by Panico)

» The contours are obtained using the
100 TeV 3 ab™? projections from
(1502.00539 ) .



Comparison to other channels: 14 TeV 3ab~! projections

» Other channels that can be
useful in resolving the ¢, — ¢,

degeneracy are tth and boosted 10

Higgs (h+j) productions 05

> No results yet for the 100 TeV 0.0
projections o 05

» However for the 14 TeV HL-LHC 10
we get: o |

-15 &4

> h+j contours are obtained from 20 R :
1405.4295 Schlaffer, Spannowsky , -20-15-10-0500 05 10
Takeuchi , Weiler, Wymant G

» inclusive and tth from Figure: orange- Higgs pair production
ATL-PHYS-PUB-2013-014 (bb v final state), red off-shell Higgs

pair production, green - h+j, blue-

tth and the pair production look to inclusive, purple- tth

be the most promising ones...



Comparison to other channels: 14 TeV 3ab~! projections

» Other channels that can be
useful in resolving the ¢, — ¢,
degeneracy are tth and boosted
Higgs (h+j) productions

> No results yet for the 100 TeV
projections

» However for the 14 TeV HL-LHC
we get:

> h-+j contours are obtained from
1405.4295 Schlaffer, Spannowsky ,
Takeuchi , Weiler, Wymant

» inclusive and tth from Figure: orange- Higgs pair production
ATL-PHYS-PUB-2013-014 (bb v final state), red off-shell Higgs
pair production, green - h+j, blue-

tth and the Higgs pair production inclusive, purple- tth

look to be the most promising ones...



Effects of the ttZ coupling

L = ef[%(chv+75cAFA)]tRZ“

3 —8sin’ by 1
Fv=——"7-—"7—"— fpA=———7———
V'~ 12sin O cosOy’ A 4sin Oy cos Oy

where in the Standard Model (SM) ¢, =ca =1

cV,A
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No more cancellations between the triangle and the box diagrams even if
¢t=1and ¢, =0



Measuring the ttZ couplings in the off-shell Higgs
production 14 TeV

0.6 - ' ' 13 1&\!,.1:‘11155" ’ ‘ u‘rgv, I‘i[l[lﬂfh‘ !
LO NLO 25
0.4 F 1+ 4
= E
S [iRs - 15 =
T sl | Il B £We can measure the
04 RontschiBchulze v ttZ coupling in the top
0.6 ¢ F L . .
Ty S e+ pair and Z production
4Gy A in QCD Rontsch,Shulze

Looks worse than ttZ
production but we are
in the same ball park
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Projections for the 100 TeV collider 3 ab™?

» The cross section is second order
polynomial in ¢ 4= there four

degenerate solutions in the coupling
space.

> sensitivity to the cy is very week we
cannot exclude even at 1-0 ¢y =0




EFT analysis comparison to EWPT

> Assuming the Higgs boson is a doublet then the modifications of the
ttZ coupling should come from the dimension six oeprators

3 i | > _ / 1 i — _
Ofg = 1 (HT’T D, H) (@vut'qr), Opg =1 <HJr D, H> (quyuqr)
. — -
OHu =1 (HJf DM H) (UR’Y/LUR)

» Zbb constraints fixes effectively C,%,Q = —CE,Q

» Then the vector and axial couplings will be modified in the following

way:
SM v? 3

Cv=G"+ 74/\25WCW (2CHq — CHL,)
SM v 3

CA - CA + (_2CHq - CHu)

4A2s,,c,,



EFT analysis @ 100 TeV

» At one loop the modifications of the
top interactions will contribute to the
electroweak precision tests.

_ 3m?Gp 2 3 A2
Aer = -5 %0 (Cru + Cily) log P

2 2 2
_ MiGF V2 3 1 A
Aep = 2v/2n2 N2 (2CHL7 t3 C"’“) log m?

Larios et al
hep-ph/9903394,;Pomarol, Serra
0806.3247;Brod et al 1408.0792
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EFT analysis @ 100 TeV
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» At one loop the modifications of the
top interactions will contribute to the
electroweak precision tests.

_ 3m?Gp 2 3 A2
Aer = -5 %0 (Cru + Cily) log P

2

2 2
— mCr v? 3 1 A
Aep = 2 K2 (2C,_,q + 4CH,,) log 2

Larios et al
hep-ph/9903394,;Pomarol, Serra
0806.3247;Brod et al 1408.0792

Recently there was a proposal by Brod et
al 1408.0792 to use the flavour observables
to constrain ttZ couplings, the bounds are
similar/stronger than the constraints from
EWPT



Models with (ct, ¢;) degeneracy

» Simple addition of one vector like fermion
L=-yQutgH - M. TT - Y.Q.TrH
m= ( yV/O\ﬁ Y*X;ﬂ ) ( Using HLET Shifman et al;Ellis et al )
= Figgr(mn) = a'é’igefm =

The Higgs coupling to the gluons is exactly the same as in the SM,

however the Yukawa coupling of the top quarks is modified
i i
| |

T 2 2
Y v
t o ytNyt (1_ 2/\/12)

L= —cTetth+ g zcg GWG‘“’
YZ 2 Y2 2
a=1- e % = Iz

» Composite Higgs models with partial compositeness behave very
similarly



(cg, ct) in Composite Higgs: Explicit Model MCHM5

Higgs couplingsin MCHM5
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Bounds on top partners

L=—-yQutrH—-M.TT - Y. Q. TrH

Y22 Yf vt

11 _ _Y
5CHg = Cey = 2MZ0 B Thm

N

» analysis ignoring the dimension eight
operator is valid up to the energies
Vi< M,

ok : : : : ‘
1000 1500 2000 2500 3000 3500
Mr

Figure: 95% exclusion in Y. /top partner
mass plane.Red- full calculation, blue
linear EFT, green non-linear EFT

Due to the sign of the c,},q the bound on the top partners becomes

weaker.

Results look weaker than the projections of the direct searches of the top
partners (Matsedonskyi et al 1409.0100) , however studying the distributions will

improve the constraints.



Summary

» Studies of the off-shell Higgs production lead to an additional
constraint on the total Higgs decay width.

» They can be also used to constrain the higher dimensional operators
contributing to the Higgs production/decay.

> At the dimension-6 level we are especially sensitive to the contact
operator between the Higgs boson and gluons.

» Studying the distribution of the pp — ZZ helps to resolve the
information about the particles contributing to the gluon fusion loop.

» The prospects of the indirect constraints look so far weaker than the
direct searches, however there is still significant room for the
improvement.



