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Motivation

see also: [Azatovetal " 22]

<1,
- O BN
0.8 _ N : ,
* Assuming universal Higgs coupling g JATLAS _ 1 (7+0-23
. . - —0.20
modifiers k and ~ 1 I ; -
Hon 0.6 5 -
2!
s i -
2 18
=
BRpsm = ol _
_ _ _ ' ATLAS 95% CL
—> blind direction 3 '
. — ' =T'gy
0.2F . -
- " --- T'=10Tgy
A R I = 100 g
OO | L1 | |
0 1 2 3 4 5 6
/{'i,on

{)
Ma% | University

of Cyprus P. Stylianou | LHC off-shell Higgs meeting | 02/07/2026 3


http://arxiv.org/abs/2207.00043
https://arxiv.org/abs/2207.00092
https://arxiv.org/abs/2203.02418v2

Direct measurement of the Higgs width

 SM prediction for the Higgs width: [ = 4.1 MeV [CERN Yellow Reports V2]

+  CMS upper limit on Higgs width in the on-shell g¢ — H — ZZ* channel at 95 %: | ' < 330 MeV
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Indirect off-shell width measurement

« Off-shell cross section of gg - H — V'V enhanced o(g9 — H)BR(H — ZZ — 4f)
by threshold effects [Kauer, Passarino * 12] osm(9g — H)BRsm(H — Z7Z — 44)
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Indirect off-shell width measurement

e \Various studies for BSM physics in off-shell region, e.g
[Logan " 14], [Englert, Spannowsky " 14], [Englert, Soreq, Spannowsky * 14], [Cacciapaglia etal * 14], [Gainer etal * 15],
[Azatovetal * 15], [Buschmann etal * 15], [Gongalves, Han, Mukhopadhyay " 18], [Anisha etal “26], ...

 Our study: Can we have a sizeable exotic/undetected Higgs width but in
agreement with current off-shell measurements?
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Scrutinising the indirect width measurement

« Focus on off-shell gg - H — ZZ with only top loop = relevant Higgs couplings: k,, K,

* Jo allow for a larger Higgs width we need to decrease the off-shell rate

2,2

KiK7, 2 .2
on ~ 1 of ~ | kik7, + off-shell effects | < 2.4
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Scrutinising the indirect width measurement

« Focus on off-shell gg - H — ZZ with only top loop = relevant Higgs couplings: k,, K,

* Jo allow for a larger Higgs width we need to decrease the off-shell rate

Needs to increase to compensate
for an increased Higgs width \
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Scrutinising the indirect width measurement

« Focus on off-shell gg - H — ZZ with only top loop = relevant Higgs couplings: k,, K,

* Jo allow for a larger Higgs width we need to decrease the off-shell rate

Needs to increase to compensate
for an increased Higgs width \
A

2.2 A
Ky K
Lhon £ gM ~ 1 Lhoff (/{?/{22 + off-shell effects) <24
—— We are interested in effects that decrease the
Enhanced from exotic/undetected width off-shell rate for consistency with experiments
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Scrutinising the indirect width measurement

« Focus on off-shell gg - H — ZZ with only top loop = relevant Higgs couplings: k,, K,

* Jo allow for a larger Higgs width we need to decrease the off-shell rate

Needs to increase to compensate
for an increased Higgs width \
A

2 .2 ——
Ki K
Lhon £ gM ~ 1 Lhoff (H?%QZ + off-shell effects) <24
—— We are interested in effects that decrease the
Enhanced from exotic/undetected width off-shell rate for consistency with experiments

» Allow deviations on k;, K, and try to reduce off-shell rate by introducing scalars:

= Propagating BSM scalar gg — § — ZZ Representative
models with
= Modification of the Higgs gluon-fusion gg¢ — H due to a BSM coloured scalar minimal
interactions with
= Modification the Higgs propagator with a scalar-singlet loop contribution SM fields
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Propagating Scalar Singlet in the ZZ channel

e Simple extension with a scalar singlet coupled to top-quarks and Z boson:

2

_ eV
Lo —Csu’tSt + 0825 —s—Z,2"S
/2 dcsrr sy
e Unitarity of tt — ZZ channel requires the sum rule: [Logan " 14] g 99
kikz + Cs1tCszz = 1 1
g QL

 Model implemented with FeynRules and NLOCT
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Propagating Scalar Singlet in the ZZ channel

 Destructive interference could decrease the off-shell rate depending on mig, k,, K, [Logan " 14]

e Simulations for gg — ZZ level with m_, > 220 GeV with MadGraph5_aMC@NLO

 Size and location of resonance is important

30_""| r+r r r r r r 1 T T
: (\ SM
25T e — H only with k;kz = 1.6 j
50 F — mg = 250 GeV, kikyz =1.6
: — mg = 300 GeV, Ky = 1.6
|§ 15 _ _
> | Analytical (no box interference):
- - My + Mg
10 M =
: Mi"
L 2 2
I _ B B P — My
K - — RtRZz (fit/iz 1)p2 — m% Fimslg
| R —
200 300 400 500 600
myxzz [GGV]
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Impact of propagating scalar on Higgs width

Ugg—)ZZ(/{t'%Za CSttCSZZ)

« To check compatibility with uqs < 2.4, define the ratio:

e Upper limit on R from ATLAS off-shell signal strength:

R(%t/iza CSttCSZZ) —

SM

Ogg—)ZZ

pup _ 700 VHor 020 t o T40) _ o,

0(0,0) T 0(2,0) T 0(4,0)

« Compare with limits from HiggsBounds* assuming only decays to top-quarks and Z bosons

upper limit
including scalar

2
N
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0
-1
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University

*modified to include [CMS-PAS-HIG-24-002]
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Impact of propagating scalar on Higgs width

« Assuming no impact on on-shell signal strength from §, we

can use.

* Experimental bounds on on-shell signal strength (combined

2 9
RiRy

- Iy /T5M

Hon

20 from 4¢£ channel):

» Re-interpreted upper bound on k,k, as upper bound on

MATLAS _ 10014-0.23

Higgs width using on-shell results

> For low masses the resonance is outside the off-shell region
and interference decreases the rate — weaker bound on I ',

>

University
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HiggsBounds limits require I'//TH, = < 4

SM ~
dependent)
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s [ATLAS 2004.03447]

(but are model-

I /Ty

I

- = on + off-shell, I'gs/mg = 10%
- = on + off-shell, I'g/mg = 20%
— on-shell + HiggsBounds, I's/mg = 10%
— on-shell + HiggsBounds, I's/mg = 20%

400 600 800 1000

| | mg [GGV]

For heavy scalars the presence of

a resonance increases the off-shell

rate and results on a stronger
bound on I '
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Gluon fusion modification: coloured scalar

« Investigate simple extension with coloured scalar S,

(triplet under SU(SZ: ) ’ S g T,
LD D,S.D"S. —m% S.S.+Ag, ®T®S! S, z;% N
\ == ==~ h : c T T T T~ h
\A leads to gluon-fusion modification q N L
9 wrssrey”

* No sum rule imposed in this scenario

« Similar parameterisation for the cross section gg — ZZ
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Gluon fusion modification: coloured scalar

« Investigate simple extension with coloured scalar S,
(triplet under SU(3): S,

q g 73s805000)
_ _ - AN
LD D,S.D"S. —m% S.S. +As, @S] S, A AN
\ \ ===~ h | SC T T T T T h
. W . / <
leads to gluon-fusion modification g NN L
| o | g wrvrsreY”
* No sum rule imposed in this scenario
« Similar parameterisation for the cross section gg — ZZ
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Impact of propagating scalar on Higgs width

Ugg—)ZZ(/ita Rz, )‘SC)

SM
gg— L 24

* Define ratio similar to previous case: R(k¢,kz,Ag.) =
o)

- Upper limits on «, = k, = k from R(k, Kk, As,) < R™

Worse limit on k? for
positive A
and large masses

Worse limit on K2 for
negative A

and small masses . |
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Coloured Scalar: on-shell

 (Connecting to Higgs width more complicated:

2
gglF ’%V

o T T,

. —1/2
arcst T, /

20 ——
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3 . VBF Ky
l :  VBF on-shell signal strength: pu;, = [, /ISM
i ] H/L H
2r .
: :  \We use our allowed range of k% and require that the on-shell
1_ _|
} : signal strengths lie within the ATLAS 95 % CL bounds
ol b L L L [ATLAS 2004.03447]
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Coloured Scalar: impact on Higgs width

* We obtain the upper bound on the total Higgs width compatible with both on-shell and off-shell results

Mass range that is not
shown results in large
on-shell signal-strengths
iIncompatible with
experimental limits

8

— g, =1 g, =3 -
Asg = —1 Asg = —3 1

C

Overall weaker limit than
before, but this is because
we do not use the
combined on-shell signal
strength

 Decays of the coloured scalar to fermions require non-zero hypercharge and triplets under SU(3)

University
of Cyprus

The coloured scalar could hadronise with a fractional electric charge

can not decay to gluons

—> bounds are around 1 TeV [CMS 1609.08382]
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e Higgs amplitude gg - H — ZZ modification factor:

_ Mpyg + Mg

=1
MEN

81 (p?
X [B() (p2 , 11

_ ReBO(mhh mg, Mg

s, Mg

Introduced in UFO model as form-factor in order to
calculate gg — ZZ process with Higgs/box interference

Similar cross section parameterisation as before
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Loop modification of Higgs propagator: Higgs portal

* Scalar singlet modifying the Higgs propagator at 1-loop through Higgs portal coupling: Lo _)\SSQ ot P

0.05 i

0.00 f—redmiriis e

—0.05 i

.. BSM-Box interf. |

-+ BSM-Higgs interf. ]

- = = BSM Squared




Impact of propagating scalar on Higgs width

e . Ky A
- Upper limits similar to previous cases: R(k,#,)\g) = -39 ZSZM(K 5 As) < RYP

Og9! zZ

2

 Much smaller impact on k~ even at relatively large couplings A

L.8f T

We could again use the on-
shell signal strength to obtain a

limiton I .
' < - —  Hoff-shell < 24, )\S =3
— However, given the small ' |
1 2 i Hoff-shell < 24, >\S =3 -
impact on k°, we would not get 1.2 ; 22 = o = 2.4 (n0 scalar)
a large impact on 1 ', -

1] SRR R i

100 200 300 400 500
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Conclusions

* A direct determination of the Higgs width is not possible in the near future

— need to rely on indirect bounds from the off-shell ZZ channel

 Effects in the off-shell gg — ZZ channel that decrease the total rate, could allow for enhanced Higgs

couplings and thus a larger Higgs width 1 ',

 \We assessed the impact on the Higgs width from three (hon-exhaustive) simplified scenarios:

= An additional propagating scalar gg — § — ZZ

= Modification of the Higgs gluon-fusion gg¢ — H due to a coloured scalar

= Modification the Higgs propagator with a scalar loop contribution

* Qverall, the indirect Higgs width limit remains robust, except for effects arising from scalars with relatively

Reduction of off-shell
rate from interference
effects

low masses — however searches for such scalars can widen the validity of the Higgs width limit
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 Effects in the off-shell gg — ZZ channel that decrease the total rate, could allow for enhanced Higgs

couplings and thus a larger Higgs width 1 ',

 \We assessed the impact on the Higgs width from three (hon-exhaustive) simplified scenarios:

= An additional propagating scalar gg — § — ZZ

= Modification of the Higgs gluon-fusion gg¢ — H due to a coloured scalar

= Modification the Higgs propagator with a scalar loop contribution

* Qverall, the indirect Higgs width limit remains robust, except for effects arising from scalars with relatively

Reduction of off-shell
rate from interference
effects

low masses — however searches for such scalars can widen the validity of the Higgs width limit
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Indirect width measurement: mass shift

 Large interference between gg¢ — H — yy and background gg — yy creates a mass shift in m

Yy

 Can compare the peaks in yy and 4¢ channels and use the shift to probe I ';; [Dixon, Li " 13]

* Method limited by current mass resolution
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https://arxiv.org/pdf/1305.3854
https://cds.cern.ch/record/2146386
https://arxiv.org/pdf/1305.3854

Gluon fusion modification: comparison

« Investigate simple extension with coloured scalar S,

L > D,S.D"S, —m% ScSc + Ag, &7 @S] S, S T
[ : Sc A
S leads to gluon-fusion modification ZZ@\\ //' " L "
S | J o g wrsvTITY
* Perturbativity is more complicated than before, we do not
enforce a sum-rule
Simple analytical setup: Numerical setup:
Modification of SM Higgs contribution: Parameterised cross section for gg — Z/:
o s VL + #Hs 1 (#s,)] dlggr zz ("1, "z, #s.) =
MP = | 7 i+ 5 | o D
m2 [1+(# ! 1)f (#)] dl oo + "1 20l 2.0y + F22E 1D
for 'i =4mf/pj + "z#s dl ) + " "SH#s. d! (3 )
Loop function: + "s#g d (2
arcsin? Ti_l/ : T > 1
fri) = 1 [log I m} 2 o — Can compare when box-contributions are not
4 I=Vi=mi Z included (i.e. Only d0(4,0), d6(3,1), d0-(2,2) )

University

of Cyprus P. Stylianou | LHC off-shell Higgs meeting | 02/07/2026 21



Coloured scalar: comparison with analytical

Simple analytical setup: Numerical setup:
98 — mg, = 50 GeV, Ag, = —1 - [ —— mg, =50 GeV, \g, = —1 -
: g, = 200 GeV, g =1 %L —— g, = 200 GeV, hg, =1 -
)% - T Mg, = 300 GeV, )\Sc =1 % B Mg, = 300 Ge\/, )\Sc =1
)| K/tzlﬁ'jzzl ~ < . K,t:/izzl |
" * S i
* L _ CS : ] :
S i
= - _
N B N -+ ") B
- @ I
& - . )& *
" - 8
) " o

mg [GGV]

« For small masses negative /IS induces negative interference (and
C
vice-versa for large masses)
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Coloured scalar 1<2 limits

« Increasing /IS does not necessarily increase upper limit on K
C

3.0
2.5F :
o &

" 1.5f __
1.0f hg, =1 -

I As. =3 -

[ Ag, = O )
0.5 -
Qo= e
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Higgs portal: comparison with analytical

* Check implementation without any box contributions

Analytical setup: Numerical setup:
&l | :
2 e :
2
an
+ i
=
p— "'% - _
+ i
. P,
: As =4; K=Kz =1 | — Ag¢ =4 kg =Kz =1]"
g | — mg = 100 GeV g i — mg = 100 GeV ||
Mg = 200 GeV : - Mg = 200 GeV
—— mg = 300 GeV ] —— mg = 300 GeV
g I I l I | ' ' gy | | | | | | . . | | ! ! I ! | |
M # $ %™ &™" " H#" $ %" &M
mg |GeV] mg |GeV]
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Enhancing k,

 Increasing Ky, quickly leads to issues with perturbative unitarity in many models

* Allowed in Georgi-Machacek models

limits obtained using results of [ATLAS 2312.00420]
(VBF production of HS“—Li with decays to WW)

Logan, Rentala " 15
35 o L L ey 18 . ———
—— GGM5 ————- : —I"#$%&$' (()* —I"#$%8&$' () ,,/:
GGM4 ------
3 GM oo i - - -+ -$0$ () S 0
- . 1.6
> i . g
= T low mass constraints from | = '
o 257 [OPAL hep-ex/0206022] ' s _
T / . =
> > 1.4
g - T ] g i
E 27 1 Z
= [ E\);(\:/Itide\c/l\?y: = 15
15 | )
L \\ EXCW\: L
1 G 13 TeV; ATLASQ@139/fb’
0O 100 200 300 400 500 600 700 800 900 1000 1300' | '400' | '600' | '800' | '100(') ' '1206 | '140(')
mg [GeV]
MH;i [GeV]
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https://arxiv.org/abs/1502.01275
https://arxiv.org/pdf/2312.00420
https://arxiv.org/abs/hep-ex/0206022

