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Higgs off-shell vs on shell effects

In process pp — V'V, the cross-section obtained in the region away from Higgs mass

when correlated with the on-shell cross-section determines the model independent

bound on the Higgs width. Caola, Melnikov 1307.4935

Considering ggF as the dominant production channel i.e. gg — H - VV

For the on-shell region, assuming narrow width approximation g
2 hell 2 hell t v
on-shell _ OH BR(H — VV)] o %Q’QF KLV’V t ——
Hvy on BR(H — VV)|SM Ty /TSM s
v
For the off-shell region away from the Higgs peak My, > > My, g
Higgs width parameter decouples and it does not contribute
/L?/H‘}Shen X /iz’gOFﬁ_SheH lii"(;%Sheu Kauer, Passarino 1206.4803

Using these, Higgs width is determined under the assumption that the couplings remain the
same over a large range of energies.

These off-shell Higgs measurements have the potential to probe new physics/BSM effects.
Englert, Spannowsky 1405.0285

We revisit this measurement in the EFT framework.


https://arxiv.org/abs/1307.4935
https://arxiv.org/pdf/1405.0285.pdf
https://arxiv.org/abs/1206.4803

Recap of Effective Field Theory

- Describe new physics using Higher Dimensional Operators (HDO) each supplemented
with coefficients by comparing theoretical predictions with experimental data.

- No need to know the UV theory » Model independent way

Efficient way to probe NP indirectly which is hidden from the current collider searches.

- For Higgs sector two different types of EFT are possible.

SM EFT - Higgs field and Goldstone bosons are encoded in SU(2); Higgs

doublet

- The effective SMEFT lagrangian is written before SSB with SM
lagrangian.

Higgs and Goldstone bosons are treated separately.
- Higgs is a singlet and GBs are written as bi-doublet of

SU®2); x U(1)y,.
- No limitations on the interactions of Higgs with other SM fields.
- The effective HEFT lagrangian is written as EW chiral lagrangian
with extra Higgs singlet.

HEFT

For review, refer Brivio, Trott 1706.08945

A lot of works have been done to distinguish SMEFT and HEFT considering both bottom up and

top down approach.
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https://arxiv.org/pdf/1706.08945.pdf

Off-shell Higgs measurements in EFT

A lot of literature is available discussing the off-shell Higgs in gg — H" — VVin the context
of SMEFT framework.

Including higher dimension SMEFT operators which induce changes in the Higgs couplings
e top-Higgs, gluon-Higgs, gauge-Higgs, top-gluon interactions
g g

; JVI,J V
t - ‘;[‘ \ H \\\K
g v g v
Studying the sensitivity of the relevant Higgs operators modifying these couplings
- Primarily to constrain top-Yukawa couplings and effective Higgs gluon interactions.

- To break the degeneracies from on-shell data.
For details refer, Englert, Spannowsky 1410.5440, Azatov et al 1406.6338,

Azatov et al 1608.00977, Azatov et al 2203.02418, Rossia et al 2306.09963

In our work, our aim is to revisit the off-shell gg — H~ — V'V in the HEFT framework
- Via the operator which induces high momentum effects in the off-shell propagating Higgs.

- To discuss HEFT vs SMEFT effects.
- To set the constraints on the HEFT interactions.


https://arxiv.org/abs/1608.00977
https://arxiv.org/abs/2203.02418
https://arxiv.org/abs/2306.09963
https://arxiv.org/pdf/1410.5440.pdf
https://arxiv.org/abs/1406.6338

HEFT Framework

e SM Higgs H is not part of the ® doublet. H is a singlet field. No limitations on its interaction
with other SM fields. The interactions are given via generic polynomial in powers of (h/v)"

e Goldstones 7 are written non-linearly using U matrix where

U(r®) = exp(in®t®/v)
@ 2GTG~ + G°GY . .
S PR T ... GE=@xir)N2
v 202
G'=-7°

U leads to multiple Goldstone interactions with themselves and other fields.

e Gauge Bosons is given via the covariant derivative of U matrix

DU =8,U +igw(Wit®/2) U — ig UB,7° /2
1 Z C S W3
+ - 1 2 j9) — W %74 v
wi=goniewd ()= (5 o) (5)

e Using the above relevant pieces, HEFT Lagrangian is written.



HEFT Lagrangian Buchalla et al.1307.5017

Brivio et al.1604.06801

l.eading order Lagrangian Herrero, Morales 2107.07890
1 a apuy 1 uv UQ e 1 7

— V(H) + Lferm + ['Yuk

Interactions of Higgs with SM fields is given by the Flare function

H H\2
-/TH:(1+2(1+C1)?+(1—|—C2)(;) —|—) Incase of SM, {; =, =0

o 1 = JgHVV 1 B 1 = JHHVV 1 Anisha et al 2208.09334
Go=rv —1="5— -~ Ga = kv — 1 = “gir— — .
davv 9V Davila et al 2312.03877
1 2 2 MIQJ 3 MI2{ 4 :
Potential V(H) = 5 HH —+ lﬁ:g%H —+ 1634@]{ In analysis, K34 = 1

Yukawa Lagrangian  Lyuk = . (at, db)U (yijuf> + h.c.

H
y{j = yf] (1 +(1+a1f) —+ ) Neglected the light quark flavour and lepton masses
throughout this work

In our analysis, we have taken a,,.

No contact ggH interactions are considered.
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https://arxiv.org/abs/2107.07890
https://arxiv.org/pdf/1604.06801.pdf?fname=cm&font=TypeI
https://arxiv.org/abs/1307.5017
https://arxiv.org/abs/2312.03877
https://arxiv.org/abs/2208.09334

HEFT higher dimensional operators used in the work

Herrero, Morales 2107.07890

Included only bosonic operators Brivio et al 1604.06801
V, = (D0 D VH = 9,VF + ilgy W 72 Vi Alonso et al 1212.3305
Onsp ~anpn g2 LT |(Bu ) (B 5] Onww | —amww gl LT [(We, 7 ) (W 7))
Ono | ano(Mz — Myy)STr {UT?)UTVM: Ir {UT?)UTVM} Om1 am g'gw S Tr [UBMV§UTWEU ;}
Ons | =482 g 2Tr UT3UTW5,/ 5 }Tr UrtUTWg, ;} O aHll%TI'[DNV“DVVV}
Omnis — e ST :UTgUTDqu] Tr {UT?)UTD“VV} Oa1 iaq g 2T {UBM,/?UTV“}
Oz 1Gd2 gw ayHTr {Wﬁu 3 V“} Ouas 43 a:H Tr [V“D,JV“}
Qa4 {UT?’UJr Wi 72 } Tr {UT?’UTV“} Oovy agyvy DTHTI‘ {vuvu}
Ono | amy®™ ;Mav LOAT U Uy, | T Ut UYL | O apn DDA

Appelquist-Longhitano-Feruglio (ALF) basis extended with a singlet Higgs


https://arxiv.org/abs/2107.07890
https://arxiv.org/pdf/1604.06801.pdf?fname=cm&font=TypeI
https://arxiv.org/pdf/1212.3305

HEFT higher dimensional operators used in the work

Herrero, Morales 2107.07890
Brivio et al 1604.06801
Alonso et al 1212.3305

Included only bosonic operators

V,=(D,U0)U"  D,V"=09,V"+ilgwWeT, V"

B2
OuBB —auBB § —Tr{(B u§)(3’w§)] Ounww | —agww giy %Tr{(Wﬁyé)(WaW%)}
Ono | ano(ME — M) AT URUYV, (U UL || Omn | am o'gw 2Te|UBL S UTWE, 5|
Onpg | —*& g%V%Tr U7'3UTW§,, > }Tr UT?’UTWﬁV ;} Om11 GH11%TI[DMV”DVV”}
Onis |~ ATx|UPUTDY, | T [UF U DAY | On iaa o ST |UB,, S UTVY
Oa 10d2 QWGVTHTI[ w3 vu} Qa3 ad3—Tr {V“DMV“}
Ous aas gw ZL Ty [UTSUT W, o }Tr [UT?’UW“] Oovy apyy = Tr [VMV“}
Omo aro (M%JQM‘%V) Df[ Tr {UTBUTVM} Tr {UT3UTVH} Oog ann DPIIEH
EWPO constraints are not violated
Sxagi, T xagg, Uxags



https://arxiv.org/abs/2107.07890
https://arxiv.org/pdf/1604.06801.pdf?fname=cm&font=TypeI
https://arxiv.org/pdf/1212.3305

HEKT operator effects absent in SMEFT

Brivio et al. 1405.5412.

In HEFT chiral dimension-4 lagrangian,

OHOH
Ooo = aqo > Induces two fold effects
(Y

 Modifies the Higgs self energy which also affects the Higgs propagator.

. . 2a
@ = —iX%(¢*) = i(¢® —m3) +i ED 4 In SMEFT no such
v effects
e Higgs field get redefined for the residue to 1
2 2 2
ey = 02u(q? — M) + 6Mj,
After solving the on shell renormalisation conditions

dZ(qQ) dann 9 - 2a00 2
5ZH — dq2 qum%[ —- — /02 mH » H — H 1 - /02 mH

These combined give the modified propagator Uniform coupling rescaling

Higgs propagator A () = ' 1 (1 _ 2ao0 (¢* — m%)) non-tdrivial gmmentum
ependency



https://arxiv.org/abs/1405.5412

HEKT operator effects absent in SMEFT

Brivio et al. 1405.5412.

In HEFT chiral dimension-4 lagrangian,
LHUH
Oog = ago 3

In SMEFT, similar quartic momentum dependence appear in a operator in SILH basis

QDCI): A2 DMDM(I)‘ qD_ﬁ(U—l—H)
Higgs field redefinition Higgs propagator .
Che 2y _ 1 o vYbe 2 2
H — H(l - m%) Ap(p®) —m (1 Y mH))
In addition, Z(o1).
ie2v C
— uv 2 pv v Qv 1/) DCI):|
Vertex effects H(p>< 2c§v Szv [9 T (q 9 4 d3 — 41492 — 4 g2 A2
Z(p2),V

Including these Higgs propagator, field redefinition and HZZ vertex effects

1 ie*v Momentum dependent

T2 02 9.2 2 :
H(p) q° —m7 2c; sz corrections cancel.
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https://arxiv.org/abs/1405.5412

HEFT effects on Higgs off-shell amplitudes

9 t v To implement HEFT corrections to off-shell H(g) — V(pl)V(pz),
« Include Yukawa coupling modification a,, by considering tf — H(q)
_@-
t H « Propagator corrections from a
! %
9

e Tree level corrections to vertex HV'V

f eth 1
0 = —
MYV 7902 2 2 — M2 + Dy My
Fo F3 Fs M? . . Fa. )
Havm+ B - -+ B+ Do e e o)+ S ()l ()90
H
Mj;
ForH— 27 71 =an+ 20005 +Q Linear order of HEFT
Fo = ams + 2auppsy + 2anwwcsy, corrections « a;
2
€
JF3 =aopp — 2aoo + aq2 + 2a44 + CTamo — (aaq1 — ag2 — 2@d4>3%/[/
%
F5 — QCLDD
S4

5 = (agy + dagww)siy — 2agww — (g2 + 2a44)cy — 2(agpB + amww) sy
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Higgs off-shell effects

These modification to the amplitudes T 00004 | ._;;i'; ------
are implemented in VBFNLO. ' K
Baglio et al 1404.3940
Cross-checks are done. g e
Campbell et al 1311.3589 COD
Differential cross-sections are obtained. % 0010 |
Off-shell Higgs momentum distributions 3
for H — ZZ with effects of the different < 1
HEFT insertions for ¢ > 350 GeV. |
Similarly H — W W off-shell HEFT 2000 L - B ——— |
corrections are obtained and effects are 200 a0 . e0 so 000
studied. ¢ [GeV]

To obtain quantitative estimate of the sensitivity of the off-shell measurements, we included
these binned differential data as

(N; — NpM)2
Binned)(2 test statistic X2 — Z 2 : Z

2
i Oi,syst + Oi,stat

N, denotes the ith bin entry and NiSM denotes the SM expectation.
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https://arxiv.org/abs/1404.3940
https://arxiv.org/abs/1311.3589

HEFT effects on Higgs on-shell amplitudes

For on-shell effects, include the corrections on the Higgs branching fractions for H — 174748 Yy, 2y, 88

consider only a;, = no correction in bb

" v Tree-level corrections to the HVV vertex
H—-VV B Dawson, Giardino 1801.01136
V Dawson, Giardino 1807.11504
g g
______________ 2
H — rYs Z}/ H + H M = ‘Ml—loop’ + 2Re (MEEFTMl-loop)
Z, Z,
g
t
imi S Corrections to t7H + Higgs field redefinition factor
H — gg similar to ggF t - 99
g
_ _ , , _ _ HEFT
Using these, we obtain the partial decay widths and the corrections to the total H width I ',
Modified Higgs BR"™"(H —» X) THEFT(H - X) TSM X — oy YV 7
Branching Ratios BRSM(H S X) [SM(H — X) [HEFT =Y > LY
Signal Strengths ,LLX = [OggF BR(H — X)]HEFT assuming narrow width approximation
seF ~ 5 .p BR(H — X)|5M J PP
ATLAS Run 2 data
Observables HL-LHC uncertainties data
Measurements Correlations
2 —1
R EpeTET Pa— " Xonshet = O (Hiexp — thin) (Vig) ™ (1g.exp — #j.en)
T
uZz, 0.95+0:11 1 01 +0.039 " |
v 1137013 , 0,043 Linear or<.jer of HEFT
corrections « a;
’ungvF +0.33 13



https://arxiv.org/abs/1801.01136
https://arxiv.org/abs/1807.11504

SMEFT - HEFT correspondence

The correspondence between the HEFT operators considered in our analysis with
SMEFT dim-6 operators

HEFT SMEFT upto dim-6
H
_ 12 -4 uv C 5
OuBB QBB ¢ ” Tr |:B,LLVB } Qop = /;1323 o7 P B/,LVBM
H .
Onww = —agww 9% —Tr [WSVWGW} Translation rules Oor — Caow ot e e s
v g ; W A2 U
Lyvuk = _ Y ({L EL) U (y§3 tR) 4 h.e. Qi = %(@T@ (Qt@) i h.C.)
V2 br , A2
t_ H aripn = 20 Z28 with @ = — (¢
Vi :y33(1—|—(1—|—a1t);—|—...) 72 A2 v AUES:
U2 C@W
CHWW = —2—5— —
gw A Grzadkowski et al 1008.4884
U3 th)

T VaM, N

e To relate other HEFT operators, we need to go higher mass dimension in SMEFT.

e To further study the off-shell vs on-shell effects, we considered these HEFT-SMEFT
correspondence.
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https://arxiv.org/abs/1008.4884

Correlating off-shell and on-shell effects

e Using the total)(z, we profile over the SMEFT directions and obtained the parameter spaces.

* After profiling, for all dataset, a——, a3, Ayy» Agq Yield the strongest single parameter bounds.

e 95 % CL parameter regions are obtained with the A)(2 constraints.

6_ ] 'E T T T T T T T T —|1 E' \':"‘ T |_ -I T ;' T T 1 T T T T 1 T T T T 1 T T T T 1 T T T T 1 T "‘~ '; T 1

amO VS gl | : ATLAS 139 b7 37" ] 1o HL-LHC 3ab™' %"

af : 95% CL " . - 95% CL o277

oL : [ a
L ’| - ; E -

of ] i :

= | o : :
I otk - : i

S -2 I :
-4 - - ] -1 _ : -

—6 :- . ’ ' ‘o""g i : ! :
—sf S : : i Lo L
l l —I4 l l ) —I2 l l l (I) l l l 2I l l l ZIL —’II.5I — I—’II.OI — —CI)5 — IO.IO III IO.I5 III I’I.IO III I’I.I5

am aog
Datasets
on—shell

e apm 9ets strongly bounded with off-shell measurements.
- off —shell ZZ & on—shell

- off —shell WW & on—shell
--off —shell

e The most stringent impact from the off-shell measurements, predominantly [ ail

H—- 77

e |Improvements expected at HL-LHC.
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Correlating off-shell and on-shell effects

dryy VS dh3

6 F T S B B B S S
. ATLAS 139 fb™! ;
B : - “\ 95% CL !
4 ‘\‘ : s .'~~I ‘\ ' -
- [N P Sl - 1
PO AN | ‘s - -
a - 1
.l © . .
“-\ . !
2 ~ l‘s“ - -
i Ve :
L, :
ap] ' pR :
— - L4 -
= Of ! ; : i
] i : '
2t : ' _
- *
5 . -4
L - '
I , e _‘“_:,'
—4r ! ", 7
i ! N
- ‘.
-6 1 1 [ 1 | 1 1 .; VI I
-3 -2 -1 0 1 2 3
agvv

Similar observations

ar13

e The strongest impact is H — ZZ off-shell measurements.

e Improved constraints expected at HL-LHC.
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NSNS 95% CL j

= = 0 T 2
agvv
Datasets
-.on—shell

- off —shell ZZ & on-shell
.- off —shell WW & on—shell
-- off —shell

[ all




Conclusions

e \We studied the off-shell measurements to set the constrain on the HEFT interactions.

 Main candidate is a5~ which induces q4 dependence in Higgs self energy and
thus modifies Higgs propagator.

e Such effect being absent in SMEFT enables the HEFT vs SMEFT discrimination.
Thus, this non-trivial momentum dependence brings in SMEFT vs HEFT effects.

e By correlating the off-shell with the on-shell data, the non-SMEFT interactions
are constrained by profiling over SMEF Ty directions.

* To enhance sensitivity to these HEFT parameters, off-shell measurements,
when combined with VBF and multi-Higgs measurements, can offer promising
prospects for a global fit.
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