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HH production at the LHC

Gluon fusion
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See talks by J. Chang, K. Schonwald,
B. Lawrence-Sanderson, M. Vassilev (Tue)
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The MINNLOps method

_ R
dg%ﬁINNLOPS _ d(I)FJBMINNLOPS > {prg(Apr) + d(I)radprg (pT,rad) B—Ej } See talk by C. Savoini (Thu)

[Monni et al.
1908.06987, 2006.04133]
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The MINNLOps method

Rr;

dg%ﬁINNLOPS _ d(I)FJBMINNLOPS > {prg(prg) + d(I)radprg (pT,rad) B— } See talk by C. Savoini (Thu)
FJ

[Monni et al.
o 4..(1) 1908.06987, 2006.04133]

BMINNLOps _ —5 C_-UFJ (1 +§(1))

All one-loop amplitudes taken from OpenlLoops [Buccioni et al. 1907.13071].

Exact Vun from HHgrid [1604.06447, 1608.04798, 1703.09252, 1907.06408] and ggxy [Davis et al. 2506.04323].
See talk by K. Schonwald (Tue)
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Top-quark mass approximations

Heavy Top Limit (HTL): all amplitudes computed in the effective theory with the top integrated out

g H g H

Analytical HH amplitudes in HTL
- @
[de Florian, Mazzitelli 1305.5206]
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Top-quark mass approximations

Heavy Top Limit (HTL): all amplitudes computed in the effective theory with the top integrated out.
g H g H

Analytical HH amplitudes in HTL
- @
[de Florian, Mazzitelli 1305.5206]

g H g H
NLO Improved (NLO-I): rescale NLO distributions with the higher-order corrections in HTL.:

dO‘NNLO

doNNLO _ 3 NLO  “YHTL

ONLO-I — UOfFT Jo,NLO
OHTL

Not well suited for event generation: better something point-by-point in phase space.
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The tower of approximations

Born Improved (Born-l): everything rescaled with the exact Bn+ at squared matrix level.

FT
BHH

HTL
BHH

XBI = XHTL
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The tower of approximations

Born Improved (Born-l): everything rescaled with the exact Bn+ at squared matrix level.

FT
BHH

HTL
BHH

XBI = XHTL

Full theory approximations (FT-approx): add exact Born and real amplitudes for HHJ, rescale the virtual by the Born.

Three possibilities for the virtual corrections:

* FT-approx-0: same as in Born-l;
* FT-approx: add exact Vux, VVun as in Born-l;
° FT-approx-2: rescale VVhu by VHH.

Change mt-approx in the input card to run in the different approximations.
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Total cross sections

Inputs:

my = 125GeV, Gp =1.1663787 x 107°GeV 2, m;=173GeV, T'y=T;=0

PDF set: PDF4LHC21 40 (93100)

HTL Born-I NLO-I | FT-approx-0 | FT-approx | FT-approx-2

+8.1% +9.2% +4.4% +6.1% +9.5% +8.6%
30.087 ¢ =o, | 37.347¢25) | 3198 cor | 32.04 .oy | 3232757 | 31.88° -5

The three F T-approx are close to each other and to NLO-|.
Sizeable positive mass effects not captured by HTL.

Born-l overestimates mass effects in the inclusive cross section.
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Mass effects for inclusive observables
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Mass effects for radiation-sensitive observables
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Comparison of the three FT-approx
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Comparison with GENEVA

o (fb) HTL Born-I | FT-approx

:3:3.7T24-7}79%

+9.3%
37.92 85

+9.2%
31.32 T 9o

MINNLOps Ho.2%

32.344-6.8%

+7.3%
37.65 Ho.8%

+7.1%
30.69 "8

GENEVA T80

Good agreement for the total cross
section and inclusive observables.

Large discrepancies for pr,

possibly due to the different
resummation (pr vs zero-jettiness)
and different treatment of some
matrix elements (needs future work).
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Variation of the trilinear Higgs coupling

2
m
Allow for deviations from the SM: A3 = m)\gM = nAQ—H Change k! in the input card.
v

Bounds from [ATLAS Collaboration 2507.03495]: —1.7 < k) < 6.0
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Variation of the trilinear Higgs coupling

100 x 0" 'do/dmpyy [GeV']  pp->HH@LHC 13 TeV
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Expected HL-LHC sensitivity
[ATLAS and CMS collaborations 2504.00672]
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Reconstructed di-Higgs invariant mass in 4b final state

Inspired by [ATLAS Collaboration 2301.03212]
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Di-jet invariant mass in 2b2y final state

Inspired by [ATLAS Collaboration 2507.03495]

do/dmyy, [fb/GeV]  pp->HH->bbyy@LHC13 TeV
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Summary

e We provided a NNLO+PS event generator for Higgs pair production in the MINNLOPS framework.

* The HHJ code is publicly available at https://qgitlab.com/POWHEG-BOX/RES/POWHEG-BOX-RES.

e |t allows for different implementations of the top-quark mass effects, with the three FT-approx
representing the best we can achieve at the moment.
The code is written to directly accomodate the missing matrix elements.

 We found unexpected discrepancies with GENEVA when introducing mass effects.
Their understanding is still work in progress.

* The code allows for the variation of the trilinear Higgs coupling.

e We implemented analysis inspired by the ones by ATLAS.

THANK YOU FOR YOUR ATTENTION!
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Theory status
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Validation against fixed-order (Grazznietal 1803.02463
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Validation against fixed-order (Grazznietal 1803.02463
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MiNNLO vs GENEVA (2)
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ATLAS analysis in the 4b final state  ALAs coliaboration 2301.03212]

VBF Selection

(1) (6)

Pass trigger class (Spi)r < 65 GeV Yes\
No
No

(7.VBF) (8. VBF) (9. VBF)
Yesl YesT Xwt > 1.5 Ves 2l X< 16 Ves 2| min > 400 Gev Ves > VBFSR nggS bOSOnS reCOHStrUCte d
” on from the 4 hardest b-jets.
> 4 centraljets 1ami -3, Pair them so that the hardest pair
YeST has the smallest R separation.

Yes

; e | s | > goF SR

(3) (4) Yes Yes Yes
>4 b-tagged [—>| =6centralor No
central jets Yes forward jets

ggF Selection
- mq4i; — MW 2 ™Mi:p — Mt 2-
central jets: n| < 2.5, pr > 40 GeV; Ty = Inin JJ 4 Mg
0.1 my4 0.1 ™Mb

forward jets: 2.5 < |n| < 4.5, pt > 30 GeV. ' '

o mp, — 124GeV 2 LMy 117 GeV ) 2
HH 0.1mpg, 0.1mpg, |
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ATLAS analysis in the 2b2y final state (A7.4s Collaboration 2507.03495]

Cuts on the photons:

pr(m1) >35GeV,  pr(y2) >25GeV,  105GeV < m., < 160 GeV,

n(71,2)] < 2.37,
My My

Cuts on the b-jets (anti-kr):

pr(j) >25GeV,  |n(j)| <2.5

Cut on the reconstructed Higgs invariant mass:

80 GeV < my, < 140 GeV
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