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[CMS, Nature 607, 60-68 (2022)]

Why we study Higgs boson pair production?

Higgs pair production is a key to
probing Higgs self-coupling!

V(h) = 3mEh? + Avh® + 3 Ah*

g “00000) l //H

b4 - - - -

g 50000 Nl

The trilinear Higgs self-coupling A is important
for examing the shape of Higgs potential and
understanding EWSB.



Introduction

Higgs pair production by ggF: Theoretical (partial) Status

Heavy top limit:
N3LO+N3LL: [Ajjath, Shao, arXiv:2209.03914]
—1 N3LO: [Chen, Li,Shao,Wang , arXiv:1909.06808]
g8 — HH (NNLOpr,,,,) NNLO: [de Florian, Grazzini, Hanga, Kallweit, Lindert, Maierhofer,
— 1 Mazzitelli, Rathlev,arXiv:1606.09519]
1 NLO+NNLL: [Shao, Li,Li ,Wang, arXiv:1301.1245]

Main production channel

o(pp — HH + X) [fb]
M, =125 GeV
PDF4LHC15

o | ~ WHQLO) _1 Finite mt dependence:

NNLOgTapprox *NNLL: [De Florian, Mazzitelli,arXiv:1807.03704]
1 NNLOgtapprox: [Grazzini, Heinrich, Jones, Kallweit, Kerner,
N 1 ArXiv:1803.02463](applyed by CMS and ATLAS)
0¥ i NLO+NLL: [Feerera, Pires,arXiv:1609.01691]
_2 i ] NLO: [Borowka, et al ,arXiv:1608.14798, arXiv:1604.06477]
314 0 “ & o 100 NLO EW: [Davies, Schonwald , Steinhauserc ,Zhang, arXiv:2308.01355]
Vs [TeV] NNLO: [Mazzitelli,arXiv:2206.14667]
[Biagio Di Micco et al, arXiv:1910.00012] [Czakon, Harlander, Klappert, Niggetiedt,arXiv:2105.04436]

NLO: [Baglio, Campanario, Glaus, Muhlleitner, Spira, Streicher,
arXiv:1811.05692]
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Introduction

EXP p SH
Ky = jg,gz k — framework | [CERN-2013-004 (CERN, 2013)] G(gg — HH)~ (glgooo )

HH - bbyy has the highest S/B.
HH — bbbb has the highest branching ratio.
HH — bbtt has middle S/B and branching ratio.

CUEAE Finalstates ___JObs________Bw.

bbbb [-3.5,11.3] [-5.4,11.4] [ATLAS,arXiv:2301.03212]
bbyy [-1.5,6.7] -2.4,7.7] [ATLAS,arXiv:2112.11876]
bbtt [-2.4,9.2] [-2.0,9.0] [ATLAS-CONF-2021-052]
Combine [-0.6,6.6] [-2.1,7.8] [ATLAS,PLB 843(2023)137745]
oVIFNN Finalstates  [Obs. B

bbbh [-2.3,9.4] -5.0,12.0] [CMS,arXiV:2202.09617]
bEyy [-3.3,8.5] [-2.5,8.2] [CMS,arXiv:2011.12373]
bbtt [-1.7,8.7] [-2.9,9.8] [CMS,arXiv:2206.09401]

Combine [-1.24,6.49] [-2.28,7.94] [Higgs 2022, N. De Filippis’s talk]



Introduction

' 1 | I | | I | | I |
- ATLAS
| Vs =13TeV, 126—139 fb-!
81— Expected SM

-2 In A

HH + H K, only:
95%: k) € [-1.9,7.6]
HH + H Kk, generic:
95%: Ky € [-2.2,7.7]

m— H K, only .

= HH K, Only

w— HH + H K only
HH + H k) generic -

95% —

[ATLAS, arXiv: 2211.01216]

_ Aunn
Ky = ASM
HHH

Expected self-coupling modifier at 95% C.L.
Single- and di-Higgs combination:

Run2: k3 € [—1.9,7.6]

Constraint is still loose.



_2AIn(L)

Introduction

B | BB} I | LB I 10 Dl I LI I LI L I | Bl 7S S| I | S L | I LI L LI I 1 LI L] l_
20F ATLAS Preliminary =
= Vs =14 TeV, 3000 fb-! .
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[ATL-PHYS-PUB-2022-053]

_ Aunn
Ky = ASM
HHH

Expected self-coupling modifier at 95% C.L.

HL-LHC projection : k; € [0.0,2.5]

95%
Need more precise theoretical prediction.
68%



Framework

* For the specific Higgs pair decay model H; — X, H, — X,, in the
frame of narrow width approximation, we have,

deHl_,ledFHz—>X2

FH1—>X1 FH2—>X2

O-pro+dec(X1»X2) = Opro XR(Hy = X1)R(Hy = X3).

The cross-section can be expanded in a series of strong coupling,

Jdry? s fdr
(0) _ @ L P H-bb ) HHysyy =
Tprosdecyy) = P10 @ 0 XR(H,; - bb)R(H, = yy). LO
H1-bb Hz—-yy
fary? 5 [ dr
pro(1) (D Hqy— Hy—-yy A d
pro+dec(bbyy) — °Pro () r(© XR(Hy = bb)R(Hy = yy). SNLOP™*xLO“e¢

H1—)b5 HZ_)yy



Framework

1 1 _
dec(1) _(0) (1) (0) '
pro+dec(bb,yy) — 9pro r©® O deHlﬁbEf dFHzeyyXR(Hl - bb)R(HZ - YY) Numerator expanding
Hy—bb ~Hz=Yyy
r ~
—a;?% (f,{)ﬁbbz (0)1 deP(IO)_)bEf dFIL(Ig)_)WxR(Hl - bb)R(H2 - YY) Denominator expanding
(Ch-pp)” THaoyy 11
(0) (0) (1) (1)
dec(1) . O_(O) deH1—>b5 f dFH2—>yy deH1—>bE . l—‘H1—>b13 XR(H N bE)R(H N )
pro+dec(bb,yy) =~ PTO F(0) ) F(0) fdl“(o) ] F(o) ] 1 2 VYV
H;{-bb Hy-yy H,{-bb H;{-bb LOPTOx SNLO%ec

This contribution is O in the total cross-section.
Why we consider its correction effects ?

(1) )
(f dFHz—WY _ FHZ—W)/) CEt
Hy—-yy Hy—yy

Why we ignore the H, — yy NLO QCD correction ?



Numerical result

with decays but no cuts

with decays and cuts

with ecays
/ LO% [ SNLO%* LOs* SNLO“
ro +31% +31% +30% +42%
LOP! / 17. 071% 0. 02257+§§Z 0 0. 01257+% —0. OO%O&% S = 14Tev
1.OE™ [g5 = 0.0262425% 0 0.01395727% | —0.002613+0% |1 — 173 Gev
SNLOPr® 14.8615% 0.01964 157 - 0.01064 157 — my = 125 GeV
SNLOPro 12 08+/1% 0. 01729+4% o 0. 009142+4% o PDF4LHC15 nlo_100_pdfas
\ I Full N LO result
18% 18% 15%
NLOoo \31.932%% 0. 042211%35 0. 02146:% 1%
NLOyn, 32981 T 0:04354115% 0.0204711%

Ur, U E%( ,1,2) and z—’;

LOp, /L0x = 16%

1

NLO,, /NLO,, = 3%

= ior 4 are excluded (7-point).

SNLO,, /LO.,

= 87%

1

SNLOy,, /LOp, = 66%

Agree with [arXiv:1909.06808] (HTL) and [arXiv:1608.14798] (SM)
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Numerical result

A
without decays wi}d( decays but noxQuts with decays and cuts
e SNLO Lo SNLO°
ro 31% 31% F30% F12%
LOP: {476 0715% 0. 022571352;; 0 0.01257 +%% —0. 001750+%§g
78 oy 19.851550 0.02624 7555 0 0.013957 555 | —0.0026137-c/
SNLOP™ | 14.86+6% [l 0.01964%6% |  — | 0.0106476% =
S ro +4% 1% +4%
SNLOP 13.087 g2 0 017297 .2 = 0.0091427F52 -
Full NLO reqult
18% 18% 15%
NLOoo 31 931% \ 0. 042211%35 / 0. 02146:% 1%
NLO,, 208 1 0.04354114% 0.02047735
In numerical data: R(H - bb)XR(H - yy) = 58.24%x0.227% = 0.13%

LoPrro pdec — LOPTOXR(H - bE)XR(H - )/]/)

SNLOPT°L04¢¢ = SNLOP™°xR(H — bb)XR(H - yy) . . .
. » Confirm the validity of our numerical
ar' _ W rogram.
LOPTOSNLO%C = ... Flos T =0 P
H{—bb Hi-bb 11



Numerical result

without decays | with decays but no cuts Alth decays and cut%\
o= SNLOTee LO™* ONLO™® \
ro 31% 31% F30% 2%
LO | §7 0713% 0. 02257+%§2;g 0 0. 01257+%% —0. 001750+%gg
Lo 19857 0.02624 "5, 0 0.013957545, | —0.00261375-5/
ONLOE® |  14.86%6% | 0.0196415% -~ 0.01064 157 -
SNLOR® | 13.084% | 0. 01729+4% — ) 0.0091421 4% =
Full N LO result \
18% 18% 15%
NLOoo 30 931% 0. 042211%35 0. 02146:% 1%
NLO,, 208 1 0.04354114% 0.02047735

(1)
(f Ay -bb

(0)
deH —bb

(0)
FH1—>bE

r (1) r
H1—>bb> =0 CUT. <f dFH —>bb Hl—>bb>."i 0

(0) (0)
[ar FH1_>bE

Hq-bb

pl,pl > 25 Gev

In’|, In¥| < 2.5

ARjj iyyy > 0.4
90 <'m;; < 190 GeV

Cut
(LOm.BNLOe/LOJT P L0 ) = — 19%

cut
(LOETOSNLO%eC /LOPTOLO%eC) = — 14%

Larger than N3LO QCD correction (~+6%)
[Chen,Li,Shao,Wang, arXiv:1910.00012]
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Numerical result

without decays | with decays but no cuts with decays and cuts
LO™ SNLO%* O SNLO*

LOEre 0. |oesr 0 0.0125750% | —0.0017501 527

LOP™ Iggsta e |zt 0 0.01395727% | —0.00261313%%
ONLOE® |  14.86%6% | 0.0196415% -~ 0.01064 157 —~
SNLOP® 13.08 2 0. 01729+4% - 0.0091427:;73 -

Full et
NLOo 31932 04221 718% 499, 002146" 3"
NLOm, 3295114 0.04354+}§Z) +_5 o 0.02047+10%

0.00020
0.00015
o

S| £0.00010
e]

0.00005

0.00000

- Before Cut
- After Cut

0 50 100 150

j2
PT

200 250 300

Regionl 4
Region2 1

pl,pl > 25 Gev

In’|, In¥| < 2.5

ARjj iyyy > 0.4
90 <'m;; < 190 GeV

The cross-section with low pr is cut.
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[fb/20GeV]

dpr! (dPrH)

Numerical result

Reconstructed nggs IS dlfferent from intermediate Higgs

i 4g“° — 5
0.0012 {pT o, ~—1 | pb Pp
Higgs CM frame @% Q —0Q
0.0010
H da
- {pT H}
0.0008/
AV
H(->bb)H #
0.0006! pp —> (_> ) (—>yy
Vs=13.6 TeV
0.0004/ HR ="
my=125 GeV Lab f
_ =50 ab frame 1
0-0002{1 o5 e 41 HE15_nlo_100_pdfas " p};’
Rj,yiyy>0-4 pp
. W, . . , , b
0 200 300 400 500 700 Ryp

H_ZmH

Pr ="p"
| | | | | | Y
100 200 300 400 500 600 700

pr'(pr")iGeV]

= (pH,pT) Py = Z|pT| P3| = Z|pT

V

H

py = (Ippl. Pp) -
% = (ISZI 52) mg = zz‘(|p¥|)2R2
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Numerical result

> 0.0010
o
o
N
3 0.0005
bl_' S
S| £ 0.0000
0.4
_ 03
o 0.2
o 0.1
. 0.0
v —0.1
-0.2
-0.3

_ LO 0.0025 - LO
0.0020
_ ONLOd¢ _ ONLOd%¢
0.0015 pp —> H(->bb)H(->yy)
0.0010 Vs=136Tev
HRr =Hf=Mpn/2
0.0005 my=125 GeV

K 0.0000 \_‘_‘_,_,_,_,—'!PDF4LHC15_nIo_100_pdfaS
-0.0005

400 600 800 1000 1200

K-factor

0

0

0

0.

M 0.

1 -8.

600 800 1000 1200
v[GeV]

Up to 30% decreasing

m=173 GeV

_\“‘ 100 200 300 400 500

-3 0 200 300 400 500
pr'[GeV]

In the peak region, the QCD correction is as large as about -30%.
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Numerical result

[fb/20 GeV]

do

vy

dm

™ LO
0.0020
0.0020 B LO+6NLOP™:
LO+6NLO%C+ SNLOP™ =
0.0015 = o 0.0015
7 pp —> H(->bb)H(->yy) o
o
‘ Vs=13.6 Tev 8
0.0010 | Tﬁu<'UR JH < Mijyy = . 0.0010
77 my=125 GeV | =
m;=173 GeV © -§
0.0005 ~ PDF4LHC15_nlo_100_pdfas 0.0005
0.0a0@; 400 600 800 1000 1200 0.00N0
20 | ooy L 3.5
51.8 — .
§1e ] - - — g3o
“I_ j_‘—\_\_‘_; § 2.5
xX14 i =|‘ 20
1.2 e '
o I 1.5
) 400 600 800 1000 1200 1.0
mjjyy[GeV]

- LO
LO+ONLOP™

_ LO+6NLOP™+SNLQY®

pp —> H(->bb)H(->yy)
\s=13.6 TeV
HR=Hr=Mypl2
my=125 GeV
m=173 GeV
PDF4LHC15_nlo_100_pdfas

500 1000 1500

%W'ﬂ H

500 1000 1500
muw[GeV]

 The NLO decay correction is negative but in some region is still positive.

The K-factor is not constant.



Summary

* Higgs self-coupling Ay 4y is important for the SM and the best way to
directly measure Ay is from Higgs pair production.

* The experiment uncertainty will be reduced at the period of Run 3
although the constraint on Kk, is loose up to now.

* The QCD correction in decay is significant especially for cross-sections
after cut.

« SNLOY€C ~ up to -30%(-19%) for distributions(total cross-section)
with respect to LO



Thank you !



