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Infroduction

Higgs self-coupling is a crucial parameter for Higgs potential and electroweak symmetry

mj;

V(H) = —p2H H + 33 (HTH) Asm =3

12

Shape of the potential connected to the phase transition of the early universe from the unbroken to the
broken electroweak symmetry

A deviation of the potential from the SM would directly point to new physics

with additional scalar particles (SUSY, additional singlets, etc )
whether the Higgs is composite

with first-order electroweak phase transition

The precise measurement of the Higgs self-coupling is one of top

priorities of the current and future high-energy collider experiments
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Introduction
At the LHC

. . 8 1 | | 1 | I 1 | I | | I | | I I I
—e— Observed limit (95% CL) = 2k I [ I _ [ _ 5
ATLAS Expected limit (95% CL) c [ ATLAS Combmned LA
Vs=13TeV, 126—140 fo-! (MHH = 0 hypothesis) o 7 _4 ~ Multilepton = bbbb ]
M er(HH) =32.8 fb W SApedlecimilztlo | ' Vs=13TeV,126—140f07 __ 5 | poiss — bhrer 3
Oggr+ ver(HH) = 32. 1 Expected limit +20 -~ HH combination .
6 All other K fixed to SM —— Obs.: 95% CL [-1.2,7.2] ]

explored in the ggF and VBF F ,,....[ - T 5

——- Exp. (SM): 95% CL[-1.6,7.2] 1

IIIIIIIII

production processes. O 7o JONNLT TN L S . 01

bbbb— * 5.3 8.1 32_ E

ATLAS, arXiv: 2406.09971 o [ I E

bbttt [~ * 59 3.3 E\ /;

comtines- 10 29 24 i3 E

: ) N 9;5/0 CL uzpoper Iim2it50n Hljgignal :tsrengthjj)HH J

K

Best fit ), value 10 20 interval
combination of si ng le and double Hypothesis Expecticg Observgcg Expected Observed
: : Other couplings fixed to the SM prediction 1.07% 2 31730 [-2.0,77] [-12,75
Higgs boson production Floating (i, Kpy, k) 1.075% 4515 [-2.2,78] [-17,7.7
. Floating (kvy, %, Ky, k) 1.0178 47137 [-23,77) [-1.4,7.8]
CMS, arXiv: 2407.13554 Floating (ky, Ky, K¢, Ky, %z, K, 1.0t38 47417 [_23,78] [-14,7.8
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Perturbative corrections

g

g9 — HH at NLO QCD | /s = 14 TeV | MMHT2014

o/oN3 o

l t r I T T
i LO
. _ — HTL
Improving results by matching 1 = HTL + full reals
100 F [T _\ﬂj:l— HTL + full virtuals 3
| B Full NLO 1
[ =N
pp—hh+X 5| O 1
Mpp/4<og, F<Mpp _ ’ —*:3 3
PDF4LHC15_nnlo_30 LO @ | f — - ‘
m, =125 GeV Nmtg = | do/dmyy [fb/GeV] =5
mt=173 GeV N3LO [:] 10 : Hr = HF = 'TTLHH/2 — s
. [ NLO scale uncertainty =
: - ==
[replace the EFT tree amplitude | ==
- - e e e R S et . ; , R T s ——
R to One_|00p ones in full theOry TE I 1 b—d%
3 ] =
| : 5 10 ?l L e ]
_ { [Llreweight loop amplitudes with g/ oo |
| the ratio of tree ones ol _-
1lo llllll 2I llllllll 3|o llllll 410 llllll 510 llllll 6lo llllll 710 llllll 810 llllll 9l lllllll 100 T 60 800 1000 1200 1400

Vs [TeV] My (GeV]

large top quark mass effects 5 /17



gg2HH

Perturbative corrections

[1] LO [2] NLO HTL 5.6] NNLO HTL (Slide design inspired by: G. Salam)
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[30] EW: leading Yukawa .
31] small-t |_[26]NSLOHTL | [13] NLO + NLL [10] NNLO HTL (Fully Diff)
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Perturbative corrections

For class-a NNNLO cross section we have

According to the number of effective vertices at the squared amplitude
level, there are there channels.

There are two (class-a), three (class-b) and four (class-c) effective vertices
insertions respectively.
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(a) (b) (c)
dony, = doy, +dob, + do§
Ohh = GOpp, + A0y + A0, -

LO NLO | NNLO | N3LO
total | O(a?) | O(a3) | O(a?) | O(ad)
class-a | O(a?) | O(a?) | O(a2) | O(a?)
class-b 0 O(a3) | O(a?) | O(a?)
class-c 0 0 O(aj) | O(a2)

Chen, HTL, Shao, Wang,

arXiv:1909.06808, arXiv:1912.13001
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Perturbative corrections

For class-a NNNLO cross section we have
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Perturbative corrections
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Perturbative corrections

T

For each class, doy), = dohn < preto + dghhp%%pvew

which is perfect for the calculations of @(af) corrections

see Z.L.Liu’s talk
Chen, HTL, Shao, Wang, arXiv:1909.06808, arXiv:1912.13001
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Perturbative corrections

h,
- ®" Chen, Dai, HTL, Li, Wang, work in preparation
h . 40.50} g HH
| -subtraction
For each class, doy,;, = dony| jn_ jweto + donn| pnnveto 40.25| - ¢ ar
Pt <Pt ﬁPT P [ _ - I I
: | [ 1 I
40.00} | A i it (3 .
o .
= 39.75¢ =
S | !
%g 39.50F | PR—hh+X
o) ' Vs= 14 TeV
[ . . .
_ 9-point scale variation
39250 | HR = ME = Min/2
[ PDF4LHC15 nnlo 30
which is perfect for the calculations of O(c) corrections 39.00F | mp=125 GeV
see Z.L.Liu’s talk 2875k . .
: : 10° 101 102
Chen, HTL, Shao, Wang, arXiv:1909.06808, arXiv:1912.13001 pYeto [GeV]

Fully differential HH production 8 /17



Perturbative corrections

Di-Higgs decay with a measurement function F, [dec = / dl g, / dl'y, Fy

Cross section for Di-Higgs production and decay

() 1 L
= | Opro I'dec(X,. X, X R(Hy — X1)R(H2 — Xa).
pro—l—dec(X1 X2) ( FH1—>X1 FH2—>X2 dec(X1,X2) expanded . an) ( 1 1) ( 2 2)

expanded INn series of a,

NLO corrections as sum of corrections to production and decay individually

(1) O_pro(l) 4 O_dec(l)
pro—l—dec(bb,'y’y) pro+dec(bb,yy) pro+dec(bb,y7)
| _pro(1) oL L O o RH, 5 6B)R(Hs - )
production part protdec(bb,yy) — “PPOR0)  p(0) - dec(bbyy) : L

Hl—)bb H2_)'Y'Y

HTL, Si, Wang, Zhang, Zhao, 2407.14716, 2503.22001 /
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Perturbative corrections

1) (1)
ar' g,
dec(1) (0) 1 1 (0) f Hi—bb" J Hi—bb T
% _ =5} I X R(Hy — bb)R(Hy —
pro+dec(bb,y7v) proF(O) ~ F(O) dec(bb,vy7) f dF(O) _F F(O) ~ ( 1 ) ( : ,YY)
Hy—sbb — Ha—y~ Hy—bb" J H,—bb
2.5 :
y LO pp—=>H(=bb)H(->Tt"T7)
. , , — NLO VS =13.6 TeV
without decays | with decays but no cuts with decays and cuts 231 —— NLO without 8NLOYec
LOdee SNLOde LOdee SNLOde Sio
ro 31% 31% 30% 42%
LO% 17.0775,5 | 0.0225775,2 0 0.012577 556 | —0.001757 55 .
ro +28% +28% +27% +39% o <]
LOP™ 19.85750; | 0.0262475.2 0 0.01395 505 | —0.0026175.7 ©
ro 6% 6% 6% -
SNLOE; 14.86700 0.019647>¢ — 0.01064 7% — D 29
ro 4% 4% 4%
SNLOP™ 13.08 557 0.017297 57 — 0.00914 752 —~ 1.9-
Full NLO result .| \/
+18% +18% +15% '
NLO 31.93" 2 0.04221% 52 0.021467 77 -
14% 14% 10% 47
NLOy,, 32.937 150 0.043547 53 0.02047F 22
1.6

—2

KA

HTL, Si, Wang, Zhang, Zhao, 2407.14716, 2503.22001

10/17



g 999 —
Y

g >

(a)

EW corrections

g 09909,

g 2909009/

300

100 |

Higgs self coupling can be extracted from

o/oN3Lo
o
(0 0)

o
(o))

// KA

LO O

pp—hh+X

Vs=14 TeV

Mpp/4<%R, <My,
PDF4LHC15 nnlo_30
my=125 GeV

m=173 GeV

E 111111111 O T | SV O e B T N Y Y O T B ) TS DA e D | SR N N S A 3
-4 -2 0 2 4 6 8
Mo M

hhh!“*hhh

« OgoF NNLO—FT —

—r
Ol

dONSLO/d Mpn [fb/GeV]

—L
O|
H

3 — i
' ' O O O
A WO N = O = DN

2 g

—
o

102 ¢

(10.8 k3, —49.6 Ky, + 70.0 ) fb,

K=-1
=1 O3
K=3 [
K;=5 [

—
R

pp—hh+X :
Vs=13 TeV

Mpp/4<oR, <My 3
PDF4LHC15_nnlo_30
m,=125 GeV

16, = A A ]
A~"*hhh’"*hhh

300 400 500 600 700 800 900 100011001200

mpy [GeV]

11/17



EW corrections

Top-Yukawa-induced and Higgs self coupling-

induced corrections
complete EW corrections obtained numerically

L po Muu/2 /PR +mE  mu

. "x—;:z‘iix. Wﬁﬁ ......... LO 19.96(6) 21.11(7) 25.09(8)
ﬁﬁﬁﬁﬁﬁﬁﬁﬁ () j);: NLO 19.12(6) 20.21(6) 23.94(8)
o (e;gzgg,v'\'\'\:} """" B (f)ing - IC factor 0.958(1) 0.957(1) 0.954(1)

Muhlleitner, Schlenk, Spira arXiv:2207.02524
Davies, Mishima, Schonwald, Steinhauser, Zhang arXiv:2207.02587 Bi, Huang, Huang, Ma, Yu, PRL, 2024
Heinrich, Jones, Kerner, Stone, Vestner, arXiv:2407.04653

EW correction with 1/m, expansion

Davies, Schénwald, Steinhauser, Zhang, 2308.01355 12/17



EW corrections

g 9 ¢ H g W r<—--¢ H G99, H 9% 1< H
/// : | I/,'i \\\ ///
v > y 4 v D v A 50w = 84 + Opd + A + SpA” + SpA?
g 98 ¢ H gulsl o g gu H gw'» g H

O Higher-order EW corrections include Feynman diagrams with one or more triple Higgs or
quadruple Higgs vertices.

O These corrections exhibit a distinct functional dependence on the Higgs self-coupling.

VM (@) = —p?(@T®) + A(279) .
B = R 1AL ) If one count the power exactly, cross section

EFT approach 0o n -
PP VNP () = Con ( . v2) only depends on k5 and K, linearly
o A2n—4 2
n=3
_ A3 vt _
BENM T I =T
LY | 6cev? . degvt L
KZ4_)\§M:1| A2 ! A4 —1+666+C8.

Davies, Mishima, Schonwald, Steinhauser and Zhang arXiv:2207.02587 13/17
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EW corrections

g Q9 H g \Qﬂf—<—\\ H
[ “ \\\ //
\ - Y 4
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O Higher-order EW corrections include Feynman diagrams with one or more triple Higgs or
quadruple Higgs vertices.

O These corrections exhibit a distinct functional dependence on the Higgs self-coupling.

VIM(@) = —p2(®T®) + X \ | /
EFT approach 00 A
NP _ C2n t
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n=3 W ]| 14 TeV / |
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HS AgM AAZ + C6 \ lo _// NLO(flat ,u-inJrf;
. /\4 . | 6(36'02 | 468’04 L _ _ O.2b.o | 07) 2.0 10 6.0 s 8.0
n4_)\§M—1. YAZ T Al = 1+ 6¢c¢ + Cg . e

L\ 100 TeV
4l 30 ab~?

1 20 \... \'\‘ flf’/
ol LO(flat p-bin) --------

: LO —— //
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2T NLO
.
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0 At e | e [ A Pea oy B i e [ P R U
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

Co

Davies, Mishima, Schonwald, Steinhauser and Zhang arXiv:2207.02587

50w = 04 + OpA + O.A% + SpA° + 64
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EW corrections

Ly = (Do) (D o) + 1 (dhdo) — Xo(Bh0)?,

1 1 1
L = §Z¢(8#H)2 - (—§ZM2Z¢Z,3,UZ’U2 + ZZAZQ%Z{}/\U‘I> —(Z2Z3Zy\° — Z,2 Z g Zypv)H
- (§ZAZ§%Z§)\’U2 - §Zﬂzz¢u2) H*+Z - Z g AP
g o H Jur<—T-- H g9 H 9ur<+—
O l ;T
Y « Yy 4 | v - Y 4 e
g ¢ H gouls |l o g g Q9 \H g LWl g

d0mop mw = (0.075k%, — 0.158k3, — 0.006K3,kx, — 0.058K3, + 0.070kx, %5, — 0.149%y,) fb

dovsr w = (0.0215K3, — 0.0324k3, — 0.0019x3 Ky, — 0.0043K3, 4+0.0151k5, k1, — 0.0211ky,) fb
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| O

EW corrections

|
—
-

QCD (N)NNLO

— QCD (N)NNLO + O\, A%

3H’°
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OEW corrections include higher order terms in k;

O Large effects observed for large k;

O The upper limit by the ATLAS and CMS
collaboration on k; is 6.6 and 6.49

O With EW correction, the , the upper limit is
narrowed down to 5.4 and 5.37
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Conclusion

O Measurement about Higgs self-coupling is a cornerstone for understanding electroweak
symmetry breaking and probing new physics.

O A precision study for HH production and decay is required

O A method proposed to extract the k; dependence in the cross section

O A better constraint obtained after considering EW corrections
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