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Higgs self-coupling in the SM

V(¢) = —p*¢'¢ + A(¢'¢)*

S Kanemura et aI PLB558,157

'LWe need to measure the trlgmear self couplmg d1rectly ?
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Long history in high precision calculations

[1] LO (Slide design inspired by: G. Salam)
Q00— [2] NLO HTL‘ [5,6] NNLO HTL

[ | (8] Full reals (FT,pr0,)
TXXOL————L < - - - - - .
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From S. Jones at Higgs Hunting 2024 (3] NLO HTL + NNLL
[4] NLO 1/m?8

[29] small-p; + small-m [7INLO 1/my?

[30] EW: leading Yukawa 16
[31] small-t [26] N3LO HTL [13] NLO + NLL

[14,15] NLO + PS
[16] 1/my + thres.

[91 NNLO virt 1/my

+0(1/my)

[10] NNLO HTL (Fully Diff)
[11,12] NLO numerical

[32] NNLO: ng contrib. [25,27] NNLO 1/m%
[33] EW: 1/m, <ot

[34] NLO comb expansions '
[35] NLO EW corrections

[36] NLO + bbyy decays

[37] NNLO: reducible

[38] EW: Yukawa/self-coupling
[39] EW: self-coupling
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[17,28] NLO MS m
[18] NNLO (FT ;ppr05)
[191 NNLO + NNLL
[20] NLO small-p;
[21,22] NLO small-m;

[23] NLO small-p + thres.
3 22 [24] NLO num. + small-m
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go —HH as a function of k
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computation A[fb] A/AMLO) Bifb] B/BMLO) Clfb] C/C(LO)
LO m, fin 35.0 123.0 4.73
NLO m, fin 62.6 1.79 -44 .4 1.93 9.64 2.04
NLO m;, fin x NNLO SM FTApprox 70.0 2.00 -49.6 2.16 10.8 2.28

NNLO + NNLL m; — oo x
NNLO+NLL SM (partial m, fin)  71.3 2.04 -47.7 2.08 9.93 2.10
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T'he meaning of k

g Y

2
Ky

(0-BR)(gg > H —yy) = osm(gg — H) - BRsm(H — yy) -

Handbook of LHC Higgs Cross Sections,1307.1347

[t can be considered as a rescaling factor of the corresponding parameter in the
Lagrangian.

[t is a ratio of two parameters in two Lagrangians (Z'yp and £ q,,).

_ _ Map

L= A0
Asy Asy

How to rescale the single parameter in Z;,?
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T'he meaning of k
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A more realistic function form
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HEFT

* To describe the new physics beyond the SM, we often take a consistent
effective field theory framework.
 HEFT: Higgs field as a singlet, non-linear, no explicit constraints on

couplings
LupeEr — L L4
2 H H\?2 4
£2 :/UZ (1 +2a—+b<—> + )Tr[DﬂUTDllU] U(ﬂa) — elﬂ' T /’U
v v

1 1o :

+50”H6”H— V(H) _T.ngr[W”VW” ] V(H) — (_’u2 +11’U2)’UH+§(—/42 + 3/1’02)H2
I a5 A

- —Tr[B/wBlw] + Ler + Lrp. + K3/1’UH3 + K4—H4.
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Renormalization

The renormalized Lagrangian in the k framework after EW gauge symmetry breaking:

K 1 7 1 N ) 1 274 1.4 2er5 03 2
L= Equ(aﬂH) = <—§Zﬂ2Z¢Zv,u Vo -k ZZ/IZgva AV > - (Zﬁzd)Zv/lv — L pLy Loy v)H
7 <%ZAZ£ZV2 Av* - %Zpﬂzcb'“z) He ZK3HZAZ(,%ZV/13HVH f= %ZK4HZ/1Z£/14HH N
The linear term is
(u*v — WHH + (62,2 + 6Zy + 6Z)u*v — (6Z, + 267, + 36Z,)Av’1H

We choose the renormalization scheme in which there is no tadpole contributions.

u? = Av? and (02, — 0Z) — 0Z, — 25Zv),uzv + 7' = 0 with T the one-loop diagrams.

3 AV 1 .
=——m| —+In=+1
167 c - mp  HT.Li, ZG. Si, JW, X. Zhang, D. Zhao, 2407.14716



Renormalization

The quadratic term is
1 2 207 1 2 3 5 1 2172
E(GMH) — U H" + Eézd)(aﬂH) 3 552/1 == 55245 == Eﬁzﬂz = 35Zv MU H
1 2 1 0% 2 1 2 1 &
= 5(0MH )- — EmHH e EéZqﬁ(dﬂH )- — 5(5ng, + 0Z,)myH

We choose the on-shell renormalization scheme.

31 1 ; v | [ :
8,y = 4H< +1n”—’;+1)+ 2 ( +1nM—R+2—L)

1672 \ € mg mg 8m° \ € m# \/3
93v> /3 — 27/3
57, = 3H2V L
87 3mz

Since we focus on the corrections induced by the Higgs self-couplings, we can simply take
5Z,+ 62,12 =0

H.T. Li, Z.G. Si, JW, X. Zhang, D. Zhao, 2407.14716
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Renormalization

The result of one-particle reducible diagrams and counter-terms: | MS scheme

2
Mgg—>H*—>HH X {167‘(‘2 (—2)\4H — )\3H + 6>‘§H—2) + 5Z,¢J

2

- 1672 mH 4 3 m2,

Ny o STATUATE NN AT A
L) 2
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14 H.T. Li, Z.G. Si, JW, X. Zhang, D. Zhao, 2407.14716
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Updated function forms

The A dependent correction is

K, e doies et 2 S 2 g
50ggF’EW = (0.075x; —0.158x; —0.006k; «; —0.058k; +0.070x; «x; —0.149¢; ) tb
K) o 4= 3 2 o 2 &
50VBF’EW — (0'0215'%}1 0’0324'%}1 0.00191</13H1<,14H 0‘0043'{&31{ + O.OISIK%HK,MH 0.021 1K‘/14H) fb
ggF VBF
H)\BH Kl)le K K K K K K .
OO | ONNLO-FT | 9EW | 91O | ONNNLO 00 gy T.he .QCD C.orrectlons s
—, | significant in ggF, but not
1 1 | 16.7 31.2 -0.225 | 1.71 | 1.69 | —2.30 x 10 s
sensitive 10 K3 .
3 1 | 859 18.4 1.28 | 3.59 | 3.53 8.35 x 1071
6 1 67.3 161 60.6 | 25.1 24.6 20.7 The EW corrections are 91%
1 3 |16.7 31.2 -0.393 | 1.71 | 169 | —3.89x 1072 | (82%) in ggF (VBF) for i3y = 6.
1 6 | 16.7 31.2 -0.646 | 1.71 | 1.69 | —6.27 x 1072
3 | 3 |859| 184 130 | 359 | 353 | ss0x10-! | 1hedependence on Ay is weak.
6 6 |67.3 161 61.0 | 25.1 | 24.6 20.7

H.T. Li, Z.G. Si, JW, X. Zhang, D. Zhao, 2407.14716
16



More stringent constraint

ATLAS (CMS) limit
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H.T. Li, Z.G. Si, JW, X. Zhang, D. Zhao, 2407.14716
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Sensitvity to Ky

g 9090 H g 9090 H
S & S &
v ——\:/’ v ——l\/'

g 9/ H g 9/ H

60;‘% = (0.0751<j3H = 0'158'(/%3}1 = 0.006K/123HK/14H = 0‘058’(/123}1 +0.070x,, x;, —0.149; ) 1b

gF.EW
HO887y 2450 3000 bk (0500 (#2821 D870k )
+i; (0.135k) —0.742¢, —1.179)] x 107 fb

This is only partial NNLO correction!
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Sensitvity to Ky
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A query from experimentalists

From: Zhengliang Guo <zhengliang.guo@cern.ch>
Sent: Monday, June 2, 2025 8:16 PM
To: j.wang@sdu.edu.cn <j.wang@sdu.edu.cn>

“While applying the correction for the ggF to HH cross
section, | noticed that the formula presented in

your report at the HH meeting differs from

another reference. Specifically, when k3 =1, the effect of
k4 appears negative in your report, whereas it is positive
in the reference. | was wondering if you could clarify the
reason for this discrepancy.”

20


https://indico.cern.ch/event/1399335/contributions/6384781/attachments/3067755/5426864/WangJian_HH.pdf
https://arxiv.org/pdf/2402.03463
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Comparison with SMEF'T

« SMEFT: Higgs field as a doublet, Wilson coefficients suppressed by A

o (V)
V(gn) =~ (@18 + 610} + (5[~ 2] + T[T - %

2

5}
2 ] ’ Borowka et al, 1811.12366

U0 (4199, -

Lag = — lﬁ‘,g/\’U_H3 — (52)\ -+ glﬁ:;;(squ -+ J65Zd6))\’UH3.

_ 2
K3 = 1 + dﬁ d ZdG&dﬁ

21 J.L. Ding, H.T. Li, JW, 2511 .xxxxX



Comparison with SMEF'T

Lag + Lsg = —ilﬁl)\H‘l — /15%]—[5 4.,
ke = 1+ 6dg + ds ks = +(3dg + 2dg + dyo)

If the new operators are renormalized in the MS scheme. We find that the
amplitude of gg - H* — HH is different from that in HEFT.

2
tMsMEFT2 — 1M, 3m%¥(m3 - 1) [ - (3 - \/371')/1% + (k3 — 3“% — K4)(1+In :;_12%)]

H

iM1,0 327202 K3

22 J.L. Ding, H.T. Li, JW, 2511 .xxxxX



Comparison with SMEFT

If we require that the amplitude remains the same, we have to change the
renormalization condition. The renormalization of the dimension-six
operator is not in MS any more.

(5Zd6 )ﬁnite — (5Z)\)ﬁnite

3x3 [1 I 3\ [1 I
Ty = — 28 1 1 1 1
02 167T[+nm2+]+167r[+nm2+]
3Agv° 3—|—3ln L 16— /3r|,
8m2m?2 | €

MS in HEFT is not MS in SMEFT!

23 J.L. Ding, H.T. Li, JW, 2511 .xxxxX



Summary

The SM is a master piece in human history. It has been tested by a lot of
experiments at very high precision level.

However, the Higgs sector still needs more precise comparison between
theories and experiments.

Higher-order corrections provide more precise estimate of the
dependence on Higgs self-couplings.

Thanks a lot for your attention!
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HEFT

0'Ho'H 0/Ho H
L4 = —agapn1 02 Tr[Vqu] — ddayy2 vzﬂ e[V,

H H? m? H H?
(011 + aH11 + AHH11 v_) Tr[D VD, V] - 4H (2aHVV — + aggyy 2>Tr[V/‘V#]

H? sa , H\ H .
aHWW + AHHWW ~ 5 2 TT[W;WW | +il apn + apm ” ” Tf[W;wV” ]

LIH
+

H\ oH
anyy + agoyy ) Tr[V, V¥] + (ad3 + apgs v) . Tr[V,D,V¥]

v
OHOH #Ho,HOH

T (aIZlIZl + agoo ) > T Qa0 3

v
2 2
miy ms

AHdd —2 + Adaw _v T Adaz > 2

H

Brivio et al, JHEP, 1403, 024
Gavela, Kanshin, Machado, Saa, JHEP, 1503, 043

Renormalization:
Guo, Ruiz-Femenia, Sanz-Cillero, PRD92,074005(2015)

Background field method: Buchalla, et al, NPB, 928,93 (2018), PRD104,076005(2021)

* Scattering amplitude: Herrero, Morales, PRD106,073008 (2022)
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Renormalization

In the SM, the Lagrangian for the Higgs sector can be written as

= (D,,,ébo)T(Dﬂ bo) + H; (ng bo) — /10(655 do)

where ¢, denotes the bare Higgs doublet and D, is the covariant derivative.

The relations between the bare fields and couplings, and their renormalized
counterparts, are given by ¢, = Z(;/ 20 ,ug - Zﬂz,u2 , and 44 = Z;A.

The EW gauge symmetry is spontaneously broken once the Higgs field
develops a non-vanishing vacuum expectation value v. Taking the unitary
gauge, we write the Higgs field as

1
o= = (O, Zv +H)T
V2
Our strategy is equivalent to the application of HEFT in Higgs boson pair

production.
747



