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| So far, the H(125) properties are
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| consistent with the SM expectation!
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| Its couplings with SM particles
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are proportional to their masses;

Higgs mechanism

existence of a “fifth force”
different from gravity



Higgs self-coupling in the SM

V(¢) = —p*¢'¢ + A(¢'¢)*

S Kanemura et aI PLB558,157

'LWe need to measure the trllmear self couplmg d1rectly ?




Higgs pair production at the LHC
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OgqF + vBF(HH) [fD]
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Perturbative corrections
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go —HH as a function of k
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T'he meaning of k

Ky * K
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Ky
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(6-BR) (gg = H—vyy) = osu(gg — H) -BRsy(H — vy) - =

[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,,).
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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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Non-trivial task

Input parameters ot conventional EW calculations:
e, My, M,, My, M,
If one takes the Higgs self-coupling 4 as an input, the
correction would be proportional to A.

Performing rescaling A — K/ before or after
substituting m7, = 2Av* gives different results.

14



EFT

* To describe the new physics beyond the SM, we often take a consistent
effective field theory framework.

 SMEFT: Higgs field as a doublet, small Wilson coetficients
 HEFT: Higgs field as a singlet, non-linear, no explicit constraints on

couplings
LugrT = L2 + L4
2 H H\?2 4
£2 — /UZ (1 + 2a—+ b(—) + .o )Tr[DﬂUTDllU] U(ﬂa) — elﬂ' T /’U
(% (%
1 1o 1
+ iayHa”H - V(H) - z—ngr[WWW" ] V(H) = (—p* + Av?)vH + E(—,u2 + 3Av%)H?

1 A A Il
_WTI‘[BMVB”U] +£GF+£’FP' +K3A’UH3 +K42H4.
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EFT
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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.
17



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
19



Renormalization

The result of one-particle reducible diagrams and counter-terms:
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20 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
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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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Why does the exp. bound depend «,?

4 CMS 137 b (13 TeV)
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CMS, 2011.12373



o0 —HH—bbyy

@ Pr Z 25 GeV, ‘77‘ S 2.5,
Zﬁﬁ<\\\{ 90 GeV < m;; < 190 GeV

(1) (1)
O N (1) 1 1 70 (f Ay st B FH1—>bb)
pro+dec(bb,yy) P (0) (0) dec(bb,y7) (0) (0)
FH1—>bE FH2—>’Y’Y f dFH1—>b5FJ FH1—>bl_)

X R(Hl — bB)R(HQ — ")”'y) .

F; is the measurement function.
For inclusive observables, no QCD corrections in decay are needed.

RH—bby=—582% RiHT— ) —025%

H.T. Li, Z.G. Si, JW, X. Zhang, D. Zhao, 2402.00401, 2503.22001
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o0 —HH—bbyy

without decays

with decays but no cuts

with decays and cuts

LOdec 5NLOdeC LOdec 5NLOdeC

LOR 17.07135% | 0.02257131% 0 0.01257+30% | —0.001751 3257

LOP® 19.85128% | 0.02624123% 0 0.01395%57 | —0.002617 )%
SNLOE® |  14.8678% | 0.0196476% — | 0.01064%5% -
ONLORY | 13.08%gt | 0.017297¢¢ | — | 0.00914F55 -

Full NLO result
NLO,, | 31.93%18% 0.04221F18% 0.02146+157%
NLO,, 32.93114% 0.043541 3% 0.02047+107

* Only 53% events pass the cuts!
* QCD corrections reduce the cross section by 19%!
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Signal acceptance
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H.T. Li, Z.G. Si, JW, X. Zhang, D. Zhao, 2402.00401, 2503.22001
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H.T. Li, Z.G. Si, JW, X. Zhang, D. Zhao, 2402.00401, 2503.22001
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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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