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How precise 1s our understanding?

| Combination

Total (Stat. only)
126.02 + 0.51 (x 0.43) GeV

124.51 + 0.52 (= 0.52) GeV
125.17 + 0.14 (= 0.11) GeV
124.99 + 0.19 (= 0.18) GeV
125.22 + 0.14 (= 0.11) GeV
124.94 + 0.18 (= 0.17) GeV
125.38 + 0.41 (= 0.37) GeV
125.10 + 0.11 (= 0.09) GeV
125.11 + 0.11 (= 0.09) GeV
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Particle mass [GeV]
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| So far, the H(125) properties are

=
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| consistent with the SM expectation!

|

| Its couplings with SM particles

— —

are proportional to their masses;

Higgs mechanism

existence of a “fifth force”
different from gravity



Future plan of LHC
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Only ~<10% data have been accumulated and analyzed

0 GeV electron beam

High precision theoretical calculation is important for measuring SM \
parameters, and thus for predicting backgrounds for new physics searches. |
[t is also needed to detect new physics that appears as a small deviation.

= o ————

<)



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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Unknown! v _m2HTH + AH'H)?+ %2 (H'H)®,  Elementary Higgs

VH) = —asin®(VHH/f) + bsin*(VHTH/f), Nambu-Goldstone Higgs

ANHTH)? + ¢(H'H)? log HI;H : Coleman-Weinberg Higgs
Agrawal, Saha, L.X.Xu, J.-H. Yu, C.-P. Yuan _SVHTH + m2H H, Tadpole-induced Higgs
\
arxiv:1907.02078
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NWIN

Landau-Ginzburg Higgs Nambu-Goldstone Higgs Coleman-Weinberg Higgs Tadpole-Induced Higgs

From Marco Valente



CMS 138 fo! (13 TeV)

K =K =1 —e— Observed ~ ----- Median expected
Ky = Koy =1 SRR 68% expected
----- 95% expected

bb ZZ
Expected: 40

Observed: 32

Multilepton

Expected: 19
Observed: 21

bb yy

Expected: 5.5
Observed: 8.4

bb 1t
Expected: 5.2

Observed: 3.3

Expected: 4.0
Observed: 6.4

Combined
Expected: 2.5

Observed: 3.4
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Theory



OgqF + vBF(HH) [fD]

L1

ATLAS —— Observed limit (95% CL) -
E ted limit (95% CL
VE=13TeV, 126—139 10" == Getgt sy -
104 HH-bbTt ™ T~ + bbyy+ bbbb Expected limit +10

Expected limit £20

e und

E== | Theory prediction
¥ |SM prediction

102_ o :
i —— bbT* T~ .
) —— bbbb 1
== (Combined I
1
1215 i 5 10 15

Physics Letters B 843 (2023) 137745 >



-2In(AL)

16—%-'----'---' ...... J LRSI OIS VLIRS DL L NOR LSO LI | ALSLISR LI 7P
12 - HL-LHC/HE-LHC B

B _ HL-LHC combined _
12__ \/§=14TeV,3ab'1 T

| _ HE-LHC combined .

a s =27 TeV, 15 ab” Z

e e B g - 30
81— -
6 —
4; ......................................................................................................................................... — 20
2r -

T NTTL  TTTY - [TT57. TP - 1o
O_I L1 1 I | I | I | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 I L1 1 1 I | I I—
-1 0 1 2 3 4 5 6 V4 8

Ky

Expected accuracy:
~50% at HL-LHC
~10% at HE-LHC 1902.00134



pp — HH as a function of k
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oy = A + Bk + Cik?

computation A[fb] A/A(LO) BI[fb] B/B(LO) CI[fb] C/C(LO)
LO m, fin 35.0 -23.0 4.73

NLO m, fin 626 179  -444 193 964  2.04
NLO m, fin x NNLO SM FTApprox 700 200 -496 216 108  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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A more realistic function form
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Non-trivial task

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

Performing rescaling 1 — kA before or after substituting m?, = 2Av* gives
different results.
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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 2172 1 2 3 S 1 2172

SOH) — P H + =62y HY — | =82, + =87y = =56Z,2+30Z, | w’H
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We choose the on-shell renormalization scheme.

3] 1 - 9leas ] (] :
O 4H( +lnﬂ—R+1>+ i <—+ln'u—1'e+2—i

1672\ € mg mg 8z \ € mz V3
93 v> /3 — 27/3
57, = 3H2V 4
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We also have to introduce the renormalization factor for the coupling modifier.
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o7 = — 2041 — A + 64—

K3H = 16 9 2)
T~ € m
15 H H.T. Li, Z.G. Si, JW, X. Zhang, D. Zhao, 2407.14716



Renormalization

The result of one-particle reducible diagrams and counter-terms:
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my
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Squared matrix elements
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H.T. Li, Z.G. Si, JW, X. Zhang, D. Zhao, 2407.14716
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Updated function form

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.OlSlK%HK,hH 0.021 1K‘/14H) fb
ggF VBF
I{)\BH KJ)\4H 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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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 quantum corrections provide more precise estimate of the
dependence on Higgs self-couplings.

Thanks a lot for your attention!
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