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The Higgs boson self-coupling

Within the SM, the Higgs potentialis: ~ V(®) = p?(®Td) + A(CI)TCI))Z with pu2 <0 and 1> 0

Expanding @ at low energies around the minimum v, it becomes: V(H) = %m,quz + A3vH3 + iA4H4 + O(H®)

mp

where the Higgs self-coupling 1; depends only onmy and v: A3 = Aggp =,

> New physics could modify the Higgs potential altering A; without affecting my or v:
e.g. by extending the scalar sector or due to the exchange of new virtual states
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virtual states

» Experimental results are expressed in terms of the
coupling modifier x; = 13/A3M
» Gluon-gluon Fusion (ggF): leading production mode
ggF(pp — HH) = 31.05%1J fb at+/s = 13 TeV
» Vector Boson Fusion (VBF) production mode gives
also access to K,y coupling

oM (pp > HH) = 1.72 + 0.04 fb at+/s = 13 TeV




Self-coupling in single-Higgs process

> Single-Higgs processes are indirectly sensitive to «, via NLO EW corrections:
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Universal correction 0(k3): Higgs loops

> Production modes cross section (i) and decay
branching ratios (f) vary as a function of k;

> Global normalization and differential distribution
are modified

> Interpretation of single-Higgs-boson analyses using
signal strength depending on k;:

oi(K3)

OSM,i

BRy(ky)
BRgy f

(1) = p () < (i) =

> Therefore precise measurements of inclusive and

differential production cross sections and decays provide indirect constraints on k;

Linear correction O(k;): both process and kinematics dependent
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New ATLAS combination: full Run 2 input analyses

> Take advantage of full Run 2 statistics using STXS differential information for single-Higgs channels (no STXS for ggF)

Channel Integrated luminosity (fb~!)  Ref. ATLAS Preliminary S:Seecl;\t/eej Iliimmiitt

HH — bbyy 139 arXiv:2112.11876 VS =13TeV, 126139 o™t (1t = O hypothesis)

HH — bbtT 139 ATLAS-CONF-2021-030 Oggr + ver(HH) =32.7 fo 1 Expected limit +10

HH — bbbb 126  ATLAS-CONF-2022-035 ATLAS-CONF-2022-050 == Expected limit +2c

TH

H - yy 139 CERN-EP-2022-094 to appear on JHEP | Feleased on 4™ July Obs.  Exp.

H—ZZ" — 4¢ 139 Eur. Phys. |. C 80 (2020) 957 | ' i 7

H— 1ttt 139 arXiv:2201.08269 bbyy : :

H — WW* — evuv (ggF,VBF) 139 CERN-EP-2022-078 to appear on PRD

H — bb (VH) 139 Eur. Phys. |. C 81 (2021) 178 bbT+T- | 47 39

H — bb (VBF) 126 Eur. Phys.|. C 81(2021) 537

H — bb (ttH) 139  arXiv:2111.06712 bbbb - 5.4 8.1
> Using new single-Higgs results just released! Combined)~ 2.4 2.9

0||= IIII‘|I0|III‘|I5||||2IOI|||2I5||||30

> Most sensitive HH analyses used: bbbb, bbtt, bbyy

— NEW!! Obs. (exp.) 95% CL combined limit on HH signal strength, assuming no HH production:
=2.4(2.9) xXSM

HH

Uy = O ggF+VBF/ O 4gF+VBF

HH,SM

95% CL upper limit on HH signal strength Ly



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/
https://arxiv.org/abs/2112.11876
https://cds.cern.ch/record/2777236
https://cds.cern.ch/record/2811390
https://cds.cern.ch/record/2814435?ln=it
https://link.springer.com/article/10.1140/epjc/s10052-020-8227-9
https://arxiv.org/abs/2201.08269
https://cds.cern.ch/record/2814433?ln=it
https://link.springer.com/article/10.1140/epjc/s10052-020-08677-2
https://doi.org/10.1140/epjc/s10052-021-09192-8
https://arxiv.org/abs/2111.06712
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Double-Higgs comblnatlon results
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/

Single + Double-Higgs combination results
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> Main advantage of the combination is the possibility to relax the c ATLAS Preliminary — Hkonl
: ) . . VS =13 TeV, 126—139 fbo-' » ony

assumptions on the coupling modifiers to other SM particles N ’ —— HH k) only
| 8} Observed
= HH + H k) only
T , S A , : HH + H '
> A global Likelihood function L(a, 6) is obtained as the product of the HH + H Ky only: + H k) generic

95%: K) € [-0.4,6.3]
HH + H k) generic:
95%: K) € [-1.3,6.1]

likelihoods of each input analyses 6

> Correlations between single-H and HH systematic uncertainties are 4
taken into account

> Experimental constraints obtained on k; via a scan of the 2
negative-logarithm of the profile likelihood, for various fit
configurations with different assumptions on coupling modifiers:

05 o 5 o s
ATLAS-CONF-2022-050 Kj

Combination assumption Obs. 95% CL Exp. 95% CL Obs. Valuei}g released on 4™ July
M HH combination -0.6<Kk3 <66 -21<Kk3<78 Kk3=3.177 o | |
= omeledtl combination o< <103 S2<n<ils w=2508 NEETCL BT O
B HH+H combination —-04<k1<63 -19<x1 <75 K= 3.0fi:g

HH+H combination, «; floating -04<Kk1<63 -19<k3<7.6 Ky = 3.0j:g

HH+H combination, &, ky, kp, kr floating  -13 <k3 <6.1 -21<k3<7.6 k3 =23%2]
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Single + Double-Higgs combination results

> Log-Likelihood contour plots are derived in the k; — x, plane from the fit with the only these two parameters floating
» Strong constraints on «; coming from single-Higgs measurements
» Big improvement obtained with respect to the previous combination result (27.5 — 79.8 fb™1)

> Stronger constraints both from single-Higgs and from double-Higgs updated measurements
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/

Conclusions

» The most up-to-date single- and double-Higgs boson analyses, which are based on the complete Run 2 LHC dataset
collected by the ATLAS detector, have been recently combined to investigate the Higgs boson self-interaction

» New combination of bbbb, bbtt and bbyy double-Higgs analyses:
<+ Observed (expected) upper limit of 2.4 (2.9) at 95% CL on uyy
< Observed constraint of —0.6 < k; < 6.6 at 95% CL with k,-only fit, best limit to date from HH analyses!
+ Observed constraint of 0.1 < Ky < 2.0 at 95% CL, exploiting VBF HH production mode sensitivity

> More stringent and less model dependent constraints on k; obtained from H + HH analyses combination:
< Observed constraint of —0.4 < k; < 6.3 (exp. —1.9 < k; < 7.5) at 95% CL with k,-only fit
+ Observed constraint of —1.3 < k; < 6.1 (exp. —2.1 < k; < 7.6) at 95% CL with generic fit (x,, «;, kp, k7, Ky floating)
+ Less model dependent but still strong constraint on Higgs boson self-coupling obtained from generic fit

> To date, this study provides the most stringent constraints on the Higgs boson self-coupling!

Thanks for the attention!
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HH decay modes

Larger BR from H — bb decay, required by the majority of analyses for one of the two H decays.

For the second Higgs, analyses focus on different decay modes, in particular the most used are:

> bbbb: larger BR, but challenging backgrounds from multijet production

> bbWW: second leading BR, large tt background, bb Ww o = v
searches in both semi-leptonic and di-leptonic final states bb
> bbtt and bbZZ: smaller BRs, leptons (e/u) or hadronic-t W e
used for triggering depending on the final state
s 7.4% 25% | 0.39%
> bbyy: smallest BR but very sensitive analysis thanks to the
, , , 77 3.1% 12% | 0.34%
excellent acceptance (yy trigger) and reconstruction resolution

VY 0.26%




Production mode

LO diagram

ggF production
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Self-coupling in Single-Higgs processes

Single-Higgs processes are indirectly sensitive to k; via NLO
EW corrections

Production modes cross section (i) and decay
branching ratios (f) vary as a function of k;,

Global normalization and differential distribution
are modified

Interpretation of single-Higgs-boson analyses using
signal strength depending on k;: uf(iq) = u, () xu’ (1))
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Self-coupling impact on Single-Higgs

pir(rey) = pi(iey) X pg(ie;)

Impacts on the production modes (i) and the decay channels (f) expressed as:

UelKy, Ke) = — )
JATA IS BRIM T 5 BRSM |1+ (1~ 1)

(Krl)Ci1]

oBSM .
pi(rey, k) = oSM ZEISM(’CA) ["i + K
EW

Z85M: wave function renormalization, accounts for the universal correction

/// \\\ BSM _ 1 . — _3
725" (1)) = —(-1)571 with 857y = —1.536x10

C,: process and kinematic-dependent coefficients, it encodes the magnitude of the kl-dependent linear correction
Kgy: represents the full set of NLO EW corrections

kr and k; consist of: ky, k(= kyw = kz), K1, Kp, Ky, Kc(= Ke), Ks(= kp), Ky (= k)
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Single + Double-Higgs combination results
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Double nggs comblnatlon results
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Observed (left) and expected (right)
value of the test statistics (—2 InA), as a
function of the k; (top) and k., (bottom)
parameter for the three leading HH
analyses and their combination.

All other coupling modifiers are fixed to
their SM value.

Observed (expected) 95% CL constraint
onk; of —0.6 <k; <6.6(—2.1<k;<7.8)
— Best result from HH to date!

Observed (expected) 95% CL constraint on
Koy 0f 0.1 < Koy < 2.0 (0.0 < Ky < 2.1)
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Double-Higgs combination results
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> Preliminary combination of the non-resonant HH searches

» Combination of bbtt and bbyy full Run2 non-resonant analyses leads to improved observed (expected) limits at 95%CL:

HH HH SM
= Oggriver < 3.1(3.1) X 044FvpF

99

- —1.0(-1.2) < Kk; < 6.6 (7.2)

OggF + ver (HH) [fb]

102}

10!

E Vs= 13 TeV, 139 fb-

104t ATLAS Preliminary

Observed limit (95% CL)
Expected limit (95% CL)
Comb. exp. limit 10
Comb. exp. limit +20
Theory prediction

SM prediction
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 Observed: Ky € [-1.0, 6.6] — bbyy

- —— bbttt™

| Expected: k) € [-1.2,7.2] —— Combined 1
10 -8 6 -4 2 0 2 4 6 8 10
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Combined

ATLAS HH combination (before including HH — bbbb)

ATLAS Preliminary
Vs =13 TeV, 139 fb~?
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1 Comb. exp. limit+ 10
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Obs.  Exp.

4.6 39 A

4.3 57 4
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95% CL upper limit on signal strength
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Previous ATLAS H + HH combination

» Combination of partial Run 2 most sensitive HH analyses and single-Higgs analyses

> Simplified Template Cross Section (STXS) for VH and VBF production modes used to include differential information

> Results obtained fitting «;-only (all other couplings set to 1), and with a generic model fitting all x;, «;, kp, k;, K, couplings

H+ HH

Analysis L [fb~1]
H — vy 79.8
H— ZZ*— 4¢ 79.8
H— WW*— evuv 36.1
H— Tt 36.1
VH, H — bb 79.8
ttH, H — bb 36.1
ttH multilepton 36.1
HH — bbbb 36.1
HH — bby~y 36.1
HH — bbrT 36.1
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- ATLAS Preliminary

[ Vs =13TeV, 27.5-79.8 fb" ]
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-68% CL

T I 1 1 1 1

-10

K -only constraint at 95% C.L.: —2.3 < k; < 10.3
Generic model constraint at 95% C.L.: —3.7 < k; < 11.5

K; = 4.61732 best fit value x;-only

Kk; = 5.5133 best fit value generic model

_Phys. Lett. B 800 {2020) 135103

ATLAS
" {s=13TeV, 27.5-36.1fb*

oSM (pp — HH) = 33.5fb
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Expected

[ Expected * 1o
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i | 3 &5 i &8 a

10*

HH production signal strength result from HH analyses

Excluding at 95% C.L.: 6 44r(pp > HH) > 6.9 X SM
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1
95% CL upper limit on Oyqr (pp — HH) normalised to cg
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http://cdsweb.cern.ch/record/2693958/files/ATLAS-CONF-2019-049.pdf

I Other results and prospects

> Many new results in different HH decay channels released in the last year!
And more channels coming soon!!!

> Improved limits with larger statistics and new MVA analysis techniques
> VBF production mode now accessible and results on «,, released
> Resonant HH limits improved with MVA boosted topology reconstruction

> Prospects done scaling partial-Run2 results to High-Lumi statistics
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Then looking
forward to Run3
and High-Lumi!!
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