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Investigating the Higgs potential

The full expression of the Higgs potential is encoded with

parameters u and A as: Phys. Rev. D 101, 075023
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> First estimation from the Higgs mass measurement:

> Combined with the v.e.v computation: o ) 10° grrr T T T 3 > A’F tree level: production of pair of
derin0.13 | o - - o [ JeF %z - Higgs bosons —strong effect on XS.
M . H H Pl _g"BF :g““ | | » Atloop level: effect on the single Higgs
s WH HH : = ) : o :
» Direct access to A through Higgs pair creation: L = cross-section and deviations in
oL = ’ Kinematics: ATL-PHYS-PUB-2019-009
H > Coupling strength denoted as P . O T
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» Quartic interaction even rarer : AT (o2L : _ " b
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.075023
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009/

How are Higgs pairs produced?

> gluon-gluon Fusion (ggF): 61‘3‘27 = 31.02 fb . il

> Destructive interference between o 014
triangle and diagrams makes the S
cross-section tiny (1000x smaller than g L5
. . o) I _
single Higgs). Py e K, =0
. . o — K, =2
» Low myyy: essential to constrain I ek, =5 E
trilinear coupling «, 000 -
> myy shape very dependent on the «, 004t | .
002 i -
200 300 400 500 @00 F0OO K00 : ' . -
mwr[GeV] 0300 400500 800 700 800
m,, [GeV]
. _ VBF __
» Vector Boson Fusion (VBF): Opy =
q q
» Second-order contribution to total H paev H
production. y -
» Direct handle to vector boson H T H
coupling modifiers «,,, and k.
q q
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HH — bbbb

» H — bb: High BR
» Large hadronic background

How to look for Higgs pa

No clear Golden channel, but several promising signatures:

BR(HH — XXYY) oF: & = 366 JHEP 01 (2019) 030
bb WW gg TT  cc ZZ yy Zy  u VBF: & = 126fb™! JHEP 07 (2020) 108
° HH — b[_QT T L = 139fb_1 ATLAS-CONF-2021-030

® - bbHighBR
» H — 7777 Low background

-- HH — bbyy % = 139fb~!  ATLAS-CONF-2021-016
» H — bb: High BR

-- » H — yy: Good mass resolution
---- HH - W"W~+ XX / HH — bbZZ Not shown today

» Decent BR from H — VV
» Complex final signatures due to the decay of Vs

bblvly: & = 139fb~1 Phys. Lett. B 801 (2020) 135145
yyWW*: & = 36fb~! Eur. Phys. J. C 78 (2018) 1007

. . i bblvgg: & = 36fb~! JHEP 04 (2019) 092
Combining the results is necessary for observation. WW*WW % — 36fh-! JHEP 05 (2019) 124

D = results from ATLAS
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
http://cdsweb.cern.ch/record/2777236
http://cdsweb.cern.ch/record/2759683
https://link.springer.com/article/10.1140/epjc/s10052-018-6457-x
https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://link.springer.com/article/10.1007/JHEP04(2019)092
https://link.springer.com/article/10.1007/JHEP05(2019)124
https://link.springer.com/article/10.1007/JHEP07(2020)108
https://link.springer.com/article/10.1007/JHEP01(2019)030
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
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ggF: & = 36fb~! JHEP 01 (2019) 030

o
St rategy VBF: # = 126fb~" JHEP 07 (2020) 108 A@

H

Two dedicated analyses ggF / VBF were made with similar strategies, on different datasets.

Fit: _
. . " _)

Central I Q using the HH invariant mass HH — bbbb
=> E =
> At IeaSt 4 Central b_tagged jetS. & @ COD ;_ — '\Dnit;jztms-m f
N E (s= eV, k All-had t 3
% ;_ Sign;ISr(-argi:J/n126 ° E Non all-had tt _
Only for VBF analysis: I S _

» At least 2 forward jets with opposite 7

sign. “

8 of 1 | Example
200 300 400 500 600 700 800 nsqazo [G1eO\(/)]O fro m VB F
Jets g B\ © ATLAS Simuaton | Hooss®
_ T '5:_ s =13 TeV, 24.3 b B _ g
Angular distance between % | mesolved Sgnal Regon, 2016 EN 9 > Both reconstructed 3| (et ey (120 GeV, 110 GeV)
. . . - b 1 —0.035 D ’ )
jets in each Higgs : o masses are =
candidate | AR |is : - expected to be
compared to the 4 body : S|mllar,
invariant mass m o0t > Distance to
4j E expected median
0.005 IS minimised.
:|||||||||||||||||||| c b b b b 0 /

|
100 200 300 400 500 600 700 800 900 1000 1100

m,; [GeV] ml;jad [GeV] (
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://link.springer.com/article/10.1007/JHEP07(2020)108
https://link.springer.com/article/10.1007/JHEP01(2019)030

ggF: & = 36fb~!  JHEP 01 (2019) 030 !Q
Res u ItS VBF: & = 126fb~' JHEP 07 (2020) 108 H 0

Backgrounds modelling:

Similar between the two analyses Results: _
imilar between the two analys HH — bhbE
ggF analysis, Partial Run-2
> multi-jets: L e L TP L LT e RTETEEEE -
i . . . . ' ggF -, . observed (expected) limit is :
> The shape s ol?talnec_j _by rewelghtln.g datg in the 2 b-tagged EGEZ X BR(HH — bbbb) 12.9 (1 4.8)(x SpM Srediction. 5
SR: correcting jet activity and b-tagging efficiency; T P A P S S ST E T o r ol nrnr e,
» Dedicated Signal, Validation, and Control Regions based on 'OHH observed (expected) limit is

the Higgs bosons masses. 840 (550) x SM prediction.

Limits are set on K,

> /1 : Rejected by —0.4 < K,y < 2.6 (observed),

ATLAS

specific variable (5= 13TeV, 24.3 fb” L 5
pecitic - W CoaTene: 1 —0.6 < Ky < 2.7 (expected). :
measuring : :
n n 1 E‘ :Et [ I [ [ [ | [ [ [ [ [ I | I I I | I I I :IE: 1
CO_n_SISt_enCy Of Jet : :';. - ATLAS == Theory prediction a :
Orlglnatlng from top E g:? 10° = {s=13TeV, 126 i’ — Observed limit (95% CL) = :
g uark. : g_ - HH—bbbb - Expected limit (95% CL) E
ro 10° = " | Expected= 1o E :
: bg 1 3 - Expected+ 2c . :
: = E :
o s
: 10 ~ :
60 80 100 120 140 160 180 200 : E E E
mg2 [GeV] : e | N AN | |, 3 Lem""

: 4 2 0 2 4 6

Example from ggF : Koy /

Louis D'Eramo (NIU) - 19/05/2022 - Higgs self-coupling at ATLAS - LHCP2022 VBF analysis, Full Run-2



https://link.springer.com/article/10.1007/JHEP01(2019)030
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://link.springer.com/article/10.1007/JHEP07(2020)108

Run: 339535
Event: 996385095
2017-10-31 00:02:20 CEST
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Strategy

ATLAS-CONF-2021-030 =°Q

H

The analysis is built on the final state of the 7 decay:

At least one 1,4 Is requested:

> TiepThad- €Xactly 1 lepton + 1 hadronic 7;

> Tp.4Thag- €Xactly two hadronic 7s.
A Missing Mass Calculator is used to

estimate the di-tau invariant mass.

> :I T 1T 1 | LI | LI | IIIIIIII | T T T 1 | LI | T 1T 1 I:

o ~ ATLAS Preliminary . g:n‘: " - 100 -

5[ - — X |

§ 10 = s=13TeV, 139 b Top-quark =

@ —  Thad"had Jet — 1, _, fakes (MJ)

qc) 104 Signal Region Z — Tt +(bb,bc,cc) _|

i = I Jet — 1, fakes (tt) 3

— I Other _

10% = ‘E"v.,_‘_._ SM Higgs .

= L Uncertainty =

— T T Pre-fit background  _

10%E" E

- T"\f** .

10 =

: Hﬂﬂﬂr

e

_c' :_I T T T | L | IIIIIIII | I|ITI T I|I T I\LI TTT I?Ill I_E

o 1.2 1

. 1E eetege’ ;*& %ﬁ $\ ﬁii# TR

T 0.8f H
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Exactly 2 b-jets

S 10°C ATLAS Preminary ¢ D8 —
S E {s =13 TeV, 139 fb” —iz\)npl-lql:.lj:rlzoo E
B 10k Mradha Jet — 1, fakes (MJ) _|
Gc) = Signal Region Z — 1t + (bb,bc,cc) 3
6 ) - W Jet — 1, fakes (1)
3L I Other ]
10 SR L L v . SM Higgs =
E"E ‘."\-.-.' Uncertainty a
ol mb e Ve, e Pre-fit background
e
_8 1.2_\.¢.‘;:|:.:: :::; + *&*{\'\‘Hv
o 1= \Ceeeg®ee NS NN N N\
L ety ity T
a 0 100 200 300 400 500 600 700 800
m,, [GeV]
mpy < 150 GeV M.J CR: Anti-Iso tt CR: mpp > 150 GeV
Backgrounds modelling: - 7 ? \ -
1t and multi-jets can lead to fake 7,4 reconstruction. ! !
] ] Anti-ID SR Template A FEug FF,; Anti-ID
Dedicated control regions, scale and transfer factors are
designed to provide MC and data-driven estimates. T M TR e

ryvg  Fraction of multi-jet
events in the template /

Example for 7.,7,,4 category (

\



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
http://cdsweb.cern.ch/record/2777236

ATLAS-CONF-2021-030 Q
Results Leo

H

Fit: based on a MVA distribution trained in 3 SRs: Results:

588F+VBF observed (expected) limit is

» T Tr.1. Single Lepton Trigger (SLT), Lepton + Tau Trigger (L
lep “had- =19 P gger (SLT), Lep gger (LTT) HH 4.7 (3.9) x SM prediction.

Neural Network;

> T.q4Thag- OlNgle/Di Tau Triggers Limits are set on «;:
BDT. ~2.4 <k, < 9.2 observed,
R [0 = R L RN R R R R R~ T £/ L B B AL LA B AL B AL B g
3 = ATLAS Preliminary e Data 35 0°F atLAS Preliminary e Data 3 —2.0< K <9.0 eXpeCted-
g 108.5— /s = 13 TeV. 139 fo™ — SM HH at exp. limit = = F 5= 13TeV 139 ft" — SM HH at exp. limit
-'UE) ES_ SLT’ Top-quark - -21065__ ’ Top-quark = |—|105—"'I"'I"'I"'I"'I"'I'"I"'I"'I"'-
107 = Tiep®had Jet — 1, fak —= = Thadhad Jet — v, fakes (MJ) 3 @) - L .. ]
Lc1I>J) 106§ Signal Region Ze_) n+(bg,:cs,cc) = |_C|I>JJ 105 ;_ Signal Region Ze% rr+(b:,::cc_) - = - ATLAS Pre||m|nary Observed I|m|t (950/0 CL) E
3 Bl Other E 2 B Jet — 7, fakes (1) 3 — ---- Expected limit (95% CL) -
- SM Higgs - — Il Other - L = 1 T V 1 f —1
10° [ Uncertainty E 10" SM Higgs E 1L Vs 3 e+ - 39 1o [ Expected limit £10 1
A e e, Pre-fit background 3 E‘U'E ] Uncertainty E ~— 4 HH — bbT T o
10 o E 10° "'\"'"-.-\-.-\-:"." ..... Pre-fit background | %-'5 10 3 [ EXpeCted limit +20 E
= 5 > ' E== Theory prediction :
— 2 —
= 10 = '-'g Si¢  SM prediction
: 10 i @)

103}

———————————

1_5IIII|IIII|IIII|IIII| IIIIIIIIIIIIIIIII

L1 1 | | I T | | | | 11 1
_o' [ | | | | ||||||| ] _O' 1_5_| T T | T T T | T T 1 | T T 1 | [ | [ | 1T | 1T | [ | I U [ e
S F S EI - RE ——
o e o o o © o 0 o \\Q\\\t\\\*\\\\*\\\\?\\\\\\\\\\ \\\&%Q o 1-e- \\'\\\\Q\\\\Q\\\\.\\\\9\\\\*Q\\\\\\\\\\(\\\\*\\\\i\\\\\\\ﬁx\\\\ §\\\g§\v § S
c\U : \\\\§ (\U - ® \+ AN\ \é
-8 O 111 | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 | L1 .E O 5_| 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 | | 1 1 1 | L1 1 02 ™
O % 01 02 03 04 05 06 07 08 09 1 o 21 08 06-04-02 0 02 04 06 08 1 X Observed: K» [ 54 9 2]

NN score BDT score i T A S

Expected: K, € [-2.0,9.0]

101 RTINS ST N ST S N S S S BT T L L L ! . L
. . - L 10 8 6 4 -2 0 2 4 6 8 10
Dedicated Z — 77 Control Region for Z+hf and #f normalisation. K y
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ATLAS

EXPERIMENT

Run: 329964
Event: 796155578
2017-07-17 23:58:15 CEST

HH — bbyy




St rat e g y ATLAS-CONF-2021-016 H ﬁ@

L

Q Fit:

> Exactly 2 b-jets;
> < 6 central jets.

» Exactly 2 high-quality photons;
> No lepton.

350 GeV
0.25

[

The HH invariant mass is also sensitive to k.

ATLAS Simulation Preliminary Due to experimental resolution effects, a corrected version is used in the analysis:

Vs =13 TeV

=
O
o - -
() - -
< 02 HH—>bbyy ggF -
” i —>bbyy - w o
2 : k=6 : M = My, = Myp — My, + 250 GeV
> 0.151 e = —
‘— B AT | : : : : : :
S 5 — = 1 ABDT is used to select signal-like events w.r.t di-photon + single Higgs.
S o - - Categories are created from m* :
S i ‘ l == . _ 10 : J bbyy
IO s .3 1 » Low mass, focused on BSM
| = b:r:l_'—'—.:'—'—-—._ ] » k; = 10 ggF HH used as signal;
=i P PP s === ==t » High mass, focused on SM
250 300 350 400 450 500 550 600 650 7([32 \7/i50 » k, = | ggF HH used as signal.
m’_ e

bbyy
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http://cdsweb.cern.ch/record/2759683

How to look for signal? Hﬁe

Backgrounds modelling: Results: -
HH — bbyy
The background and signal processes are modelled thanks to o
functional forms used in the final fit: 88T +VBE observed (expected) limit is
HH 4.1 (5.5) x SM prediction.

Limits are set on «;:

. . .
Several monotonic functions —1.5 <k, < 6.7 observed
: fitted to background template ) 4 77 rod
| % Side band normalised to data sideband are —2a <K < /.] expected.
Side band ) tested:
» Minimisation of the signal bias. ;
: . : -1 _
> Final choice: exponential. 2 | ATLAS Preliminary — Observed imit (95%CL)
T ! _ _{ ---- Expected limit (95% CL) -
HH sianal L ' F\{El—i)% TeV, 139 fb [0 Expected limit +1c |
9 L 1045' v [ Expected limit +2c
§ 107 B AI\TLAIsl o g . . > : E== Theory prediction
T < 1 ™ Single Higgs and HH (ggF 5 | Y&  SM prediction
5 o and VBF) processes can be © 03l
< 10° = G- %high E . .
- - modelled with a double- —  o—— ;
owerter 1 sided Crystal Ball function. | /"L ]
10E E’(O_"r;’]er;r?fwv "’ E 1 02 i
"’ Amy . Observed: k) € [-1.5,6.7]
N l/l o EExpected:Kxe[—2.4,7.7]
52 540 560 580 600 620 640 660 680 ’
™y GeV) 046786 2 2 0 2 4 6 8 10
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HH — bbbb

HH - W™W~+ XX HH — bbZZ



Combination

Phys. Lett. B 801 (2020) 135145
Phys. Lett. B 800 (2020) 135103
ATLAS-CONF-2021-052

bbluly final state : & = 139fb~!
Combination: & = 36fb™!

Combination: & = 139fb™!

E

Combination done with most of
the analyses with & = 36fb~! :

Additional results with & = 139fb~!:

=
=

Niu

=

bbyy and final states:
LR ' L "
ATLAS —e— Observed New full Run-2 combination with the two strongest channels.
— 4 mmeea- Expected —
\E - 13 TeV, 275 = 361 fb 1 F+VBF . L
[ Expected = o uss =" observed (expected) limit is 3.1 (3.1).
_ gggﬂF (pp — HH) =33.5fb Expected = 20 _
- |
i Obs. Exp. Exp.stat. Best limit observed up to now!
HH% bBﬂ["'h'[:- 12.5 15 12 | | | | | L | | | | | |
— - ATLAS Preliminary ~— gbser‘t’ej
EhE Vs =13TeV, 139"t 77 xpecte
HH— bbbb B 12.9 21 18 | Ooh: L ver = 32.78 b [ Comb. exp. limit =10
_ [ 1 Comb.exp.limitx20o
HH— bbyy 20.3 26 26
HH— W'WW'W 160 120 77 Obs.  Exp.
HH— W'W vy 230 170 160 bbbttt I ® 4.6 3.9 —
HH— bbW*™W 305 305 240
""""""""""""""""""" | vy F 43 57 -
Combined 69 10 8.8 bbyy !
L L ! ! L ! L L1
10 10° 10° 10* 30’ | ir as
95% CL upper limit on o_ . (pp — HH) normalised to S Combined ? ' 1T
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http://cdsweb.cern.ch/record/2786865
https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269319308676

Combination

Combinaison: & = 139fb~! ATLAS-CONF-2021-052

Combination done with Full Run-2 analyses with & = 139fb~!

[1o]

1041 ATLAS Preliminary
= Vs =13 TeV, 139 fb~

AN

Observed: k) € [-1.0, 6.6]
Expected: k) € [-1.2,7.2]

101 =

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

SM prediction

—___-----
—

bbttT™
Combined -

10 —8 -6 —4 -2

=

2 4 6 8

10
KA
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Benefits from the nice complementarity between the
two channels to improve the global limit.

Best limit set so far on k; so far.



http://cdsweb.cern.ch/record/2786865

A look into the future

The story is not over yet: the High Luminosity phase of the LHC aims at collecting more than 10 x the runs 1-3 datasets. @

CERN published a Yellow report to provide estimated performances: CERN-LPCC-2018-04
Since then we have improved our limits, far beyond the luminosity gain:

> (ATL-PHYS-PUB-2021-044);
» HH — bbyy  (ATL-PHYS-PUB-2022-001).

combination (ATL-PHYS-PUB-2022-005)

ATLAS and CMS 3000 fb™' (14 TeV)

— 20 ‘
— 7 L L | I L I L I | 1 | Il I L I L I L L I I ]
= gl | HL-LHC prospects Statistical-only Statistical + Systematic £ [ | ATLAS Preliminary ]
c ® o = N Vs =14 TeV, 3000 fb-'
= .| —~-bbbb —bbrr ATLAS CMS ATLAS CMS N A hichiged- -
A | —--bbVV(lviv)  ——Dbbyy 717 16— - DbDT"T +DbbYy —
45 8 bbZZ*(41) . HH — bl_)bb 1.4 1.2 0.61 0.95 | Projection from Run 2 data ]
= R i el 95% HH — b[_)TT 25 16 21 14 Asimov data (K)\ = 1) B
I ‘ HH — b[_)’)/’}/ 2.3 1.8 2.2 1.8 12_ | —— No syst. unc. |
HH — bbVV (llvv) - 0.59 - 0.56 - | = _'?sse””t‘? e hatved .
HH — bbZ Z(41) - 0.37 - 0.37 I —_ RuiOZres;:Se}[. E:Z . ]
combined [35]4.6 2.8 3.2 26 81 | -
Combined Combined I ]
4.5 4.0 - .
/| 68% B N T N T ]
I N\ s 10|
0 I | I I | I | b 2z 1 s X4 2 I | I I | I I | I I | I I | I I |
22 1 0 1 > 3 4 5 6 7 8

The limitations mainly arise from:
» Theoretical uncertainties on single Higgs

production and top-related backgrounds;
>0.57 <k, <1.5@68% C.L. » Modelling of the diphoton background. >05<k <1.6@68% C.L.
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http://cdsweb.cern.ch/record/2798448
http://cdsweb.cern.ch/record/2799146
http://cdsweb.cern.ch/record/2802127
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Investigating the Higgs potential

::‘
- R
The full expression of the Higgs potential is encoded with . @
parameters y and 4 as: H H
V(¢T§b) — /42¢T§b + /1(¢T¢)2 » The first piece of information came from the Higgs boson
discovery:
» Existence of a new particle with couplings according to
When linearising the Higgs field after the EWSB around prediction from EWSB;
the vacuum expected value v one gets: > First measurement of Higgs mass:
7 my = 125.09 GeV & u = 88.45 GeV
V(H) D //tz H2 + Ay H3 + _H4 > can be determined thanks to the
—_ 4 :
2 2
12 1 GFm
> —=——(1+Ag)
1010.0991 v, 192z
Where the potential parameters are linked by : - o e FTOM MOst precise
" Giovanetti - 1984 MulLan experiment:
/ p? \/ 1 y Bardin-1984 G = 1.1663788(7) X 107> GeV >
U = — = . Chitwood - 2007
/1 ® Barczyk - 2008
< V26; ] o S v ~246.23 GeV
. . T MuLan - R07 L> ﬂ Py O.l3
Relationship between the electron charge, the 219695 219700 219705 BAOTI0 A e 7
weak boson masses, and the . (
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https://arxiv.org/pdf/1010.0991.pdf

Investigating the Higgs potential

H
The full expression of the Higgs potential is encoded with L @
parameters y and A as: *:':/”

Vg h) = — 1207 + AT )

» Quartic interaction even rarer :
When linearising the Higgs field after the EWSB around > At tree level: very mild effect on XS and kinematic distributions.
» At loop level: similar constraints obtained on XS, but stronger
effect kinematics

the vacuum expected value v one gets:

yl > No strong constraints even with FCC 100 TeV collider
V(H) D| u? H?*|+|Av H|+ ZH4 (k, € [—3,13]) or the CLIC 3000 GeV (k; € [—5,7]).
12 XS HH kinematics Global fit
2" e
15}

—10F
~02 -0.1 00 01 02 03

AK3

1810.04665 ([, 21
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https://arxiv.org/abs/1810.04665

Single Higgs constrains

ATL-PHYS-PUB-2019-009

Combinaison of single
Higgs channels with

< = 80fb~! yielding:
-32<K <119

And in combination
with partial Run-2 HH:

-23 <k, <10.3
ATL-CONF-2019-049

20

t
9 r60000+—»
\_H
\\\
tA Yyt e-- H
//
9 \RQQQQ/
q - - q
H
v{ Tize---- H
H
q - - q
H
/,—-\\
\
\
$------ H
/
N\ //

H
10:IIII|IIII|IIII|IIII|IIII|IIIIIIIIIIII:
9: ATLAS Preliminary .

- {s=13TeV, 36.1-79.8 fb" .
8 Asimov dataset (x,=1) —

- my=125.09 GeV ]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-049/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009/

Exploring alternative scenarios

The measurement of the Higgs potential is answering the fundamental question of its nature.
Several other models can show a non zero vacuum expected value with a different second order contribution:

’

—m?H'H + \(H'H)? + %2 (H'H)3,  Elementary Higgs

dynamics at a high scale

Tadpole-induced Higgs |EWSB is triggered by the Higgs tadpole

100 TeV, 30 ab™

Landau-Ginzburg Higgs

minimal composite Higgs model/ SMEFT with 0,
composite twin Higgs model : "i'”
different coupling to top quark “

1907.02078

Courtesy of Elisabeth Petit Models
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pseudo Nambu-Goldstone boson emerging from strong

Coleman-Weinberg Higgs| EWSB is triggered by renormalization group (RG) running effects

HL-LHC

"} ILC500
FCChh




bbbb details Lo

H

0.06 _
o) | ATLAS | HH — bbbb
GC) | Simulation |
[ - - —o— 4 b-jets p, >40 GeV
L 0.05— o, — > AR
X i | Hp_
L O o
% i i IAnHHI <1.5
E 0.04 N —o— Xyu<1.6
) S — —— XWt >15 2015 2016
O - . _ Source Background Scalar SM HH G Background Scalar SM HH G
O _ | —e— Trigger
< o | Luminosity — 2.1 2.1 2.1 — 2.2 2.2 2.2
0.03— _ Jet energy — 17 7.1 3.7 — 17 6.4 3.7
L i b-tagging = 13 12 14 = 13 12 14
= . b-trigger — 4.0 2.3 1.3 — 2.6 2.5 2.5
- — Theoretical — 23 7.2 0.6 — 23 7.2 0.6
- . Multijet stat 4.2 — — — 1.5 — — —
0.02 o — Multijet syst 6.1 — — — 1.8 — — —
——@— tt stat 2.1 — — — 0.8 — — —
® tt syst 3.5 — — — 0.3 — — —
- . Total 7.5 31 16 15 1.8 31 16 15
0.01— —
} il systematic relative uncertainties (expressed in percentage yield) in the total
i i background and signal event yields
0
SM HH
/
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Bbtautau details A

H

BDT input variables:

TiepThad Channel TiepThad Channel
Variable (SLT resonant) (SLT nonresonant & LTT) ThadThag Channel
Myy v/ v v Impact of systematics on SM limit:
MMC v/ v/ v/
My, / / /
AR(z,7) v v v Source Uncertainty (%)
AR(b, b) v/ v/ v/
Emiss v Total +54
E™sS ¢ centrality v 4 Data statistics T
my v v |;imulati0n statistics +16
ﬁﬁ%&;{ )Thad_Vis) ; Experimental uncertainties
Subleading b-jet py / Luminosity +2.4
Pileup reweighting +1.7
IThad :|:16|
Fake-t estimation +8.4
Non resonant limits per channel: b tagging +8.3
Jets and ESS +3.3
Electron and muon +0.5
Observed —lo Bxpected tlo Theoretical and modeling uncertainties
_- o(HH — bbrtr) [fb] 57 49.9 69 96 [Top +17]
ep “had 6/03m 23.5 20.5 28.4 39.5 Signal 103
o(HH — bbtt) [fb 40.0 30.6 42.4 59
Thad Thad 05051\4 o 16.4 12.5 17.4 242 gl\;) I;.T ig'g
Combination o(HH — bbrr) [fb] 30.9 26.0 36.1 50 1885 -
6/Gsm 12.7 10.7 14.8 20.6 Other backgrounds +0.3
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N
Bbyy details
BDT loose BDT tight
2 F 1 o Tatiastamny 1 F1o 1 owe T ATLAS Pty
o 2o _ Vs =13 TeV, 139 fo' i _ Vs =13 TeV, 139 fo" 7
Qi o Continuum Background HH—>bbyy - 2 [ Continuum Background HH—>bbyy ]
—~ 20K Total Background Low mass BDT loose 7 - 8r Total Background Low mass BDT tight
- ] o L i
% : . S 6 .
@ 1°F E TR i
Low : ] i ]
10F — 0 | 1 -
mass - | | ~ . N i Source Type Nonresonant analysis
51 L """" ‘ N ¥ 2rt . HH
F |l|||++: I T T Experimental
110 120 130 140 150 160 110 150 160
m,, [GeV] m,, [GeV] Photon energy resolution Norm. + Shape 0.4
Jet energy scale and resolution Normalization < 0.2
$16F ¢ o Tttty 3 % ol 1 o T ATLAS Praiminary ] _Flavor agging Normalization <02
O T _ Vs=13TeV, 139 fo" 1 © "L , 's=13TeV, 139 fb" A Theoretical
g LK Continuum Background 1y _jp, = 2 e Continuum Background 1y _jp, o .
~ 12 Total Background High mass BDT loose ] ~ B Total Background High mass BDT tight _| Factorization and renormalization scale = Normalization 0.3
2 10 B 2 i i Parton showering model Norm. + Shape 0.6
Hi gh |.?>j - E Ij>j - : Heavy-flavor content Normalization 0.3
S . A7 B B(H — vyy, bb) Normalization 0.2
mass 6F — ¢ | ¢ ¢ i
n AN . - - Spurious signal Normalization 3.0
4 = 21 9 ? —
— - @ ® o ¢ [ ] o ¢ o — . . . . .
-1 ¥ - | | | | 1 Relative variation of the expected upper limit on
110 160 110 120 130 140 150 160 the cross-section (%%
m,., [GeV] m,., [GeV] ( )
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http://cdsweb.cern.ch/record/2759683

bbluly final state : & = 139fb~! Phys. Lett. B 801 (2020) 135145
bbluqg final state : & = 36fb~! JHEP 04 (2019) 092

S e I eCt i O n yyWW* final .state . & = 36fb~! i Eur. Phys. J. C 78 (2018) 1007

WW*WW?H final state : & = 36fb~! JHEP 05 (2019) 124

HH —» W W™ + XX

LgEN

bblvqg final state

This channel is aiming at reducing the contamination

of ¢t events by requesting one W boson to decay bbluly final state Resolved
leptonically:
H — bb: This channel is aiming at HH — bbW W* signal, but is
> exactly 2 b-tagged jets. also sensitive to HH — bb/Z/* and HH — bbtzt
. o 8 por ATLAS  wom > 1070 ATLAS e Da » [ — bb:
> > 1 high-quality lepton. 0 poE- 's=18Tev. 361 7 mona c Ps-mTeviizefol  ERTR |
" - - z i = DOWW" = bbivag j g 107 F Selection: == Other : » Exactly 2 b-tagged jets

> > 2 addItIOnaI JetS palr 2] 18 non-resonant Multijet " SR, SF+DF and no d,, cut HH (%20 -

. T ’. . S 16 -\{Vﬂets (x20) . ]

> tt
chosen with minimising o 14 0 e St Svet e

» Exactly 2 opposite

12

AR(jet, jet) 10

. S . 8 charge high qualit
» Kinematic fit to find the 6 Je high 9 y
- 4 . leptons.
neutrino momentum NN .
_ 2 S T S » Categories: based on
assuming my = 125 GeV M e | flavour
\\\\\\\\“\\\\W\\\\\\\\x g |
i R = w\m\\\\\m » Deep neural Network:
0 200 400 600 800 100012001400160018002000 % IR > TO remove dominant
My [GeV] o 0573 7 o 11
backgrounds
Fit: my,; in different categories Fit: single bin in different categories
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https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://link.springer.com/article/10.1007/JHEP05(2019)124
http://dx.doi.org/10.1007/JHEP04(2019)092
http://dx.doi.org/10.1140/epjc/s10052-018-6457-x

bbluly final state : & = 139fb~! Phys. Lett. B 801 (2020) 135145
bbluqg final state : & = 36fb~! JHEP 04 (2019) 092

I ‘ eS u ItS yyWW¥ final state : & = 36fb~! Eur. Phys. J. C 78 (2018) 1007

WW*WW* final state : & = 36fb~! JHEP 05 (2019) 124

HH —» W W™ + XX

LgEN

bblvqg final state

588F observed (expected) limit is bbluly final state Resolved
HH 300 (190) times the SM prediction.

. Non-resonant
Systematic source

Non-Res (%)
tt modelling ISR/FSR +30/-20
Multijet uncertainty +10/-10
tt Matrix Element +10/-10
W +jets modelling PDF +4/-7
W +jets modelling scale +9/-10
W +jets modelling gen. +10/-8
tt modelling PS +3/-2
b-tagging +30/-20
JES/JER +13/-20
EX"® goft term res. +20/-20
Pile-up reweighting +3/-10
Total systematic +60/-80

»3¢8F  observed (expected) [imit is
HH 40 (29) times the SM prediction.

L
- ATLAS | SM (ry = 1)
- /s =13 TeV, 139 fb! |

) - —— Observed
- ——=- Expected
i +1o
+20
#=== Theory prediction

-20 -15 -10 -5 0 5 10 15 20
R\

Relative uncertainty on the signal yield scale factor

95% CL upper limit on o(gg — HH) [pb]

Louis D'Eramo (NIU) - 19/05/2022 - Higgs self-coupling at ATLAS - LHCP2022



https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://link.springer.com/article/10.1007/JHEP05(2019)124
http://dx.doi.org/10.1007/JHEP04(2019)092
http://dx.doi.org/10.1140/epjc/s10052-018-6457-x

Comparison to CMS

Partial Run 2 Ful Run 2
7ol gt 13 Tev (2015-16) (2015-18)
S
Obs Exp Obs Exp
ATLAS 20.3 26 4.1 5.5
HH - bbyy
CMS 23.6 18.8 7.7 5.2
ATLAS 12.5 15 4.7 3.9
HH — bbtt
CMS 31.4 25.1 5.2 3.3
ATLAS 12.9 21
HH - bbbb
CMS 74.6 36.9 3.6 7.3
ATLAS 6.9 10 2.8 2.8
Combination
CMS 22.2 12.8

Limit on xA at 95% C.L. Observed Expected
ATLAS -1.5-6.7 2.4 -7.7
HH — bbyy
CMS -3.3 — 8.5 -2.5-8.2
ATLAS -2.4 —-9.2 -2.0-9.0
HH — bbtzt
CMS -1.8 — 8.8 -3.0-9.9
ATLAS
HH — bbbb
CMS -2.3-94 -5.0-12.0
ATLAS -1.0-6.6 -1.2-7.2
Combination
CMS
Limit on x2v at 95% C.L. Observed Expected
ATLAS
HH — bbtt
CMS -0.4 -2.6 -0.6 - 2.8
ATLAS
HH — bbyy
CMS -1.3-3.5 -0.9 - 3.1
ATLAS -0.4 - 2.6 -0.6 - 2.7
HH — bbbb [ s 0.1-22 0.4-25
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