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PART I: OPEN QUESTIONS



N

VAR WA= We've all seen the list

What is dark matter?| | Why is the top quark V}/Q?Qj Stgemﬁiﬁk We have the S M y bUt -

What is dark so much heavier
weaker than the
energy? than the W boson? strong force?

What is the source _ The SM dOesn,t answer

f the matter- : -
Where does CP UL What is the shape of
g antimatter | . any of these questions
violation come from? asymmetry in the the Higgs potential? y q
universe?

What about neutrino
masses?

‘L.-q.‘-‘ ....

Together, the LHC and future |
colliders can yield new insights

New physics IS heeded,

| will focus on e*e-colliders but we don’t know where

Sally Dawson, LHCP 2024



) Here we will focus on the following
questions:

1. What is the shape of the Higgs
potential

2. Why is the weak force so much
weaker than the strong force

3. What is the origin of EWSB?
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PART Il: WHAT WE KNOW




) The Higgs sector (as seen from the SM)

%Ly =D,P)(D,®) -V
i =D, D,P) @' @ + A(D'D)’

 If we assume a doublet shape, 1, and /, will be related, and so

will eventually any /4, /.
) Same goes for /1v and /vy

) If the Higgs is NOT a doublet, we will need to measure the /,

independently to parametrise the potential and the /1v" to
decipher the EWSB mechanism




If we assume EWSB and V are SM-like (implying new physics is weakly coupled), we
can write down the SMEFT Lagrangian:

6 6
oL oY

A2 | C2 A2 | ...+C3

OB o®

IV FCy N - ...

ZLsuerr = Ly + €

See talk by J. Rojo



) Dim-6 analyses of the EW
sector

https://arxiv.org/abs/2101.03180

) In 2020 with 52 data points

° ° 1 3:
in VV and 18 in VBS, we " vvony
® ° ° {1 B VV + VBS
found no big deviation from 102} mem VY4 VBS mdividun
the SM g
2 10°
¥ Natural next steps: T 100
° ° é —1:-
) update the fit with 2023 <
data 10—2;-
: il
Y add dim-8 operators 8 3 % 2 8 § £ ® 8 % T 2 5 9 I B
O ®) o Q =
O O %

See talk by J. Rojo



https://arxiv.org/abs/2101.03180

PART Ill: WHAT WE DON'T
KNOW




“THE HIGGS IS A DOUBLET UNDER

SU(2)"....
LET’'S START BY VALIDATING THIS
STATEMENT




Measuring the H couplings
to multiple vector bosons can
also be a smoking gun for
new physics

N// vs RHiggs self-coupling

| |
—(H"0H)? —(H'H)’
A2 A2
& 5Zh &
Modify H-Z coupling = 0, Modify Higgs self-coupling = 5/13

However, 0z, & g_, while 9, is not related to A3 sMm

With some tuning, one can find models in which 9, > 0,

Lian Tao Wang, LHCP 2024
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HEFT VS SMEFT

@(16) @(26) @(38)
SMEFT Lagrangian: £ ¢ ;i = Loy + € e - ¢, v ..o+ A ¢y
HEFT Lagrangian: _— - B T
1 . h B\’ Y’ h\"
2 % % % %

See Duarte Fontes’ talk on HEFT

Flare Function

dw™ + ...
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LOOKAT WW TO NH

) We use the Equivalence Theorem

(collisions at several TeV, Higgs is Wi h A , h R |
“massless”) h \ h <
h -k i
ha W h W - - h W - -
ho
_ nlay ;
- 27
W===-=- | h W ===-- | h W=-=---- |
W - h PR h W -

13 SMEFT exclusion plot, 2311.04280
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LOOKAT WW TO NH

) We use the EqTh (collisions at several
TeV)

) We are not looking at a global fit, but at
interesting pseudo observables

) Whereas in SMEFT, corrections to
processes with n higgsses are
suppressed by increasing factors of
Lambda, in HEFT this is not necessarily
the case (smoking gun!)

) BSM scenarios often predict large nH
Xsecs
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SMEFT exclusion plot, 2311.04280



LOOK AT WW TO NH S

20M
) We use the EqTh (collisions at several o,
TeV)
> Y\Ie are ITOt looking at a global fit, but at 1ol SH  —— 3H  --:: aH
interesting pseudo observables _
109 |
) Whereas in SMEFT, corrections to _, 10’-
o o O
processes with n higgsses are = 10°-
o o ><
suppressed by increasing factors of c;EB 103 -
Lambda, in HEFT this is not necessarily 10! -
the case (smoking gun!) 10-1
—3
)BSMscenariosoftenpredictlargenH 10 M ] ]

VS [TeV]

15 SMEFT exclusion plot, 2311.04280



WW TO NH

C —e— QObserved limit (95% CL)
ATLAS Prelminary Expected limit (95% CL)
Vs =13 TeV, 126—140 fb~! (MHH =0 hypothesis)
[ Expected limit £10
SN HH) =32.8 fb
Oggr +ver(F1H) 1 Expected limit +20
Obs. EXxp.
bblf + EMiss— ¢ 10 14
Multilepton — ¢ 17 11
bbbb - ¢ 5.3 8.1
bbyy ¢ 4.0 5.0
bbttt |- e 5.9 3.3
Combined|- L 29 24
| l | I | 1 | | I | 1 1 | I | 1 1 | I | 1 1 | I | 1 1 | I | 1 1 | I | 1 1 | I |
0 5 10 15 20 25 30 35 40
95% CL upper limit on HH signal strength uyy

John Alison, LHCP 2024

TTYyYy
Expected: 26

WW vy

Expected: 52
Observed: 97

bb WW
Expected: 18

Observed: 14

bb ZZ &
Expected: 40

Observed: 32

Multilepton o

Expected: 19
Observed: 21

bb yy &
Expected: 5.5
Observed: 8.4

bb tt &
Expected: 5.2

Observed: 3.3

bb bb &

Expected: 4.2
Observed: 7.2

Comb. of &

Expected: 2.5
Observed: 3.4

CMS Preliminary 138 fb™ (13 TeV)
LI I I I 1 LI I 1 1 1 LI I I 1 I LI L I
K, = K =1 —— Observed ~ ----- Median expected
Ky = Koy = 1 : BEEE 68% expected
N 95% expected
' CMS-PAS-HIG-22-012

CMS-PAS-HIG-21-014

—

CMS-PAS-HIG-21-005

Acc. by JHEP (2206.10657)

Acc. by JHEP (2206.10268)

JHEP 03 (2021) 257

—

Acc. by PLB (2206.09401)

Nature 607 (2022) 60

Nature 607 (2022) 60

b1l
100

95% CL limit on o(pp — HH)/o_

llllI
1000

OOYA\L
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WW TO NH

) We don’t need a precision mesaurement. If we
observe an excess in the pp to HH production
with respect to the SM, we can rule the SMEFT

and assume more complex scenarios

) This would then be confirmed by a 3H

production measurement

2H

== 3H

1011 i
109 i

o

C —e— QObserved limit (95% CL)
AILAS Preliminary Expected limit (95% CL)
Vs =13 TeV, 126—140 fb™" (MHH = 0 hypothesis)
SM [ Expected limit 10
o HH)=32.8 fb
agF +ver (1) 1 Expected limit +20
Obs. Exp.
bblf + EMiss — ¢ 10 14
Multilepton — ¢ 17 11
bbbb— * 5.3 8.1
bbyyl ¢ 4.0 5.0
bbttt | ¢ 5.9 3.3
Combinedf— 2.9 2.4
| I | I | ] | | I | | | | I | | | | I | 1 | | I | 1 1 | I | | | | I | 1 | | I |
0 5 10 15 20 25 30 35 40

95% CL upper limit on HH signal strength upy

John Alison, LHCP 2024
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PART IV: MAP THE HEFT TO
SMEFT




WW TO NH

) By comparing the Lagrangians term-by-term we can map the HEFT to the SMEFT

d d* <3 ) 3
a1/2—a—1—|—§—|—? Z_I_'O + O (d°)
as = b=1+2d+3d°(1+p) + O(d’),
_ 4 2 (14 > 3 EFT—max
a3—§d+d §+4p + O (d°) gEFT-max _
1 11 2 4
Ay = gd + d? (? -|-3,0> + O (dS) : O_EFT—maX _ v > —46 (1 + p )2
9 6 TS 1672 s/ 3ms R
w5 =& (15 5[)) O (&) EFT 1\ ¢ 2
o (11 1 3 Twwrsth 16#2) 187s (1 Prmax)™ + 2(1 %+ pma) X1 + x2)
(e h) o)
aeg A5 + 5,0 + O( )
Qv%g)m CS)D See more details in https://arxiv.org/abs/
d = A2 P = (6) \o 2204.01763 and https://arxiv.org/abs/
2(cyn) 2207.09848
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2 What else can we do? Look at the available K, and K, measurements. Another way of “ruling out “ the SMEFT

WW TO NH

[ Excluded (observed)
¢ Standard Model

bbrt, 138 fb™ (13 TeV)
l et e I
----- Excluded (expected)

£55== 68% expected |
----- 95% expected -

1 | | 1 I | 1 || 1 1
- ATLAS
— Vs=13TeV, 126—139 fb~"
" All other k fixed to SM

—

Observed

68% CL HH

+ 95% CL HH
SM prediction
Best fit HH
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A theory is only a proper theory if it can be falsified....




WW TO NH AT CLIC

) Going a bit more pheno-ish, we use the EWA approximation to predict cross sections
at an ee collider (CLIC) at 3 TeV

3
10 102 o .
@
100 7 100 i ® ° ¢ :
3 o ° o 3 o 2H SMEFT(=6)
3 107 N R S . o . 0 3H SMEFT(®=©)
5 2 o e o0 4H SMEFTP=9)
= 107 s | 1 | | 8- o 2HBP2(@
L 104 (a1)
2 AL i I - e 3HBP2&
S 10771 == 2H SMEFT(=6) e 2H BP2(@) "y} - aant [ B R S e o 4H BP2@)
-1z —— 3H SMEFT(P=6  —— 3H BP2(a1) ‘I 10°° T —
— = 4HSMEFTP=6)  —— 4HBP2@) | e TR I o
05 1.0 15 20 25 3.0 05 1.0 15 2.0 25 3.0
VS [TeV] VS [TeV]
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CONCLUSIONS

What can we do until HL-LHC

® Plenty of new HH results, always sharper

® We don't need a precision measurement to rule-out or confirm new physics,
we can look at (the lack of) a small excess in HH as a smoking gun

SMEFT fits of Run-2 are giving tighter and tighter constraints on the dim-6
Wilson coefficients. Time to consider broader EFTs

e (Thatis no problem, since we can map them back and forth)

® Next step: full phenomenological study to reproduce the ATLAS and CMS
yields for HH production, and the HHH projections
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THANK YOU!

And many thanks, Peter!
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