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A discovery tale
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The Standard Model (SM)

Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)

I I 1l I I Il
0 =124 97 GeV/c?
. @ |- ®H
gluon higgs

mass = =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? =2.2 MeV/c? =1.28 GeV/c? - =173.1 GeV/c?

charge % ¥s -% — -
@ O @ @
up top antiup antitop

I o I
'- _ A ~Auv il luv U
’ gSM = — ZG/WG HY — ZW//”/W'M — ZB//”/B'M

) =47 MeV/c? =96 MeV/c? =418 GeV/c? =47 MeV/c? =418 GeV/c? ‘
_: -3 =i -3 Y3 3 0 (D
, . @G| 9| @ || @ « @ |[: Z
7 ivH T(DHH) - Z
+ Z Wiy Dﬂl//+ (D”H) (DVH) | 3 strange photon 8 %
W=qp, Ug, dg, C|, g : (. m 3
=0511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c?
(NH )
Q5
—u?H'H — A(H H)? | =
3 antimuon ) LLJ
t i~ >
— (éLYuH l/tR + qLYdeR + fLYeHeR + hC) P <0.17 MeV/c?
. O o 0 0 0 ~ 0 \]
ol
LL electron muon tau electron muon tau
1 heutrino heutrino heutrino antineutrino . antineutrino ' antineutrino

Adrien Auriol - LAPP Seminar



Generalities apout the Higgs boson in the SM

SM introduce a spin-0 Higgs field ¢

e EWSB : Explains how Wand Z bosons aquire mass
* Yukawa couplings : Explains how fermions aquire mass

After EWSB, remaining degree of freedom :

A4 V()
This costs too much
energy! | think I'll
® @ hang out down there

1 2 3

N\ Te— —— Re ¢
Im ¢ Quantum diaries
In SM, properties are tied to the EWSB mechanism

Adrien Auriol - LAPP Seminar
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https://www.quantumdiaries.org/2012/02/14/why-do-we-expect-a-higgs-boson-part-ii-unitarization-of-vector-boson-scattering/

The Higgs mechanism in the SM

Unbroken phase
T = +id,
/ ( P° = s+ i, )

SU(2); doublet

— 4 real d.o.f. from Higgs doublet
— 4x2 real d.o.t. from Gauge bosons
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The Higgs mechanism in the SM

Unbroken phase Broken phase
(P =i+ _ 990 N 1 Higgs scalar h
/ _( 450 = ¢h3 + i, ) 3 Goldstone bosons
SU(2), doublet direction

— 4 real d.o.f. from Higgs doublet
— 4x2 real d.o.t. from Gauge bosons

Adrien Auriol - LAPP Seminar
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The Higgs mechanism in the SM

Unbroken phase Broken phase

,-_ T =, + ip, N, THiggsscalarh <> = L( 0 )
_( P’ = s+ ig, ) " 3 Goldstone bosons V2 MY

SU(2); doublet

Vacuum picks a
direction

— 4 real d.o.f. from Higgs doublet
— 4x2 real d.o.t. from Gauge bosons

Gauge
Interaction

Goldstone are eaten

./ Become longitudinal polarization of W, Z"
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o H
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Z° boson

— 1 d.o.t. from Higgs scalar

— 3x3 d.o.f. from Vector Bosons
— 2 d.o.f. from Photon

Massive gauge

: =80.39 GeV/c2
; ‘ 1 l

W+ boson

bosons with 3

polarizations
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Beyond the Standard Model (BSM)

. mass
¥ charge
13

spin

LEPTONS

three generations of matter
(elementary fermions)
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Standard Model of Elementary Particles

interactions / force carriers

three generations of antimatter
(elementary antifermions)
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Going beyond the SM - direct or eftective ?

Events

SM

This is what we measure if SM is realized in nature

Energy

Adrien Auriol - LAPP Seminar
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Going beyond the SM - direct or eftective ?

Events

Direct searches, e.g. "bump hunt"
SM
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Going beyond the SM - direct or eftective ?

Events

SM

Energy

4
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Direct searches, e.g. "bump hunt"

— Limited by collider energy reach
— No new particle discovered (yet?)
— Searches are very model dependent

We somehow need to roughly know what we are
looking for...

14 TeV

Adrien Auriol - LAPP Seminar
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Going beyond the SM - direct or eftective ?

Events

PP

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

> T g d -

/I4ir'nnary

SR e g
- T

Status: March 2023 [£ dt = (3.6—139) fb Vi=13TeV
Model £,y Jetsi ET*™ [Ldi[fb™] Limit Reference
L] ] LI I L] ] ] ] ] 1 LI I L] 1 L] 1 ] 1 LI I L] ] ] L]
. ADD Gkk + g/q Oe,u,t,y 1-4j Yes 139 Mp 11.2TeV n=2 2102.10874 ’
g ADD non-resonant yy 2y - - 36.7 Mg 8.6 TeV n =3 HLZ NLO 1707.04147
& ADDQBH - 2] - 139 | Mw 94TeV n=6 1910.08447 ¥
S  ADD BH multijet - >3] - 3.6 Min 9.55TeV n =6, Mp=3TeV,rot BH 1512.02586 i
©@  RS1Gkk —yy 2y - - 139 Gkk mass 4.5 TeV k/Mp = 0.1 2102.13405 3
g Bulk RS Gy » WW/ZZ multi-channel 36.1 Gk mass 23 TeV k/Mp; = 1.0 1808.02380 I
W Bulk RS gkx — tt 1e,u >1b,>1J/2) Yes  36.1 gkk mass 3.8 TeV r/m=15% 1804.10823 |
2UED/ RPP 1epu >2b,>3j Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMD - tt) =1 1803.09678 1
SSM Z’ — ¢t 2epn - - 139 | Z' mass 5.1 TeV 1903.06248 h 1 1
o | SSMZ -1 27 - - 36.1 | 2’ mass 2.42 TeV 1709.07242 L e s e g u m p u n 't
= Leptophobic Z” — bb - 2b - 36.1 Z' mass 2.1 TeV 1805.09299 | / ° °
8 Leptophobic Z’ — tt Oe,u >1b,>2J Yes 139 Z’ mass 4.1 TeV r/m=12% 2005.05138 »
S  SSMW’ -ty Tepu - Yes 139 | W’ mass 6.0 TeV 1906.05609 3
O SSM W’ — 1v 17 - Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
S  SSMW' b - >1b,>1J - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043 %
© HVT W’ — WZ model B 0-2e,p 2j/1J  Yes 139 | W’ mass 4.3 TeV gv =3 2004.14636 P 4
) HVT W/ — WZ — ¢v{'¢’ modelC 3 e, u 2j(VBF) Yes 139 | W’ mass 340 GeV gven =1, =0 2207.03925 °
HVT Z’ - WW model B Teu  2j/1J  Yes 139 |2’ mass 3.9TeV gy =3 2004.14636 CO I e r e n e r re a C
LRSM Wg — uNg 2p 1J - 80 | Wg mass 5.0 TeV m(Ng) = 0.5TeV, g = gr 1904.12679 1
Cl qqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127 ;“
—  Clttqq 2e,u - - 139 |a 358TeV 7., 2006.12946 ; . .
S Cleebs 2e b - 139 [A 1.8 Tev g =1 2105.13847 a r't t ?
Cl pubs 2u 1b - 139 | A 2.0 Tev g =1 2105.13847 I I C e I Scove re ye °
Cl tttt >teu 21b>1j Yes 361 |A 2.57 TeV |Cal = 4m 1811.02305 3
Axial-vector med. (Dirac DM) - 2j - 139 Mped 3.8 TeV 84=0.25, g,=1, m(x)=10 TeV ATL-PHYS-PUB-2022-036 3
= Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mped 376 GeV gq=1, g=1, m(y)=1 GeV 2102.10874 |
Q Vector med. Z’-2HDM (DiracDM) O e, u 2b Yes 139 mzs 3.0 TeV tanp=1, g7=0.8, m(y)=100 GeV 2108.13391 » re Ve r I I I O e e e n e n t
Pseudo-scalar med. 2HDM+a  multi-channel 139 m, 800 GeV tangB=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1%t gen 2e >2j Yes 139 LQ mass 1.8 TeV B=1 2006.05872 &
Scalar LQ 2": gen 2u >2]j Yes 139 tg mass 1.7 TeV B=1 2006.05872
Scalar LQ 3" gen 17 2b Yes 139 § mass 1.49 TeV B(LQY — br) =1 2303.01294 d t h / /< h t
(@] Scalar LQ 3" gen Oe u >2j,>2b Yes 139 LQY mass 1.24 TeV BLQy > tv)=1 2004.14060 3 e e O ro ug y n O W W a We a re
= Scalar LQ 3" gen >2eu,21721j,21b - 139 LQS mass 1.43 TeV BLQY — tr) =1 2101.11582 P
Scalar LQ 3" gen Oe,u, 217 0-2j,2b Yes 139 LQ@ mass 1.26 TeV B(LQY — bv) =1 2101.12527 3
Vector LQ mix gen multi-channel >1j,>1b  Yes 139 LQ% mass 2.0 TeV B(U, — tu) =1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3" gen 2e,u,T >1b Yes 139 LQ, mass 1.96 TeV B(LQY — br) =1, Y-M coupl. 2303.01294 b
@ VIQTT - Zt+ X 2e/2u/>3e,u 21 b, >1) - 139 T mass 1.46 TeV SU(2) doublet 2210.15413 ,
= @ VLQBB - Wt/Zb+X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343 D
o« O VLQ Ts53Ts3lTs3 > Wt+ X 2(SS)/>3eu>1Db,>1] Yes  36.1 | Tssmass 1.64 TeV B(Tsj3 > Wi)=1, c(Ts3Wi)=1 1807.11883 ‘
S E VLQT - Ht/Zt 1eu >1b23] Yes 139 | Tmass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040 %
3 S VLAY - Wh te,u  >1b>1] Yes 361 |Ymass 1.85 TeV B(Y — Wh)=1, cg(Wh)= 1 1812.07343 h
> VLQ B — Hb Oeu >2b,>1j,>1J - 139 B mass 2.0 TeV SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018 |
VLL 7 — Zt/Ht multi-channel ~ >1] Yes 139 | ¢/ mass 898 GeV SU(2) doublet 2303.05441
No) Excited quark g* — qg - 2] - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447
‘§<'$ g Excited quark g* — qy 1y 1] - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
L} & Excited quark b* — bg - 1b,1] - 139 | b* mass 3.2 TeV 1910.08447 £
Excited lepton 7* 27 >2] - 139 | v* mass 4.6 TeV A=46TeV 2303.09444 -+
Type Il Seesaw 2,34 e, >2 ] Yes 139 N° mass 910 GeV 2202.02039 :
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wgr) =4.1TeV, gL = gr 1809.11105 3
S Higgs triplet H** —» W=W* 23,4 e,u (SS) various  Yes 139 H** mass 350 GeV DY production 2101.11961 b ¢
£  Higgs triplet H** — £¢ 234eu(SS) - - 139 | H** mass 1.08 TeV DY production 2211.07505 ~
5 Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV DY production, |g| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v-=13 Tev v-=13'|'ev L1 11 | 1 L 1 1 1 L1 1.1 | L 1 L L L1 1.1 | 1 1 1 L i
partial data full data 10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.

i Small-radius (large-radius) jets are denoted by the letterj (J).

o

Nothing so far!

i Ao B .
~ . _ . N o i > 2 S - ~ - -

ATL-PHYS-PUB-2024-008

~ -

Sy R o =)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-008/

Going beyond the SM - direct or eftective ?

Events

What if NP lives at much higher mass?

SM

| |
| () .’ | |
... L 4 L
N

gy . )

L

® .

*

‘0
...-I

Energy 14 TeV
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Going beyond the SM - direct or eftective ?

Events

What if NP lives at much higher mass?
SM . — Parametrization of already existing
deviations via EFTs

|
L .. .’ | |
.... ‘0 |
...l. L 2 .
Nnmy . .

L

® .

*

‘0
...-I

Energy 14 TeV
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Before SM was even Standard..

Proposal by E. Fermi to explain ff decay
D during early stage of weak interaction

theory development

e — Point-like interaction

— Describes well the weak interaction but

L 2
e G
U:_FS
IT
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Before SM was even Standard..

Proposal by E. Fermi to explain ff decay

D during early stage of weak interaction

theory development

e — Point-like interaction
— Describes well the weak interaction but

G?

o)= —FS

Cross-section

Adrien Auriol - LAPP Seminar
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with s — Violation of unitarity
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Before SM was even Standard..

Proposal by E. Fermi to explain ff decay
D during early stage of weak interaction

theory development

n e — Point-like interaction
— Describes well the weak interaction but
U, GFZ
0)= —+Fs
v/
U €  Cross-section with s — Violation of unitarity
O—-—W——O — Valid for energies << 100 GeV
— Later developments determined the correct tensor
d Ve structure + two massive bosons

Adrien Auriol - LAPP Seminar
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How to build an Effective theory”

With Fermi theory we went from =«




How to build an Effective theory”

With Fermi theory we went from =«

But can we go the other way?

i.e. infer New Physics by parametrizing "low" energy




How to build an Eftective theory?

With Fermi theory we went from =«

| .

But can we go the other way?

i.e. infer New Physics by parametrizing "low" energy

- recipe
Step 1 : We fix the field content
Step 2 : We fix the symmetries

Step 3 : We write an exhaustive list of allowed interactions

at a fixed order

Adrien Auriol - LAPP Seminar
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How to build an Eftective theory?

With Fermi theory we went from =«

| .

But can we go the other way?

i.e. infer New Physics by parametrizing "low" energy

-1 recipe
Step 1 : We fix the field content —#sm
Step 2 : We fix the symmetries

Step 3 : We write an exhaustive list of allowed interactions

at a fixed order

Adrien Auriol - LAPP Seminar
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How to build an Eftective theory?

With Fermi theory we went from =«

But can we go the other way?

i.e. infer New Physics by parametrizing "low" energy

1 recipe
Step 1 : We fix the field content —#sm
Step 2 : We fix the symmetries = SUQ), x SUB) x U(l)y

Step 3 : We write an exhaustive list of allowed interactions

at a fixed order

Adrien Auriol - LAPP Seminar
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How to build an Eftective theory?

With Fermi theory we went from =«

But can we go the other way?

i.e. infer New Physics by parametrizing "low" energy

1 recipe
Step 1 : We fix the field content —#sm
Step 2 : We fix the symmetries = SUQ), x SUB) x U(l)y

Step 3 : We write an exhaustive list of allowed interactions

at a fixed order

| = Ci,d d
-+ ZSMEFT = Zsm+ 2, 2, 20
d=5 i

Adrien Auriol - LAPP Seminar
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Effective field theory approach

Current data tends to incate that NP lives at (very) high energy scale

New heavy particles beyond the reach of LHC could distord "low" energy physics

EFTs provide :

— Fairly model-agnostic approach

— Way to integrate out heavy degrees of freedom
— Only considers SM content (exhaustive list of fields)

— Treats all SM sectors equivalently

Adrien Auriol - LAPP Seminar
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RN

T

Our toolbox : Large Hadron Collider @ C.

-

r—

< # : »
: L - 27 km circumference accelerator

y - Accelerates protons and heavy-
ions to nearly speed of light

- Four collisions points, each with a
detector designed for specific
pUrpose

Adrien Auriol - LAPP Seminar
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Our toolbox : Large Hadron Collider @ C.
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Saint-Eustache

La

M(

ates protons and heavy-
1early speed of light

lisions points, each with a

- designed for specific
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General purpose detectors : ATLAS & CMS

barrel New Small Wheel (NSW)
muon chambers muon chambers

N

barrel toroid magnet

\J

e

endcap

muon chambers inner detectors

endcap toroid
magnet

\ endcap calorimeters

i
barrel electromagnetic calorimeter

solenoid magnet
barrel hadronic calorimeter

(biased) e.g. ATLAS here, but same main principle for CMS

Adrien Auriol - LAPP Seminar

"Onion layers" detector
structure

Various subsystems used in
combination :

- Irigger
- Tracking

- Calorimetry
- Particle Identification
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=124.97 GeV/c?

Higgs @ proton collider : prod. and decay o

higgs

Production mode  Cross-section (pb)

ggH 48.31
VBF 3.771
WH 1.359
/I 0.877
tth 0.503
bbH 0.482
tH 0.092

VBF 9
ggH ‘ 7 %
87 % v
‘ Rest q q

6 %

For SM Higgs @ 13 TeV...
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Higgs @ proton collider : prod. and decay

Production mode

ggH
VBF

WH
7H
ttH
bbH
tH

ggH
87 %

Cross-section (pb)

48.31
3.771
1.359
0.877
0.503
0.482
0.092

VBF 9
A 7% V
‘ Rest q q

6 %

For SM Higgs @ 13 TeV...

Decay Channel

bb

WW
99

TT

CC

L/
Yy

<3,

bb
57,7 %

Sigl
8,2 %
TT
Aé'z Ge

Branching ratio

57.63
22
8.15
6.21
2.86
2.7
0.227

WW
22,0 %

—____ cc

2L 29%

~L %
YY
0,2% Rest

0,1 %

Higgs has narrow width and decays very quickly!

Adrien Auriol - LAPP Seminar

=124 .97 GeV/c

H
higgs
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TTmeline since discovery

"HiLuM|

5. LARGE HADRON COLLIDER

LHC HL-LHC

13 TeV LS2 13.6 TeV LS3 13.6 - 14 TeV

energy

Diodes Consolidation

8 TeV splice consolidation cryolimit LIU Installation i i HL-LHC
7 TeV e button collimators interaction . i inner triplet . )
= R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

2013 2015 2018 | 2019 | 2020 2022 | 2023 | 2024 2026 | 2027 | 2028 | 2029 | 2030 |||||||@
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS 8 nominsaltcl)_gr"r?i

beam pipes HL upgrade

nominal Lumi 2 x nominal Lumi | ALICE - LHCb : 2 x nominal Lumi :

75% nominal Lumi | /’_ upgrade
m lE::li:n integrated JEANLRIM
m :um%osity 4000 fb

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

HL-LHC CIVIL ENGINEERING:
DEFINITION EXCAVATION BUILDINGS CORES

Adrien Auriol - LAPP Seminar
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TTmeline since discovery

"HiLuM|

5. LARGE HADRON COLLIDER

. LHC HL-LHC

| I —

Runf | | Run 2 | | Run 3 | | Runa-s..

., BT

: 13.6 - 14 TeV
energy
' Diodes Consolidation
‘ splice consolidation cryolimit LIU Installation i i HL-LH
7 TeV 8 ' eV button collimators interaction L _ inner triplet . C
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

2002 2013 2015 2018 2019 p2{02{0) 2022 2023 2024 2026 2027 2028 2029 2030 IIIIIII
E ATLAS - CMS
ST upgrade phase 1 ATLAS - CMS e

‘ beam pipes . . . . HL upgrade
& nominal Lumi 2 x nominal Lumi ALICE - LHCb : 2 x nominal Lumi :

75% nomin‘ Lumi /_ ' upgrade ' 1
fp-! m integrated JREAAMVRIE
3(."fb m luminosity [EIVR{ o3

HL-LHC TECGHNICAL EQUIPMENT:
D:=SIGN STUDY b @ PROTOTYPES / CONSTRUCTION ‘ INSTALLATION & COMM. PHYSICS

.~

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS CORES

Discovery
~200k Higgs prod.
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TTmeline since discovery

HILuMI )
LABG,E,,HADRPNEOLUDER

LHC

Runp | | Run 2 " Run 3 |

13 Toy IRAE LS2 13.6 TeV LS3 136-14TevV
y
Diodes Consolidation
8 v splice consolidation cryolimit LIU Installation ] ] HL-LHC
7 TeV button collimators interaction = . i inner triplet . )
R2E project regions | Civil Eng. P1-P5 pilot beam radiation limit installation

2013 2015 2018 £ 2019 | 2020 2022 | 2023 | 2024 2026 | 2027 | 2028 | 2029 | 2030 |||||||w
i ATLAS - CMS N
upgrade phase 1 - 5t07.5
= 3 ATLAS - CMS X nominal Lumi

experiment

S P gl [ 2 x nominal Lumi ALICE - LHCb : 2 x nominal Lumi | S UL
' upgrade
m integrated CARMRLS
luminosity EL[IR{ R
DESIGN STUDY e PROTOTYPE / CONSTRUCTION ‘ INSTALLATION & COMM. PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS CORES

Discovery End of Run 2
~200k Higgs prod. ~7.7M Higgs prod.
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TTmeline since discovery

LHC HL-LHC

HiLuM] ’
LARGE HADRON COLLIDER

I —

Run 1 Run 2
i | |

EVETS
13 TeV

splice consolidation cryolimit g
button collimators interaction =
R2E project regions

2013 2014 2015 2016 2017 2018

experiment
beam pipes

. . i i d
gl [ 2 x nominal Lumi ‘

) ' A
D:=SIGN STUDY b @ PROTOTYPE:

HL-LHC CIVIL ENGINEERING:
DEFINITION

2019 2020 2022 2023 2024 2025

Run 3 | ’ | Run4-5...

13.6 TeV — 13.6 - 14 TeV
energy
Diodes Consolidation
LIU Installation ! HL-LHC
inner triplet: . .
Civil Eng. P1-P5 pilot beam radiation li it installation

2026 | 2027 | 2008 | 2029 | 2080 ||||||Iw
¢ . 5t07.5
ATLAS - CMS m

HL upgrade

ATLAS - CMS
upgrade phase 1

ALICE - LHCb . 2 x nominal Lumi
upgrade

integrated JEANUVRIE
luminosity EL[IR{ R

INSTALLATION & COMM. PHYSICS

/ CONSTRUCTION

CORES

EXCAVATION BUILDINGS

Discovery End of Run 2 Today
~200k Higgs prod. ~7.7M Higgs prod. ~24M Higgs prod.
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TTmeline since discovery

HILuMI )
. LARGE HADRON COLLIDER

LHC HL-LHC

> - ' |D l I I | I I I I I I : : 1 V l‘ LSZ % : T T | 1T 1771 | | LI I‘ | Dlat; T T | 1T 171 : . 13_6 - 14 Tev ener
8 B ¢ ata o ATLAS ] Diodes Consolidation Q) 120 - ﬂLLéZS* 5 4 Higgs boson (125 GeV) ¥
N imi LIU Installati — * ]
025 [l Background 22 HozZ ' sar bragton e Zs ) :1':; r N L 5= 13Tev, 139 10 - i
&2 - [ Background Z+jets, ti . LA WEERg -0 i Zsjets, ]
& | [ ] Signal (m =125 GeV) ] : /_’ = 100 Z % UnJ:jt’atitnty il
geo- DI, | DEEEIEEEEE ¢ , i -
i st.Unc. ] - il
- T ] ATLAS - CMS 80~ - N
15[1s =7 TeV:[Ldt = 4.8 b ] uparade phase | : * : xnominal L
L 4 ; 2 inal Lumi B
F -1 ] T_l_ X nomina U‘ml_’ ALICE; :;:'Cb l_ 60 | 7. % —
(s =8TeV:JLdt=5.8 b ] upgra i
10 ] “oF ’ E 1
B ] = , el 3000 fbr
- . m L 4 2 < uminosity JEHIIE{ 3
0e 110 120 130 140 150 160
100 150 200 G \2/50 INEERING: m, [GeV]
m, [GeV] NITION EXCAVATION BUILL

Discovery End of Run 2 Today
~200k Higgs prod. ~7.7M Higgs prod. ~24M Higgs prod.
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TTmeline since discovery

HILuMI )
. LARGE HADRON COLLIDER

LHC HL-LHC

> 7 |D T T T | T T T T | T T T ] J l LS2 % : rrpr T p T L " | Dlat; trpr e : .136 -14 Tev ener
8 B ¢ ata o ATLAS ] Diodes Consolidation (@) 120 - ﬂLLéZS* 5 4 Higgs boson (125 GeV) ¥
. imi LIU Installati — x —
10 251 [l Background 2z HozZ ' sar e e Zs ) :1':; r Ry - Vs =13 TeV, 139 1" . i
&+ [ Background Z+jets, tf . e v e - 0 B Zujots, f i
&, [ [ Signal (m =125 Gev) : ' o 5100 . Dy
Sa0 3o, : 8% , |
S A i ATLAS - CMS 80 . N
1 5__\“3 =7 TeV: ILdt =4.8 fb1 _ AR R B y 7 X nominsaltcl)_zr"r?i
- ! 1 umi 2 x nominal Lumi ALICE - LHCb - 60 ¢ % -
C\s =8 TeV:|Ldt=5.8fb 1 & upgrade i / ]
10~ : 401 } - 1
_ ) e 3000 fb-
- m - % 2 + 1  dminosity 4000 fb™
5- 20 | + é/ ,+ ¥, +
: L erororvees _—  HE | phvsics
0E 110 120 130 140 150 160

100 150 200 250 INEERING:

{ITION EXCAVATION BUILL =

Discovery End of Run 2 Today End of HL-LHC
~200k Higgs prod. ~7.7M Higgs prod. ~24M Higgs prod. ~170M Higgs prod.

We analysed barely ~5% of the (HL)LHC dataset!
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2Nd protagonist

 =173.1 GeV/e?
23
"
top




The Top quark as a probe for new physics

QUARK MASSES

Heaviest particle in the SM
why?

— Strongest coupling to Higgs sector
— Particuliar connection to Heavy New Sector?

Decays before hadronization

o

8
strange |“=
charm (@&

u
down | @

— Allows to study a "bare" quark

P

Adrien Auriol - LAPP Seminar
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Top @ proton collider : prod. and decay

Production mode  Cross-section (pb)

gg —> It ~90%
) ] 833.9
qq — 1t ~10%

g9

920 %
qaq
10 %

Mostly producted via QCD in ¢f pair

Adrien Auriol - LAPP Seminar
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=173.1 GeV/c? ’

%3
. By

top

Top @ proton collider : prod. and decay

Production mode  Cross-section (pb)

gg —> It ~90%

I ] o 833.9
itW 0.745
1tz 0.811
ttH 0.529
tttt 0.015

g9

920 %
qaq
10 %

Mostly producted via QCD in ¢f pair
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Top @ proton collider : prod. and decay

Production mode  Cross-section (pb) Decay Channel
gg —> It ~90%
) ] 833.9 t>b+W
qq — tt ~10%
ttw 0.745
ttZ 0.811
ttH 0.529
trtt 0.015
g9
90 %
aq

Mostly producted via QCD in ¢f pair

Adrien Auriol - LAPP Seminar

Branching ratio

99.8

=173.1 GeV/c?

%3
. by

top
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=173.1 GeV/c?

Top @ proton collider : prod. and decay S

top
Production mode  Cross-section (pb) Decay Channel Branching ratio
gg —> It ~90%
) ] 833.9 t>b+ W 99.8
qq — 1t ~10%
Then, final states from W decays
t > b+ W(— qq) 66.5
> b+ W(—ev,) 11
(TW 0.745 t—= b+ W(— )
t—=> b+ W
1z 0.811 - (=)
(TH 0.529
tttt 0.015

g9
a9

90 %
10 %

Mostly producted via QCD in ¢f pair
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=173.1 GeV/c?

Top @ proton collider : prod. and decay d

top
Production mode  Cross-section (pb) Decay Channel Branching ratio
gg —> It ~90%
) ] 833.9 t>b+ W 99.8
qq — tt ~10%
Then, final states from W decays
t = b+ W(— qq) 66.5
t—> b+ W(— ev,) 1
TW 0.745 t = b+ W(— puy,)
_ t—> b+ W
1tZ 0.811 -~ (=)
ttH 0.529 So, for tf pair :
(T 0.015 o

etjets T+jets
15,0 % 50 %
99

920 % :
a9 ptonic
10 % 2.0 %

LHC is a top quark factory
O(100M) tt events produced in Run 2 -

Mostly producted via QCD in ¢f pair 46,0 %
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How to go from theory to measurement?




How to go from theory to measurement?

- Simulation of a process |

Using generators e.g. MadGraph |
t Include "soft" processes (e.g. hadronisation) |
Include info. about Proton Distrib. Fonction  }

Adrien Auriol - LAPP Seminar
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How to go from theory to measurement?

- Simulation of a process |

Using generators e.g. MadGraph |
t Include "soft" processes (e.g. hadronisation) |
Include info. about Proton Distrib. Fonction  }
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How to go from theory to measurement?

- Simulation of a process |

Using generators e.g. MadGraph |
t Include "soft" processes (e.g. hadronisation) |
Include info. about Proton Distrib. Fonction  }
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How to go from theory to measurement?

- Simulation of a process |

Using generators e.g. MadGraph |
t Include "soft" processes (e.g. hadronisation) |
Include info. about Proton Distrib. Fonction  }

' Reconstruction of an event |

‘;5 .e. [electroni S_igna|S] — _[phOtOﬂ \_’_‘Vith Pr = 500 G‘?V]

Event selection |

| Defining phase space regions rich

(and poor) in _.
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How to go from theory to measurement?

- Simulation of a process |

Using generators e.g. MadGraph |
t Include "soft" processes (e.g. hadronisation) |
Include info. about Proton Distrib. Fonction  }

LHC dataset

' Reconstruction of an event |

‘;5 .e. [electroni S_igna|S] — _[phOtOﬂ \_’_‘Vith Pr = 500 G‘?V]

Event selection |

(and poor.

|_Defining phase space regions rich (
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How to go from theory to measurement?

- Simulation of a process |

Using generators e.g. MadGraph |
t Include "soft" processes (e.g. hadronisation) |
Include info. about Proton Distrib. Fonction  }

LHC dataset

. Reconstruction of an event |
[photon with py = 500 GeV] |

i.e. [electronic signals] —

Event selection |

(and poor.

|_Defining phase space regions rich (
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How to go from theory to measurement?

- Simulation of a process |

Using generators e.g. MadGraph |
t Include "soft" processes (e.g. hadronisation) |
Include info. about Proton Distrib. Fonction  }

LHC dataset

. Reconstruction of an event |
[photon with py = 500 GeV] |

i.e. [electronic signals] —

Event selection |

(and poor.

| Defining phase space regions rich ( in _.
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How to go from theory to measurement?

- Simulation of a process |

, Using generators e.g. MadGraph |
t Include "soft" processes (e.g. hadronisation) 3}
. Include info. about Proton Distrib. Fonction

' Reconstruction of an event |

| ie.[electronic signals] — [photon with pr = 500 GeV |

Event selection |

| Defining phase space regions rich (and poor

ZL( | prediction )

in signal {

Adrien Auriol - LAPP Seminar

LHC dataset

— Dependance of theory param. on observables

— Experimental related uncertainties (calibrations,
fake reco., ...)

— Theory uncertainties (PDF, loop calculations)

06



Recap. so far




Recap.
SM is heathlier than ever - we need to go beyond

We have a already large dataset to explore
and a even larger one yet to explore

Higgs boson and Top quark seems to be the most promissing probes of NP at LHC

Current data tends to incate that NP lives at (very) high energy scale
— Effective approach is needed

=173.1 GeV/c?

' @
top

=124 .97 GeV/c?
0

o H
higgs

Adrien Auriol - LAPP Seminar
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Proping the Top-Higgs Quartic
INteration

through an EFT interpretation of ttHH production at ATLAS



https://arxiv.org/abs/2603.13113

Motivations

t
g 99999999 — {:/ QW
T H

g&mmmfﬂ—ﬁz;;_ gwm\‘\

SM

e 3rd leading HH production mode @ LHC

Adrien Auriol - LAPP Seminar

LHC @ 13.6 TeV

ggr - H

ggfF - HH

VBF - HH

ttHH

~50k fb «

356 ¥

~2 tb

0.87fb /
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Motivations

g 9000099

QMMSUU*‘—&/;;_ gm\

SM

e 3rd leading HH production mode @ LHC

e Gives direct access to ttHH quartic interaction

Adrien Auriol - LAPP Seminar

LHC @ 13.6 TeV

ggr - H

ggfF - HH

VBF - HH

ttHH

~50k fb +

~35fb

~2 tb

0.87fb /

= 1500
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ttHH production

arXiv:1401.7340

MadGraph5 aMCE@NLO

p We stand here
10%
. " . . | | | | | .
HH producticn at pp colliders at NLO in QCD | HH production at 14 TeV LHC at (N)LO in QCD :
e My=125 GeV, MSTW2008 NLO pdf (68%cl) 1 [T 7 M,=125 GeV, MSTW2008 (N)LO pdf (68%cl) _
1’y T
102 = E \\\\\\\\
101 _; — 101 Y e
o} = -;2, C
E : S
P - é .
© 10° : e © i
14
. 12
- ; 19
1 : R\ 1=
: ] <
- %. 1
10° 13 OF
1T -
4 @© "
: 1= I |
1073 [ =1 | | 1 | ' | | | | | '
8 1314 25 33 50 75 100 -4 -3 -2 -1 0 1 2 3 4
Vs[TeV] Mg

e Cross-section scales faster with \/E

* Unique interference pattern dependance on k,

We'll come back to that later...
Adrien Auriol - LAPP Seminar


https://arxiv.org/abs/1401.7340

otrategy
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Single lep. channel (1L)
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. 8
\
A . . % o o . R
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Fit on m,, after B

1L and ML : Fit Transformer score
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DT selection
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[ .1mitations

Uncertainty Source Observed Expected
Signal modelling (+0.9, —1.8) (+1.3,-1.0)
' Background modelling (+6.8, —8. 2) - (+5.7, —0. !
11+ jets (+5.3,-6.5)  (+4.7,-5.0) | Dominant systematic unc. :
ot (+4.6,-64)  (+2.9,-4.0) | -
e (421216 (+2.0.1.9) heavy flavour modelling and 4 tops
others (+0.9,-0.7) (+0.9, —0.8)
MC statistical (+2.8,-3.7) (+2.5,-2.7)
Detector systematic (+2.2,-3.4) (+1.9,-1.5) Overall — Balan;e ‘?etween stat. and
modelling
Total systematic (+8.3,-9.4) (+7.3,-7.4)
Data statistical (+7.2,—6.8) (+7.2,—-6.7)
Total (+11.0,-11.6) (+10.3,-10.0)
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Higgs Eftective |

“leld Theory

<<

Adrien Auriol - LAPP Seminar

66



HI1ggs .

~{fective Fleld Theory

H _ t H _ t
e o
H/ \\f . :
Ly pe << E~ Ayp
CF1 recipe

Step 1 : We ftix the field content

Step 2 : We fix the symmetries
Step 3 : We write an exhaustive

list of allowed interactions at
given order

Adrien Auriol - LAPP Seminar
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HI1ggs .

~{fective Fleld Theory

H\\\\ CiiHH ‘ He ... ‘
\\\\ ‘\\\:\\ Y :
< r< HEFT relaxes the assumption that the
H- ; H™ t  physical Higgs boson & is part of a
SU(2); doublet
E < < E~A
LHC NP — Higgs properties
EFT recipe unconstrained by EWSB pattern

Step 1 : We ftix the field content

Step 2 : We fix the symmetries
Step 3 : We write an exhaustive

list of allowed interactions at
given order
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Higgs Eftective Field Theory

H\\\\ CﬁHH t H\\\\ oooooo ‘
\\\\ \\\:\\ X :
< «< HEFT relaxes the assumption that the
H™ t H™ t  physical Higgs boson A is part of a
SU(2); doublet
E < < E~A
LHC NP — Higgs properties
EFT recipe unconstrained by EWSB pattern
Step 1 : We ftix the field content — single and multi-Higgs
Step 2 : We fix the symmetries couplings are decoupled

Step 3 : We write an exhaustive
list of allowed interactions at
given order
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Higgs Eftective Field Theory

e << E ~ Ayp

CF1 recipe
Step 1 : We ftix the field content

Step 2 : We fix the symmetries
Step 3 : We write an exhaustive

list of allowed interactions at
given order

t

t
\\\\ CflTHH \\\\ J®® 0o
AN
S HEFT relaxes the assumption that the

t  physical Higgs boson & is part of a

SU(2), doublet

— Higgs properties

unconstrained by EWSB pattern

— single and multi-Higgs
couplings are decoupled

h
LHEFT 2 — MG + Coan

Adrien Auriol - LAPP Seminar
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Strategy and results

/ Exploit cross-section
; dependance }v
\in 1L and ML channels/

Reinterpretation

L) —> Ld|o( ) |
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Strategy and results

/ Exploit cross-section Y
| dependance ‘
\in 1L and ML channels/

Acceptance effects Shape variations
covered by 30% unc. on

signal yield

neglected (evaluated to
have a small impact)

Reinterpretation

ZL(d|p) —» L(d|o( o))

Adrien Auriol - LAPP Seminar
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FT modelling

L L.

Aparte ;.

Sample simulation is expensive
in €, in time, and in COZ2




FT modelling

L L.

Aparte ;.

Sample simulation is expensive
in € intime, and in COZ2

— we need a way to save ressources while covering the most out of the phase space
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L L.

Aparte : EFT modelling

Sample simulation is expensive
in € intime, and in COZ2

— we need a way to save ressources while covering the most out of the phase space

' 1. Generate tTHH events at parton level (~ free)
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FT modelling

L L.

Aparte ;.

Sample simulation is expensive
in € intime, and in COZ2

— we need a way to save ressources while covering the most out of the phase space

' 1. Generate tTHH events at parton level (~ free)

' 2. Do it for multiple values of ¢,y
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FT modelling

L L.

Aparte ;.

Sample simulation is expensive
in € intime, and in COZ2

— we need a way to save ressources while covering the most out of the phase space

' 1. Generate tTHH events at parton level (~ free)

2. Do it for multiple values of ¢y

' 3a. Save the ratio of kinematic information
' 3b. Save the evolution of cross-section
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FT modelling

L L.

Aparte ;.

Sample simulation is expensive
in € intime, and in COZ2
— we need a way to save ressources while covering the most out of the phase space

1. Generate tfHH events at parton level (~ free)

2. Do it for multiple values of ¢,z

' 3a. Save the ratio of kinematic information
' 3b. Save the evolution of cross-section

“ 4. Reapply it back to the fully simulated sample
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1. Generate tfHH events at parton level (~ free)

2. Do it for multiple values of ¢,z

' 3a. Save the ratio of kinematic information
' 3b. Save the evolution of cross-section

“ 4. Reapply it back to the fully simulated sample

Pros :

t's cheap!

Adrien Auriol - LAPP Seminar



FT modelling

L L.

Aparte ;.

Sample simulation is expensive
in € intime, and in COZ2
— we need a way to save ressources while covering the most out of the phase space

1. Generate tfHH events at parton level (~ free)

' 2. Do it for multiple values of ¢,

' 3a. Save the ratio of kinematic information
' 3b. Save the evolution of cross-section

“ 4. Reapply it back to the fully simulated sample

Pros : Cons :

t's cheap! How can we be sure that we capture well the
dependances for the variable we fit?

We can't, but we can estimate that the effect is ~small
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First - we need a moael

 Modification of the SM Lagrangian with additional vertices ¢z, C71 K

e |Implemented by M. Ryczkowski & R. Groeber using FeynRules UFO model
format. Can be found on github.com/Ryczek/CttHH

e Model validated against SMEFT using SMEFIsim with internal studies
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First - we need a moael

 Modification of the SM Lagrangian with additional vertices ¢z, C71 K

e |Implemented by M. Ryczkowski & R. Groeber using FeynRules UFO model
format. Can be found on github.com/Ryczek/CttHH

e Model validated against SMEFT using SMEFIsim with internal studies

3y p2 P2
C,rryry = C I C C
itHH 2\/§A2mt uH A2 H 4A2 HD
p2 2 3
| P2 ( 1 ) e
CiiH = > \CH CHD CuH
A 4 \/ZAzmt

arXiv:2304.01968
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F1rst

Cross Section Ratio

-Wwe need a model!

 Modification of the SM Lagrangian with additional vertices ¢z, C71 K

e |Implemented by M. Ryczkowski & R. Groeber using FeynRules UFO model
format. Can be found on github.com/Ryczek/CttHH

e Model validated against SMEFT using SMEFIsim with internal studies

Cross Section Ratio as a Function of CttHH 3 V 3 | V 2 v 2

1.0050 - ==1 ¥=1 C.z a C C C
—— SMEFT / HEFT ttHH uH ! o) H 2 HD
1.0025 - 2\/§A2mt A 4A
1.0000 - Vz Vz 3
0.9975 A A mH 4
0.9950 - VZ VS
0.9925 - CIZTH = 1 A2 (CH 4 CHD) CMH
\/5 A?m,
| arXiv:2304.01968
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T

A probe for HEFT vs. SMEFT

33 N P2 P2
C.- — C —C C
itHH 2\/§A2mt uH A2 H 4A2 HD
V2 V2 3
| p2 ( 1 ) e
CiiH = > \CH CHD CuH
A 4 \/§A2mt

arXiv:2304.01968
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A probe for HE
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C = C —C
itHH 2\/§A2mt uH A2 H 4A2 HD
2 2 3
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T
T
|_
<
P
=
T
T
|_

A probe for HE

IS N \)2E ........ V2 s
CiiHH = Cur:™ S 5CH CHD
2\/§A2mt- """"" AZ .......... 4A2 ..........
V2 V% ........ L zeeneen | R LLICIITE
CHHH = > (2—5cy + ey ~Cyp)
L0 2 S - 4
| 2 { ........ : 1) T R
CiiH = > \CH “CHD “CuH
A 4 DA
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https://arxiv.org/abs/2304.01968

A prope for HEFT vs. SME

T
:.|.:
|_

3y V2. V2 e,
Corpy = | : @
T RN g
V2 V2 ................ e
Chnn T LT g O T A0 )
e A S
CitH = S{cy CHp) ~CuH
A - 4 Y\

arXiv:2304.01968

Connects HEFT and SMEFT in ttHH
In SMEFT, ttHH and ttH processes are bound together

HEFT provides a way to decorellate them and study the Higgs mechanism
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Cross-section dependance

Cross Section as a Function of CttHH .
0.016 e Quadratic dependance — Expected

~ Quadratic fit: y = 1.38e-03x* + 7.35e-04x + 7.51e-04
0.014 - X* = 5.62e-08

0.012 -

O
o
—
o

0.008 -

Cross Section [pb]

0.006 A

0.004 A

0.002 -

0.000 1— . ' - . - : This also tells us that the cross-terms are small wrt.
CttHH quad. terms
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How to extract the most kin. information?

M, — optimal as long as phase-space is ~comparable
Ideally .o~ not trivial as we proble heavy-mass

M gsm — but require to define the Wilson coefficient space to be probed

i.e. you need to know your plan in advance
no modifications a posteriori
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M gsm — but require to define the Wilson coefficient space to be probed
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no modifications a posteriori

Not possible as no HEFT model existed at the time!
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How to extract the most kin. information?

M, — optimal as long as phase-space is ~comparable
Ideally .o~ not trivial as we proble heavy-mass

M gsm — but require to define the Wilson coefficient space to be probed

i.e. you need to know your plan in advance
no modifications a posteriori

Not possible as no HEFT model existed at the time!
Instead we can take a sensitive distribution

/-.\0.045 — oo rrrreprrerp . ’-.\ 0.09 - T 1 L T 1 T 1 T 1 | T | L | T 1 T 1 T 1
% : . % - : HEFT (CttHH = 0)
£ 0.04 E_ E 0.08 E_ :HEFT(CttHH=1) E
50.035 - %) 0.07 - | HEFT (CttHH = 2) E
Q) - O) - o
o 0.03 o 0.06
o - Y :
NO0.025 N 0.05F
I 5 (%) -
g 002 ¢ 004
> C > C
H0.015 + L 0.03 F
0.01F 0.02 |
0.005 F J 0.01F
O - 1 1 1 1 | | | | 1 1 1 1 | |||||| | o O - 1 1 1 | 1 1 0l | | | | 1 1 1 | | | | 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 0O 200 400 600 800 100012001400160018002000
mttHH [GeV] mttbar [GeV]

inv. inv.
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How to extract the most kin. information?

M, — optimal as long as phase-space is ~comparable
Ideally .o~ not trivial as we proble heavy-mass

M gsm — but require to define the Wilson coefficient space to be probed

i.e. you need to know your plan in advance
no modifications a posteriori

Not possible as no HEFT model existed at the time!
Instead we can take a sensitive distribution

/-.\0.045 — oo rrrreprrerp . ’-.\ 0.09 - T 1 L T 1 T 1 T 1 | T | L | T 1 T 1 T 1
% : . % - : HEFT (CttHH = 0)
£ 0.04 E_ E 0.08 E_ :HEFT(CttHH=1) E
50.035 - %) 0.07 - | HEFT (CttHH = 2) E
Q) - O) - o
o 0.03 o 0.06
o - Y :
NO0.025 N 0.05F
I 5 (%) -
g 002 ¢ 004
> C > C
H0.015 + L 0.03 F
0.01F 0.02 |
0.005 F J 0.01F
O - 1 1 1 1 | | | | 1 1 1 1 | |||||| | o 0 - 1 1 1 | 1 1 0l | | | | 1 1 1 | | | | 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 0O 200 400 600 800 100012001400160018002000
mttHH [GeV] mttbar [GeV]

inv. inv.

Or even better...
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How to extract the most kin. information?

%SM — optimal as long as phase-space is ~comparable
Ideally ; not trivial as we proble heavy-mass

/%BSM — but require to define the Wilson coefficient space to be probed

i.e. you need to know your plan in advance
no modifications a posteriori

Not possible as no HEFT model existed at the time!

We can take a 2D distribution:

= 1200
()]
S 1100
£: 1000
e

900

800
700
600
500
400

(tHH )
(M’ miny Dsm >

(THH )17 =
(mlnv Minv. )Bsm e

£z 1000 [
E -
900 |-
800 F
700 F
600 F
500 F
400 |

300" 600700800900100011001200::001;1(:01\;3]00 0 arX|V250220976
answers this question in the context of ggF diHiggs
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https://arxiv.org/abs/2502.20976v2

What effects do we need to take into account?

Events
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What effects do we need to take into account?

Events

Control region = Signal region
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What effects do we need to take into account?

Events

Acceptance effects
covered by 30% unc. on
signal yield

30% is very conservative
Flat uncertainty for all values of ¢z I

Control region = Signal region

Adrien Auriol - LAPP Seminar
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What effects do we need to take into account?

EV N Alt. reweighting Varie_lble 1 Varial_)le 2

Does the Shapes ents rwalt® - nominal ~ mi‘H mi!

h : rwaltl mltr’;fH m{
ave dn Impa ct on rualt? mltrt“{-IH P,

the sensitivity? rwalt3 mePf

| rwalt4 m!HH ptH

$ rwalt5s m!tHH pal

. rwalt6 mff;\fl " py’

We tested 7 alternative N it

reweightings against no
shape variation

-

Shape variations
neglected (evaluated to
have a small impact)

At most 10% impact on 5% CL interval

Signal region
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Strategy and results

/ Exploit cross-section Y
| dependance ‘
\in 1L and ML channels/

Acceptance effects Shape variations
covered by 30% unc. on

signal yield

neglected (evaluated to
have a small impact)

Reinterpretation

ZL(d|p) —» L(d|o( o))
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Strategy and results

/ Exploit cross-section Y
| dependance |
\in 1L and ML channel

Acceptance effects Shape variations
covered by 30% unc. on

signal yield

neglected (evaluated to
have a small impact)

Reinterpretation

Ld|p) —» Ld|o(cm)) |

- = % —_ T~ s s T = A

ATLAS

VS =13/13.6 TeV, 140/56 fb~*
ttHH 1L + SSML

Observed

————— 1L

Combined:
95%: C¢tHH € [-3.9, 3.3]
68%: CttHH € [-2.5, 20]

—— Combined ||

CttHH

(small degeneracy in ML channel)
— Not sensible to sign

EXp. : c;yy € [—4.1,3.5] @ 95 % CL

ODbs. : ¢, € [-3.9, 3.3] @ 95 % CL
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Outlook of ATLAS analys1s

EXp. i e € [—4.1,3.5] @ 95%CL
1 ObS - CiHg € [ 3 9 3 3] @ 95%CL

* First search for rtHH done by ATLAS

— Most stringent direct limits on ¢,




Outlook of ATLAS analys1s

| ObS | CttHHE [ 39 3 3] @ 95%C|_ .;

* First search for rtHH done by ATLAS

— Most stringent direct limits on ¢,

CMS rtHH

[CMS-PAS-HIG-23-004]

Obs. 95% CL limits on ¢z -8.0, 7.5]
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CMS ttHH analysis (1)

CMS-PAS-HIG-23-004

Events

10°

103

Data/ MC

 Targets yy -
e Similar mode

- X with X € [b, W*, t*] with Run 2 data

ing strategy as ATLAS (MVA discriminant)

 Both ¢, and ¢,y probed (called resp. ¢, and k)

107

Not k...
CMS Preliminar 138 fo-1 (13 TeV . p
v NS Preliminary 198 (IS Tel) _ CMS Preliminary 13810 (13 TeV)
W ggHH Diphoton ' - “ + Observed ~ —68%CL
Bl Single H tt+X 4r ¢ SMExpected --- 95% CL -
e tH ttHH -
[ Wl V+y -- SR boundary i
mm itH stat unc. oL |
- B QCD/y+Jets (data) <+ Data - i
ok .
o -
I ol 'i' L _4-_ —
——— “"'+"“ """"""""" —+— """" —*— """""""""""" ,"‘4: %:"' ] _ l | | | |

A U RS EO SRS HN S R N BRI,
0.970 0.975 0.980 0.985 0.990 0.995 1.000

BDT Score
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CMS ttHH analysis (2)

CMS-PAS-HIG-23-004

Limits on resonant production of CP-even heavy neutral scalar (H,) in

the context of type-ll 2HDM and heavy VLQ 7’ pair production in the
natural candidate to test HEFT vs. SMEFT

T' — tH final state

<

)

—k

o
| w

Limit on o(pp — ttH, — ttHH) (fb
S

CMS Preliminary
T T T '

138 fo-' (13 TeV) |
o® 2 ’°

. CMS Preliminary 138 fo-' (13 TeV) |
B L e e

— Observed
----- Expected

+ 20

S~
- ——
So
Y~ —
S~ -
— -~
-~
—
e ——

BR(T — tH)=1

+ 10 E

— ppoTT(NLO) { 3

T BT o L |
260 280 300 !
H> mass (GeV) 3§

Observed 1 % P =
Expected I Ll
+10 { 4 ; —10°F
+ 20 1 P
A', | Q_
2HDM tan(B)=0.8 | % I 2
] i O
=
13 P2 107
i E |
> P
L 10 =
I R B
320 340 .
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Outlook of ATLAS analys1s

| ObS | CttHHE [ 39 3 3] @ 95%C|_ .;

* First search for rtHH done by ATLAS

— Most stringent direct limits on ¢,

CMS rtHH

[CMS-PAS-HIG-23-004]

Obs. 95% CL limits on ¢z -8.0, 7.5]
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Outlook of ATLAS analysis

3 EXp. : ¢y € [—4.1,3.5] @ 95%CL "
L Obs. : ¢,;yy € [-3.9,3.3] @ 95%CL |

* First search for rtHH done by ATLAS

— Most stringent direct limits on ¢,

CMS rtHH ATLAS HH comb. CMS HH comb.

[CMS-PAS-HIG-23-004] [arXiv:2406.09971] [arXiv:2510.07527]

Obs. 95% CL limits on ¢,y [-8.0, 7.5] -0.19, 0.7] -0.29, 0.59]
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Comparison with ggF - HH

9 0999999999999~ H g 9999999999999 > ®-----————-- H
’ Kt (Ctth)
A O o A \/
H N
Kt K)x
Ctth, Chhh) Rt\Ctth
J 8888~ S ) H 9 9999999999990, < 0——(————)————H
(a) (b)
q q
Rav
V _ _ -
vV N
q q
(d)
g H g H
Cggh Chhh ,/,’// Cgghh //,’// Ctth,h//,’// \:
------- o / A ’ <
H
g H g H : g 9000000000000 - H
() (2) % (h)

Parametrised with more couplings
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Outlook of ATLAS analysis

3 EXp. : ¢y € [—4.1,3.5] @ 95%CL "
L Obs. : ¢,;yy € [-3.9,3.3] @ 95%CL |

* First search for rtHH done by ATLAS

— Most stringent direct limits on ¢,

CMS rtHH ATLAS HH comb. CMS HH comb.

[CMS-PAS-HIG-23-004] [arXiv:2406.09971] [arXiv:2510.07527]

Obs. 95% CL limits on ¢,y [-8.0, 7.5] -0.19, 0.7] -0.29, 0.59]
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Outlook of ATLAS analys1s

 Exp.ic,c[-41.35 @95%CL |
| Obs * Cap € [=3.9,3.3] @ 95%CL | ';

* First search for rtHH done by ATLAS

— Most stringent direct limits on ¢,

 ggF more sensitive, but parametrised with two additional Higgs-gluon couplings : CooH and CooHH

— In ttHH, these enter at higher loop order

— More challenging in ggF unless further assumptions imposed

CMS itHH ATLAS HH comb. CMS HH comb.
[CMS-PAS-HIG-23-004] [arXiv:2406.09971] [arXiv:2510.07527]
Obs. 95% CL limits on ¢,y [-8.0, 7.5] -0.19, 0.7] -0.29, 0.59]
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~TTeV@ LHC
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Possible improvements

We set limits on Wilson coefticients at a given scale

Effect of running? “levetnc

In effective theories : operators mixing depends on A

Negligible operators could become
~important at higher scale

Adrien Auriol - LAPP Seminar 110



P0ssiple Improvements

We set limits on Wilson coefticients at a given scale

Effect of running? “levetnc

In effective theories : operators mixing depends on A

Negligible operators could become

~important at higher scale

Running in SMEFT
ggF educated: c_tth=1, c_tthh=0.7 @1 TeV

5 o ot  From SMEFT implementation of RGEs

- 1'0': ik renormalization group eqgs
L]
% 0.9
% 0.8-
2 07
=

0.6 -

lllllllllllllllllllllllllllllllll

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Renormalization scale u [TeV]
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P0ssiple Improvements

Wilson coefficient [TeV 2]

1.0

0.8 i
0.7 i

0.6 ]

We set limits on Wilson coefticients at a given scale

Effect of running?

~TTeV@ LHC

In effective theories : operators mixing depends on A

Negligible operators could become

Running in SMEFT

ggF educated: c_tth=1, c_tthh=0.7 @1 TeV

—W— Ceen(p)

:w)

0.9 i

lllllllllllllllllllllllllllllllll

1.0 1.2 1.4
Renormalization scale u [TeV]

~important at higher scale

 From SMEFT implementation of RGEs

renormalization group eqgs

e Educated guess ~ limits from ggF at typical LHC scale
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P0ssiple Improvements

Wilson coefficient [TeV 2]

1y
o

o
(o0]
]

o
~

o
o

We set limits on Wilson coefticients at a given scale

Effect of running?

~TTeV@ LHC

In effective theories : operators mixing depends on A

Running in SMEFT

ggF educated: c_tth=1, c_tthh=0.7 @1 TeV

o
(o)
I A 1 1 1

—W— Ceen(p)

:w)

lllllllllllllllllllllllllllllllll

1.0 1.2 1.4
Renormalization scale u [TeV]

Negligible operators could become
~important at higher scale

 From SMEFT implementation of RGEs

renormalization group eqgs

e Educated guess ~ limits from ggF at typical LHC scale

~30% at 2 TeV
e Subdominant for now, what about in the future?
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P0ssiple Improvements

Wilson coefficient [TeV 2]

1y
o

o
(o0]
]

o
~

o
o

We set limits on Wilson coefticients at a given scale

Effect of running?

~TTeV@ LHC

In effective theories : operators mixing depends on A

Running in SMEFT

ggF educated: c_tth=1, c_tthh=0.7 @1 TeV

o
(o)
I A 1 1 1

] —&— Cetnnlt)
: —W— Ceenl(u)

llllllllllllllllllllllllllllllll

1.0 1.2 1.4 1.6 1.8 2.0
Renormalization scale u [TeV]

Negligible operators could become
~important at higher scale

 From SMEFT implementation of RGEs

renormalization group eqgs

e Educated guess ~ limits from ggF at typical LHC scale

~30% at 2 TeV
e Subdominant for now, what about in the future?

e Other operators that could become important at

higher scale
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P0ssiple Improvements

Wilson coefficient [TeV 2]

1y
o

o
(o0]
]

o
~

o
o

We set limits on Wilson coefticients at a given scale

Effect of running?

~TTeV@ LHC

In effective theories : operators mixing depends on A

Running in SMEFT

ggF educated: c_tth=1, c_tthh=0.7 @1 TeV

o
(o)
I A 1 1 1

—W— Ceen(p)

:w)

lllllllllllllllllllllllllllllllll

1.0 1.2 1.4 1.6
Renormalization scale u [TeV]

Negligible operators could become
~important at higher scale

 From SMEFT implementation of RGEs

renormalization group eqgs

e Educated guess ~ limits from ggF at typical LHC scale

~30% at 2 TeV
e Subdominant for now, what about in the future?

e Other operators that could become important at

higher scale

s this running valid? — proper implementation of HEFT running needed

probably not
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Thoughts for the future

ttHH is promising but still limited

— Importance of processes such as tttt, ttH
— Factor ~2 of size of 95%CL interval by the end of Run 4
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0
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Adrien Auriol - LAPP Seminar 118



Thoughts for the future

ttHH is promising but still limited

— Importance of processes such as tttt, ttH
— Factor ~2 of size of 95%CL interval by the end of Run 4

We are already in the SM precision era, even though ~95% of the LHC dataset yet to be analyzed
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Thoughts for the future

ttHH is promising but still limited

— Importance of processes such as tttt, ttH
— Factor ~2 of size of 95%CL interval by the end of Run 4

We are already in the SM precision era, even though ~95% of the LHC dataset yet to be analyzed

EFT approach is a powerful tool to probe BSM, in particular heavy physics

Still a lot of room for improvement
— Combinations, between analysis, and between experiments

— Higher order effets to be taken into account (running of the coefts) —

— Designing analysis specifically for EFT Z y

12

top

=124.97 GeVi/c?
0

o H
higgs
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Thoughts for the future

ttHH is promising but still limited

— Importance of processes such as tttt, ttH
— Factor ~2 of size of 95%CL interval by the end of Run 4

We are already in the SM precision era, even though ~95% of the LHC dataset yet to be analyzed

EFT approach is a powerful tool to probe BSM, in particular heavy physics

Still a lot of room for improvement
— Combinations, between analysis, and between experiments

— Higher order effets to be taken into account (running of the coefts) —

— Designing analysis specifically for EFT Z E
1%
HEFT vs. "traditional" SMEFT interpretion when relevant top
What UV model have different predictions in both frameworks? :124'97 BRI
o H
higgs
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Thoughts for the ruture

ttHH is promising but still limited

— Importance of processes such as tftf, ttH
— Factor ~2 of size of 95%CL interval by the end of Run 4

We are already in the SM precision era, even though ~95% of the LHC dataset yet to be analyzed

EFT approach is a powerful tool to probe BSM, in particular heavy physics

Still a lot of room for improvement
— Combinations, between analysis, and between experiments

— Higher order effets to be taken into account (running of the coefts) —

— Designing analysis specifically for EFT Z y

”
HEFT vs. "traditional" SMEFT interpretion when relevant top

=124.97 GeV/c? %,
0

o H
higgs

What UV model have different predictions in both frameworks?

‘Top and Higgs sectors are promissing probes |

| for exp\ormg EWSB + connexion to heavy NP
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Single-lepton channel

Single lepton from W and > 4 b-tagged jets

Dominant background : tf + jets

Signal / Background split by jet-multiplicity

Fit from a GNN score

ATLAS

EXPERIMENT

Run: 438481
Event: 550081963
2022-11-01 20:37:11 CEST

Variable

Description

(pr,n, ¢, E)
WGN2
qLep.

(isJet, isLep, isMET)

Kinematic variables of the object, 1.e. transverse momentum,
pseudorapidity, azimuthal angle, and energy.

GN201 b-tagging pseudo-continuous score for identifying jets.
Non-jet objects are assigned a value of zero.

Charge of the object. Non-lepton objects are assigned a value of
ZEero.

Boolean flags indicating the object type: jet, lepton, or missing
transverse energy.
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Same-sign multi-lepton channel

' N\

\\
g‘ s
»

e

3
@

ATLAS

EXPERIMENT

Dominant irreducible backgrounds : ans 100 s
titW and tttt normalization

5

> 2 b-tagged jets -

> 2 same-sign leptons from top and Higgs /

Variable Description

Event-level

Channel which suffers a lot from e mbere e
Np—jets Number of b-tagged jets
5 Niepton Number of leptons
1N St I U M e N ta b a C |< rO U N d S . Hry The scalar sum of the transverse momenta of the leptons and jets
in an event.
. . o : MET Transverse energy of the missing momentum vector.
— C h a rg e mi S | d e nt | fl Catl O n MET_PHI Azimuthal angle of the missing momentum vector.
1 1 Object-level
— Fa ke | E pto NS fro m H F d = Cays or (pr>m, @) Kinematic variables of the object, i.e. transverse momentum,
. pseudorapidity, and azimuthal angle.
p h OtO N conversions WGN2 GN201 b-tagging pseudo-continuous score for identifying jets.
i . . Non-jet objects are assigned a value of zero.
I.€. P h otons Wh I Ch / 00 /< / I ke / e p ton qLep. Charge of the object. Non-lepton objects are assigned a value of
Zero.

(isJet, isElectron, isMuon) Boolean flags indicating the object type: jet, electron, or muon.
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ML

Run 2 C.

R distributions
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RUN 2 .
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NLeptons
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Run 3 CR distripbutions
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ML Run 3 SR distripbutions
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Expected likelihood for -

| L

FT it
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HEFT vs. SM.

[arXiv:2511.23410]

-1 power counting

L1

Loop expansion
SMEFT  HEFT

NNLO

NLO

EFT expansion
LO NLO NNLO

SMEFT power counting keeps EFT independent of loop expansion

HEFT power counting counts loops, so one is constrained on the diagonal
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HEFT vs. 5OM.

L1

-1 power counting

c©® c®
Lagrangian: ZEpT = ZgMm ZF@’@ ZFQ@
Eventrates: OEFT ~ |Mlgy + Mo + Moo + Mg + --- |
One d=6 Two d=6 One d=8
SM One d=6 Two d=6 One d=8

A +| M| Re(Mys - Ms\) — +Re( My - Mgy
A0 +Re(M g6 M) +Re( My - M)
2
A-S Moo | Mg P +Re( My - M)
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HEFT vs. SMEE T power counting
Ci(6) ) Ci(g) .
Lagrangian: ZEFT = <ZsM ZF@E ) ZF@Z(. )
Eventrates: CEFT ~ |Mgn + Mg + Moo + Mg + -+ |
One d=6 Two d=6 One d=8
SM One d=6 Two d=6 One d=8
AO O ~ ‘ﬂSM‘z ESMEF linear d=6
A2 +Re(Mg- Mcpy)
A +| M| +Re(Me, - Ms\) — +Re(Mg - Mgy
A0 +Re(Mere- M) +Re(Mg - M)

2
Tl Mo +|%8\2+Re(ﬂ8 - M)
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HEFT vs. bOM.

-1 power counting

L1

Ci(6) Ci(8)
Lagrangian; gEFT — gSM 1 ZFGEQ ZF@?)
Eventrates: OEFT ~ |l + Mo + Moo + Mg + - \2
One d=6 Two d=6 One d=8
SM One d=6 Two d=6 One d=8

A0 f o~ | Mg\ 17 |SMEFT linear d=6

A2 +Re(Me - M\y)

A ) +Re(Mo M\ +Re(My - M)

A_6 SMEF__ +Re(%6+6 y %6) +Re(%8 4 ﬂ6)
inear+quad d=6

+‘%8‘2+Re(%8 M)
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HEFT vs. bOM.

-1 power counting

L1

Ci(6) Ci(8)
Lagrangian; gEFT — gSM 1 ZFGEQ ZF@?)
Eventrates: OEFT ~ |l + Mo + Moo + Mg + - \2
One d=6 Two d=6 One d=8
SM One d=6 Two d=6 One d=8

A0 f o~ | Mg\ 17 |SMEFT linear d=6

A2 +Re(Mg - Mcp)

A_6 SMEF__ +Re(%6+6 y %6) +Re(ﬂ8 4 ﬂ6)
inear+quad d=6

+‘%8‘2+Re(%8 M)
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HEFT vs. SMEE T power counting
~(6) ~®

Lagrangian: ZET = Zspm + Zﬁ@f) Zﬁ@l@)

l l

L1

Eventrates: CEFT ~ |Mg\ + Mg + Moo + Mg + - \2

One d=6 Two d=6 One d=8

SM One d=6 Two d=6 One d=8

SMEFT linear d=6

l..
l..
...
...
...
...
by
......
uy
uy
ny
by
Ny
by
Ny
by
by
N

A_2 ............. +Re(%6 . %SM) ................
AE |l g +Re(Meye - MG\ Re( Mg - Mg\
A-6 [SMEFT Tt Re( Moy M) +Re(Mg - Hl)
inear+quadd=6 el M S
B + ﬂ ................. 2 ”n
A8 [ Hoss kMg | Re( Mg - Mg ye)

.
-----
-------------------
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Results on signal stength

—e— Observed limit
ATLAS ---- Expected limit
V5 =13/136TeV, 140/56 fb~* Expected limit =20
) _ Expected limit 10
ttHH 1L + SSML + bbyy
Obs EXp. e No excess observed
' (Mtenn = 0)

) i o . . .
bbyy i - o e 95% CL Upper Limits :
SSMLF 1 40 38

o e Most stringent limits to date
1Lr 7 26 29
Combined * E 20 o
10 10°

95% CL upper limit on Usqn
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Signal strength results split by channels

—o— (bserved limit
ATLAS ---- Expected limit
VS =13/136TeV, 140/56 fb~? Expected limit =20
) _ Expected limit 10
ttHH 1L + SSML + bbyy EXp.
e Obs.  (uan=0) _
Run 2 SSML}| ¢ 55 45
Run 2 1L ¢ | 31 37
Run 2 1L + SSMLF 29 o8
i } . e 1L and ML are the most
Run 3 SSML ¢ | 51 64 L b ‘
Run 3 1L~ + - 50 sensitive channels
Run 3 1L + SSML} ¢ 36 39
bbyyr + 75 79
SSML} 4 40 38
1L + i 26 29
1L + SSML + bbyy 9 | - 20 21
10’ 10°

95% CL upper limit on Uiy
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Ressources

Most of the results / figures presented in this seminar are sourced, but here is a list of other very
good presentations |'ve used as reference while preparing it

Arthur Lafarge's Ph.D. defense
What the double production of the Higgs boson with a two-photon signature in ATLAS

reveals about the stability of our universe and how a chronometer will illuminate our

understanding?
— Overview of di-Higgs physics

Rahul Balasubramanian's seminar @ | APP

Effectively going beyond the Standard Model with the ATLAS experiment
— Overview of Standard Model Effective field theory in ATLAS

Jonathon Langford's seminar @ CERN

Combined measurements and interpretations of Higgs boson production and decay in CMS
— Overview of Higgs boson physics in CMS (and LHC in general)

Tina Ojeda's talk @ Moriond EW

Search for deviations within the EFT framework at ATLAS and CMS
— Overview of EFT landscape, highlighting the current problems with this tool
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https://indico.in2p3.fr/event/37323/attachments/97708/150441/Lafarge_PhD_HH-and-HGTD_2025.pdf
https://indico.in2p3.fr/event/31998/attachments/84116/125417/slides_RahulBalasubramanian.pdf
https://indico.cern.ch/event/1652151/attachments/3225718/5748772/lpcc_seminar_260224.pdf
https://indico.in2p3.fr/event/39055/contributions/170267/attachments/100441/155722/8_MOjeda-v2.pdf

