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Outline

Experimental SM and Higgs Physics at LHC

Lecture 1: Basic Concepts, the LHC and precision measurements with Drell-Yan W and Z processes.
Lecture 2: Associated and multi- Vector boson production, and top quark

Lecture 3: Higgs Physics

Lecture 4: More Higgs Physics and Global interpretation

- Disclaimer: These lectures will be focused mostly on ATLAS and CMS (LHCb covered by Marco
Gersabeck and QCD and jet physics covered by Peter Uwer)

- Excellent resources for keeping up-to-date with the latest results: Physics Briefings from
ATLAS and CMS.
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nature |
HiGGS PDG

Ar0

/4 i
/; L N
- N
¥ > ~
(] S Sl N \k
”.f e _;,/ — e g i, e N\
/» P -~ N1 X
L 8 / e N
/ // b : B s \
/ > >
/ ;// ,_,/"/ \
/ / L >
/ v o \ " N,
/ 74 N
)I ,/ 7
f / ‘./- s
(] [ ) / 7 o
/. / z
‘ ’ /
/ S
/ / -
/ / ! =
/
() f A 7
/ 7 / /
/ / {
/ / / |
I/ i 7/ |
{ / i |
f / /
| « / L
! / \
| f |
| / e
/ ) [
/ ! ‘
i ! | !
| : % s
i
i | i ge |
i { alE |
{ | i = Sk |
| i i 5 {
1 & | i
2 B
| u i , r
i \ % s 7
i i

\

Portrait of the Higgs Boson
10 Years after its Discovery



https://pdg.lbl.gov/2022/reviews/contents_sports.html

Nano Overview of Main Higgs Analyses at (HL) LHC

Most channels already covered at the Run 2 with only 5% (~150 fb-1) of full HL-LHC dataset!

ggF VBF VH ttH
( . . ( ¢ W, 2 g . f
Channel gm> o o § — !
: Br 't S ____H v - -_-_ H
categories . ) ..
aeves) /J— — 1 q ‘O H g -
~8 M vets produced ~600 k vets produced ~400 k vets produced ~80 k evts produced
Cross Section 13 TeV (8 TeV) 48.6 (21.4) pb* 3.8 (1.6) pb 2.3 (1.1) pb 0.5 (0.1) pb
i A", 0.2 % v v v v
)
é 77 3% v v v v
kS WW 22% v v v v
>
@ T 6.3 % v v v v
0
O bb 55% v v v v
o Zy and yy:+ 0.2 % v v v v
Remaining to be
observed uu 0.02 % 4 v 4 4
Limits Invisible 0.1 % v’ (monojet) v v v

*N3LO



Very broad overview!

—3F— ATLAS (Tot. unc.) ATLAS Syst. [Nature 607, 52 (2022)] —3F— CMS (Tot. Unc.) [ CMS Syst. [Nature 607, 60 (2022)]
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Precision Higgs Couplings Measurements

ATLAS - CMS Run 1 ATLAS CMS Current
combination Run 2 Run 2 precision
Kw 11% 1.05 %+ 0.06 1.02 + 0.08 6%
K7 11% 0.99 + 0.06 1.04 +0.07 6%
Nature 607, Nature 607,

52-59 (2022) 60-68 (2022)



Precision Higgs Couplings Measurements

ATLAS - CMS Run 1 ATLAS CMS Current
combination Run 2 Run 2 precision
Kt 30% 0.94+0.11 1.01 =0.11 11%
Kp 26% 0.89 % 0.11 099+0.16 1%
K‘T 15% 0.93 +0.07 0.92 +=0.08 8%
K, : 1.06+023 112 £0.21 20%

Nature 607,
52-59 (2022)

Nature 607,
60-68 (2022)



Precision Higgs Couplings Measurements

ATLAS - CMS Run 1 ATLAS CMS Current
combination Run 2 Run 2 precision
K}, 13% 1.04 + 0.06 1.10 + 0.08 6%
Probing new particles through loops
Kg 14% 0.95 + 0.07 0.92 + 0.08 7% g, yorZ
H - - - _
87
Kzy ) 1.38%0 % 1.65 £ 0.34 30%
Nature 607, Nature 607,

52-59 (2022) 60-68 (2022)



ATLAS - CMS Run 1
combination

13%
11%
11%
14%
30%
26%
15%

ATLAS
Run 2

1.04 £0.06
1.05 £0.06

0.99 = 0.06
0.95 = 0.07

0.94 +0.11

0.89 £0.11
0.93 £0.07

0.25
1.067 32

0.31
1.3875¢

<11%

Nature 607,
52-59 (2022)

CMS
Run 2

1.10 £ 0.08
1.02 £0.08
1.04 £ 0.07

0.92 £0.08

1.01 £0.11

0.99 +£0.16
0.92 +0.08

1.12£0.21
1.65 £0.34

<16%

Nature 607,
60-68 (2022)

Current

precision

6%
6%
6%
7%
11%
11%
8%
20%
30%

11%

Precision Higgs Couplings Measurements
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Vs = 14 TeV, 3000 fb™' per experiment

Total ATLAS and CMS
HL-LHC — Statistical HL-LHC Projection
—— EXxperimental
— Theory Uncertainty [%]
1% Tot Stat Exp Th
1.8% K, == 1.8 08 1.0 1.3
1.7% Kw = 1.7 0.8 0.7 1.3
1.5% KzE=. 1.5 0.7 0.6 1.2
2.5% KgEe=___ 25 09 0.8 21
3.4% Kibem 3.4 09 1.1 3.
3.7% Kpb= 37 13 13 32
1.9% KB 1.9 09 08 1.5
4.3% Ky 43 38 1.0 17
9.8% Kz V00— 9.8 72 17 64
0 002 004 006 008 01 0412 014
2.5%

Expected uncertainty

TH Uncertainties dominant
(assumed to be 1/2 of Run 2)



The Size of The Higgs boson

How to read these results?

One important example, is the O;; operator which represents the leading

interaction term for a composite Higgs boson

After EW symmetry breaking it normalises the kinetic term in the
Lagrangian and thus modifies all couplings simultaneously!

V2

CHF <0.06 Takingcy=1leadsto A > 1 TeV

Comparing the Compton radius of the Higgs
1/my; to its radius 1/A (as comparing the mass

of the pion to that of the p meson!

The Higgs could very well be a pNGB as the pion!

More precision is needed to probe the
compositeness of the Higgs boson!!

1 2
2
cg 1 2 2CH'U2 1 2
p‘g(au\HF) —>( A2 )'Q(auh)
R 1
QM my,
~ 0.32am
~ 1l.0am

“A case for future lepton colliders” N. Craig (See paper)



https://arxiv.org/pdf/1703.06079.pdf

The Importance of Theory and Modelling

Predictions at hadron colliders are extremely complex

] ] ] E =13 TeV * From iHixs
and require several levels of modelling and calculations Lo [ e ;
I I ” . ii:e aillar anopoulos achrajda : 1977 - 1980
(higher order hard processes, parton fragmentation, H. Georg. . Glashow, M. Machacek, B.V. Nanopoulos ;
hadronization, parton distribution functions, etc...) - Rizzo :
nNLo - acp | 5 1991 - 1995
M. Spira, A. Djouadi, D. Graudenz, P.M. Zerwas :
Most measurements at LHC are dominated by E
modelling and theory systematic uncertainties (with NNLO+NNLL QCD - NLO EW | : 2002 - 2012
S.Catani, D. de Florian, M. Grazzini and P. Nason :
some notable exceptions). A A 5
Ravindran, Smith, van Neerven :
N°LO - NLO EW | 2016
C. Anastasiou et al. .
The interpretability of our results relies on our ability to :
compute accurate and precise predictions! ATLAS Collaboration Run2 3
Nature 607, 52-59 (2022) : 2022
CMS Collaboration Run 2 -—i-—-
— Predictions for m = 125 GeV Nature 607, 60-68 (2022) :
The LHC has become a precision measurements T B R S R T S - A R B
10 20 30 40 50 6

machine, this would not have been possible without the

. _ Ogqr (PP — H+X) [pb]
outstanding efforts of the TH community.




Modelling and predictions - an overarching question!
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In depth PDF analysis made taking into account HL-LHC

Ecm a o(theory) 0(PDF) o(as) measurements bY'

| T +2.08pb (+4.27% +1.24pb (+2.59%
13 TeV  48.61 pb _3.15§b \’:6.49%) + 0.89pb (£ 1.85%) _l'zﬁgb (’_‘263%)

HL-LHC PDFs produced taking into account LHC cross sections for

14 TeV  54.72 ph T2:35pb ”“-28%) + 1.00pb (4 1.85%) *+1-40pb (*?-6."%) . .
PP —3.54pb | ~6.46% pb( ) ~taiph \“2 et top, DY, W+charm, photon and jet production, etc...

27 TeV 14665 pb *gTiRD (T35 ) +2.81ph (+1.95%) *3300 (7363

PDFs at the HL-LHC (Q =10 GeV)

B PDF4LHC15 |
........ + HL-LHC (scen A)
sxeeees + HL-LHC (scen C)

Main assumptions for the projections

 EXxperimental systematic uncertainties reappraised in view
of the larger dataset (many systematics dependent on data
driven calibrations)

(x,Q)/g(x,Q) [ref]

g
o
©
3

e TH systematic uncertainties on the Higgs signals divided by
a factor of 2 w.r.t. current values according to the foreseen
improvements in PDFs and alphaS (and the treatment of e
scale uncertainties as uncorrelated)

o
©

e Many uncertainties will also be reduced by the profiling Two scenarios considered:
(~equivalent to using control regions with higher statistics). - Conservative (A): No reduction in systematics
- Optimistic (C): Reduction by a factor 2.5 of current

systematic uncertainties.

Improvement by a factor of 2-3 w.r.t PDF4LHC15



A Closer Look at the ttH Case

HL-LHC projection

e Extrapolating expected sensitivity simply from available 2 o.sFMS Projection s =13 TeV
frameworks. Already see that hierarchy of systematics _=0.45[ w/ YR18 —- ;f;f'
can change with the luminosity. S 0.4f syst-uncert. (S2) __ gigth
2 5ask —=— BkgTh
. . . I dd. ti+HF XS
 Uncertainties can be constrained by the data (it was {,é‘; 0.3F f_- Eip !
important to verify that the constraints are justifiable). S 025N —— Luminosity
Eos S
QO &k
e TH, EXP and Luminosity uncertainties were modified 2 015}
according to the prescription. I 0.1 +
- "\,
0.05F
e Harmonisation of the TH uncertainties on backgrounds S '162 e 13

(e.g. limiting the ttH(bb) sensitivity according to realistically reachable

Int inosi :
accuracy on the tt-HF background modelling). ntegrated luminosity (fb ")



Making the Impossible Possible
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Ys=13TeV,245-79.8fb"

iminary

ATLAS Prel

125.00 GeV, ly, | <2.5

My

68°% CL
95% CL

Kon = Ky
pSM = 95%

constrain the total

Couplings fit can
width with the

assumption that

kV<1

1.5

0.5

0

0

Previous measurements assume that the there is no additional

contributions to the Higgs width than those from SM particles

(see formulae in the backup).

What are the alternatives?

35.9fb" (13 TeV)

== 1y interval
— 20a interval

® Observed

lllllllllIllllllllllllllIllllllllllIlllllllllllll

Rk

Akl

K

Measurement of ratios
does not require any
assumption on the natural
width, parametrised as a
function of one specific
process ggH — Z/

1.5 2 25 3
Parameter value

-05 0 05 1

1

-2 -1.5

Parameter value



Why is KV < 1 sufficient to constrain the Higgs width?

35.9 fb' (13 TeV)
L e

O 10 :' 71 r r ] v T T 1T v
.. CMS : y
| _ — Observed N
70 SM expected T ) y
6 — el < 1 _ KV
: : U X —
5 E K2
: ' H
41 :
3_ E A measurement of y impliesthat u € [u,,.., 1, |
: : imposing ky, < 1
2 -
: : 4
| : > i = L > iy = K < 1/
0 ? A R BT //t /’lmm 9 //tmln H /’tmln
2.5 3 K
I'/Tg,,

Lower limit is more intuitive as k;; = 0 would require all

other couplings to be very large to get SM rates (impossible
with the different dependencies of couplings)!



The Natural Width of the Higgs Boson

H The Higgs total width in the SM is very small therefore small couplings to
FSM = 4.07 0.16 MeV the Higgs can be easily visible: tool for discovery!

- At L|_'|C only cross sectipn X branching ratip, When fitting the Higgs signal line shape for the mass, also the
no direct access to the Higgs total cross section total width can be fitted.

(unlike ete- collider from recoil mass spectrum).

CMS 35.9 fb (13 TeV) 35.9 fb™' (13 TeV)

[T T
.
.

95% CL
68% CL
Best fit

- At LHC direct measurements of ratios of
couplings.

[y (GeV)
-2AInL

- In order to have absolute coupling
measurements need to constrain the total width.

R —_— -

Thought to be impossible* prior to the Higgs

GO S —

discovery, a flurry of new ideas appeared to measure ST 125:;'&:"16 107 0 PN N T T

the Higgs boson width. m, (GeV) | | 2'5rH (GeV)
H

*Modulo weak constraints through the mass resonance line PSM < 1.10 GeV at 95% CL

shape in the di-photon and the four leptons channels.



Original Approaches to Constrain the Higgs boson Width

Diphoton signhal-continuum background interference

- Mass shift: This interference has first been studied when

Interferenlce between the .sigrmal ggF production and noticing (Martin, Dixon and Li) that the distortion in the
the box diphoton production: reconstructed mass shape was sizeable (despite the very
small width).
LO (go):

LO (qg): ﬂ

v

- Induced a mass shift of approximately 35 MeV.

ATL-PHYS-PUB-2013-014

| :
NLO (gg) zg——-ii n § + j%-__{i ) L:J sz ?TLA.S Sir!‘mdh_tio[l | [ =200 X Ly 2081 G2V g e AjTLA.s Siltlula.tion [ = 200X [y = 081 GEV
: : ;533305_ p:ellm::ary - :ET?’U;&, - ;; e ’P'E'::':":'; :?ﬁio Hoary
; ' - - ««=«« Interferercs corraction 0 ATL PHYS PUE 2013 C14 “«ee= Inteferance com:odnn
i - o [
+ ﬁ: + ___ﬁ: A A wi .
i QQQ, Er\l\f\ | l%‘ ‘;..
g SNSRI |
- Rate: the size of the interference inclusively is 2% and ‘ “noe '
depends on the width of the Higgs boson. Comparing rates
with other processes such as e.g. the four lepton channel in . The mass shift has an interesting dependence on the Higgs
similar regions of phase space can constrain the total width. transverse momentum and on the Higgs width.
- Constraints using a Higgs boson mass measurements was
- Worth exploring specific regions of phase space. proposed and carried out

e, <200 MeV  AtHL-LHC



Off Shell Higgs

Study the Higgs boson as a propagator

Study the 4-leptons spectrum in the high mass regime _ . v z
where the Higgs boson acts as a propagator Highly non trivial due to:
- The negative interference Y
From J. Campbell ¢ P
- = \ rjf - The large other backgrounds )
' V / EL‘—L
- - w P L B B D B B
aE? + (b + c)m,E aE? + (d — ¢)ymy E (b + dym, F qC) 10 = ATLAS ® Data E
Lfl —  {s=13TeV, 139.0 fb' | systematic uncertaintias
10° = qq— ZZ
E - gg— (H*—) ZZ 3
| ' a l'-— ¥ 5 | 104 Other Backgrounds -
10000 Lgg (= H) =W W = loduy, Mg=125GeV | . . E | =
- pp, /s = 8TeV, standard cuts | S Measuring the Higgs 0° B .
100 | — |H[>+|cont/2 | contribution is then =

2

| — ;IHCO"tl? | independent of the
1} ol 1 total width of the

| ---- Hzwa
Higgs boson

b
o

—

A

do /dMww [fb/GeV]
-
=

B (sensitive to the |
. R S EEEPEETEPTRTRPS
0.0001 Kauer-Passarino pr:O?_IUCt Of;She” of o 10
| the Higgs boson to s 1=
e the coupling to the SI: |
T ' 300 400 500 600 700 800 900 1000
1e-08 : . T top and 2)
200 300 400 500 600 m, [GeV]

M W W [GGV]


https://inspirehep.net/literature/1119059
https://arxiv.org/pdf/1307.4935

Off Shell HVV Couplings and Width

Higgs Boson width

) Assuming that these couplings run as in the [y = Hof f shell « TSM
8 gf Standard Model and measuring them on shell Lon shell H
O = ds allows for a measurement of the width of the - S,
(S — 1711%1)2 -+ F%Im%] Higgs boson! (Kf KV )on shell = (Ki KV )of f shell

CMS Result ATLAS Result

_ +3.3
[y =324 MeV 'y =43555 MeV
Evidence for Off-Shell Evidence for Off-Shell
production at 3.66 production at 3.3¢

+1.0 Preliminary HL-LHC results show that a reasonable
at HL-LHC: FI—I = 4.1 _ 1.1 sensitivity can be obtained with 3 ab~1

Remarkable result to follow closely at Run 3! How
much better can be done at HL-LHC?



The Yukawa coupling to charm

outgoing particles

&r
collision point / |
proton beams

jet reconstruction jet tagging

lllustration from Particle Transformer

Use of state-of-the-art ML techniques

Use “particle clouds” (with more info than only 3D
coordinates - 2D eta-phi, pT, charge, particle

Particle Net uses Dynamic Graph CNN

21



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/
https://arxiv.org/pdf/1902.08570.pdf
https://arxiv.org/pdf/2202.03772.pdf

The challenging Yukawa coupling to charm

Refined analysis of Run 2 data with now Graph NN

CMS analysis on full Run 2 data charm tagging!

4.5

Signal strength BLAITNY) g T e ey ]
: 2 IR A L A RN D R = - reliminary -
ngz: rengta. S 1000~ CMS E“‘“""’ E"“‘“*@ weTT > 4 (s =13 TeV, 140 fb™ —
< : T - Zijets Wjets - = . VH, H— bb/ct .
H g - MergacHet tt Bl single top i} <1 35 ~— Observed, 95% Cl: [-4.2, 4.2] —
Qo 800 — All categories VV(other) VZ(Z—>cc) _ : - = Expected, 95% ClI: [-4.1, 4.1] -
-5) - S/(S+B) weighted VZ(Z—bb) I vH(H—bb) - 3 ! —
Kh) i /4¢% B uncertainty _ - o =
Impact of boosted > 0of = : 25F- lke| < 4.2 95% CL | =
Resolved: 19.0(exp) & [ o4 . 2-95%. Gl Yeeeececceecemc e =
Boosted: 8.8 (exp) & “°L_ T B ' 55 E
Combined: 7.6 (exp) oo == . . E E
- I — -
[ = — 0.5E-68%.CL N =
Constraints on mg S ———— o N T
B N 8 6 -4 -2 0 2 4 6 8

charm Yukawa sof, 4oy
- = - KCc < 8.5 In previous results K
1.1 < KC < 5.5 0 S S , ; ; : p c

60 80 100 120 140 160 180 200
Higgs boson candidate mass [GeV] (‘:/'CI-I — 1()"_'%‘; — 1()"_";% (stat. i:;65 (S}’St.).

Improvement by a factor of 2 w.r.t. previous result


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/

The challenging Yukawa coupling to charm

CMS analysis on full Run 2 data CMS Projection !
138 b (13 TeV

Signal strength: ® s e (13 Te¥) . - CMS Phase-2 Projection Preliminary 3000 fo™ (14 TeV)
] - B —$— Observed VH(H—cT), u=7.7 _| g ' b
u<14.4 o 1%L Tzeets [ Waiets - T4k ¢ SM :

St i :n:rgetd-]et. tt B single top ] = . —+106
Q | All categories VV(other) VZ(Z—+cc) _ = S -
-5) 800 - S/(S+B) weighted vziz—bb) [l vH(H—bb) - = 1'35 t2o
O i ‘4%< B uncertainty i 1.2F -
Impact of boosted > &0 i - e, :
Resolved: 19.0 (exp)  # - MR e T E
Boosted: 8.8 (exp) & 4% ~ ' < ) > E
Combined: 7.6 (exp) - - 08E T e ;
0.8} E
Constraints on 1ot HvHE-bE) = 1.00 0.03(stat) + 0.04(syst), :
charm Yukawa 100 . B subtracted 06l HVHEH ce) = 1.0% 0.6(stat) = 0.5(syst). E
50_ __ + - E [T W SR Y SN TN TN SN S NN TN SN SN S SN S T S S S T S S S S S W S .
1.1 <k.<35.5 s "2 = 0 1 2 3 4
P e s : M h(Hosco)

60 80 100 120 140 160 180 200
Higgs boson candidate mass [GeV]

This result is very encouraging on the possibility of being sensitivity to this process at the LHC


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/

More on the 2d Generation (charm) Yukawa Couplings

Other (even more) challenging ways to constrain the charm Higgs and charm associated production
Yukawa
- Differential cross sections (as discussed in the previous lecture) c H g
- Charmonium-photon exclusive decays Charm Yukawa ¢ :
. , , process — | VRN ’
- Higgs and charm associated production subdominant (~1%) \ t
- WH production charge asymmetry (PDFs) ’ “ § Q0200

- Total width from the couplings fit

> _l
) -
O© -
Ln -
. . S 4000
Discussed in Lecture 3 > 350E-
2 =
J /1 :>j S00L - Signal (pre-fitx5) =
250 ----Rasonant background (pre-fit) —]
| ATLAS === Non-resonant background (pre-fit) -
200 {s=13TeV, 140"  — Total background (postit) =
I —|— 150 - c-lag signal region — Total signal+background (post-fit)
—_ = — - Uncertainty -
H By 100} ¢ Dat -
0 s ssmsasdicatini e £33 P EE Tt PTR O
v g 14f g '+ 4 N ATLAS paper
- :
B RPN TEITIE et
g oot = T¢ T R
o , O 120 121 122 123 124 125 126 127 128 129 130
Sensitivity to gamma-gamma HL-LHC m,. [GeV]
(top loop) and interference <15xSM

ATLAS and CMS analyses sensitive at the 10 level,
CMS places a limit on the charm Yukawa < 243 (355)



https://arxiv.org/pdf/2407.15550
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-010/index.html

More on the 2d Generation (charm) Yukawa Couplings

Other (even more) challenging ways to constrain the charm
Yukawa s.d

- Differential cross sections (as discussed in the previous lecture)

- Charmonium-photon exclusive decays \

S

ol
as

- Higgs and charm associated production

- WH production charge asymmetry (PDFs) ~ o(W"h) — (W™ h)

Based on d anti-d A =
- Total width from the couplings fit asymmetry in the PDFs c(WTh) +a(W ™ h)
Discussed in Lecture 3 i
J/w ¢=_ 0:0;-.............{....................... CEREEE TR
% e ———
T 015 107! HE-LHC
H —_— —— —|— S g Estimzted 95% statistical uncentainty
M //L ’y % 01
;
f}/ E 005 -
E YU Direet Higgs width (CMS, Run 1) »

ol‘) - - . 4 . N - — i . A AA - N . . o 4 —
05 10 20 50 100 201

Sensitivity to gamma-gamma* HL-LHC
i Example of new idea in ratios where many TH
(top loop) and interference <15xSM ple _ S many
uncertainties will cancel, of course in this case
sensitive to PDFs.

T — T ====™=™>™*™>



Higgs Self Coupling

Outstanding goal of the LHC as likely* the next collider to provide
a direct measurement would be a future radon collider!

*Possible at an eTe ™ collider but would require high c.0.m. energy




Di- Higgs Production

The Higgs self coupling is key in understanding the shape of the Higgs potential. Probing the potential would
shed light, beside the electroweak symmetry breaking, on whether there could be an EW phase transition in
the early universe, or the stability of the vacuum.

Fairly complex signatures (not outrageously so!)

Measuring the di-Higgs production would
provide a unique and direct probe of the Higgs ATLAS
boson self-coupling EXPERIMENT

Very similar analysis as the Off-shell Higgs couplings!

Incredibly small cross section ~1000 times smaller than
Higgs production!

Huge challenge! but still more than 100k event will be
produced at HL-LHC!

Multiple channels investigated: depending on the
both Higgs decays considering (bb, yy, tautau, WW) -
All complex topologies!!

4b Candidate event




HH Production and Higgs Self coupling

Higgs pair production through gluon fusion (VH and VBF) Multiple channels investigated: depending on both Higgs
decays considering (bb, vy, tautau, WW) - All complex

topoloaies!!
—e— Qbserved limit (35% CL)
ATLAS Expected limit (95% CL)
Vs =13 TeV, 126—140 fb’ (MHH =0 hypothesis)
SM Expected limit 10
o HH) =32.
oo +var (HH) =32.8 b [ Expected limil +20
Obs. Exp
bbet + Eiss 10 14
Multilepton 17 11
bbbb 5.3 8.1
With the VBF production mode not only limits on k; also on 5y, bbyy 4.0 5.0
Bishara, Contino, Rojo )
bbt*t” 5.9 3.3
q/a W/Z W/Z r e
Combined 2.9 2.4
\\H Mostrecent 111111 L 11 lllllllllllllllllllll lll
- i results from CMS 0 5 10 15 20 | 2.5 30. 35 40
95% CL upper limit on HH signal strength gy
H H

ttH not impossible (not done yet) More than 3 times better limits than with 36 1/fb!!


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
https://inspirehep.net/literature/1497735

Higgs Self Coupling and HH Production

WW vy

Expected: 52
Observed: 97

bb WW
Expected: 18

Observed: 14

bbZZ &
Expected: 40
Observed: 32

Multilepton &
Expected: 19
Observed: 21

bb yy o
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 | 1 I 1 1 LI I 1 1 I I LI |
K =K =1 —o— Observed ----- Median expected
Ky =Koy =1 IR 68% expected
----- 95% expected

. [ ] 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

L1 1 II 1 1 | | L1 1 II
100 1000
95% CL limit on o(pp — HH)/oTheory

—e— Qbserved limit (95% CL)
ATLAS Expected limit (95% CL)
Vs =13 TeV, 126—140 fb (MHH = 0 hypothesis)
SM _ Expected limit £10
Ogur +var (H) =32.8 o 1 Expected limil 20
Obs. Exp
bb1L + Efiss |- 10 14
Multilepton— 17 11
bbbb}— 5.3 8.1
bByy — 4.0 5.0
bbt*t |- 5.9 3.3
Combined|— '» 2.9 2.4
L | I P 1 1 1 l 1 1 1 1 I L1 1 1 I L 1 1 1l I 1 1 1 1 I L 1 1 1 I | | I 1
0 5 10 15 20 25 30 35 40

95% CL upper limit on HH signal strength pyy

Observed limits start deviating from expectation!!

Both experiments have ~10 sensitivity to a signal
(Obs. ATLAS 0.406 and CMS ~10) with Run 2!!

Naive comb. ATLAS-CMS sensitivity with Run 3 close 2.5 ¢

with improvements (and as much data as possible) aim at 3o



HH Production and Higgs Self coupling

Higgs pair production through gluon fusion (VH and VBF) Multiple channels investigated: depending on both Higgs
decays considering (bb, yy, tautau, WW) - All complex
topoloaies!!

CMS Preliminary 138 b (13 TeV)
LI I 1 1 | ] T P rna l 1 1 1 1 L l 1 1] 1 P rea l
K, =Kk =1 — Observed @ ----- Median expected
Ky =Koy =1 B8 689% expecied
----- 85% expecied
WW vy
Expected: 52 CMS-PASHIG-21-014 i i
Observed:97 | | Observed limits
bb WW = i
Expected: 18 asensicarcs | Start deviating
Observed: 14
from
bb 2Z » Acc. by JHEP (2206.10657)
Expected: 40 . A =
Observed: 32 expectation!!

Multilepton &
Expected: 19
Observed: 21

Acc. by JHEP (2206.10263)

- Both experiments

JHEP 03 (2021) 257 have ~10 sensitivity
—  to a signal (Obs.

Acc: by PLB (2206.00401) ATLAS 0.40 and CMS
| ~10) with Run 2!!

Nature 607 (2022) 60

With the VBF production mode not only limits on «; also on x5y, Feveia 5

. _ . Observed: 8.4
Bishara, Contino, Rojo —

bb 1t &
Expected: 5.2
W/Z Observed: 3.3

q'/q W/Z

bb bb &
Most recent Expected: 4.2

Observed: 7.2

results from CMS o

Comb. of &
Expected: 2.5

H Observed: 3.4

---------------------------------------------------------------------- AR R AR IR e—

Nature 607 (2022) 60

1 llllll 1 1 lllllll L 1 lllllll
1 10 100 1000

ttH not impossible (not done yet) 95% CL limiton o(pp > HH)/c,



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://inspirehep.net/literature/1497735
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/

Di-Higgs boson production

31

Example using the full Run 2 data set in the bbyy channel

Various regions defined from a BDT based on photon and jet
kinematics, and separated in two regions in HH mass (high and
low important to discriminate HH components and constrain the
trilinear coupling).

!llll!l]f!!l[lltl rruTr rriT llll'if\'flll’l']llll

ATLAS Preliminary HH ggF, ;=1
Vs =13 TeV, 139fb" ——— HH ggF, x,=10
Low mass region Single H

Il]!‘lll]f\’ll’l!!ll rrT rriT Il!i’lfl’flfl!llllll

0.7 ATLAS Preliminary HH ggF, x;=1
Vs = 13 TeV, 139 fb HH ggF, x,=10
0.6. High mass region Single H

ry+jets

05 ; ry+jets
$ Data ; : :

Data

Fraction of events / 0.04
Fraction of events / 0.04

; 0.4
it j}.ﬁ} P
0.05 ' .
’UJ* | 03 -
08 )B4 088 092 (Qﬁ 1 . . 08 284 028 092 (9
.2

0.1

KN
PR B S oo w8 S B

1 Ti1 . 1112l |||El|||:| Ll
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
EDT Score EDT Score

Data ATLAS Prellmlnqry

Vs =13 TeV, 139 b’
" Continuum Background y pF .

-d
|-

Data ATLAS Prellmlnary

Vs=13TeV, 139 fb”
* Continuum Background HH—bbyy

Total Background High mass BDT tight

ATLAS Um\m

EXPERIMENT 120 130 140 150 150 160

m,, [GeV]

Total Background Low mass BEDT light

Fvents / 2.5 GeV
(80
Fvents/ 2.5 GeV



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/

HH Production and Higgs Self coupling

Partial combination in CMS Partial combination in ATLAS
CMS 138 fb' (13 TeV)
i LA L B B E BN B B rrr~rr rrrrrrr T ] : | I 1 | I 1 1 | I ' I I I I l | | 1 1 I I I I | :
K, =Ky, =K, =1 — QObserved ==--- Median expected - i A TL AS Prel|m|nary === Observed limit (35% CL) _
— et / E ted limit (95% CL
- Theory prediction 88 68% expected - /S=13 TeV, 126—139 fb-! - (:5:: g hylg:t tgesis) )

..... 95% expected

HH - bbt* T~ + bbyy+ bbbb Expected limit +10
[ Expected limit +20
E=S Theory prediction

¢ SM prediction

-y

o
W

—

T TTTI
ol

OggF + vBF (HH) [fb]
S

95% CL limit on o(pp — HH (incl.)) / fb

103
10°F L?:l;z E
N : 10° A
N ) N
Excluced N\ 0 Excluded
N
N ‘
10 \ - 1 L1 |
BN T S S o =5 0 5 0 15
K, K\
CMS —1.24 < Ky < 6.49 Observed —0.4 < Ky < 6.3

ATLAS
Expected interval similar Expected —1.9 < K/l < 75


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/

Towards a Measurement of the Higgs Self Coupling

At HL-LHC
ATLAS and CMS HL-LHC prospects 3 ab1 (14 TeV)
12— ,
J — . ey .
= [ SM HH significance: 4o — Combination
a 10 0.1 < x1<2.3[95% CL] , B
v | 05<Kka<1.5[68% CL] : "=~ bbyy
99.4%cL 8 vl N ) - bbrr
- " bbbb
6} -
i bbZZ*(4l)
95% CL. 4f- DU g A pbVV(viv)
2 ""“ 3
68% CL | L WY

K2

Current estimates yield an observation of an HH signal at 4o

50% level constraints on the Higgs boson self coupling!

0.0 <Ky < 1.0

Already impressive!

Where do we stand in the exclusion of the
secondary minimum in the likelihood?

=2In\

ATLAS Preliminary

7 I ! I I | | | I 1 1 I I | I ! I | I ! I | ! ! I | | I

—— QObserved
---- Expected

IIIIIIIIIIIIII

6 vs=13TeV, 140 b’
[ HH - bbyy
S ‘ Observed
S 68% CL: k), € [0.6,5.2]
4k N 95% CL: Ky € [-1.4,6.9]
E Expected
N 68% CL: Ky € [-1.2,6.1]
3 95% CL: k), € [-2.8, 7.8]
2F
1
1
0=2

Single channel and experiment

Outstanding
goal of Run 3
to improve on
this and reach
possible
iIntermediate
milesone1

Extrapolation based on partial Run 2, already significantly!

Naive comb. ATLAS-CMS sensitivity with Run 3 close 2.5 ¢

with improvements (and as much data as possible) aim at 3o



Indirect constraints on Higgs Self Coupling

ATLAS-CONF-2019-049

Indirect constraints from combined STXS

Combination with ATLAS STXSs

Direct/Indirect currently
comparable, direct HH
searches will dominate at
higher luminosities, but
complementarity still

necessary to fix k;

—2.3 < k) < 10.3

Several production processes
(ggF, VBF, VH, tH))

Several decay processes
(diphoton, ZZ, yy)

Trilinear coupling on wave
function renormalisation

1.3

* SM
& Bes! Fit
—68% CL 1

--95% CL 3

_l L I LI B B | I L B I.'l 1
- ATLAS Preliminary

-amgy

* -
G e,
-

Is=13TeV.275-7981h"
Expected (k, = Kk, = 1}

N o e b b b

Ko
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FTR-2018-020

Indirect constraints from differential measurements (e.g. ttH)

CMS Phase-2 Simulation Preliminary 3ab’ (14 TeV)

ttH Process (with subsequent
decay to diphoton)

—— Sial + axp. sysl. + ggH+VH theo. uncert,

(b/GeV)

102 | | Hadronic calegones only
- I Leptonic categornes only
o Y | | L Expectation x, - 1¢
3 - —-—— --- Expectation x, = -5
g t - - ttH+1H theo. unzert.
. < é - -
\\ o0 ,
m 3
N H B RS
s >' ______ ? - (" > 350 Cevinso Gav
/ t2
— YN <28

L Mooy pl>20GaV, Inl<25

>=2 jats: p" > 25 GaV, Iy < 4, at least one b jat

r
/ \
~
do
r—:—q

. v
5’6665666

—4.1 < k) < 14.1

1 1 1 2
0 45 80 120 200 350

Possible to disentangle effect of trilinear from other coupling
modifications from the differential ttH measurements!

Global fit s.divita, C. Grojean et al.

In a global EFT Flat directions exist in the single-Higgs production
(including all relevant operators) and the HH results are necessary
to resolve them.

The inclusion of single-H differential measurements does not
seem improve greatly the trilinear measurement with the full
statistics.


https://arxiv.org/pdf/1704.01953.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-049/

Towards a Measurement of the Higgs Self Coupling
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From P. Huang, A. Long and L.-T. Wang

One more Higgs coupling measured!! Probing 1st order phase transition and GW signals

Non vanishing di-Higgs (to VV) coupling! The sensitivity of HL-LHC to the trilinear coupling could constrain

. . _ models which would predict strongly first order EW phase transition!
Without observing HH production

In these cases, signals of stochastic background (e.g. collisions of
bubbles) in the phase transition could potentially be detected by next

generation interferometers like eLISA*)

Done in VBF(HH) production with a significant
negative interference with

Real Scalar Singlet Modegl'

1
1|_ current
N
BN
E) ............... £ (O I
N
I
V / H E) :
/ [ e EGEPC / ILC-500
2 o :
HHVV = = =
AN v g | 9 3 :
V NH 10~} § § dashed = SppC / FEC-hh / ILC-1000

0.5 1.0 1.5 2;0 2.5
hhh coupling: As/As sm:
*eLISA: evolved LISA |

Koy € 10.67,1.38]  CMS result (ATLAS similar)


http://inspirehep.net/record/1482923

What Have we Learned?

Answer: The Higgs boson mass!

... and much more (of course)!!




The electroweak sector in a tiny nutshell

The elegant gauge sector (governed by
symmetries and only three parameters for EWK
and one parameter for QCD at tree level)

PeEE e o
S L F

U
4;¢7y T

QCD with its massless gluons discussed in detail by
Gregory Soyez

The EW sector discussed by Tim Cohen...
Gauge bosons and fermions have masses!

Higgs mechanism is needed!

Higgs mechanism introduces predictive relations between
gauge boson masses and their couplings.

SU(Q)L =0 U(l)y (from the Higgs mechanism)
v \ \

/

) ) v

The one-to-one relation between the couplings and the
masses of gauge bosons (at Tree level) introducing the
week mixing angle!

qu
m R —
: W
tan Oy = g qgu
44} —
“ 7 9cos 01/
m~ = 0

T — ——

No additional parameter for the masses of the Gauge bosons!



The electroweak sector in a tiny nutshell

The elegant gauge sector (governed by

symmetries and only three parameters for EWK
and one parameter for QCD at tree level)

%
J-_LF F

b
42@?% lelii .

Yesterday discussed unbroken QCD with its
massless gluons

For the EW sector it is another story... Gauge
bosons and fermions have masses!

Higgs mechanism is needed!

The Higgs is for tomorrow, but the mere presence of a

Higgs mechanism introduces predictive relations between
gauge boson masses and their couplings.

Expanding a bit on the Electroweak sector:

SU(Q)L X U(l)y (from the Higgs mechanism)
) g v

The one-to-one relation between the couplings and the

masses of gauge bosons (at Tree level) introducing the
week mixing angle!

As a consequence, at tree level:

2
_ My,

2 2
m?, cos= Oy

=1

This parameter can be (and has been) measured
experimentally well before the discovery of the Higgs.



Global Fit of the Standard Model

39

Note: we have assumed the existence of a Higgs field giving
a vev (v) throughout (though we have not discussed the Higgs
At tree level, fully described by in detail yet)

s Q;(P/,?u bl three parameters

;Z Ll PV The Electroweak gauge sector
g & o

At loop level: all other fields enter the game through loop
corrections which can be parametrized.

g,¢,andv p =1

| Gr = o (1 1+ Ar) These corrections can
Trade these parameters for precisely measured V2M32,(1 1\]\4432‘/ ) then be computed as a
observables R ? function of all other
Cy
- The fine structure constant : Ar'® = Aa — sg\ Ap + Arem(Mp) parameters of the
W Standard Model
o = 1/137.035999679(94) 10¢

Determined at low energy by electron anomalous
magnetic moment and quantum Hall effect

- The Fermi constant :

G = 1.166367(5) 107° GeV ™" 10-5 WZ W
Determined from muon lifetime

\ W, Z
- The Z mass :
M gy

My = 91.1876(21) GeV 10+ 2
Mz

H

X m; X log

Measured from the Z lineshape scan at LEP



Custodial symmetry

The Higgs potential is invariant under any rotations of the

four components of the Higgs clc‘)-ublet ¢1 N i¢2 (HTH) — h12 n h22 n h32 n hj
SO(4) ¢s + i, V=—u*H'H)+ AHH)
SU2), ® SUQ)z — SUQ)y

Under the SU(2), symmetry, the weak gauge bosons (W1,W2W3) transforms as a triplet, this directly implies that p=1
and that all EWK bosons should be mass degenerate. This symmetry is approximate.

Radiative corrections from the Higgs: Radiative corrections from the fermions:
11Grm?3 log m?/m7
_ "z -2 2 0,2 2 2 t b
op = — sin” Oy, log(my/m;) op = m; + my; — 2mmy,— >
240/ 272 mi — mj
Are proportional to the weak mixing Vanish if top and b are mass degenerate

angle and therefore vanish with g’=0!
- - . 2rrle 1k kN2
For N iso-multiplets E kvk Vi ([ + 1) — ([3) ]

For the condition to be fulfilled any number of doublets is fine, P 9 b Ik N
but higher representations require fine tuning of the vev’s Zk Vk( 3)



Main EW collider results before the LHC

Observables

_ My [GeV] 80.385 £+ 0.015
- Z-pole observables: LEP/SLD results Fo [GeV! 5085+ 0042 || TEVAtron
- MW and 'W: LEP/Tevatron
Mz [GeV] 91.1875 4+ 0.0021
- mt :evatron Tz [GeV] 2.4952 + 0.0023
- Ap.4(5) 00,4 [nb] 41.540+£0.037 | LEP
- mc, mb: world averages Ry 20.767 £ 0.025
A 0.0171 + 0.0010
Ay ™) 0.1499 + 0.0018 || SLC
Comments sin®,; (Qrp) 0.2324 = 0.0012
- Numerous observables O(40) A, 0.670 =+ 0.027 | SLC
- Numerous experiments/analyses (with different Ap 0.923 £ 0.020
0,c 4
systematics) A% 0.0707 = 0.0035
_ A%S 0.0992 +0.0016 | LEP
- Numerous TH inputs N
R? 0.1721 = 0.0030
R} 0.21629 =+ 0.00066
Fit Parameters M. [GeV’ 1.27 1007
MZ! MHs ch-had(5)! Ag, Mg, Mp, My (and TH myp [GeV] 4201—8(1];
uncertainties) my [GeV 173.20+£0.87 | Tevatron

Aa®) (M2) (4) 2757 + 10



Global Fit of the Standard Model

Results [rom global EW fits:

Fits w/o exp. input in given line:

Parameter Input value Standard fit Complete fit Complete fit My = 120 GeV
Mz [GeV] 91.1875 + 0.0021] 91.1874 4 0.0021 91.1877 4 0.0021] 91.1959 +3-0150 91 1956 +0:011L
I'z [GeV] 2.4952 4 0.0023 | 2.4959 £ 0.0015 2.4955 -£ 0.0014 | 2.4952 + 0.0017 2.4952 £ 0.0017
al . [nb] 41.540+0.037 | 41.478+0.014 41.478 +0.014 | 41.469+0.015  41.469 + 0.015
RY 20.767+0.0256 | 20.743+0.018 20.741 £0.018 | 20.71912-02>  20.717 )07
AL 0.0171 £ 0.0010 | 0.01640 £ 0.0002 0.01624 F0-000% | 0.01620 *7:000%  0.01620 *)-0003
Ap ) 0.1499 +0.0018| 0.1479+0.0010  0.147275 5005 — ~

A, 0.670 £ 0.027 | 0.6683 0 000as  0.6680 1000058 | 0.6679 10 Do0as  0.6680 70 Oooas
Ay 0.92340.020 | 0.93469 *§55008 0.93463 506007 | 0.93462 055065 0.93462 050603
Alr 0.0707 4+ 0.0035| 0.0741 730008 0.0737 jg;ggg;g 0.0738 F0000%  0.0738 F0000°
AL 0.0992 4+ 0.0016| 0.1037 £ 0.0007  0.1032 129006 | 0.1037 F0:0908  0.1037 155002
RC [10-9] 1721 + 30 1722.9707 17220406 | 17229406 17229406
R} [1071] 2162.9 + 6.6 2157.6 702 2157.5102 2157.5103 2157.510%
sin®f¢g (Qrp) 0.2324 £ 0.0012| 0.23141 500012 0.23150 0 00010 | 0.23148 T0-00000  0.23149 1000050
My [GeV] (© CLs- 917 120771 9175 a 120 (fixed)
My [GeV) 80.399+0.023 | 80.383*551F  80.3700007 | 80.360°0011  80.359 1002
Iw [GeV) 2.085+0.042 | 2.09340.001  2.092+0.001 | 2.092+0.001  2.092 + 0.001
e [GeV 1.27+0.07 1.27 2597 1.27 997 - -

My [GeV] 4.20%0 07 4.20 70 o5 4201500 - -

my [GoV] 173.3+ 1.1 173.4+1.1 173.7+1.1 | 177.2 £ 34 176.8750
Aal® (M2) &) 2757 410 2758 4 11 2756 4 11 2729+57 2730+57
a,(M2) - 0.1193 4 0.0028 0.11944 0.0028|0.1194+0.0028 0.1194 +0.0028
O Mw [I\'TCV] [—4, 4]»,,},(,_(, 4 4 — —

d¢n sin? @4, (1) [~4.7,4.7)theo 4.7 4.7 - .

Illlll |l ll LI

LI llI:lllIIIl

ll[lll |l lllll

Illll Illélllllll

-3 -2 -1

(oﬁt - omeae) / Omeas

0 1 2 3

0.1
0.1
-1.7
-1.0
-0.9
0.2
-2.0
-0.7
0.9
2.5
-0.1
0.6
0.1
-0.8
-0.1
-1.2
0.2
-0.0
-0.0
0.4

Fit with an overall
P(x*, ny,s) probability
of ~20%

Largest tension known
between A};B (LEP) and

A, (SLC).



Precision EW Observable: Effective Weak Mixing angle

!\l%< 10 E :I" | E %< 10 E T T | T T T E
Qe fooorrroseerossennooees b A = <4 - 30
- - - surements -
8 | = 8 | —
= = = SM fit wio My, ang M, measurements -
e E 7E et =
°F E 6 " E
5 = 5 -8~ ATLAS [ERJC 78, 110 (2018)] =
4 ;_ _____________________________ R A _; 4 z— """""""""""""" - L HCb """""""""""""" —E 20
3 — 3 E- 80.354 = 0.032 GeV
. R - = - CDF
: - 21 .1 80.434+0.009 GeV
e N = VE e Ny oo : + g-eoene e 1o ——
0 - | | — ! I | - 0 = ) I : A : | : ) ) | ) 1 L= 1 ) 1 l .
0.2312 0.2314 0.2316 0.2318 80.34 | 80. 36 80.38 80.4 80.42 80.44
2¢n! . }
sin“(9,) —— M,, [GeV]
= OF | | e ' EW fit: 80.356 £ 0.007 GeV
O il s it wio m, measulments g%
8 —|:] SM fit w/o m, and M,, lheasurements —; _ ] ]
4 [£_ @ mf® world average [ariv:1403.4427] E - Knowing the Higgs completely changes the picture!
= HEH mkin D0 measurement [3rXiv:1405.1756] =
e “‘i: rom Tevalron o, raiv:1207098%) - - Weak mixing angle and W mass the EW fit is more precise than the direct measurement
5 — from CMS O [arXi¥:1307.1907v3] —
= HH P from ATLAS o, [arXly:1406.5375] 3 _ L o
R S =20+ For the top mass direct measurements are significantly better already than the prediction
°F E (even more so for the Higgs mass!). Still essential parameter!
2 HOH E
= ' =41+ Knowing the Higgs mass precisely does not change the picture (important TH unc.)
QIG_OI | | 116151 | | 11;01 | | 117151‘I 118101 | | 118151 | | 11_90

m, [GeV]



Global (SM) EFT Fit

With no direct or indirect indication for new physics beyond the Standard Model : consider
general (SM) EFT interpretation of the data!

e SMEFT has the same field content as the SM and respects the SM SU(3)xSU(2)XU(1) local
symmetry, the difference is the presence of higher (mass) dimension operators, organised in

dimension-6 and dimension-8 operators (assuming baryon number and lepton number
conservation):

J

Lot = Lsm+ ) Y0 4 3 3(8)(93(.8) 4 ...
t J

e SMEFT with dimension 6 operators in the Warsaw basis: Reduction of the (2499 baryon
number preserving dim-6 Wilson coefficients) using U(3) flavour for the 5 light fermion fields

(assuming U(3)5 symmetry), reducing to 76 coefficient among which 20 relevant for di-boson,
EWK precision and Higgs physics, i.e. with universality ~20 parameters



Exploring further with STXS and SMEFT Interpretations

Simplified Template Cross
Sections (STXS):

Combined measurements of
Higgs boson production and
decay in exclusive kinematic
regions of the production phase
space (and different production
Processes).

ATLAS Run?2

o [pb]

@ Data (Total uncertainty)
Syst. uncertainty
s SM prediction

o [pb]

o [fb)
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SMEFT Global Interpretation of our Data

(6)
0(6)

CHG
10 x ci!l
HVV VIf

‘CS FT LSM + Z Cva Vi
0533/\/ Vi
[4]

Cf—/}/v vie |

Cva, Vit

T I I I ‘ T I I
e Best Fit

68 % CL
95 % CL

T T T | I T T T [ I T T T
ATLAS Preliminary
Vs =13 TeV, 36.1-139 fo—!

SMEFT A =1 TeV
Linear parameterisation

| | |

- Combined measurements of Higgs boson STXS.
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q

Cva Wt

» Differential cross-section measurements for diboson
production and Z boson production via vector boson fusion i

(VBF). o

4
4

q
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- Electroweak precision data on the Z resonance from LEP and !
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» Perform both linear and quadratic fits. CB%Z
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Largest discrepancy corresponding
to the LEP A%Q measurement
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Parameter value
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Global (SM) EFT Fit: Example Approaches and projections

e Approach (a) inputs: e Approach (b) inputs:
e Z pole (LEP, SLC) and WW (LEP) | HC Higgs signal strengths (in part VH).
 LHC Higgs signal strengths (in part VH).  HH differential in bbyy
e LHC WW (with pT>120 GeV) e /H in the high ZH mass regime
* Higgs STXSs e WZ (better than WW)

e DY (high mass)

Individnal 95% CI. sensitivity, WG2 projections (with STXS)

100 =" LHC (current) - sol HEP[ W LHC+LEP/SLD M HL-LHC (81/82) --- excusive bound

14x107*

503_ ' HL-LHC (3aL7") 3 i 95% prob. bounds
W HE-LHC (15ab')

- M HL+HE-LHC {§5a1")

4 . 0.01
— 10 |
- | Z > 5| {0.0a T
= 5f | | E E
S | S <
R | 2 0
0'1 N MR L 1 1 1 1 | aalil | IJ.l ] 0.1
T % QU T m S 2 2 3 93 T o3 o= " Osw Ocs Oww Ose Ouw Ous Ows Own Oy O, Oww O Os
SIS SR > =5 00 e
Quadratic terms taken into
Only linear terms in parametrisation account where needed.

Typical Indirect sensitivity to new phenomena of O(10 TeV) and up to O(50 TeV)




Implications — Vacuum Stability

O\
: : e 2 2 4
Running of the Higgs self coupling: 327 8_u — | 24)\° |6y;
/2 2 2 3 14 3 12 .2 9 4
—(39"7 + 997 = 24y ) A+ 597 + 19797 + 39
H H H H H- H H H
_1. L,; ~
1 H o g o u o H ;350-IIIIIIIIIIIIIIIIIIIFIIIIIIII
§. » —— Perturbativity bound
. . - Stability bound
Dominant term for Igrge values of the Higgs = 30 N ) =9 Finite-T metastability bound
boson quartic coupling - a = B Zero-T metastability bound
B - Shown are 1o error bands, w/o theoretical errors
The simplified differential equation can be 250 [— g
solved and derive a so-called « triviality » B
bound. :
200 g
Dominant term for small values of the . o . Tevatron exciusion st >85% CL
Higgs boson quartic coupling T e R 150
¥ | ¢ :;E: exfclu/al:)—n’;/’_
The simplified differential equation can | ----- Lo 100 =T -
- H H 4 6 8 10 12 14 16 18
be solved and derive a so-called log_(A/GeV)
« vacuum stability » bound. °9,,



Implications — Vacuum Stability

—(3¢"2 + 997 — 24yP)A + 39" + 29"%9% + 2¢°

Running of the Higgs self coupling: 3972 g_/); = 242 — 6y
ﬂwaw Z{’za O*//"SCD\/ﬁj i/ the . 1{}85 3 350
j'm 'letc JL\FT bcw:e_ 1 o4l /’“ﬁ,"‘j = 300
b€ /‘M{ 2 Sﬂlj Cons) s en—C %”e”’“/ o0
'ﬂ?ft can_ 1/9& Z‘i{:’j?bl/ii‘”‘]\& -
joﬂ{n_hjé //LJ@//?{F 611?"6- -
100 -

Here as well, knowing the Higgs boson mass is very important,
but knowing it precisely has small impact, the measurement and
precision of the top mass is more important!

i l ' 1 1 l | 1 || I ] | || l | 1 || I L} ] 1 l 1 1 1 I |}
n —— Perturbativity bound
- Stability bound
. A = Finite-T metastability bound
- B B Zero-T metastability bound
- A=T Shown are 1 error bands, w/o theoretical errors
: Tevatron exclusion at >95% CL
— LEP exclusion
=~ at >85% CL
/
q 6 8 10 12 14 16 18
Iogw(AI GeV)



Comment on the Running of Couplings

The running of the top Yukawa coupling Landau Pole

The Yukawa coupling is ~1, but perturbative because it is still small
compared to 47 (very similar to QCD)

[T I ] T T T T [ T T I 1 ] T T T T T [ I T T T ] T T |
/
1.2k v//' -]
._‘\ /
\
8yt Ut 9 9 Lo :
o A =7 — 893 \- :
M 8 ]_6 ) 2 { : 83 -
/’L 7-‘- » 08+ \ A N\ - -
= i Vi N

:§' M~ - \\ b h ~
8 06_’ \gz‘N\\\ ‘\‘;\d\/ L - —
. . . . . . g ——— ]
Two very important aspects in this RGE simple equation: - g ~_ e :
0.4/ ~ ‘\‘*-_~:-___z

. . /— ST T
- With the observed top mass (and all the terms entering the RGE, ] \\\ }
including the Higgs quartic) the top mass smoothly decreases 0.2 ;
with energy. N ~
! _ B i
. . . O.O L TI- S ERY W r |1 1 |1 1
- If the Yukawa is small w.r.t. strong coupling (and in general) at the 5 10 15 30 35 40

high scale, it will stay small.

- If the Yukawa is larger in the high scale, then there is a fixed

point (which yields a top mass slightly larger than the observed
mass ~230 GeV).

log,,(u/GeV)

Running of the quartic coupling



Concluding Remarks




Challenges for Run 3

We have discussed in some (too little) detail the prospects for the HL-LHC. What about the challenges for Run 3?

Intermediate milestones are key!

Recapping those mentioned during the lectures:

- Reach a close to first combined evidence across experiments for longitudinal VV EWK
scattering?

- Observation (combined?) of Higgs boson coupling to muons.
- Could 2 s.d. (or more) sensitivity in HH combination of the two experiments be reached?

- Reach a 50% uncertainty on the Higgs width?

Intermediate milestones are of fundamental importance for all results, as improving in all areas
important to move forward the entire LHC physics program!



Precision at the LHC: Three Pillars

Beside the analysis improvements and intermediate milestones mentioned in the previous slide!

1.- Modelling and TH systematic uncertainties.
The level of precision reached so far relies on a number of TH breakthroughs

- The « Next-to... » revolutions, and novel tools for automated calculations at higher orders
- Reaching N3LO-QCD precision (DY, ggF, VBF, VBF-HH..)
- NNLO Monte Carlos (requiring NNLO-PS matching!)

- Up to N4LL resummation matched to fixed order

- IR and Collinear safe fast Jet reconstruction algorithms

2.- In Situ calibration

Measurements such as the W or the Higgs mass have shown how precise calibrations are possible! Could a
Z boson mass measurement be made at the LHC?

3.- Ancillary measurements

Essential ingredient to improve TH and modelling precision as well as probing the experimental calibrations



Conclusions

The SM and Higgs measurements program of the LHC physics is vast and impressively diverse.

The LHC has already been extremely successful and has surpassed many of its targeted results.

Precision is the key for the success of the entire LHC program, both for measurements and
searches!



Outlook




Opportunities at Future Colliders at the Energy Frontier

;Lj(jg /Q /!Cjic_qn

Energy Frontier Vision in which the Higgs boson plays a very

[ *7— -
‘\;\/ Ve never Seen mfh*"a le (G important role
, 1'@” /D ,' ";
% ‘ﬂar’[p{m‘wr‘ ‘?7[ j*‘?ﬁowd{ ‘/‘ /nﬂc'/??—’(
1 -~ k | MM'M y e - Short term: immediate priority is the success of the HL-LHC
, Wort (n / ] . .
) / — (construction, operations, computing and software, and
'i\//l o J / ’,‘ ;J T ngE/ L;/‘ h 2
w MuoeT Look T — =] physics program)

/\3 TUTUFRE - Medium term: e+e- Higgs factory, either based on a linear
S — (ILC, C3, CLIC) or circular collider (FCC-ee, CepC) to enable
RT & UL CHINE g an unprecedented precision investigation of the EW sector.

BTG PHYSICS TOHS

— - Long term: a 100-TeV or more proton-proton collider (FCC-
rco- N hh, SppC) or a 10-TeV muon collider to directly probe the order
UNDAMEN B 10 TeV energy scale

N. Arkani Hamed



A Scientific Mission for the 21st Century

HL-LHC (Runs 4-6)

LHC Run 2 2029-2041 13.6 - 14 TeV and 2x
2014-2018 13 TeV Nominal Luminosity, PU 140 - 200
100% to 2x Nom. Lumi, PU 40 Int. Lumi. 3000 fb-1

Int. Lumi. 190 fb-1
di-Higgs boson production

Higgs couplings to and Higgs self coupling and

Fermions of the third precision Higgs physics!

generation (top, bottom

and taus)!
LS2 CLIC 380 GeV- 3 TeV
2018-2022

Experiments Phase-| ILC 250 GeV - 1 TeV

and accelerator

Jogieces Cool Copper Collider 250 - 550 GeV

2010 2020 2030 2040 2030 2060 2070

> > o > > > > > > > > > 4

LS3

FCC-ee 90 - 265 GeV

Consolidation of LHC E‘St?!?jt'e? and major exp.
interconnections Pd CepC 90 - 240 GeV —

LS1

FCC-hh 100 TeV

LHC Run 1

2009-2012 7-8 TeV LHC Run 3

75% Nom. Lumi, PU 30-40 2022-2026 13.6 TeV
Int. Lumi. 30 fb-1 2x Nom. Lumi., PU 60
Discovery of the Higgs Higgs couplings to
Boson, measurements of Fermions of the second
Higgs Boson couplings to generation (Muons) and
bosons (gluons, photons, more rare decays

W and 2)

LHC  Ultimate Precision ete™ Ultimate Energy (pp, # " 17)



Future Collider Projects




FCC-ee, the Ultimate Precision Machine!!

Observable present FCC-ee |FCC-ee Comment and Observable present FCC-ee |FCC-ee Comment and
value + error Stat. Syst. leading exp. error value =+ error Stat. Syst. leading exp. error
my, (keV) 91186700 + 2200 4 100 From Z line shape scan| |AR%” (x10%) 1498 + 49 0.15 <2 7 polarization asymmetry
Beam energy calibration 7 decay physics
I'; (keV) 2495200 + 2300 4 25 From Z line shape scan| |7 lifetime (fs) 290.3 + 0.5 0.001 0.04 radial alignment
Beam energy calibration| |7 mass (MeV) 1776.86 £+ 0.12 0.004 0.04 momentum scale
sin“@%y (x10°) 231480 £ 160 2 2.4 from ARG at Z peak| |7 leptonic (uv,v,) B.R. (%) 17.38 + 0.04 | 0.0001 0.003 e/p/hadron separation
Beam energy calibration| |my (MeV) 80350 = 15 0.25 0.3 From WW threshold scan
1/aqep(mz)(x107) 128952 + 14 3 small from Aff off peak Beam energy calibration
QED&EW errors dominate| |I'w (MeV) 2085 + 42 1.2 0.3 From WW threshold scan
R/ (X 103) 20767 £ 25 0.06 0.2-1 ratio of hadrons to leptons \ . Beam energy cahbrati%l

acceptance for leptons o (myy ) (x107) 1170 + 420 3 small from R,
a,(myz) (x10%) 1196 + 30 0.1 0.4-1.6 from RZ above| |N,(x107) 2920 + 50 0.8 small ratio of invis. to leptonic
Ohaa (%10%) (nb) 41541 + 37 0.1 4 peak hadronic cross section in rad_latlve Z returns
luminosity measurement| |Mop (MeV /c?) 172740 = 500 17 small From tt threshold scan
N, (x10%) 2996 + 7 0.005 1 Z peak cross sections QCD errors dominate
Luminosity measurement| |I'top (MeV /c*) 1410 = 190 45 small From tt threshold scan
Ry, (x10°) 216290 + 660 0.3 < 60 ratio of bb to hadrons QCD errors dominate
stat. extrapol. from SLD|  [Acop/Atop 1.2+ 0.3 0.10 small From tt threshold scan
Apg,0 (x104) 992 + 16 0.02 1-3 |b-quark asymmetry at Z pole QCD errors dominate
from jet charge| |ttZ couplings + 30% (0.5 — 1.5 %| small From /s = 365 GeV run

EW Precision Key measurements: FCC-ee is much, much more

- Xx10-50 Improvement on all EW

_ _ _ ' !
- my ~ 107°, My ~ 10 %, Miop ~ 10 * than a Higgs factory! - Up to x10 improvement on Higgs

_ Singzw ~ 3°1O_6’aQED(m§) ~ 107, ag ~ 1074 Superb precision achievable! - Indirect discovery potential up to 70 TeV






ete- Collider Projects - Linear

Project ILC CLIC FCC-ee CepC c3 CLIC
Compact Linear Collider
Location Kitakami - JP CERN CERN China TBD Japan - US? &
Length 20.5 km 11-50 km 90-100 km 100 km 8 km
0.38, 1.5, 3 - -
COM energy 250 GeV Tev 90-365 GeV 90 -250 GeV | 250-550 GeV ,J ﬁJ ' «) ‘{ O Y
* ﬁﬂ(f <<<<<<<««<«§!(f<g¢/ A<<«§ﬁf< LR
] DETECTOR “)
Luml (1 034 Cm-28-1) 1 .35 1 _2 7 4 1 .3_2.4 electrons main acceleratar electrons\ /'/’pOSItI'OI:S posltro:r;ln accelerator
MAIN BEAMS
_ 0.5,1.5,3 3 TeV
Int. Lumi 2 ab- -1 2x 5 ab-1 2x 3 ab-1 ~2 ab
C3
ILC International .
. . Cool Copper Collider
Linear Collider s bunch
Damping Rings IR & detectors compressor s0ca o
:': . ) /, ) e - -~
s 4 Main Linac » Vaeorm
~ St?urce " \ U5 Gav / S
. 'P Beam R
RTML ———__ —Delivery e
e- bunch e+ source - T '
COmpressor positron 2km
main linac -~
11 km
central region Polarized (" Damoing Ri L (O
5 km . Damping Ring |
A — | Electron Sour:';:“ >- ---------------- L\PriDamping Ring
main linac -~ oo
| 11 km = 3 Gy
~2km . . Y e L

Positron Source  sce

- uxiem - -~



ete- Collider Projects - Circular

Project ILC CLIC FCC-ee CepC c3
Location Kitakami - JP CERN CERN China TBD Japan - US?
Length 20.5 km 11-50 km 90-100 km 100 km 8 km
0.38, 1.5, 3
COM energy 250 GeV TV 90-365 GeV 90 -250 GeV | 250-550 GeV
Lumi (1034 cm2s1) 1.35 1-2 7 4 1.3-2.4
_ 0.5,1.5,3
Int. Lumi 2 ab™1 -1 2x 5 ab" 2x 3 ab" ~2 ab™1
FCC-ee

Modern two-ring design (to reach amper currents): benchmark
at KEK-B and Super KEK-B with double-ring e+e— collider

with multi-ampere stored currents with over than 1000

bunches, small 3+ of down to 0.8mm, top-up injection as well

as a 22 mrad crossing angle at the IP with crab crossing!

FCC-ee Future Circular Collider are CERN

~91 km Design with 4 interaction points

Injection

into booster RA(Experiment site) _—» Azimuth = -10.2°

Injection into collider

ISSS = 1400 m

N Beam dum
Technical site Lss=2160m B TeBchnical site P
400 MHz RF \
booster
- N — — — — — — — — — 50 Sl RD
(Optional ! 7 N\ SSS =1400m ¥ (gptional
Experiment , 7N N Experiment
/ | \
/ | \
/ \
/ | \
/ I N
o / | o Betatron &
Technical '.Is;tﬁ Y LSS = 2160 m LSS = 2160 m ¥~ Technical site
| PF momentum
800 MHz RF SSS = 1400 m ' collimation

PG (Experiment site)

CepC similar design (in China)



ete- Collider Projects - Circular

Project ILC CLIC FCC-ce CepC 3 FCC-ee Future Circular Collider are CERN
Location Kitakami - JP CERN CERN ChinaTBD | Japan - US? ~91 km Design with 4 interaction points
Length 20.5 km 11-50 km 90-100 km 100 km 8 km
038, 15, 3 !njection
COM energy 250 GeV TeV 90-365 GeV 90 -250 GeV 250-550 GeV into booster PALExperiment site) > Azimuth = -10.2°

Injection into collider

Lumi (1034 cm2s71) 1.35 1-2 7 4 1.3-2.4 Technical site Technical ste | D€2M dump
PL/C PB ste
400 MHz RF
_ 0.5,1.5,3
Int. Lumi 2 ab™1 -1 2x 5 ab" 2x 3 ab" ~2 ab™1

booster

- 100 000 Z / second

Lar mount of extremel ful
arge amount of extremely usefu . 10000 W / hour |,

data in a very clean environment!

————————— PD

-1 500 Higgs bosons / day (Ebp:i:;a;nt (Ecib:i:i::znt
-1 500 top quarks / day sitZ) sitZ)
Event statistics
(41P) E.\ errors
— t,— 5
Z peak Eom = 91 GeV dyrs  6.1012  ee = 2 <100keV' LEPx3.10 Technical sitéNoy | 55 = 2160 m Lss = 2160 m Jof/Technical site Betatron &
WW threshold E__ > 157-161 2yrs 2,108 eTe” > WW <300keV LEPx2.103 o 7 PF momentum
. + — 800 MHz RF SSS = 1400 m collimation
ZH maximum  E__ =240 GeV 3yrs 15106 eYe” —» ZH 1MeV  Never done
s-channel H E. 6 =m, (Byrs?) O(5000) ,pte— — H << 1 MeV Never done PG Experiment site)
Top production E__ =340-365GeV 5yrs 2.106 e'e” —1f 2MeV  Never done
“From A. Blondel One LEP produced every 3 minutes!!

Precision on my of ~3 MeV CepC similar design (in China)



ete- Collider Projects

Future e+e- projects are complementary
- Circular colliders provide massive amount of data to address the Higgs and EW scale precision needs (1)

- Linear colliders could address specific questions more the need to explore higher energies (2)

2

R

T T T T T T T
Z (88-94 GeV) e FCC-ee (4 IPs)
» FCC-ee (2 IPs)

FCC is an integrated program including FCC-
hh phase - “The best project for CERN”

L1 1 1111l

‘W (157-163 GeV)

[ lllllll
| 1 lllllll

FCC-ee intensity provides vast opportunities

- Xx10-50 Improvement on all EW observables

Luminosity [10%* cm2s™1]
=

10 :_ ................................................................................................................. - ...................... _:

. . - tt (350 GeV) -

- Up to x10 improvement on Higgs observables - T t (365 GeV)

- Xx10 improvement on Belle |l statistics for b, cand 7 ] T (sgad) |

1 :_ ................................................ N.'(“QG‘.V)'-"'“’ ......... _:

_ - - I " " - 1 | | i e R e et | |
Huge direct discovery potential for feebly interacting 100 150 500 250 300 350 200

particles in the 5-100 GeV range 's [GeV

Clear advantage of circular and 4 IP in terms
of luminosity!



ete- Collider Projects

Outstanding issues

- Timescales:
- Projects outside CERN: ILC (2038) and CepC (2035) 1,000
-@- FCC-ee (2 collisi int
- Projects at CERN: FCC-ee and CLIC (2048) 00 o1 Gov ° CLICee( collision peints)
A |LC

- Sustainability, Energy and Power consumption are key 240 Gev ~E- MAP-MC

2
S
parameters ‘o 107 o =
§ | ssombmMwh' —t o A
> tt A
Challenging ideas to the FCC-ee = 350-365 GeV '
= 0.1-
2
- An upgrade of e+e— collisions to higher energies, %
~600 GeV or beyond, has been proposed through 0.01 -
converting the FCC-ee into a few-pass ERL (Physics N
Letters B 804 (2020) 135394). P00 ) ; n!

\/s (TeV)
- Monochromatisation could give access to the s-

channel Higgs production and thus the electron Large uncertainties see Snowmass white paper
Yukawa! Understudy.



https://doi.org/https://doi.org/10.1016/j.physletb.2020.135394
https://doi.org/https://doi.org/10.1016/j.physletb.2020.135394
https://arxiv.org/pdf/2208.06030.pdf

Feasibility Studies

ACCELERATORS | NEWS

FCC-ee designers turn up the heat

7 November 2022

Innovative The magnefic flux density of a nested main sextupole—quadrupole system for FCC-ee,
looking along the direction of the electron beam. Credit: M Koratzinos/RAT GUI

individual meeting

individual meeting

scheduled - Power consumption

Soeere meeTs - 240 GeV the instantaneous power is 291 MW
(compared to 140 MW for ILC and 110 MW for CLIC
for less luminosity)

- Choice of baseline layout (90.7 km) - discussions with local
authorities, environmental investigations and civil engineering designs
well under way. - Replace 5800 quadrupole and 4672 sextuple normal

- In particular studies of possible injection schemes article conducting magnets by HTS CCT magnets! article



https://cerncourier.com/a/fcc-ee-designers-turn-up-the-heat/
https://pos.sissa.it/449/001/pdf

Machine Parameters

Running mode Z W ZH tt
Number of IPs 2 4 4 4 4
Beam energy (GeV) 45.6 80 120 182.5
Bunches/beam 12000 15880 688 260 40
Beam current [mA] 1270 1270 134 26.7 4.94
Luminosity /IP [10°% cm™2 s~ 1] 180 140 21.4 6.9 15,
Energy loss / turn [GeV] 0.039 0.039 0.37 1.89 10.1
Synchr. Rad. Power [MW] 100
RF Voltage 400/800 MHz [GV] 0.08/0 0.08/0 1.0/0 2.1/0 2.1/9.4
Rms bunch length (SR) [mm)] 5.60 5.60 3.55 2.50 1.67
Rms bunch length (+BS) [mm] 13.1 127 7.02 4.45 2.54
Rms hor. emittance €, , [nm)] 0.71 0.71 2.16 0.67 1.55
Rms vert. emittance €, , [pm)] 1.42 1.42 4.32 1.34 3.10
Longit. damping time [turns] 1158 1158 215 64 18
Horizontal IP beta 8 [mm] 110 110 200 300 1000
Vertical IP beta 3;; [mm] 0.7 0.7 1.0 1.0 1.6
Beam lifetime (q+BS+lattice) [min.] 50 250 — <28 <70
Beam lifetime (lum.) [min.] 35 22 16 10 13
4 years 2 yrs 3 yrs S yrs




Higgs Physics at ete- Colliders

250
1.5M per IP very clean ZH events produced at threshold

200

Cross scction (fb)

Approximately 1/3 of the number of ZH events at HL-LHC but in a
much cleaner environment!

150

o b

All final states can be very cleanly reconstructed.

100

Illlllllllllllllllllll

Additional 200k events at 350-365 GeV with approximately 30%
from WW fusion which is interesting for the width measurement

50

I

1 l L | 1 l 1 1 L l 1 1 1 l 1 1 1 l ; L 1 l 1 1 1
280 300 320 340 360 380 400

Vs (GeV)

;.!111_!'111111
BOO 220 240 260

Fundamental difference with the LHC (and

- Measure o(erte- = HZ) x Br(H — bb, cc, gg, WW, T, vy, pj, other hadron colliders): the width can be
Zy, ...) from each individual final state.

measured from the total HZ cross section!

- Can also measure invisible decays from the reconstructed Z Coupling measurements are less model
boson. dependent!



Higgs Physics at ete- Collider

Threshold production of HZ provides a unique opportunity to - 30000 -
. . () n ---ZH Signal -

measure the total HZ cross section through the recoil method O] - [D)zH Hinv S
< 25000}~ nvSM-

o - Ozz -

¢ ; , ,  ©20000f Bw -

Myecoil = (\/g _ EM) o ‘p%‘ o - -

1) 15000 -

o+ From conservation of energy and - E

) momentum, the energy and momentum of 10000 —

the Higgs is known from the Z without - }

measuring the Higgs boson! 5000 ; _:

B

olete” = HZ) x ki %0 90 100 110 120 130 140 150 160
Missing Mass [GeV]
Measurement of the cross section at 240 GeV at 0.5% e VA

precision (0.9% at 365 GeV).

H VA

5
The total width of the Higgs can be measured at ~2.5%

level with FCC-ee (240) alone. |
olete” = HZ) x B(H = Z7*) x F—Z
H

Then using the measurement of HZ with the Higgs to ZZ":



Higgs Physics at ete- Collider

Further measurements of the width can be obtained using the WW fusion process as follows:

~sqrt(s) = 350 GeV T I\_}/_W'F USil(l)ln

mH= 120GeV i 7777 1ggsstranlung '

_ e It oo The WW fusion can be

___________ 7 Background disentangled from the HZ process

from the missing mass (which will
not be peaked at the Z, but in this
case at sqgrt(s)-mH.

! P S L P L PR ! L PR ST T NS T ST S S T
50 100 {150 200 250
missing mass (GeV)

0(ZH) x B(H — WW)| x [0(ZH) x B(H — bb)]
o(vvH) x B(H — bb)

Then from the ratio of the following three
measurements:

| | Ko Key  Kyhks 'y K,
Use different energy scale assumptions! X X X —5—5 = =5
FH FH Ry Ry, FH

Substantial gain in sensitivity to the total width, using P o . of 1.1%
higher COM energies and adding FCC-ee (365)! recision on 1 ot 1.1%



Precision Higgs Couplings Measurements

ATLAS - CMS Run1  Current ) .
o bination orecision  HL-LHC  FCC-ee (only) Of course not competitive on rare decays.
K}, 13% 6% 1.8% 3.9%" Far more stringent constraint on the
KW 119% 6% 1.7% 0.4% size of the Higgs boson!
K7 11% 6% 1.5% 0.2% "
Kg 14% 7% 2.5% 1%
Kt 30% 11% 3.4% -
1 1
K o v
b 26% 11% 3.7% 0.7% - (H) I 25m,
K _ _ 0 0
, 40% 1.3% ~ 0.06 am
K, 15% 8% 1.9%  0.7% |
K - 20% 4.3% 8.9%* ~ 1.6am
KZ}/ - 30% 9.8% - V2
cy— < 0.002
B. 11% 25%  0.2% A2
Iny

Taking c; = 1 leads to A > 5.5 TeV



s-Channel Higgs production and e-Yukawa

Extremely challenging for several reasons:

S. Jadach, R.A. Kycia

: (2): with ISR
arXiVv:1509.02406

(2): 8v/s = 4 MeV
(3): 6v/s = 8 MeV

1.- The production cross sectionis  o(ee — H) = 1.6 fb will require
extremely large luminosities

)
2.- Given the Higgs width of 4.2 MeV, and extremely small energy spread is &
necessary - require monochromatization. ’ 0.6

- Default beam spread has delta ~ 100 MeV (no visible resonance) 0.4

IlllllIllllll'llllllllllllllll

3)

- Requires beam monochromatisation

1 1 I

0 lllll l | 1 1 l l 1
125.1

125.08 125.085 125.09 125.095

- Requires a prior knowledge of the Higgs boson mass of ~couple of

MeV at most! First studies indicate a sensitivity of 0.4¢ per

- Would require huge luminosity and therefore 41Ps. year and per detector (spread of ~6 MeV)

Monochromatization already considered but never used

Monochromatization uses opposite correlation between spatial
position and energy.



Model Dependent Measurements through Loops

Top pair cross section at threshold and above
(.04

5ab™! at 240 GeV

t t +0.2 ab i at 350 GeV
0.02/ L +1.5ab™" at 350 GeV
Z77 | Z7’Y e "t . | "
- H (g  Precision on alphaS S L T—
| at FCC-ee will be = B SR\ N N T
important B i i e
t t ~0.02 ~ )

Top Yukawa coupling precision from top pair cross section —0.04 ! 1 | . .
measurements <10% 8k,

Higgs self coupling precision ~30% - reduced

Higgs cross section at 240, 350, at 365 GeV to ~20% with kappaZ = 1 from SM
e’ Z et Z
\ \ Similar precisions are obtained with double Higgs
“S ) production at CLIC (Js = 1.4 and 3 TeV)
€ ‘h e "~ h
v, v,
et~ " e~ e
W= h W= RN h
Do - - b----
W- W '~
e =T — e =T — Y



https://arxiv.org/pdf/1711.03978.pdf
https://arxiv.org/pdf/1711.03978.pdf

Precision Higgs Couplings Measurements

ATLAS - CMS Run1  Current . s
combination orecision  HL-LHC  FCC-ee (only) Of course not competitive on rare decays.
K}, 13% 6% 1.8% 3.9% Far more stringent constraint on the
KW 119% 6% 1.7% 0.4% size of the Higgs boson!
K7 11% 6% 1.5% 0.2% "
Kg 14% 7% 2.5% 1%
Kt 30% 11% 3.4% 100%™
1 1
K o v
b 26% 11% 3.7% 0.7% - (H) I 251y,
K - _ 0 0
, 40% 1.3% ~ 0.06 am
K, 15% 8% 1.9% 0.7% |
K - 20% 4.3% 8.9% ~ 1.6 am
K - 30% 9.8% . Ve
Ly - g < 0.002
B. - 11% 25%  0.2%
Iny Taking c¢;; = | leads to A > 5.5 TeV

K/I - - 50% 217%™



ete- Ultimate Precision Machine!!

Observable present FCC-ee |FCC-ee Comment and Observable present FCC-ee |FCC-ee Comment and

value + error Stat. Syst. leading exp. error value + error Stat. Syst. leading exp. error

my (keV) 91186700 + 2200 4 100 From Z line shape scan| |AR%'" (x10%) 1498 + 49 0.15 <2 7 polarization asymmetry

Beam energy calibration T decay physics

I'; (keV) 2495200 + 2300 4 25 From Z line shape scan| |7 lifetime (fs) 290.3 + 0.5 0.001 0.04 radial alignment

Beam energy calibration| |7 mass (MeV) 1776.86 £+ 0.12 0.004 0.04 momentum scale

sin“@%y (x10°) 231480 + 160 2 2.4 from AL at Z peak| |7 leptonic (uv,v,) B.R. (%)| 17.38 £0.04 | 0.0001 | 0.003 e/p/hadron separation

Beam energy calibration| |my (MeV) 80350 = 15 0.25 0.3 From WW threshold scan

1/aqep(mz)(x107) 128952 + 14 3 small from ALR off peak Beam energy calibration

QED&EW errors dominate F'w (MeV) 2085 + 42 1.2 0.3 From WW threshold scan

Ry (X 103) 20767 = 25 0.06 0.2-1 ratio of hadrons to leptons . . Beam energy cahbratuzg
acceptance for leptons o (myy ) (x107) 1170 + 420 3 small from R,

a,(myz) (x10%) 1196 + 30 0.1 0.4-1.6 from R; above N, (x10%) 2920 + 50 0.8 small ratio of invis. to leptonic

Ohaq (X107) (nb) 41541 + 37 0.1 4 peak hadronic cross section n rad_latlve Z returns

luminosity measurement| |Mop (MeV /c?) 172740 £ 500 1 by § small From tt threshold scan

N, (x10%) 2996 + 7 0.005 1 Z peak cross sections QCD errors dominate

Luminosity measurement| |Iop (MeV /c”) 1410 + 190 45 small From tt threshold scan

Ry, (x10°) 216290 + 660 0.3 < 60 ratio of bb to hadrons QCD errors dominate

stat. extrapol. from SLD| |Aop/ Atsx, 1.2 + 0.3 0.10 small From tt threshold scan

Apg,0 (x10%) 992 + 16 0.02 1-3  |b-quark asymmetry at Z pole QCD errors dominate

from jet charge ttZ couplings + 30% (0.5 — 1.5 %| small From \/§ = 365 GeV run

EW Precision

Key measurements:

- mZ i 10_6, mW i 10_5,

—4
Myop ~ 10

- Sil’l(gzw i 3.10_6,0(QED(WL§) ~ 10_55

FCC-ee is much, much more

than a Higgs factory!

Superb precision achieved and

uncertainties are dominated by

systematic uncertainties!

- Xx10-50 Improvement on all EW observables
- Up to x10 improvement on Higgs observables

- Indirect discovery potential up to 70 TeV




ete- Ultimate Precision Machine!!

Ultimate precision machine requires ultimate precision detectors!

Analysis work is now strongly oriented towards detector
requirements to achieve the design precision

Drift chamber

Several detector
concepts: CLD, IDEA
and ALLEGRO (Nobel

Liquid concept)

Key aspects are very small amount of material in the inner
detector region for precision track measurements and
precise and highly granular calorimeter (humerous concepts)

See talk by Magnus Mager on MAPS!

The FCC-ee interaction region and final
focus!

- Critical to reach highest possible luminosities

- Quadrupole magnets and final focus almost
entirely inside the detector (at 8.4 m) - very
strong requirements to reach nano beams!

B(detector)=2T

Screening solenoid

Compensation \

solenoid

QC1L3

Cooling

Central

chamber Bellow 1

\Trapezoidal J

g P chamber |



Hadron Collider Projects - Exploring the Multi-TeV scale

FCC-hh the second phase of the FCC program

Project HL-LHC FCC-hh SppC
Location CERN CERN China TBD
Circ. 27 km 90 km 55 - 100 km
COM energy 14 (157) TeV 100 TeV 70 -140 TeV
Lum. (ab-1) 3 20-30 TBD
PU 200 1000 TBS
Field 8T 18T 20T

Key technological challenges

- High field magnets, need 16T to reach 50 TeV/beam - Nb3Sn (FCC-hh) or Nb3Sn

with HTS inserts (SppC) - exploration of HTS magnets

transfer lines proposed to be
installed inside FCG-hh ring tunnel

_______

Injection Injection

Technical site \ Technical site

= ]

4

PI@) — — — — — = = = - PD
(Secondary (Secondary
experment experiment

site) site)

Technical site

ol LSS = 21680 m ¥ Technical site

PF

Momentum Betatron collimation

collimation

PG (Experiment site)

SppC similar design

- Machine protection 30 W/m synchrotron radiation and 8GJ per beam (equivalent to
Boing 747 at cruising speed)



Hadron Collider Projects - Exploring the Multi-TeV scale

Essential complementarity with FCC-ee
FCC-hh program ! P o

- FCC-hh is a very intricate environment (up to 1000 PU events),

- Primary goal is to explore the Multi-TeV scale with direct o\ ot raconstruction at its limits and large TH uncertainites

searches for new phenomena.
- Precision foreseen to be reached through ratios of cross

- Guaranteed deliverables: completion of the missing key sections.

leces In Higgs precision K and K
P 995 P H t - Key precision deliverables: top Yukawa coupling and Higgs

trilinear coupling! FCC-ee and FCC-hh together are 2-3 times
better than FCC-hh alone.

68% and 95% prob. regions
o "lm Tty

"""""" ""'}'\""""""""H[orttee"léﬁo]\h""""
g HLLHC (50%)

N

Ingredients

- FCC-ee measurement of the ttZ coupling
(eTe™ — tfyields g,

- Measure the ratio ttH to ttZ at percent level!

- Then measure ratio HH to ttH

-02 -0.1 0.0 01 02 -0.10 -0.05 0.00 0.05 0.10
6/ Tt 5 W

K, ~1% K) ~5%



Hadron Collider Projects - Exploring the Multi-TeV scale

Dimensions commensurate (slightly larger) with current LHC experiments FCC-hh key detector design challenges

- High luminosity - Extremely large PU, high occupancy and
data rates, high trigger rates

- At FCC-hh Higgs produced up to rapidity of ~6.5 (up to
2.5 at LHO)

- Very high rates for triggering Granularity will be very
important: decay product of a Z at 10 TeV separated by

AR ~ 0.01!

Explore to improve on the resolution at high rapidity

Forward dipole magnet for high pseudo rapidity particles
Drawback: breaks the rotationally symmetric system...
Would be similar to a central CMS and two LHCDbs in the
forward directions!

Baseline Alternative



Muon Collider Project - Exploring the Multi-TeV scale

Initial targets for the integrated luminosities have been defined,
namely 1, 10 and 20 ab-1 for 3, 10 and 14 TeV, respectively.
High energies, high luminosities with excellent lumi per S

Best of all worlds?

MW ratio, (relatively) clean lepton collision events! 7 e

Mostly aimed at new physics searches in the Multi-TeV @

scale reach! oo if
S\ cane |

... Incredibly challenging! e 10 ToV cove ot massanery | Acouersorting
NN

4 GaV Target, x decay u cooling Low-energy \ _ :x_: o .
m and s b:‘mn:\ing channel p acceleration N8 . i

MAP (Muon Accelerator Program) QSR 1 B

Proton driven scheme

oroton driver [fontend cooling acceleration collider ring

Reduction of the
longitudinal and
transverse emittance
with a sequence of
absorbers and RF
cavities in a high
magnetic field.

bunch

SC linac
accumulator .
buncher .
combiner )))
MW-cless target
capture sol
decay channel I
buncher |
phase rotator
intial 6D cooling
charge separator
6D cooling
merge e e
6D cooling
final cooling
& DD
N/

accelerators:
linacs, RLA or FFAG, RCS




Muon Collider Project - Exploring the Multi-TeV scale

Muon collider as a Higgs Factory? Muon Collider at 3 TeV -~ "o
In principle could do everything as an e*e™ collider with a much Notable result reach on trilinear : \”,?Z/T %
smaller ring! However the luminosity is estimated to be 2 orders coupling from di-Higgs production - -
of magnitude smaller at 240 GeV. Ay~ 20% . b

D= T e

However at 125 GeV the s-channel production is 40,000 times

larger (and a beam spread ~width). Muon Collider at 14 TeV

Quartic couplings studies show (see paper)

Collider uColllzs FCC-86240_>355
Lumi (ab~") | 0.005 | 5+ 0.2+ 1.5
Years 6 to 10 3+1+14
guzz (%) SM 0.17
guww (%) 3.9 0.43
gubb (%) 3.8 0.61

guce (%) SM 1.21
gurr (%) 6.2 0.74
gr (%) 3.6 9.0

G~y (%) SM 3.9

'y (%) 6.1 1.3

mu (MéV) 0.1 10.

BR; M 1
ng;o( (@0) SM 01.09 Assuming A; = 1 and 33 ab™! could reach 50%

precision of the Higgs boson quartic coupling.


https://arxiv.org/pdf/2003.13628.pdf

Muon Collider Project - Exploring the Multi-TeV scale

Muon collider as a Higgs Factory? Muon Collider at 3 TeV -~ "o
In principle could do everything as an e e~ collider with a much Notable result reach on trilinear "‘ \Hg | k5
smaller ring! However the luminosity is estimated to be 2 orders coupling from di-Higgs production LS <
of magnitude smaller at 240 GeV. Ay ~20% oS ¥

S T i

However at 125 GeV the s-channel production is 40,000 times

larger (and a beam spread ~width). Conceptual and design challenges

- High neutrino flux (requires mitigation above 3 TeV)

Collider pCollias | FCC-eez40-365 _
Lumi (ab ') | 0.005 | 5+02+ 15 - Beam backgrounds challenge to detector design.
Years 6 to 10 34+1+4 - Production, cooling and preservation of the muons!
guzz (%) SM 0.17 Constant muon decays bring beam backgrounds,
gaww (%) 3.9 0.43 and radiation levels similar to LHC!

JHbb (%) 38 061

gtice (V) SM 1.21 u—
Girr (%) 6.2 0.74 =
gHun (%) 3.6 9.0

guyy (%) SM 3.9

' (%) 6.1 1.3

my (MeV) 0.1 10.

BRinv (%) SM 0.19

BRexo (%) SM 1.0




High Energy electron-proton Projects

The eh candidate machines 60 GeV Electron ERL added to LHC

Project LHeC FCC-eh Spreader 38m Recombiner 38 Injector
F Compensation Linacl 1008m RF Compensa
Location CERN CERN + Doglegs + Doglegs
+ Matching 96m + Matching 120m
© energy 60 GeV 60 GeV Arcl,3,5 3142m U(ERL) = 1/3 U(LHC) Arc2,4,6 3142m
P energy 7 TeV 50 TeV Cecombiner 38m Dump
Lumi. 0.8 10° cm™s™ 1.510% cm™s™ . Matc_]hing 20m _ Spreader 38m } Y2252
Linac2 1008m IP Line 196m
. : Ok/Kk [%]
Primary program to measure proton PDFs, but also nice 12
additional potential in Higgs physics e preliminary
Main production process through vector boson fusion 14
. 1 W LHC
€ 9
N B | HeC
8
Z, W _— 6 ep+pp
- _ H — bb, CC, TT, etc... 4 H ep+pp, no thy unc
Z. W 2
u u,d 0 -
WW ZZ gg vy 2y \cc/ tt bb pp T
Much cleaner environment than pure hadron! Clean enough to make charm Yukawa at good precision and

Good reach in the WW channel. improvement in the b Yukawa as well w.r.t. HL-LHC.



Further Reading on Parametrisation




Combination Procedure and Master Formula

What is done in Higgs boson couplings analyses is to count number of signal events in
specific production and decay channels.

ne = U Z Z 1ot x ! Brdox AYC x 7 x L
1C{prod} fC{decay}

Same formula as the total cross section measurement formula

These « mu » or signal strength factors cannot be fitted simultaneously, typical fit models include:

v fif = [ifbf i (pp=1)  py (pi =1)

Extrapolated total Cross section Cross sections Branching fractions
cross section times branching

Manifest in this formula why absolute couplings cannot be measured with this procedure: [l , [l f cannot be
fitted simultaneously.

For a complete description see (link) - Chapter 10


https://arxiv.org/pdf/1307.1347.pdf

Combination Procedure and Master Formula

These measurement correspond to cross sections times branching fractions

po(fit) s =1 pyp =1

Signal strengths illustrates the agreement of measurements with
the SM and the importance of the TH input.



A quick word on the kappa formalism

Introducing simple scale factors of the Standard Model couplings in a « naive » effective Lagrangian (assumes
that the tensor structure of is that of the SM).

2

ﬁDI{Z ZZ“—I—ﬁ;WmWW WH 4 Kk,
v v 2TV

8

A A 3w, ]
!

Not gauge invariant and partial but very useful to illustrate coupling measurement concepts.

More complete EFT and rigorous framework will be discussed later...



The Kappa Formalism

Then parametrise the production and decays at tree level

2 2
. X 3.3 X Ky — 9. 1kw ke + 2.8K; ; L
g, . q q9_ R
§H O(/i%/ Y - - H O(/ﬁ)%
q < - q I,V’ , -7 11 ‘H/r - 11 g‘()fi;”lii' a t
b SR b ]
... and in loops (as a function of the know SM field content)
x 1.6 X Ii%v — 0.7Tkw ks + O.l/{% x 1.06 X /«:? — 0.07Krtkp + 0.0l/@%

9 00000,
" AVAVAVAVER H
H H < t ¢ o
—_ - — —_ - — t A '
Y SVaAVaVaViRl 000030

In order to measure the coupling modifiers (kappas) the signal strengths are re-parametrised as follows:

04

g = oS M Ky can be parametrised as a function of
F} Ii? , STy other couplings assuming no new BSM
— — _ I i
— —— gO — —— Wwhere K3, = decays of the Higgs
L f T H f 2 2 roM



The Kappa Formalism

Then parametrise the production and decays at tree level

x 3.3 X Ky — 5.1k ke + 2.8K7

> ‘(}IESERSZSZRT >~ ,
/ 4
2 q9__, - 4 q o 7] 2

____ H X /{V : g - X K:t
_ ¥V 11 V< _--_ 1
7 WS W PP

h i b

... and in loops (as a function of the know SM field content)

x 1.6 X I{%V — 0.7Tkw ks + O.l/{% x 1.06 X /«:? — 0.07Krtkp + 0.0l/@%

9 00000,
" AVAVAVAVER H
H H < t ¢ o
—_ - — —_ - — t A '
Y SVaAVaVaViRl 000030

In order to measure the coupling modifiers (kappas) the signal strengths are re-parametrised as follows:

04

Hi = 5™ Ky~ 0.57k; 4+ 0.22k73, + 0.09x
1 2 2 2

Ty B Ii? ) 5 STy +0.06kK2 —|2— 0.03k7, + (;.03/<:C :

Hf = T, SO Hf = 2 Where K = Trem 0.0023r2 + 0.0016x%., + 0.00022%



